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Stellingen behorende bij het proefschrift 

TRAIL-receptor and proteasome targeted therapies 
in non-small cell lung cancer 

1. Bortezomib kan de voorkeur voor TRAIL-receptor 1 of TRAIL-receptor 2 

geinduceerde apoptose door TRAIL in NSCLC cellen veranderen en de apoptose

inductie via beide receptoren versterken. (dit proefschrift) 

2. Bortezomib sensibiliseert NSCLC cellen voor rhTRAIL geinduceerde apoptose 

voornamelijk via de apoptoseroute die al in de eel open stond. (dit proefschrift) 

3. Bortezomib voorkomt cytoplasmatische clustering van TRAIL-receptor na 

endocytose en induceert lokalisatie onder de plasmamembraan van TRAIL

receptoren in NSCLC cellen. (dit proefschrift) 

4. De TRAIL-receptor 1 specifieke TRAIL variant 4C7 heeft een grotere antitumor

effectiviteit dan rhTRAIL in een NSCLC xenograftmodel wat duidt op het belang 

van TRAIL-Rl specifieke targeting in NSCLC cellen. (dit proefschrift) 

5. TRAIL-receptor endocytosis is niet nodig voor TRAIL geinduceerde apoptosis. (J 
Biol Chem. 2007; 282:12831-41) 

6. De dynamische veranderingen in posttranslationele modificaties kunnen snel de 

mogelijkheden van kankercellen om te ontkomen aan ongewenste condities en 

therapie vergroten. (Nat Rev Cancer. 2010;10:618-29) 

7. Minder meeroken door de moeder tijdens de zwangerschap, als gevolg van het 

antirookbeleid van de overheid de afgelopen jaren, heeft een positief effect op de 

gezondheid van de volgende generatie. (Proefschrift; M Koopman, Paediatric lung 
function testing: Determinants and reference values, 2011) 

8. Hoewel de term 'boerenverstand' gebruikt wordt om aan te geven dat iets niet 

(wetenschappelijk) getoetst is, zijn beslissingen die op grond hiervan genomen 

worden vaak buitengewoon verstandig. 

9. Ervaring is wat je krijgt, nadat je het nodig hebt. 

10. De opluchting dat een bal net "in" is, bij tennis, kan soms groter zijn dan de euforie 

van de punt die er mee gescoord wordt. 

11. Overeenkomsten tussen motorrijden en onderzoek doen zijn dat je de vrijheid voelt, 

controle houdt en anticipeert op je omgeving. 

Janet Henri eke Stegehuis 
20 april 2011, Groningen 
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Chapter 1 

GENERAL INTRODUCTION 



Chapter 1 

Lung cancer accounts for the most cancer-related deaths worldwide. There are two 

histological subtypes; namely non-small cell lung cancer (NSCLC) and small cell lung 

cancer (SCLC). NSCLC represents 80% of all lung cancers and is often diagnosed at an 

advanced stage of the disease. Non-resectable tumors and chemoresistance are commonly 

seen, which is related to the extremely low survival rates. Over the last years it became 

clear that further improvement with conventional chemotherapeutics lies beyond reach for 

patients with advanced stage NSCLC. Therefore novel targeted agents, developed to target 

growth stimulatory pathways, angiogenesis, and apoptosis, all representing hallmarks of 

cancer, are considered to be of interest. 

The novel targeted agent recombinant human tumor necrosis factor-related apoptosis

inducing ligand (rhTRAIL) can induce apoptosis following binding to either one of the 

two TRAIL-receptors (1RAIL-Rl (DR4) or TRAIL-R2 (DRS)). Activation of these receptors 

triggers formation of a death-inducing signaling complex (DISC) in which Fas-associated 

death domain (FADD) is recruited and pro-caspase-8 is activated. This initiates an 

intracellular signaling cascade leading to apoptosis. RhTRAIL can induce cell death in a 

wide variety of tumor cell lines and xenografts without causing toxicity to normal cells 

and is therefore an attractive anticancer agent. Next to rhTRAIL also TRAIL-receptor 

selective variants of rh1RAIL and monoclonal antibodies against the TRAIL-receptors are 

developed. All a part of the rhTRAIL-variants are currently in clinical development. 

This thesis explores the potential of targeting the TRAIL pathway and the need 

for combinational strategies with TRAIL-receptor targeting agents and other cancer 

therapeutics, with a special focus on combining TRAIL-receptor targeting agents with 

proteasome inhibitors in NSCLC models. 

In Chapter 2, a review is presented of the current preclinical and clinical data on 

TRAIL-receptor targeted agents. The potential role of these agents in glioblastomas is 

highlighted, as well as the rationale of combining these compounds with the proteasome 

inhibitor bortezomib. The literature was retrieved by searches of PubMed, the websites of 

the American Society of Clinical Oncology, the American Association of Cancer Research 

and ClinicalTrials.gov, using the keywords: TRAIL, death receptors, clinical trials, 

glioblastoma, and bortezomib. The 30 most excellent and/or interesting papers published 

in English in the period May 2006-May 2008 were included. 

In Chapter 3 a review is presented about TRAIL-receptor targeting in NSCLC. Resistance 

mechanisms are discussed and an overview is given of TRAIL-receptor targeting agents 

in combination therapeutic approaches that have been tested in NSCLC. Data for this 

review were identified by searches of PubMed, and the websites of the American Society 
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General introduction 

of Clinical Oncology, the American Association of Cancer Research and ClinicalTrials. 

gov with the search terms NSCLC, lung cancer, TRAIL, death receptors. References from 

articles identified by the above search strategy were also used. 

TRAIL-receptor targeting agents may not be effective as single agent therapy and 

therefore combined use with potentiating agents may be required to induce optimal 

tumor cell apoptosis. Based on preclinical data, the proteasome inhibitor bortezomib is 

a potent agent to be combined with TRAIL-receptor targeting agents in NSCLC. This can 

be explained by the fact that inhibition of the proteasome blocks protein degradation and 

thus deregulates many cellular pathways, such as the apoptosis pathway. In Chapter 4 the 

potentiating effect of bortezomib on TRAIL-Rl and TRAIL-R2 dependent apoptosis was 

investigated in TRAIL-resistant and TRAIL-sensitive NSCLC cells by employing rhTRAIL 

or agonistic TRAIL-receptor selective antibodies. Underlying mechanisms of sensitization 

and possible TRAIL-receptor preferences were examined using small interfering RNA 

(siRNA) approaches. P53 is a transcriptional activator of TRAIL-Rl and TRAIL-R2 gene 

expression and its expression is known to be negatively regulated by the proteasome. Since 

the NSCLC cell lines express wild type p53, contribution of p53 to the increase in TRAIL

receptor expression and its role in the sensitization by bortezomib was investigated using 

an siRNA approach. 

In some cells, named type I cells, TRAIL directly activates caspase-8 and other members 

of the caspase family (extrinsic pathway), leading to the execution of apoptosis. In other 

cells (type II cells), caspase-8 leads to the disruption of mitochondria and release of pro

apoptotic factors causing caspase-9 activation (intrinsic pathway). In order to identify 

events that lead to bortezomib-dependent rhTRAIL sensitization, the involvement of the 

extrinsic and intrinsic apoptotic route was studied in rhTRAIL-sensitive and -resistant 

NSCLC cells in Chapter 5. Time-course experiments were performed to determine effects 

of bortezomib on the stepwise activation of the different caspases and late apoptosis 

induction. Proteins that play a crucial role in the extrinsic and/or intrinsic TRAIL pathway 

such as cFLIP and Bid were down-regulated to study their effect on apoptosis induction. 

Obviously, an important requirement for rhTRAIL-induced apoptosis is the presence of 

TRAIL-Rl and TRAIL-R2 on the cell surface, however, other mechanisms of sensitization 

facilitating apoptosis induction might also occur. For the TNF family members TNFa and 

FAS/CD95, endocytosis plays a major role in signaling for apoptosis, but not for TRAIL

mediated apoptosis. Therefore we investigated in Chapter 6 receptor internalization of 

both TRAIL-Rl and TRAIL-R2 and the effect of bortezomib on the internalization in an 

NSCLC cell line model. We studied TRAIL-Rl and TRAIL-R2 localization and determined 
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their colocalization with membrane markers using fluorescent microscopy. Internalization 

and receptor recycling of TRAIL-Rl and TRAIL-R2 was studied by flow cytometry. 

Dependency of these processes on caspase-8 activation was investigated using H460-CrmA 

cells or a caspase-8 inhibitor. 

To be able to analyze the potential applicability for clinical use of TRAIL-receptor 

targeting agents in combination with bortezomib, experiments were performed in a 

subcutaneously implanted human NSCLC xenograft bearing mouse model as described 

in Chapter 7. First we investigated the in vitro effects of rh1RAIL and 1RAIL-Rl and 

TRAIL-R2 specific variants alone and in combination with bortezomib using a combination 

of apoptosis assays, growth inhibition assays and RNA interference. Real time analysis of 

caspase activation was studied using fluorescence resonance energy transfer (FRET). We 

describe the use of a generated luciferase expressing NSCLC cell line (H460-luc) for the 

bioluminescent non-invasive imaging to confirm xenograft growth at early time points 

after inoculation. After tumors became palpable the standard tumor size measurements 

were performed using a caliper. At the end of a ten day treatment schedule consisting of 

bortezomib and 1RAIL-receptor targeting drugs, all tumors were resected and histological 

examination for proliferation and apoptosis was performed. 

The findings in this thesis are summarized and discussed in Chapter 8 followed by a 

Dutch summary of the thesis in Chapter 9. 
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Chapter 2 

Abstract 

The natural occurring tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) 

induces apoptosis following binding to the two TRAIL death receptors (DRs). Its 

recombinant form and monoclonal antibodies against the TRAIL DRs induce cell death 

in a wide variety of tumor cell lines and xenografts without causing toxicity to normal 

cells and are therefore potential attractive anticancer agents. These agents are currently 

in early clinical development. The phase 1 and 2 studies showed until now limited 

toxicity and tumor responses have been observed. Ongoing studies focus especially on 

combination of these agents with other targeted therapies or cytotoxic therapies. In this 

review, we summarize current knowledge on these agents and highlight their potential 

role in the intrinsically chemotherapy-resistant glioblastomas. In addition, we discuss the 

mechanisms to sensitize tumors cells to rhTRAIL by combination with the proteasome 

inhibitor bortezomib. 
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Targeting TRAIL death receptors 

Introduction 

A major challenge in oncology remains destruction of tumor cells while sparing normal 

cells. The natural occurring tumor necrosis factor (1NF) related apoptosis-inducing ligand 

(1RAIL or Apo2L) induces apoptosis in a wide variety of tumor cell lines without causing 

toxicity to normal cells. Apoptosis is controlled via two major pathways: the intrinsic and 

extrinsic pathway (Figure 1). TRAIL activates the p53-independent extrinsic pathway by 

binding to the death receptors (DRs) 4 (TRAIL-Rl) and DRS (TRAIL-R2/KILLER) at the cell 

surface. This has raised interest in the development of TRAIL receptor targeting drugs for 

anticancer treatment. 

Chemotherapy and radiotherapy initiate apoptosis via the intrinsic pathway. Frequent 

resistance toward these therapies occurs as a consequence of defects in the intrinsic 

pathway, for example, mutations in the tumor suppressor gene p53. Combination with 

agents targeting the TRAIL receptor might circumvent this resistance. 

In this review, we describe recent information on the physiological and patho

physiological role of TRAIL and its receptors. We give an update on preclinical and clinical 

oncological studies with the drugs recombinant human (rh) TRAIL and agonistic antibodies 

against the DRs. The potential role of these agents in the intrinsically chemotherapy

resistant glioblastomas is highlighted. In addition, we provide a scientific basis for the 

rationale of combining these compounds with other targeted therapies or cytotoxic 

therapies in the treatment of cancer, with specific emphasis on the combination of rhTRAIL 

and the proteasome inhibitor bortezomib. 

TRAIL and its receptors 

TRAIL is a type II transmembrane protein that forms a homotrimer that binds three receptor 

molecules on the surface of target cells. A zinc atom in the trimeric ligand is essential for 

its stability and optimal biological activity [1]. The extracellular region of TRAIL can be 

cleaved from the cell surface by a cysteine protease to form a soluble ligand [2]. Both the 

membrane-bound and soluble form can induce apoptosis in a wide variety of tumor cell 

lines, but not in most normal cells. TRAIL has five receptors. Ligation of the membrane

bound receptors DR4 and DRS initiates the extrinsic apoptotic pathway (Figure 1). TRAIL 

binding to the two other membrane-bound receptors, decoy receptor 1 {DcRl{TRAIL-R3) 

and decoy receptor 2 (DcR2/TRAIL-R4), cannot induce apoptosis because they respectively 
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lack an intracellular death domain or have a truncated intracellular death domain. The 

fifth, soluble receptor osteoprotegerin (OPG) inhibits TRAIL, but has a very low affinity for 

this ligand at physiological temperatures. 

! Extrinsic pathway Jl DR4 or DRS Antibody 

p53e.._ 

Bax 
Bak 

! 
Bcl-2 

Bel-XL 

l Caspase-8 W - o - er 
Bid 

Pro-caspase-3 rn 
! 

Apoptosome 

0 

tBid ---

� 

Caspase-9 Apaf-1 
} l Caspase-3 CUP -- cap -- � -- o o 

I � Pro-casF 9 Cyto� • SMAC/Diablo + 
7._ �

ase-
� 

Apoptosis D 
IAP 

Figure 1. Intrinsic and Extrinsic apoptotic pathway. Upon TRAIL homotrimer binding, the activated 
death receptors trimerize and recruit Fas-associated death domain (FADD) and the initiator caspase-8. 
In this death-inducing signaling complex (DISC), caspase-8 is autoactivated by proteolysis and 
released into the cytosol. This leads to activation of caspase-3 and subsequently apoptosis. FLICE
like inhibitory protein (FLIP) can block this activation. TRAIL can also trigger the intrinsic pathway 
through caspase-8-rnediated cleavage of Bid. Cleaved Bid induces translocation of Bax and/or Bak 
into the mitochondria leading to cytosolic release of cytochrome C and SMAC/Diablo. Cytochrome 
C binds the adaptor proteins Apaf-1 and pro-caspase-9, consequently forming an apoptosorne 
which activates caspase-9. This caspase activates caspase-3 resulting in apoptosis. Bcl-2 and Bel-XL 
can inhibit apoptosis by preventing cytochrome c release into the cytosol. The inhibitor of apoptosis 
proteins (IAPs) blocks caspase activation further downstream. SMAC/DIABLO displaces these 
IAPs, thus promoting apoptosis. The intrinsic pathway can also be triggered after DNA-damage by 
chemotherapy or radiotherapy. 
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Biological role of endogenous TRAIL and death receptors 

TRAIL plays an anti-inflammatory role. Recent data show that endogenous TRAIL induces 

apoptosis in hepatitis C virus infected hepatocytes and endogenous TRAIL limits the life 

span of activated leucocytes in a bacterial meningitis model in wildtype mice compared 

to TRAIL -/- mice [3,4]. Moreover, there is growing evidence that TRAIL plays a role 

in autoimmunity. Blocking TRAIL in mice results in the exacerbation of experimental 

autoimmune encephalomyelitis, arthritis, and diabetes. In patients with active systemic 

lupus erythematosus (SLE) T cell membrane expressed TRAIL and soluble TRAIL 

concentrations as well as TRAIL gene expression in peripheral blood mononuclear cells 

are markedly elevated. T cell expressed TRAIL in mice results in more CD4+ Th cells that 

in tum enhances autoreactive B cells and consequently exacerbates SLE [5]. Antitumor 

surveillance is another important property of TRAIL and its receptors (reviewed in [6]). 

TRAIL-receptor deficiency in mice promotes primary tumor development and results in 

the faster formation of lymph node metastases without growth of the primary tumor [7,8]. 

Prosurvival role of TRAIL 

Recently, several studies indicated that there is also a prosurvival role for the TRAIL

signaling pathway in normal as well as in tumor cells [9]. In preclinical models, primary and 

secondary resistance to rhTRAIL-induced apoptosis does occur. In these cases, stimulation 

of the DRs results in alternative signaling with ultimate activation and nuclear translocation 

of NF-KB. This translocation leads to the activation of prosurvival and antiapoptotic genes. 

Human pancreatic cancer cells transplanted in severe combined immunodeficiency (SOD) 

mice showed a striking increase in volume and number of metastases after rhTRAIL 

treatment [10]. In addition, rhTRAIL induced cell proliferation in cultured small cell lung 

cancer cells [11]. These data reflect a potential back side of TRAIL-receptor targeting agents 

as anticancer treatment. 

Antitumor effect of rhTRAIL and anti-DR4/anti-DR5 antibodies 

Administration of rhTRAIL induces increased apoptosis in many cancer cell lines as well 

as in the inhibition of human tumor xenografts in mice. Moreover, rhTRAIL is nontoxic 
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in nonhuman primates. RhTRAIL combined with chemotherapy, targeted therapies, or 

radiotherapy results in a synergistic antitumor effect and even restores sensitivity to other 

treatment modalities in resistant human tumor cells as well as mouse xenograft models. 

Next to rhTRAIL, several antibodies against the DRs are developed. While rhTRAIL binds 

all TRAIL receptors, the anti-DR4/anti-DR5 antibodies selectively activate a specific DR. In 

addition, the serum half-life of rhTRAIL is, at 25 min in chimpanzees, much shorter than 

that of the DR-targeting monoclonal antibodies, which is around 2 weeks [12]. Therefore, 

the antibodies have more favorable pharmacokinetic profiles. The preclinical tumoricidal 

effects seen with these antibodies in tumor cell lines and xenograft models are similar to 

that observed with rhTRAIL and are also potentiated when combined with other anticancer 

therapies [6,13]. 

To select patients who might benefit from selected therapies, it would be very helpful 

to have predictive biomarkers. The O-glycosylation status of DRs might be of interest. 

O-linked glycans regulate biochemical and functional properties of cell surface proteins, 

including apoptosis. O-Glycosyltransferase mRNA levels correlate with sensitivity for 

rhTRAIL in several tumor cell lines. Glycosylation of DRs results in increased TRAIL

induced clustering of DRs and consequently enhances caspase 8 activation and apoptosis 

[14]. However, apart from post-translational modifications in DRs, alterations in proteins 

more downstream the apoptotic pathway can play a role [15]. 

The prognostic value of DR expression was addressed in a study concerning 376 stage 

III colorectal cancer patients. As part of a randomized trial, these patients adjuvantly 

received chemotherapy. High DR4 expression was associated with a worse prognosis, with 

a worse disease-free as well as overall survival [16]. 

Ongoing preclinical exploration: rhTRAIL in malignant gliomas 

Malignant gliomas are rapidly progressive brain tumors. Concomitant and adjuvant 

chemoradiotherapy with temozolomide has become the standard treatment for newly 

diagnosed glioblastoma resulting in significant, but moderate prolongation of survival. 

Treatment is still rarely curative and the prognosis of these patients remains dismal with a 

two-year overall survival of 27% [17]. In recent years, research focused on the elucidation of 

molecular mechanisms underlying glioma development. Mounting evidence, suggesting a 

role for dysregu.Iation of the apoptotic pathway, has therefore stimulated studies targeting 

the apoptotic pathway in this setting [18]. Preclinical studies with rhTRAIL show induction 
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of apoptosis in glioma cells [19]. Efficient transfection of glioblastoma multiforme (GBM) 

cells with TRAIL-expressing adenovirus results in enhanced cell kill [20]. However, 

resistance toward rhTRAIL-induced cell death is commonly observed in malignant glioma 

cell lines. To overcome this resistance, rhTRAIL has been combined with various cytotoxic 

chemotherapeutics and new biological agents. 5-Fluorouracil in combination with rhTRAIL 

in human glioblastoma xenograft bearing mice enhanced tumor apoptosis and resulted in 

a prolonged tumor growth delay (21). Moreover, the combination of temozolomide and 

rhTRAIL results in longer survival in a glioblastoma xenograft model than either agent 

alone [22]. Several new biologicals might be potentially interesting to combine with TRAIL 

receptor targeting agents. These include heat shock protein inhibitors (HSPis) and histone 

deacetylase inhibitors (HDACis). HSPs are chaperone proteins that play a role in the 

regulation of cell growth through different client proteins and thereby have antiapoptotic 

properties. Downregulation of HSP90 by short-interfering RNA inhibits the recruitment of 

FLICE-like inhibitory protein (FLIP) and other antiapoptotic proteins to the death-inducing 

signaling complex (DISC), thereby sensitizing resistant glioma cells to rhTRAIL-induced 

apoptosis [23]. HDACi induce apoptosis, tumor cell growth arrest, and differentiation. The 

HDACi vorinostat inhibits growth of GBM intracranially in mice and is currently evaluated 

in patients with recurrent GBM in a phase II study [24]. Synergistic tumor cell death has 

been observed in a variety of other human cancer cell lines exposed to both rhTRAIL and 

HDACi [25]. The combination of rhTRAIL with bortezomib is discussed below. It would be 

of interest to evaluate the combination of these targeted therapies in patients. 

Combinatorial TRAIL-receptor-directed therapy with bortezomib 

Various antitumor agents have been combined with 1RAIL to study their sensitizing effects. 

In particular, combinations with proteasome inhibitors have recently gained substantial 

interest. The first proteasome inhibitor to be granted approval was bortezomib, a selective 

and reversible inhibitor of the proteasomal degradation of proteins. 

The combination of rhTRAIL and bortezomib has been studied in different cancer 

cell lines, such as non-small cell lung cancer (NSCLC), malignant glioma, hepatocellular 

carcinoma, colon carcinoma, and pancreatic cancer [26-29]. In many rhTRAIL-resistant 

cancer cell lines, bortezomib is able to sensitize these cells to rhTRAIL-induced apoptosis. 

Combined exposure to rh1RAIL and bortezomib results in the activation of caspase-8 

and caspase-3. Also caspase-9 can be activated indicating crosstalk between the extrinsic 
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and intrinsic pathway (Figure 1) [27,30,31]. Bortezomib enhances cell surface expression of 

DR4 and especially DRS [26,27,32-34]. However, this mechanism can only partly explain the 

observed rhTRAIL sensitization [26,27,35]. Sensitized tumor cells demonstrated stronger 

DISC formation upon rhTRAIL incubation, with increased Fas associated death domain 

(FADD) and caspase-8 recruitment [27]. The effect of bortezomib on FLIP levels, however, 

remains controversial. Some studies report no difference in FLIP levels [36], while others 

find an upregulation ]37], or downregulation [26,27]. 

As stated before, rhTRAIL can activate the NF-KB survival pathway, which then 

contributes to rhTRAIL resistance. Bortezomib coincubation is able to effectively inhibit 

TRAIL-induced NF-KB activation, thereby blocking this survival route [38]. 

No toxicity for either single agent rhTRAIL or bortezomib was found in primary 

human hepatocytes (PHHs), though combined administration results in some TRAIL

induced apoptosis in these cells. However, bortezomib and rhTRAIL induced apoptosis 

in hepatoma, colon and pancreatic cancer cell lines occur at a more than 40-fold lower 

bortezomib concentration (25 nM) than in PHHs. This suggests a therapeutic window for 

combination therapy with bortezomib and rhTRAIL [27]. 

Next to rhTRAIL, agonistic DR antibodies are also studied in combination with 

bortezomib. These combinations enhance both the extrinsic and intrinsic pathways in 

non-Hodgkin's lymphoma (NHL) cell lines [39]. In mice bearing human lymphoma cell 

line xenografts, the combination of bortezomib and either DR-antibody shows a greater 

clearance of lymphoma cells from ascites and a trend to prolonged time until recurrence of 

lymphoma cells, indicating enhanced tumor cell death with the combination therapy [40]. 

Currently a phase 2 study is ongoing, combining the DR4 antibody mapatumumab with 

bortezomib in multiple myeloma patients. 

Clinical application of rhTRAIL and anti-DR4/anti-DR5 monoclonal 

antibodies 

RhTRAIL and several anti-DR4/anti-DR5 monoclonal antibodies have been evaluated in 

several clinical trials (Table 1). In phase 1 and 2 studies patients received rhTRAIL doses 

up to 15 mg/kg intravenous (i.v.) for 5 consecutive days. Preliminary results showed that 

rhTRAIL appeared to be well tolerated. The serum half-life is approximately 36 min at 8 mg/ 

kg. One partial response was seen in a patient with a chondrosarcoma (R Herbst, abstract 

in J Clin Oncol 2006, 24:3013). In a phase lb study evaluating the safety of rituximab in 
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combination with rhTRAIL in patients with NHL, three of five evaluable patients showed 

responses without apparent toxicity (L Yee, abstract in J Clin Oncol 2007, 25:8078). This 

combination is now further explored in a phase 2 study. 

Table 1. Overview of TRAIL receptor targeting agents in clinical evaluation 

I 
Agent (target) Oinical Combination Tumor type 

development 

rhTRAIL Phase lb Monotherapy CRC 

(DR4 and DRS) Phase 2 ±Rituximab NHL 

Carboplatin/paclitaxel ± bevacizumab NSCLC 

Mapatumumab (DR4) Phase lb Cisplatin/gemcitabine Various 

Phase 2 Monotherapy CRC, NHL, NSCLC 

Paclitaxel/carboplatin NSCLC 

Bortezomib Multiple myeloma 

Lexatumumab (DRS) Phase 1 Monotherapy Various 

Phase lb Gemcitabine Various 

Pemetrexed Various 

Doxorubicin Various 

FOLFIRI Various 

Apomab (DRS) Phase 2 Monotherapy Chondrosarcoma 

Rituximab NHL 

Carboplatin/paclitaxel/ bevacizumab NSCLC 

Cetuximab/irinotecan CRC 

AMG655 (DRS) Phase lb/2 Gemcitabine Pancreatic cancer 

FOLFOX6/bevacizumab CRC 

Panitumumab CRC 

Doxorubicin Soft tissue sarcoma 

Paclitaxel/carboplatin NSCLC 

CS 1008 (DRS) Phase 2 Gemcitabine Pancreatic cancer 

LBY 135 (DRS) Phase 1 ± Capecitabine Various 

(http://www.hgsi.com/hgs-etrl .hbnl; http://www.clinicaltrials.gov/; http://www.amgen.com/science/pipe.jsp; http:// 
www.novartisoncology.com/research-innovation/pipline.jsp) 
CRC, colorectal cancer; NHL, non-Hodgkin's lymphoma; NSCLC, non-small cell lung cancer; FOLFIRI, leucovorin, 
fluorouracil and irinotecan; FOLFOX, leucovorin, fluorouracil and oxaliplatin. 
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At present, six agonistic monoclonal antibodies against the DRs are evaluated in clinical 

trials. Mapatumumab is the only one that specifically binds to DR4. In a phase 1 study with 

this agent 49 patients received doses up to 10 mg/kg i.v. every 2 weeks. No significant 

toxicity was seen and the maximum tolerated dose has not been reached. However, the 

highest dose studied at present is far above the predicted effective dose of 6 mg/kg, on 

the basis of preclinical models. The mean terminal elimination half-life is 18.8 days, which 

make dosing every three weeks feasible [41]. 

Subsequently, three phase 2 studies were initiated in patients with NHL, colorectal 

cancer and advanced NSCLC. Among the 40 NHL patients, 1 complete and 2 partial 

responses were observed (A Younes et al., abstract 409, 47th ASH Annual Meeting, Atlanta, 

December 2005). In the NSCLC study 32, most heavily pretreated patients were enrolled 

at 10 mg/kg every three weeks. No responses were seen, however, up to 29% had stable 

disease for on average 2.3 months [42]. Mapatumumab in combination with paclitaxel 

and carboplatin was considered safe in a phase lb study. 4/28 patients experienced a 

confirmed partial response, including 3 patients with NSCLC (L Chow, abstract in J Clin 

Oncol 2006, 24:2515). A phase 2 study with this combination in NSCLC patients has been 

initiated. In a phase lb study, mapatumumab could be administered safely up to 30 mg/ 

kg every three weeks in combination with gemcitabine and cisplatin. No alterations in the 

pharmacokinetic profiles were observed. 11/45 patients experienced a partial response and 

13/45 patients achieved stable disease more than 18 weeks (Oldenhuis et al., abstract 3540, 

44th ASCO Annual Meeting, Chicago, June 2008) 

One of the DRS-targeting antibodies, lexatumumab, was found to be safe and well 

tolerated at the maximum tolerated dose of 10 mg/kg. The average serum half-life in this 

study was 16.4 days. The best observed response was stable disease in 12 out of 37 patients 

treated with a median duration of 4.5 months [43]. Lexatumumab has also been evaluated 

in combination with several chemotherapy regimens. Reports of the other anti-DR agents 

summarized in table 1 are awaited. 

Conclusions 

Interests in TRAIL, boosted by its unique property to selectively induce apoptosis in tumor 

cells, have resulted in the first clinical application of 1RAIL-receptor targeting agents in 

the past years. Concerns about liver toxicity and autoimmune phenomena have been so 

far abrogated by clinical trials. Both rhTRAIL and TRAIL-receptor antibodies appear to 
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be safe. Single agent response rates, however, are low. 1RAIL-receptor targeting agents 

do not appear to be potent enough and might need sensitizing agents to induce tumor 

cell apoptosis. 1RAIL-receptor targeting agents are now being studied in combination 

with sensitizing cytotoxic therapies and other targeted therapies. Although combination 

of radiotherapy with DR-targeting antibodies have shown synergistic antitumor effects in 

xenograft mice, no clinical studies with this combination have been initiated till date [44]. 

Little knowledge is available concerning the biodistribution of the 1RAIL-receptor

targeting agents in man and it is therefore not clear if these agents penetrate the tumor. In 

an attempt to visualize the tumor, a SPECT imaging study with the radioactively labeled 

DR4 antibody mapatumumab has commenced. 

Overall, however, future research will focus on combination strategies. Furthermore, 

incorporation of potential predictive biomarker analyses into clinical trials is needed. 

Together, this could guide patient-tailored therapy. 
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Abstract 

Non-small cell lung cancer (NSCLC) is a common and often fatal malignancy, diagnosed 

at an advanced stage in more than half of the cases. Chemo-resistance remains a major 

problem in the treatment of NSCLC patients with conventional chemotherapeutic agents. 

Therefore main research efforts are focused on the development of novel targeted agents. In 

this review we provide an overview on the use of 1NF-related apoptosis-inducing ligand 

(TRAIL) receptor targeting agents in NSCLC models and in early clinical studies. Different 

TRAIL receptor targeting agents are available which have been tested in NSCLC models 

and some were tested in the clinic. The efficacy of these drugs as single agents in NSCLC 

models is discussed as well as different mechanisms of resistance that are found in NSCLC 

cell lines. In order to maximize sensitivity to TRAIL receptor targeting drugs, combined use 

with other drugs is of interest. The current status of tested combinations of TRAIL receptor 

targeting agents with other therapeutics, such as classical cytotoxics, Bcl-2 family targeting 

agents, proteasome inhibitors, EGFR inhibitors, histone deacetylase inhibitors and COX-2 

inhibitors as well as their mechanisms in preclinical studies are discussed. Clinical studies 

on TRAIL targeted therapies in which NSCLC patients were included are discussed and 

future perspectives are considered. 
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Introduction 

Lung cancer is the leading cause of cancer-related death throughout the world [1]. Lung 

carcinomas are divided into NSCLCs and small cell lung carcinomas (SCLCs). NSCLCs 

are epithelial tumors that represent 80% of all lung carcinomas and include three major 

histological types: squamous cell carcinoma, adenocarcinoma and large-cell carcinoma [2]. 

A new worldwide tumor-node-metastasis staging system is used in the management of 

NSCLCs [3]. This system takes into account the tumor size, the presence of malignant cells 

in regional lymph-nodes, and the presence of distant metastases. Stage I to 11B represent 

localized tumors in the absence of mediastinal metastases, stage IIIA to 111B are locally 

advanced tumors with mediastinal metastases in lymph nodes, and stage IV is advanced 

disease with distant metastases. In NSCLC almost half of all cases have locally advanced 

or widespread metastatic disease (stage 111B and IV) at diagnosis, with an overall 5-year 

survival rate of approximately 1-5% [4]. 

Patients in most stages (exept stage IA) of the disease are candidates for systemic or 

adjuvant chemotherapy. Whereas SCLC at onset of treatment is exquisitely sensitive to 

chemotherapy and radiotherapy, NSCLC is relatively resistant [5]. It has become clear in 

recent years that a therapeutic plateau has been reached for patients with advanced stage 

NSCLC treated with conventional chemotherapeutic agents. Therefore main research 

efforts are focused on the development of novel targeted agents, including those targeting 

growth stimulatory pathways, angiogenesis, and apoptosis. These processes are believed 

to be essential for the development of malignant tumors in general and have been shown 

to be viable therapeutic targets [6] .  

In this review we provide an overview on the current status of the use of TRAIL receptor 

targeting agents in NSCLC models. Different TRAIL receptor targeting agents are available 

and the cytotoxic effects of these drugs as single agents in NSCLC models are discussed 

as well as the mechanisms of resistance that are found in NSCLC cell lines. The combined 

use of TRAIL receptor targeting agents with other agents is to enhance sensitivity and 

the mechanisms behind this sensitization in preclinical setting are discussed. To conclude 

the clinical studies with TRAIL targeted therapies in NSCLC and the potential future 

perspectives of the preclinical and clinical strategies for NSCLC treatment are discussed. 
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TRAIL receptor targeting agents in NSCLC 

TRAIL receptor targeting agents represent an anti-cancer strategy which activity is mainly 

dependent on the ability to induce apoptosis in tumor cells (7]. Different from other 

members of the TNF super family (TNF and FasL), recombinant human (rh)TRAIL induces 

apoptosis in various tumor cells but not in normal cells [8]. Furthermore, it has been 

demonstrated that systemic administration of rhTRAIL in mice or non-human primates 

results in anti-tumoricidal activity without any toxic effects on normal tissue (9]. TRAIL 

activates apoptosis by binding to specific transmembrane receptors, TRAIL-Rl (DR4) and 

TRAIL-R2 (DRS), and non-functional truncated receptors TRAIL-R3 and TRAIL-R4, also 

known as decoy receptor 1 (DcRl) and decoy receptor 2 (DcR2), bind TRAIL but are not 

able to transmit death signalling. TRAIL binding to TRAIL-Rl or TRAIL-R2 results in 

trimerization of the receptors and formation of a death-inducing signaling complex (DISC) 

consisting of Fas associated death domain (FADD) and procaspase-8 that is then cleaved 

and activated. The protein c-FLIP can also be recruited to the DISC thereby preventing 

caspase-8 binding and activation leading to suppression of apoptosis (see also Figure 1). 

The extrinsic apoptotic pathway initiated by caspase-8 activation will be sufficient for 

irreversible apoptosis activation directly through caspase-3 activation, although often 

cross-activation of the intrinsic route via caspase-8-dependent Bid cleavage is required, 

as is the case for NSCLC cells (10,11]. Cleaved Bid, named truncated (t)Bid, interacts with 

other Bcl-2 family proteins in order to disrupt the mitochondrial membrane leading to 

cytochrome C release and subsequent association of Apaf-1 and pro-caspase-9 forming the 

apoptosome in which caspase-9 activation occurs followed by caspase-3 activation. Apart 

from the primary DISC also a secondary signaling complex can be formed containing 

receptor interacting protein (RIP) and TNF receptor-associated factor 2 (TRAF2). This 

secondary complex can activate several kinase pathways that promote cell proliferation, 

including the activation of NF-KB that can enhance the expression of a number of anti

apoptotic proteins, such as c-FLIP and XIAP [12,13]. 

Since the discovery of the TRAIL apoptotic pathway, several agents that target one or 

both of the functional TRAIL receptors (TRAIL-Rl or TRAIL-R2) have been engineered. 

These TRAIL receptor targeting agents include preparations of rhTRAIL, derived selective 

mutant forms designed to preferential bind to either TRAIL-Rl or TRAIL-R2 [14-18] and 

agonistic monoclonal antibodies selectively directed against TRAIL-Rl or TRAIL-R2 (19-

23]. The recombinant form of TRAIL has a relative short half-life in humans of around 

20-30 min whereas the half-lives for the antibodies against TRAIL-Rl/R2 are much longer, 

namely around 18-21 days. 
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Figure 1. TRAIL combination therapies tested in NSCLC and proposed mechanisms of action. Schematic 
representation of the TRAIL apoptosis pathway (black lines). The mechanism by which different classes 
of anti-cancer drugs enhance apoptosis are shown (colored lines). Standard chemoradiotherapy1 that 
mainly cause DNA damage stimulate the mitochondrial route, and also some targeted agents directly 
modulate the TRAIL apoptotic machinery such as the Bcl-2 family targeting agents2, and to a lesser 
extend proteasome inhibitors3 that have pleiotropic effects some of which are yet unclear ( dotted lines) 
. Other targeted agents enhance TRAIL signalling in a more indirect way such as growth factor receptor 
(GFR) inhibitors4, PI3K-Akt inhibitors5, HDAC inhibitors6, and anti-inflammatory agents7• A number 
of natural-derived compounds also modulate TRAIL signalling such as triterpenoids8, retinoid related 
molecules9 (RRMs). In general, most co-treatments cause restoration and/or up-regulation of TRAIL 
receptors. See text for additional information. 

A number of chemo-resistant characteristics of NSCLC make this tumor type in theory 

interesting for TRAIL receptor targeting therapies. First, the p53 pathway that is important 

in mediating chemo-radiotherapy-induced cell death is often inactivated in at least 50% of 

NSCLC cases [24 ], which is also illustrated by p53 defects detected in more than half of the 

NSCLC cell lines shown in Table 1. Second, delineation of chemotherapy-induced apoptosis 
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in NSCLC cells revealed a defect in DNA damage-dependent caspase-9 activation, which 

may contribute to chemotherapy resistance in the clinic [25]. However, TRAIL initiates 

apoptosis via caspase-8-dependent mechanisms, thus being less dependent on wild-type 

p53 or caspase-9 functioning. Moreover, no intrinsic defect in mitochondria-dependent 

apoptosis was found in NSCLC cells leaving the caspase-8-Bid route functional [26,27]. 

Third, immunohistochemical expression of TRAIL-Rl, TRAIL-R2 and TRAIL have been 

determined respectively 99%, 82% and 91 % of the tumors of advanced NSCLC patients 

[28]. 

Different TRAIL receptor targeting agents have been examined for efficacy in 

preclinical in vitro and in vivo NSCLC models. In preclinical studies variable activities of 

rh1RAIL have been detected in NSCLC cell lines using different read-outs. For example, 

in a panel of NSCLC cell lines sensitivity to rhTRAIL determined by sulforhodamine B 

assay after 6 hrs treatment identified Calu-1 cells as resistant, H460 as very sensitive and 

the majority of remaining NSCLC cell lines intermediate sensitive [29]. In another study 

rh1RAIL sensitivity was examined after 24 hrs with AnnexinV/ propidium iodide staining 

at a concentration of 1 mg/ml, thereby identifying Calu-1 and A549 cells as resistant and 

SK-MES-1 as sensitive [30]. Yet another study showed a panel of NSCLC cell lines that 

all demonstrated sensitivity for rh1RAIL when treated with concentrations between 0-100 

ng/ml for 48 hrs and employing crystal violet staining [9]. Thus, although sensitivities for 

rh1RAIL may somewhat differ dependent on the assay and time of incubation used, one 

can roughly distinguish sensitive (IC50 values below 100 ng/ml), intermediate sensitive 

(IC50 between 100 and 500 ng/ml) and resistant (IC50 above 500 mg/ml) NSCLC cells. An 

overview of reported sensitivities in NSCLC cell lines is provided in Table 1. 

Furthermore, also viral vector-mediated delivery of TRAIL (Adenovirus-TRAIL) 

potently induced apoptosis in NSCLC cells, but not in normal cells [31-33], and lentiviral 

delivery of TRAIL successfully triggered apoptosis (see also Table 1) [34]. Another way 

of TRAIL receptor targeting studied in NSCLC is the use of TRAIL-Rl or -R2 specific 

antibodies. The recently developed human agonistic monoclonal anti-TRAIL-Rl and 

anti-TRAIL-R2 antibodies, mapatumumab (HGS-ETR-1; Human Genome Sciences) and 

lexatumumab (HGS-ETR2; Human Genome Sciences), respectively, were studied in a panel 

of NSCLC cell lines showing two out of six cell lines tested to be sensitive, whereas the 

other cell lines were resistant (see also Table 1) [20]. The agonistic anti-1RAIL-R2 antibody 

PRO95780 (Apomab, Genentech Inc.) was also tested in the NSCLC cell line H460, which 

was shown to be sensitive [21]. 
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In addition to cell lines, rhTRAIL was demonstrated to have anti-cancer activity in vivo 

in both xenograft mice models and an orthotopic mice model based on rhTRAIL sensitive 

human NSCLC H460 cells [35]. Furthermore, anti-tumor activity was observed with the 

agonistic PR095780 in H460-derived xenograft and orthotopic models [21]. The agonistic 

anti-TRAIL-R2 antibody CS-1008 (Daiichi Sankyo Inc.), however, had little activity as single 

agent in human NSCLC H2122 cell line based xenografts [22]. 

Mechanisms of TRAIL resistance in NSCLC 

Preclinical studies reveal that approximately half of the NSCLC cell lines are intrinsically 

resistant to the apoptosis inducing effect of TRAIL receptor targeting agents (see Table 1). 

Several mechanisms underlying TRAIL resistance in NSCLC have been reported, ranging 

from inhibition or defects at the receptor level and DISC to suppression of signaling more 

down-stream in the pathway [36]. 

TRAIL resistance has been linked to the expression pattern of the four distinct TRAIL 

receptors. Two of the TRAIL receptors, DcRl and DcR2, that lack a functioning death 

domain sequester TRAIL and thus reduce the formation of active DISCs. However, 

although true in some cells, this appears not to be a general resistance mechanism [36]. 

Nonetheless, DcR2 surface expression has been related to TRAIL resistance in a number of 

resistant NSCLC cell lines and primary tumor cells. SiRNA-mediated down-regulation of 

DcR2 in TRAIL resistant A549 cells was shown to sensitize for adenovirus-TRAIL induced 

apoptosis [37]. 

Mutations in TRAIL-R1 [38] or TRAIL-R2 [39] that may affect receptor functioning 

have been found in NSCLC. Mutations in the extracellular domain encoding the amino 

acid motif for ligand binding in TRAIL-Rl, and mutations in the death domain involved 

in the transduction of the apoptotic signal in TRAIL-R2 have been reported that may 

cause decreased sensitivity to rhTRAIL in a Korean population. However, in Caucasian 

Americans no TRAIL-R2 mutations were found in samples derived from 100 patients [40]. 
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Table 1. NSCLC cell line characterization. 

I f Sensitivity Tumor supptessor/ oncogene status 10/11/12 

Cell line Histological type rhTRAIL Adenoviral-TRAIL Mapatumumab l.ex3tumumab p53 K-RAS PTEN Pl3K 

H460 LCC Sensitive1> Sensitive 7) Sensitive9) Sensitive9> wt mut wt mut 

A427 AC Sensitive3> wt mut wt wt 

H650 AC Sensitive3) mut wt wt wt 

HOP-92 LCC Sensitive4> mut wt wt wt 

H2122 AC Sensitive3> Sensitive9> Sensitive9) mut mut wt wt 

HOP-62 AC Sensitive4> mut mut wt wt 

H226 sec Sensitive4) wt wt wt wt 

H596 AC-SCC Intermediate1> Resistant9> Resistant9> mut wt wt mut 

H292 MPC Intermediate1> Sensitive7> wt wt wt wt 
I SK-MES-1 sec Intermediate1> mut wt wt wt 

H157 sec Intermediate1) mut mut wt/mut wt 

EKVX AC Intermediate4> wt/mut wt wt wt 

H23 AC Intermediate4> mut mut wt wt 

H322M AC Intermediate4> mut wt wt wt 

H2009 AC Resistant6> mut mut wt wt 

A549 AC Resistant1> Resistant7> Resistant9> Resistant9> wt mut wt wt 

Calu-1 sec Resistant1> wt/mut mut wt wt 

H522 AC Resistant1> mut wt wt wt 

H1792 AC Resistant1) mut mut wt wt 

H358 AC Resistant2> Sensitive8> null mut wt wt 

Calu6 AC Resistant2> wt/mut mut wt wt 



I 
(JJ '-J 
I 

Cell line 

SkLul 
SW1573 
H2030 
H1299 
H2347 
H411 
H1155 

Histological type 

AC 
AC 
AC 
LCC 
AC 

- - � --

- -

- - -- -

rhTRAIL 

Resistant2> 
Resistant7) 
Resistant3> 
Resistant3> 

--- . -- - . 

AC 
- --

LCC Resistant5> 

Sensitivity 

Adenoviral-TRAIL Mapatumumab Lexatumumab 

Resistant7) 

Sensitive7) 

---- - -- - -- -

--- - - - - - - - - - -- - - --- - --

- --- � - � � -·- -- -- - -- -- - -

Resistant9> Resistant9> - - -- -- ---- - - -
Resistant9> Resistant9> 

Tumor suppressor/ oncogene status l0/11/12 

p53 K-RAS PTEN Pl3K 

mut mut wt wt 
wt mut wt mut -
mut mut wt wt 

null wt wt wt 
wt wt wt wt 
mut mut wt wt 
mut mut mut wt 

LCC: Large cell carcinoma, AC: Adenocarcinoma, SCC: Squamous cell carcinoma, MPC: Mucoepidemoid pulmonary carcinoma. 
Sensitivity was based on: 1>(29) SRB assay performed after 6 hrs of treatment; IC

50 < 100 ng/ml = sensitive; > 100-500 ng/ml < = intermediate; > 500 ng/ml = resistant. 2>(30) annexin V / 
propium iodide staining measured after lmg/ml rhTRAIL for 24 hrs. 3>(164) and 4>(9) crystal violet assay following 48 hrs treatment, IC

50 
< 10 ng/ml = sensitive; 10 < IC

50 
> 100 ng/ml 

= intermediate; IC
50

>100 ng/ml = resistant. 5>(88) XTI assay after treatment for 48 hrs. 6> (142) LOH release after treatment with 100 ng/ml for 24 hours. 7l(27) and 8>(51) Adenoviral
TRAIL infection. 9>(20) Cell Titer-Glo assay after 24 or 48 hrs treatment. 
Tumor suppressor/oncogene status: lO) (97), 11> http://www-p53.iarc.fr/CellLineResultView.asp and 12> http://www.sanger.ac.uk/genetics/CGP/CellLines. In case of inconsistency 
the multiple statuses are indicated. Deletion (null), mutation (mut), or wild-type (wt). 
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A more recent discovered mechanism of TRAIL-signaling modulation in tumor cells 

involves the O-glycosylation of TRAIL receptors that facilitates receptor clustering and 

caspase-8 activation. O-linked glycans regulate functional properties of cell surface 

proteins, including their conformation, trafficking and turnover. Amino acid sequence 

comparison between TRAIL-Rl and TRAIL-R2 predicted conserved extracellular 

O-glycosylation sites. The expression of the O-glycosylation enzyme GALNT14 positively 

correlated with rhTRAIL sensitivity in NSCLC and other cancer types, whereas inhibition 

of O-glycosylation with either a chemical inhibitor or siRNA against GALNT14 resulted 

in reduced sensitivity in various cancer cell types. Moreover, retroviral vector-mediated 

overexpression of GALTN14 in pancreatic cancer cells used in a xenograft mice model 

showed a remarkable response to rhTRAIL [41]. 

Intracellular factors acting more downstream in the 1RAIL signaling pathway that have 

been linked to TRAIL resistance in NSCLC include proteins inhibiting DISC formation 

such as c-FLIP and phosphoprotein enriched in diabetes (PED) [30,42,43]or proteins 

that regulate the mitochondrial apoptotic route like Bcl-2 overexpression [27,29,31]. To 

evaluate the role of c-FLIP in the resistance to TRAIL in NSCLC, Frese and co-workers [30] 

compared c-FLIP levels with susceptibility to rhTRAIL in six NSCLC cell lines and found 

no correlation. Also treatment with chemotherapeutic agents that can alter c-FLIP levels 

revealed no correlations between c-FLIP and TRAIL susceptibility. In addition, no evidence 

has been found for DNA methylation-dependent silencing of caspase-8 expression in 

NSCLC in contrast to SCLC cells were this phenomena has been linked to TRAIL resistance 

[44,45]. Caspase-8 was found overexpressed in NSCLC compared to normal tissues and 

similarly c-FLIP was overexpressed in the majority of NSCLCs. Additionally, the increased 

expression of caspase-8 in NSCLC cells sensitized them towards c-FLIP silencing [46]. 

This proves that de ratio between capase-8 and c-FLIP is the important factor in TRAIL

sensitivity and not the c-FLIP levels alone. 

The assembly of the 1RAIL-DISC in lipid rafts, cholesterol-enriched microdomains of 

the plasma membrane, appeared to be important for apoptosis activation by rhlRAIL, and 

in contrast, assembly in the non-raft phase of the plasma membrane was linked to prosurvial 

signaling. Non-raft DISC formation involved RIP and c-FLIP recruitment, leading to the 

inhibition of caspase-8 cleavage and activation of NF-KB and ERI<l/2 in TRAIL resistant 

A549 NSCLC cells. Knock-down of RIP and c-FLIP by shRNA redistributed the DISC from 

non-rafts to lipid rafts and sensitized for apoptosis [42]. 

Another protein acting at the DISC level and causing resistance is PED (Phosphoprotein 

Enriched in Diabetes). PED is a death-effector domain family member with broad anti-
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apoptotic action that can prevent DISC assembly by competitive inhibition of pro

apoptotic proteins through its death effector domain. A correlation was found between 

PED expression levels in NSCLC cell lines and their resistance to rhTRAIL-induced cell 

death. Knock-down of PED sensitized cells to rhTRAIL-induced cell death [43]. 

Bcl-2, one of the main regulators of mitochondrial apoptosis, has also been linked to 

rh1RAIL resistance in NSCLC. Overexpression of anti-apoptotic Bcl-2 was shown in a 

number of studies to block rhTRAIL /adenoviral TRAIL-induced apoptosis [27,29,31]as a 

result of inhibition of cytochrome C release, decrease in caspase activation, and reduced 

cleavage of PARP. Surprisingly, overexpression of Bcl-2 also reduced caspase-8 activation 

and Bid cleavage, suggesting a feed-forward loop whereby downstream caspases potentiate 

caspase-8 activation. 

Death-associated protein (DAP) kinase is involved in TNF-a and Fas ligand-induced 

apoptosis as well as in rhTRAIL-induced apoptosis in NSCLC cells although the underlying 

mechanism is still unknown [47,48]. Expression of DAP kinase and a functional death 

domain in DAP were needed for TNF-a and Fas ligand-induced apoptosis. The apoptotic 

function of DAP kinase appeared to be independent of caspase-8 and FADD but could be 

blocked by Bcl-2 and general caspase inhibitors [47]. In 11 NSCLC cell lines examined, 

DAP kinase promoter methylation and low DAP kinase expression has been correlated 

with reduced rhTRAIL sensitivity. Moreover, restoration of DAP kinase expression in cell 

lines with a methylated DAP kinase promoter using the demethylating agent, 5-aza-2' -

deoxycytidine, sensitized these cells for rhTRAIL [48]. 

MicroRNAs play an important role in silencing of gene expression via base-pairing to 

complementary sites on target mRNAs. Recently, the expression of specific microRNAs 

has been linked to TRAIL resistance. In rhTRAIL resistant NSCLC cells, levels of various 

microRNAs are increased, in particular miR-221 and -222. These microRNAs impair 

rh1RAIL-dependent apoptosis by inhibiting the expression of p27kipl [49]. However, the 

role of p27kipl in modulating apoptosis remains unclear. It seems plausible that silencing 

of other additional targets of miR-221 and -222 contributes to rhTRAIL resistance in NSCLC 

as well. 

Thus, although the targeting of TRAIL receptors seems an interesting approach to treat 

NSCLC cells a large proportion of the NSCLC cell lines display resistance involving a 

variety of mechanisms at different levels in the TRAIL apoptotic pathway. 
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TRAIL-targeting agents as part of combination therapies in NSCLC 

models 

The high frequency of intrinsically TRAIL resistant tumor cell lines requires strategies 

to sensitize tumor for TRAIL-induced apoptosis. The combined use of TRAIL receptor 

targeting therapies with standard treatments such as different chemotherapeutic drugs and 

irradiation, as well as novel targeted agents have been explored and found to considerably 

increase antitumor activity in NSCLC models. An overview of combinations that have 

been explored in preclinical studies in NSCLC is provided below, starting with standard 

therapies, and subsequently followed by agents that mainly act by directly modulating 

apoptotic signaling, and those that more indirectly affect TRAIL signaling (see also Table 

2). 

TRAIL-receptor targeting therapy and chemoradiotherapy 

Enhancement of the anticancer effects of TRAIL receptor targeting therapy in NSCLC 
by combined use of chemotherapy has been demonstrated in a number of studies. For 

example, four of six NSCLC cell lines could be synergistically sensitized to rhTRAIL

induced apoptosis by cisplatin, camptothecin and paclitaxel [30,50]. Also Adenoviral

TRAIL-induced apoptosis could be augmented by chemotherapeutic agents like cisplatin, 

doxorubicin and paclitaxel in several NSCLC cell lines [31,33]. Furthermore, in a xenograft 

and orthotopic model, enhanced antitumor activity of chemotherapy combined with 

rhTRAIL compared to either treatment alone was shown [35]. Mice bearing subcutaneously 

growing H460 tumor xenografts were treated with rhTRAIL (days 0-4 and 7-11), paclitaxel 

(days 0-4 and 7-11) plus carboplatin (days 0 and 7) or the combinations of rhTRAIL and 

those drugs. In the control group tumors grew rapidly, whereas the combination group 

showed tumor regression at first, followed by tumor stasis and additional delay in tumor 

progression at later time points. In the orthotopic lung tumor xenografts rhTRAIL was given 

daily over 2 weeks, whereas paclitaxel was administered daily over 5 days and carboplatin 

in a single dose. On day 25 lungs were removed and tumor sizes measured. Both rhTRAIL 

and chemotherapy treatment alone already reduced tumor size by approximately 60%, 

however, the combination showed a stronger reduction of close to 100% compared to the 

control group. The TRAIL-R2 targeted antibodies PRO95780 and CS-1008 also showed 

enhanced antitumor activity when combined with respectively carboplatin/paclitaxel and 

docetaxel in NSCLC xenograft models [21,22]. 

- 40 -



TRAIL-receptor targeting in NSCLC 

Comparable enhancing effects were found when combining rhTRAIL or adenoviral

TRAIL with radiotherapy [31,51]. In H1299 NSCLC cells established tumor xenografts 

in mice, significant inhibition of tumor growth was demonstrated after two adenoviral

TRAIL intratumoral injections in combination with local radiotherapy compared to 

control or either treatment alone. Furthermore, survival was prolonged from 23.7 days for 

adenoviral-TRAIL alone and 16.5 days for radiation alone to 43.7 days with the combination. 

In addition, apoptosis induction in vivo, showed that the combination of adenoviral-TRAIL 

and radiation resulted in more apoptosis (29.8% cells) compared to adenoviral-TRAIL 

alone (13.5% cells) or radiation alone (9.7% cells) [51]. 

TRAIL and Bcl-2 family targeting agents 

One of the main events in apoptosis induction is the permeabilization of the mitochondrial 

membrane that is tightly regulated by the Bcl-2 family members. Several studies have 

investigated the importance of Bcl-2 family members as therapeutic targets or as prognostic 

factors in NSCLC. In vitro studies demonstrated suppressed cisplatin-induced apoptosis 

in H460 cells after overexpression of Bcl-2 or Bel-XL [25]. Also, Bel-XL siRNA was used 

to sensitize cisplatin resistant A549 cells leading to increased apoptosis [52]. These data 

emphasize the importance of the Bcl-2 family members in the onset of chemotherapy

induced apoptosis. Several clinical studies demonstrated that Bcl-2 is a potential prognostic 

factor for a better progression free survival when patients are treated with carboplatin or 

cisplatin. A prospective study will be neseccary to establish a definitive prognostic role of 

Bcl-2 [53-55]. 

Nonetheless, the balance between the pro- and anti-apoptotic Bcl-2 family members 

is decisive for activating apoptosis. Since alterations in the balance in favour of the pro

apoptotic proteins enhance apoptosis, anti.sense and small molecule-based strategies have 

been developed to achieve increased apoptosis [56,57]. 

Oblimersen sodium (G3139) is a Bcl-2 anti.sense oligodeoxynucleotide that specifically 

targets Bcl-2 mRNA. Oblimersen increases free Bax levels leading to mitochondrial 

membrane permeabilization and apoptosis activation in breast cancer cell lines [58]. 

Additionally, a xenograft model of H460 showed slower tumor growth with a median 

life span of 36 days in animals treated with 10 mg/kg oblimersen compared to 21 days in 

untreated animals [59]. Moreover, the importance of oblimersen to activate the immune 

cells via toll like receptor 9 in xenograft models, including A549 xenografts, was shown 

[60]. Currently, a phase IT/III study is ongoing using the combination of oblimersen and 

docetaxel for NSCLC (clinicaltrials.gov). However, the combination oblimersen and TRAIL 

receptor targeting agents has not been studied in preclinical NSCLC models. 
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Table 2. SummanJ of TRAIL-receptor targting agents tested in preclinical NSCLC models in combination with 

other drugs. 

TRAIL-receptor Combination drug(s) 1ype of study Reference 
targeting drug 

Chemoradiotherapy 

RhTRAIL Carboplatin, Paclitaxel in vitro/ in vivo [35] 

RhTRAIL 5-FU, Cisplatin, Camptothecin, in vitro [30] 
Doxorubicin, Paclitaxel 

Adenoviral TRAIL Cisplatin in vitro [33] 

TRAIL Paclitaxel in vitro [50] 

PRO95780** Carboplatin, Paclitaxel in vivo [21] 

CS-1008** Docetaxel in vitro/ in vivo [22] 

Adenoviral TRAIL Cisplatin, Doxorubicin, Paclitaxel, in vitro [31] 
Radiotherapy 

Adenoviral TRAIL Radiotherapy in vitro/ in vivo [51] 

Bcl-2 family targeting agents 

TRAIL ABT-737 (Bcl-2 family inhibitor) in vitro [62) 

RhTRAIL Gossypol (BH3-mimetic) in vitro [67) 

Proteasome inhibitors 

RhTRAIL Bortezomib, MG-132, Epoxomycin in vitro [77) 

RhTRAIL Bortezomib in vitro [27] 

Mapatumumaba, Bortezomib in vitro [20) 
Lexatumumabb 

Growth factor receptor inhibitors 

RhTRAIL PD153035 in vitro [89) 

Pl3K-Akt inhibitors 

RhTRAIL Perifosine (Akt inhibitor) in vitro [100) 

RhTRAIL PI3K-inhibitors in vitro [88] 

HDAC inhibitors 

RhTRAIL SAHA, sodium butyrate, trichostatin A in vitro [113) 

RhTRAIL Trichostatin A in vitro [112) 

RhTRAIL Valproic Acid in vitro [114) 

Anti-inflammatory agents 

RhTRAIL Celecoxib (COX-2 inhibitor) in vitro [120,121) 

RhTRAIL Dimethyl-Celecoxib in vitro [123] 

Triterpenoids 

RhTRAIL CDDO-Me in vitro [129-131] 
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. targeting drug I TRAIL-receptor 
Combination drug(s) 'Iype of study Reference 

Retinoid related molecules 

RhTRAIL Synthetic retinoid CD437 in vitro [137] 

RhTRAIL Flexible heteroarotinoid SHetA2 in vitro [138,139] 

Other combinations 

RhTRAIL Cardiac Glycosides in vitro [140] 

RhTRAIL Ad-FHIT (tumor suppressor gene) in vitro [141] 

RhTRAIL Quercetin (flavinoid) in vitro [142] 

RhTRAIL Honokiol in vitro [143] 

RhTRAIL Flavopiridol (kinase inhibitor) in vitro [146] 

RhTRAIL Phytosphingosine in vitro [152] 

RhTRAIL NPC-15437 (PKC inhibitor) in vitro [144] 

a Anti-TRAIL-RI antibody, b Anti-TRAIL-R2 antibody. 

In addition to oblimersen, several small molecule inhibitors of Bel-2/Bel-XtfMel-1 also 

referred to as BH3-mimetics [60], have been developed. These inhibitors can interact with 

the BH3-binding pockets of these proteins, thereby blocking their anti-apoptotic functions 

[56,57]. The BH3-mimetic ABT-737 that targets Bel-2 and Bel-XL has been tested in NSCLC. 

ABT-737 as a single agent triggered apoptosis in A549 and NO-332 NSCLC cells, while 

resistance in H1299 cells could be ascribed to elevated levels of anti-apoptotic Mel-1 [61]. 

Combined treatment of ABT-737 with rhTRAIL has been explored in multiple cancer 

cell types, including the NSCLC cell lines A549 and HOP-62, demonstrating augmented 

apoptosis. Elevated TRAIL-R2 levels mediated by NF-KB-dependent activation of the 

TRAIL-R2 promoter were observed after ABT-737 exposure. Whereas NF-KB regulates 

the transcription of a number of anti-apoptotic Bcl-2 family members, ABT-737 inhibits 

the activation of Bel-2 mediated survival, thus directing NF-KB activation towards a pro

apoptotic activity [62]. 

Another Bel-2 antagonist, HA-14-1, has been reported to bind Bcl-2, Bel-XL and Bcl-w in 

H460 cells resulting in reduced cell growth and increased cytotoxicity [63]. Combinational 

treatment with TRAIL has only been examined in a colon cancer cell line demonstrating 

elevated levels of apoptosis in Bcl-2 overexpressing cells [64]. However, this compound 

is highly unstable and therefore several analogs have been developed to improve their 

potential therapeutic applicability (63,65]. Indeed, sHA-14-1 has demonstrated higher 
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affinity towards Bcl-2 family members and improved cytotoxicity. Animal studies to 

further demonstrate the efficacy of these agents are ongoing [65]. 

Gossypol, a phytochemical that was originally developed as an anti-fertility agent, 

also contains BH3-mimetic characteristics which makes it a potential anticancer drug 

[66]. Concurrent treatment with gossypol and rhTRAIL has demonstrated major additive 

induction of apoptosis in thoracic cancer cell lines, including NSCLC H460 and H322 cells. 

Importantly, neither gossypol alone nor in combination with rhTRAIL revealed toxicity in 

primary normal cells [67]. 

The BH3 mimetic GXlS-070, referred to as obatoclax, targets Bcl-2, Bel-Xu Bcl-w and 

Mcl-1. Obatoclax as monotherapy induced apoptosis in a subset of NSCLC cells and 

enhanced apoptosis when combined with cisplatin [68]. Combination with rhTRAIL has 

only been explored in pancreatic cancer cell lines [ 69] and in cholangiocarcinoma cell lines 

[70] resulting in strongly enhanced cytotoxicity. 

TRAIL-receptor targeting therapies and proteasome inhibitors 

The proteasome inhibitor bortezomib (PS341, Velcade) is approved as anti-cancer therapy 

for multiple myeloma and is the most extensively studied proteasome inhibitor in NSCLC 

models [71,72]. Via reversible binding to the 26S proteasome, degradation of many cellular 

proteins involved in cell cycle regulation and apoptosis is inhibited. Despite the pleiotropic 

effects that bortezomib exhibits on cells, the rational to combine rhTRAIL with bortezomib 

is its ability to inhibit NF-KB signaling, one of the mechanisms that can cause rhTRAIL 

resistance [73]. A range of effects of bortezomib alone or in combination with TRAIL on 

apoptosis activation have been reported as described below. 

Treatment of NSCLC cells with bortezomib alone demonstrated activation of the JNK/ 

c-Jun/AP-1 signaling pathway, which in tum increases p21waf1, leading to growth arrest 

and apoptosis [74]. Additionally, bortezomib is also involved in the up-regulation of the 

pro-apoptotic protein p53 [74-76]. 

Two studies have reported on the synergistic growth inhibition by concurrent 

treatment with bortezomib and rhTRAIL in NSCLC cell lines [27,77]. Both studies revealed 

up-regulation of the TRAIL receptors, in particular TRAIL-R2 by bortezomib exposure. 

Increased TRAIL-R2 levels are correlated with enhanced caspase-8, -9 and -3 activity and 

subsequent PARP cleavage. Silencing of TRAIL-R2 abrogated these effects, indicating 

the importance of TRAIL-R2 up-regulation for bortezomib-mediated rhTRAIL induced 

apoptosis in NSCLC cell lines [77]. The use of the agonistic antibodies mapatumumab and 

lexatumumab in combination with bortezomib in NSCLC cell lines resulted in a caspase-

- 44 -



TRAIL-receptor targeting in NSCLC 

dependent synergistic toxicity [20]. Sensitization to these antibodies by bortezomib 

has been associated with the accumulation of NOXA, Mcl-1 and p21 waft. However, the 

sensitivity towards mapatumumab or lexatumumab did not correlate with TRAIL-R2 

expression in NSCLC cell lines. There are conflicting results obtained concerning the 

effect of bortezomib on c-FLIP protein levels. Reduction of c-FLIP levels by bortezomib 

exposure has been demonstrated in different cancer cell types [78]. However, this was not 

seen by others [27] and even an increase in c-FLIP levels after bortezomib treatment has 

been reported NSCLC cells. Nevertheless, increased levels of c-FLIP did not interfere with 

the sensitizing effect of bortezomib, probably by concomitant TRAIL-R2 up-regulation and 

increased caspase-8 cleavage [77]. 

Activation of the mitochondria-dependent apoptotic pathway resulting in the cleavage 

of procaspase-9 is also involved in the sensitization of rhTRAIL by bortezomib in NSCLC 

cells. Following exposure to bortezomib, NSCLC cells already revealed caspase-9 activity 

[26] that could be further enhanced by co-treatment with rhTRAIL [27]. Moreover, induction 

of apoptosis was partially inhibited by the over-expression of Bcl-2. The importance of 

the mitochondrial-dependent apoptotic pathway was further emphasized in prostate and 

colon cancer where absence of either caspase 9, Bak, Bik or Bim demonstrated abrogation 

of bortezomib-mediated TRAIL-induced apoptosis [79,80]. 

A new generation of proteasome inhibitors has been developed that in contrast to 

the reversible inhibition of the chymotrypsin- and caspase-like activities by bortezomib, 

have irreversible binding properties and target distinct active sites within the proteolytic 

core of the 20S proteasome, such as carfilzomib (PR-171) [81], CEP-18770 [82] and NPI-

0052 [83]. Until now none of these new proteasome inhibitors have been tested in vitro 

and in vivo in NSCLC models and only NPI-0052 has been investigated in combination 

with rhTRAIL in prostate cancer and non-Hodgkin's B cell lymphoma [84]. There it was 

shown that NPI-0052 inhibits transcription repressor Yin Yang 1 which normally represses 

TRAIL-R2 protein expression. This subsequently resulted in TRAIL-R2 up-regulation and 

synergistically induced apoptosis. 

TRAIL and growth factor receptor inhibitors 

Epidermal growth factor receptor (EGFR, also known as HERl or Erb-Bl)), a transmembrane 

tyrosine kinase receptor (TKR), can activate several cellular signaling pathways, 

including the Ras-Raf-MAP-kinase, PI3K-Akt and STAT pathways, thereby regulating 

cell proliferation and survival [85,86]. The EGFR protein is commonly overexpressed in 

NSCLC patients ranging from 43% to 89% between studies. Targeting EGFR with specific 
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tyrosine kinase inhibitors (TKis) such as erlotinib and gefitinib, is a proven therapeutic 

approach for a subset of NSCLC patients that have activating EGFR mutations [87]. The 

use of EGFR inhibitors in combination with TRAIL receptor targeting therapy might be an 

interesting strategy since activation of the downstream ERK and Akt pathways was also 

correlated with TRAIL resistance in NSCLC cells [42,88]. However, until now only one 

study reported on the combination of EGFR-TKis and 1RAIL-targeted therapy in NSCLC 

cells, wherein the EGFR inhibitor PD153035 sensitized A549 cells for rh1RAIL [89]. In other 

tumor types, however, combinations of rhTRAIL and EGFR inhibitors have been more 

extensively explored. The combination of gefitinib and rhTRAIL produced strong additive 

effects in EGFR-dependent, 1RAIL sensitive bladder cancer cells and even synergistic 

effects in EGFR-dependent, 1RAIL-insensitive bladder cancer cells. Additionally, the effect 

of gefitinib on the sensitivity to 1RAIL involved inhibition of the Pl3K/ Akt pathway but not 

inhibition of the MAPK/ERK pathway (90). Gefitinib also enhanced the anti-cancer effects 

of rh1RAIL in human esophageal squamous cell carcinoma cells, where 1RAIL resistant 

cell lines were sensitized via inactivation of Bel-XL and concomitant activation of caspase-9 

and caspase-3 [91]. 

Another approach to interfere with growth factor receptor signaling is to block the 

pathway more downstream by preventing the famesylation of RAS leading to impaired 

RAS protein processing and plasma membrane localization. Although famesyl transferase 

inhibitors did not show activity in NSCLC clinical trials as single agent or together with 

chemotherapy, other combinations such as with 1RAIL might be more successful. In 

NSCLC cell lines, the famesyl transferase inhibitor Rl 1577 (tipifarnib) was reported to 

sensitize for rhTRAIL by enhancing both TRAIL-R2 promoter transcription and translation 

and TRAIL-R2 redistribution at the cell surface via an unknown mechanism [92]. 

TRAIL and PI3K-AKT inhibitors 

The serine/threonine kinase Akt can be activated via PI3K through TKRs and G-protein 

coupled receptors. The lipid phosphatase PfEN is an important negative regulator of this 

pathway [93]. The Pl3K-Akt pathway regulates a variety of cellular pathways, including 

_ the phosphorylation-dependent inhibition of pro-apoptotic proteins such as Bad, Bax and 

Bid, while activating anti-apoptotic proteins such as Bel-XL and to prevent activation of 

caspase-9 and affect cell cycle progression by inactivation of p21wafl and p27kipl [88,9]. 

ConstitutiveAkt activity was demonstrated in 16 of 17 tested NSCLC cell lines promoting 

chemo- and radioresistance [95] and an inverse correlation between rhTRAIL-induced cell 

death and phospho-Akt protein levels was found in a panel of NSCLC cell lines [88]. In 
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51 % of both low (I/II) and high (III/IV) stage tumors of 110 NSCLC patients phospho-Akt 

was staining was detectable as well as in dysplastic bronchial epithelial lesions, suggesting 

that Akt activation is an early event in lung tumorigenesis [96]. Enhanced Akt activity can 

be caused by constitutive/ oncogenic growth factor receptor activation and/ or alterations 

in PI3K and PfEN expression, although mutations are not frequently detected in NSCLC 

(Table 1) [97]. In NSCLC, PfEN is rarely mutated but the expression is often downregulated 

by promoter hypermethylation [98,99]. Collectively, these findings implicate that targeting 

PI3K-Akt signaling in NSCLC may have therapeutic benefit. 

Combinations of PI3K-Akt inhibitors and rhTRAIL have hardly been tested in NSCLC 

models. In one study, the Akt-inhibitor perifosine was shown to cooperate with rhTRAIL 

to induce apoptosis in NSCLC cells. Perifosine-induced sensitization was related to 

increased TRAIL-R2 expression and a reduction of c-FLIP levels [100]. In another study, 

the Pl3K inhibitors Wortmannin or LY-294002 could enhance TRAIL-induced apoptosis in 

NSCLC cells and similar effects were obtained by transfection of dominant negative Akt or 

functional PfEN [88]. The combination of perifosine with rhTRAIL also showed enhanced 

apoptotic activity in acute myelogenous leukaemia (AML) cells [101] and multiple myeloma 

cell lines [102]. Other Akt inhibitors like SH-6 and lL-6-hydroxy- methyl-chiro-inositol 

2(R)-2-O-methyl-3-O-octadecylcarbonate have been used in combination with rhTRAIL in 

various tumor types [103,104]. Currently, several Akt inhibitors among others perifosine, 

triciribine, GSK2110183 and GSK2141795 and many PI3K inhibitors such as GDC-0941, 

XL765 and XL147 are in clinical development (clinicaltrials.gov) and combined future use 

with TRAIL in NSCLC could be an interesting approach. 

TRAIL and histone deacetylase inhibitors 

Histone deacetylase (HDAC) inhibitors induce histone hyperacetylation causing 

reactivation of suppressed genes. The cellular effects of HDAC inhibitors are pleiotropic, 

leading to inhibition of tumor cell growth and survival [105,106]. The key anti-tumor 

activities of HDAC inhibitors are activation of cellular differentiation programs, inhibition 

of the cell cycle and induction of apoptosis. In addition, activation of the host immune 

response and inhibition of angiogenesis might also be important in HDAC inhibitor

mediated tumor regression in vivo. 
Numerous studies investigated the effect of HDAC inhibitors on rhTRAIL-induced 

apoptosis. While H23 and H719 NSCLC cells underwent dose-dependent apoptosis after 

exposure to the HDAC inhibitors depsipeptide and trichostatin A [107], other reports 

described a lack of efficacy of HDAC inhibitors as single agents in H157, H358, H460 
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and A549 NSCLC cells [108-110]. The resistance found in some of the NSCLC cell lines 

examined appeared to be dependent on the ability of HDAC inhibitors to activate the pro

survival transcription factor NF-KB via the PI3K/ Akt pathway (108). In various cancer cell 

lines HDAC inhibitors such as trichostatin A, sodium butyrate, depsipeptide and SAHA 

are implicated in the up-regulation of TRAIL-R2 making them interesting candidates for 

TRAIL receptor directed combination strategies [111]. Indeed, HDAC inhibitors combined 

with rhTRAIL in H460, H322 and A549 NSCLC cell lines demonstrated enhanced 

sensitivity to rhTRAIL-induced cytotoxicity [112-114]. In these studies, it was noticed 

that treahnent with HDAC inhibitor SAHA or trichostatin A, prior to TRAIL treahnent, 

amplified activation of caspase-3 [112,113]. Combination of TRAIL with another HDAC 

inhibitor, valproic acid, revealed also enhanced activation of caspase-8, -9 and -3 in 

NSCLC cells. However, induction of the caspase cascade could be completely abrogated 

by Bcl-2 overexpression or the caspase-9 inhibitor, Z-LEHD-fmk [114], emphasizing the 

importance of mitochondrial-dependent apoptosis in this drug combination. Accordingly, 
Bcl-2 overexpression and caspase-9 inhibition also resulted in a reduction in caspase-8 

activation following trichostatin A plus rhTRAIL exposure [112]. These findings suggest 

the existence of a positive feedback loop, whereby caspase-8 activation is amplified by the 

intrinsic pathway. In other cancer types, co-treahnent with rhTRAIL and HDAC inhibitors 

also altered the balance between pro- and anti- apoptotic proteins leading to augmented 

activation of caspases via the mitochondrial-dependent apoptotic pathway [111,115-117]. 

TRAIL and anti-inflammatory agents 

Cyclooxygenase-2 (COX-2) is exclusively expressed in injured tissues and neoplastic cells, 

and converts arachidonic acid into prostaglandins. High levels of COX-2 in tumor cells 

result in increased proliferation, cell survival and enhanced angiogenesis. Inhibition of 

COX-2 decreases the production of vascular endothelial growth factor (VEGF) in tumors 

and thereby reduces neovascularisation and impairs tumor growth [118]. COX-2 inhibition 

is achieved by the anti-inflammatory drug celecoxib. However, celecoxib also exerts anti

tumor activity in COX-2 deficient cells, indicating the ability of celecoxib to induce multiple 

anti-carcinogenic effects [119]. 

Celecoxib alone in NSCLC cell lines induced apoptosis in tumor cells and overexpression 

of anti-apoptotic Bcl-2 did not alter the effects of celecoxib in NSCLC cells [120]. In 

addition, celecoxib raised TRAIL-R2 and TRAIL-Rl protein in H358 and H1792, while only 

TRAIL-R2 was found to be up-regulated in A549 cells. Silencing TRAIL-R2 expression by 

siRNA protected the cells from celecoxib induced apoptosis. These findings indicate the 
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importance of death receptor signaling, in particular via TRAIL-R2, in celecoxib-induced 

cytotoxicity and suggested enhanced effects when combined with rhTRAIL. Indeed, co

treatment with rhTRAIL in NSCLC cell lines showed a greater than additive apoptosis 

as determined by DNA fragmentation [120]. In addition, celecoxib appeared to cooperate 

with rhTRAIL to activate both caspase-8 and -9 cascades leading to increased levels of 

apoptosis. In another study, a reduction in c-FLIP levels was seen caused by increased 

ubiquitination of c-FLIP upon celecoxib treatment, whereby over-expression of c-FLIP 

abolished this effect [121]. 

A derivative of celecoxib, 2,5 dimethyl-celecoxib (DMC) that is deficient in COX-2 

inhibitory activity, has numerous anti-cancer effects such as tumor cell growth inhibition, 

apoptosis activation and angiogenesis inhibition. In addition, it was shown that DMC 

has more cytotoxic activity than celecoxib [122]. Similar to celecoxib, DMC facilitates 

the ubiquitin/proteasome mediated c-FLIP degradation and an increase in TRAIL-R2 

expression in NSCLC cells, resulting in enhanced caspase activation. Both alterations are 

contributing to enhanced apoptosis when DMC was combined with rhTRAIL [123]. 

There were potentially interesting data for celecoxib as adjunct to chemotherapy [124]. 

However a phase ill study revealed that the addition of celecoxib to first-line chemotherapy 

did indeed result in an improved response rate, but regretfully neither the progression-free 

interval nor overall survival was affected [125]. 

TRAIL and triterpenoids 

Triterpenoids are biosynthesized in plants and used for medical purposes in Asian 

countries. Some of these triterpenoids comprise anti-carcinogenic activity [126]. Given the 

weak activities of these natural compounds, new analogues have been synthesized such 

as triterpenoid methyl-2-cyano-3,12-dioxooleana-l,9-dien-28-oate (CDDO-Me). CDDO

Me triggers the mitochondrial release of cytochrome C and subsequent caspase activity 

independent of Bcl-2 and p53 expression levels [127]. On the other hand, CDDO-Me is 

also accountable for the activation of endoplasmic reticulum (ER) stress after depletion 

of the intracellular levels of gluthatione (GSH) [128]. ER stress subsequently leads to the 

activation of c-Jun-NH2-terminal kinase (JNK) which in turn is responsible for increased 

levels of the CCAAT/enhancer binding protein homologous protein (CHOP). Analysis 

of the TRAIL-R2 promoter reveals CHOP as an important transcription factor regulating 

TRAIL-R2 expression [129]. This is reflected by increased levels of TRAIL-R2 after CDDO

Me exposure in a panel of NSCLC cell lines independent of p53 status. CDDO-Me can 

enhance rhTRAIL-induced apoptosis in NSCLC cells, whereby the up-regulation of 

--- - -- --
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TRAIL-R2 was required for the sensitizing effect in A549, H1792 and H522 NSCLC cells 

in a JNK dependent way [130]. In addition, CDDO-Me rapidly and effectively down

regulated c-FLIP levels by stimulating its ubiquitin/proteasome-dependent degradation 

thus contributing to enhanced TRAIL induced apoptosis in NSCLC cells [131]. Currently, 
clinical phase I and II trials with CDDO-Me are ongoing (clinicaltrial.gov). 

TRAIL and retinoid related molecules 

Retinoid related molecules (RRM) are a class of compounds, which are modelled after 

the active vitamin A metabolite, retinoic acid. These RRMs include naturally occurring 

retinoids, synthetic retinoids, arotinoids, heteroarotinoids (Hets) and flexible Hets (Flex

Hets). Retinoids can regulate growth, differentiation, apoptosis, angiogenesis, metastasis 

and immune functions and are therefore interesting anti-cancer agents. Since anti-cancer 

activities of the natural compounds were relatively low and toxicities high, structurally 

modified compounds were designed to improve the therapeutic benefit. These changes 

in structure sometimes caused partial or total loss of their selectivity for the retinoic acid 

receptors (RAR) or retinoid X receptors (RXR), but in most cases anti-cancer activity 

remained unchanged, while toxicity was significantly reduced [132,133]. 

Retinoid therapy might be beneficial for the treatment of NSCLC for several reasons. 

NSCLC biopsy material demonstrated altered expression of retinoid receptors in some 

cases. Positive staining of the different RAR and RXR was found in 90-100% of normal 

tissues and varying between 40-100% in NSCLC tissues [134]. A correlation of decreased 

RXR expression and worse survival in NSCLC patients was found [135]. Furthermore, the 

inhibitory effect of retinoids on cell cycle protein cyclin D1 suggests therapeutic benefit 

in NSCLC, since cyclin D1 was shown to be overexpressed and of prognostic relevance 

in NSCLC. Similarly, retinoids have repressing effects on EGFR overexpression which is 

common in NSCLC [136]. 

The synthetic retinoid CD437, originally developed as a selective RAR agonist, was 

studied in combination with rh1RAIL in NSCLC and showed an increase in apoptosis 

compared to the single agent treatments [137]. In H460 cells, an increase in TRAIL-Rl 

and TRAIL-R2 was seen after CD437 treatment and the combination induced caspase

dependent apoptosis accompanied with Bid cleavage, cytochrome C release and PARP 

cleavage. Furthermore, the CD437 and rhTRAIL combination was shown to induce 

apoptosis in a p53-dependent way. 

Hets were initially developed as retinoid analogs, however the flex-hets were found 

to act independently of the retinoid receptors and to regulate growth, differentiation and 
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apoptosis. The flex-het SHetA2 was studied in combination with rh1RAIL in NSCLC cell 

lines [138,139]. It was shown that SHetA2 treatment reduced the growth of several NSCLC 

cell lines and inhibited tumor growth in A549 xenograft bearing mice. Furthermore, SHetA2 

upregulated 1RAIL-R2 expression, which was CAAT/enhancer binding protein homologous 

protein (CHOP)-dependent and augmented rh1RAIL induced apoptosis in NSCLC cell lines. 

Since CHOP is induced by ER stress, several proteins related to ER stress, like Bip/GRP78, 

IR.Ela, ATF4, and XBPl, were examined and found to be up-regulated [139]. In another study 

it was hypothesized that SHetA2-induced apoptosis required, in addition to induction of 

1RAIL-R2, modulation of additional regulatory apoptosis proteins. In all NSCLC cell lines 

tested a decrease of c-FLIP and survivin was observed, whereas in some cell lines also 

reduced levels of XIAP, Bcl-2 and Bel-XL were seen. Overexpression of c-FLIP diminished the 

cell-killing effect of the combination SHetA2/rh1RAIL. However, survivin overexpression 

did not protect NSCLC cells from SHetA2/rh1RAIL induced apoptosis. Down-regulation of 

in particular c-FLIP with siRNA showed enhanced SHetA2 induced apoptosis indicating an 

important role for c-FLIP in SHetA2 and ShetA2/IRAIL-induced apoptosis [138]. 

TRAIL and other drug combinations 

A number of agents with varying mechanisms of action have been less intensively studied 

in combination with rhTRAIL therapies in NSCLC models. 

Cardiac glycosides, Na+/K+ ATPase inhibitors used in the clinic for the treatment 

of cardiac failure, sensitized NSCLC cells to rhTRAIL induced apoptosis. This was 

accompanied by the up-regulation of TRAIL-Rl and TRAIL-R2 at both the RNA and 

protein level. TRAIL-Rl and TRAIL-R2 interfering RNAs revealed that this upregulation 

was important for the sensitisation of NSCLC cells to rhTRAIL by cardiac glycosides, 

although the precise underlying mechanism of upregulation remains unclear [140]. 

The tumor suppressor gene FHIT was found to regulate TRAIL-R1/R2 in NSCLC cells 

by an unknown mechanism. Adenoviral vector mediated delivery of FHIT upregulated 

the expression of TRAIL-R1/R2 and in combination with rhTRAIL it enhanced apoptosis 

induction. FfilT alone was also shown to activate the intrinsic apoptosis pathway through 

mitochondrial permeabilization and activation of the different caspases [141]. 

Treatment with quercetin, a flavonoid present in fruit and vegetables, enhances 

rhTRAIL-induced cytotoxicity in H460, H2009, H1299 and A549 NSCLC cell lines. Quercetin 

can up-regulate TRAIL-R2 and surpresses survivin expression. The authors found protein 

kinase C (PKC) to be essential for the TRAIL-R2 induction, whereas inhibition of AKT was 
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related to the inhibition of surviving and they proposed that these effects might contribute 

to the preventive activity of quercetin against lung cancer [142]. 

The natural product honokiol, an active component purified from magnolia with 

unknown function, was shown to sensitize NSCLC cells to TRAIL induced apoptosis via 

the down-regulation of c-FLIP in the tested NSCLC cell lines. This down-regulation was 

shown to be achieved via proteasome-mediated degradation. Overexpression of c-FLIP 

abrogated the sensitization of NSCLC cells to TRAIL by Honokiol [143]. 

The inhibition of PKC with NPC 15437, increased rhTRAIL induced apoptosis in A549 

NSCLC cells and further analyses showed that the PKC isoenzyme e. had a major role 

in this sensitization [144]. The mechanism underlying sensitization was not elucidated, 

however, may involve Bcl-2 functioning since in erythroid cells it was shown that PKCe. 

can inhibit 1RAIL-mediated apoptosis in a Bcl-2-dependent way [145]. 

Flavopiridol, one of the first cyclin-dependent kinase (CDK) inhibitors tested in clinical 

trials, showed a rapid cytotoxic synergy with TRAIL in A549 cells [146]. No mechanisms 

underlying this effect were resolved, however in other cancer types flavopiridol was shown 

to affect the expression of apoptosis regulatory proteins, such as a decrease in c-FLIP 

[147,148], Mcl-1 [149], survivin, Bel-XL [150] and XIAP expression [151] and an increase in 

TRAIL-Rl and TRAIL-R2 expression [150]. 

Finally, the sphingolipid metabolite phytosphingosine showed enhanced apoptosis 

induction in H460 NSCLC cells in combination with 1RAIL. It was shown in Jurkat cells 

that phytosphingosine in combination with TRAIL induced TRAIL-Rl and predominantly 

TRAIL-R2, which was shown to be an NF-KB dependent up-regulation via an unknown 

mechanism [152]. 

Clinical studies with TRAIL-receptor targeted therapy in NSCLC 

A number of clinical studies with TRAIL receptor targeting therapy have already been 

performed. An overview of these clinical studies with rhTRAIL or TRAIL-Rl and TRAIL-R2 

targeted antibodies as monotherapy or in combination studies in which NSCLC patients 

were included is presented in Table 3. Presently, the only clinical trial with rh1RAIL 

in NSCLC is a study in combination with paclitaxel and carboplatin with or without 

bevacizumab, a humanized monoclonal antibody that recognises and binds VEGF. This 

phase lb study in patients with advanced NSCLC showed no dose-limiting toxicities and 
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an overall response rate of 56% [153]; a randomized phase II trial in previously untreated 

patients with advanced NSCLC is ongoing (clinicaltrials.gov). 

The fully humanized monoclonal anti-TRAIL-Rt antibody mapatumumab has been 

studied as single agent in a phase II trial with heavily pre-treated advanced NSCLC 

patients. At a dose of 10 mg/kg i.v. every 21 days, 29 % of the 32 patients showed stable 

disease. Mapatumumab was well tolerated with only mild adverse events [23]. Based on 

the favorable safety profile mapatumumab was combined with cisplatin and gemcitabine 

in 49 patients (including 3 NSCLC) in a phase I study. Partial responses were seen in 12 

patients and 25 patients (2 NSCLC, unpublished) experienced stable disease [154]. A phase 

I study with mapatumumab combined with paclitaxel and carboplatin in 27 patients 

with advanced solid malignancies, including 6 NSCLCs, showed that mapatumumab in 

combination with paclitaxel and carboplatin was well-tolerated. Partial responses were 

observed in 5 patients (2 NSCLC) and 12 patients had stable disease [155]. A phase II study 

with mapatumumab combined with paclitaxel and carboplatin as first line treatment in 

advanced NSCLC has been completed recently, however, results are not available yet 

( clinical trials.gov). 

In addition, there are several studies with agonistic TRAIL-R2 antibodies as 

monotherapy or in combination with chemotherapy (Table 3). The anti-TRAIL-R2 antibody 

AMG 655 (Amgen) was used as single agent in a phase I study. Partial response was 

observed in 1 NSCLC patient, who experienced a 46% reduction in tumor volume [156]. 

AMG 655 is currently tested in combination with paclitaxel and carboplatin as first-line 

treatment in a phase lb/II study in NSCLC, and in combination with AMG 479 (Amgen), 

an insulin-like growth factor receptor antagonistic antibody, in phase II with advanced 

solid tumors (clinicaltrials.gov). A phase I study with the anti-TRAIL-R2 antibody CS-1008 

in solid malignancies showed that it was well- tolerated. At a dose of 8 mg/kg weekly, 

the maximum tolerated dose was not reached and 7 /17 patients showed stable disease 

[157]. The TRAIL-R2 specific antibody, LBY135 (Novartis), has been tested with or without 

capecitabine in a phase I clinical trial in advanced solid tumors. LBY135 alone showed one 

minor response. In combination with capecitabine one partial response was observed [158]. 

A phase II study with the agonistic anti-TRAIL-R2 antibody PRO95780 in combination with 

paclitaxel and carboplatin with or without bevacizumab in advanced NSCLC is ongoing 

( clinicaltrials.gov). At the moment no data are available of a randomised (phase ill) 

study on standard treatment plus or minus TRAIL receptor targeting therapy. Therefore, 

conclusions about the value of such combinations cannot be drawn yet. 
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Table 3. Current clinical studies on TRAIL-receptor targeted drugs in NSCLC as single agent or combined 

with other drugs. 

TRAIL-receptor Combination dru.g(s) Type of Patients Reference 
targeting drug study 

RhTRAIL Paclitaxel, Carboplatin, phase lb Advanced NSCLC (24 pts) [153] 
Bevacizumab 

RhTRAIL Paclitaxel, Carboplatin, phase II Advanced NSCLC Clinical trials.gov 
Bevacizumab (first-line) 

Mapatumumaba phase II Advanced NSCLC (32 pts) [23] 

Mapatumumaba Cisplatin, Gemcitabine phase I Advanced solid tumors [154] 
(3/49 pts NSCLC) 

Mapatumumaba Paclitaxel, Carboplatin phase I Advanced solid tumors [155] 
( 6/27 pts NSCLC) 

Mapatumumaba Paclitaxel, Carboplatin phase II Advanced NSCLC Clinical trials.gov 
(first-line) 

AMG 6556 phase I Advanced solid tumors [156] 
(16 pts including NSCLC) 

AMG 6556 Paclitaxel, Carboplatin phase lb/II Advanced NSCLC Clinicaltrials.gov 
(first-line) 

AMG 6556 AMG 479C phase II Advanced solid tumors Clinical trials.gov 

CS-10086 phase I Solid malignancies and [157] 
lymphomas 

LBY1356 Capecitabine phase I Advanced solid tumors [158] 
(56 pts including NSCLC) 

PR0957806 Paclitaxel, Carboplatin, phase II Advanced NSCLC Clinicaltrials.gov 
Bevacizumab (first-line) 

pts: patients, a Anti-TRAIL-Rl antibody, b Anti-TRAIL-R2 antibody, c Anti-lGF-receptor antibody. 

Conclusions and future perspectives 

Preclinical findings indicate that TRAIL receptor targeting therapy may be an interesting 

promising approach for the treatment of NSCLC. In NSCLC cell culture models about half of 

the cell lines are resistant to rhTRAIL (see Table 1) involving suppression of the pathway at 

the TRAIL receptor, DISC or mitochondrial level. In addition, also more indirect mechanisms 

may counteract TRAIL-induced apoptosis such as the activation of cell growth and survival 

pathways by growth factors or via oncogenes. Combined treatment with varying agents 

can greatly enhance the anti-tumor activity of TRAIL receptor targeting therapy and could 

overcome TRAIL resistance in preclinical models. In addition to chemotherapy and/or 

radiotherapy, other treatments that have been tested for potentiating TRAIL activity in 
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preclinical NSCLC models are Bcl-2 family inhibitors, proteasome inhibitors, inhibitors 

of growth factor signalling pathways, HDAC inhibitors, anti-inflammatory agents, and 

a number of natural compounds (triterpenoids and retinoids) or their derivatives (Figure 

1). Sensitization for TRAIL therapy by these treatments varies from direct effects on the 

apoptotic core machinery to more indirect ways and generally involves the up-regulation 

of TRAIL-R2, enhancing DISC formation and co-stimulation of mitochondrial apoptosis. 

Agents that directly inhibit apoptotic targets, such as XIAP inhibitors [159] and novel Bcl-2 

family targeting agents have not yet been examined in NSCLC for activity when combined 

with TRAIL receptor targeted agents. More rationalized approaches for combination 

strategies could involve the targeting of oncogenes or deregulated pathways that are 

drivers of NSCLC progression in conjunction with TRAIL therapy. Surprisingly, targeting 

of the EGFR or PI3K/ Akt pathways relevant for NSCLC has hardly been explored for its 

TRAIL sensitizing effect in preclinical studies, nor have other receptor or kinase inhibitors 

been tested such as Ras/ Raf inhibitors that showed efficacy in other tumor types. It will 

be important to determine the status of the target, such as for example Ras, EGFR or PI3K 

in the tumors of individual patients in order to achieve a rational and optimal therapeutic 

efficacy [159]. Suitable biomarkers are thus essential for selecting specific patients groups 

for optimal 1RAIL receptor targeting combination therapy. In addition, testing agents on 

primary tumor material in ex vivo models in which tumor cells remain in a more natural 

microenvironment may provide additional information for selecting optimal combinations 

[159]. Another important aspect in testing drug efficacy is that, according to the cancer stem 

cell hypothesis, effective therapies must also eradicate cancer stem cells or tumor-initiating 

cells that are the drivers of tumor formation and metastatic disease [160]. In NSCLC cancer 

stem cells have been found [161,162], and recently CD133 expressing lung cancer stem

like cells were reported to be more resistant to cisplatin than their non-CD133 expressing 

counterparts [163]. Whether TRAIL has also an apoptosis-inducing effect on cancer stem 

cells still remains to be demonstrated. 

Different TRAIL-Rl or TRAIL-R2 targeting agents have been developed. A theorectical 

beneficial effect of using receptor selective agents is that reduced activity caused by 

binding to DcR is circumvented. However, it remains to be shown whether NSCLC 

cells have a preferential sensitivity for TRAIL-Rl or TRAIL-R2 selective agents and if 

there is patient-dependent variation in this context. In preclinical studies, the combined 

use with other agents generally cause the up-regulation and activation of TRAIL-R2 in 

NSCLC cells suggesting beneficial effects when using TRAIL-R2 targeting agents in 

NSCLC patients. However, in preclinical studies sensitizing agents have also been found 
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to restore or enhance TRAIL-Rl-dependent apoptosis signaling. The TRAIL-Rl targeted 

agent mapatumumab is currently extensively studied in clinical trials and it is therefore 

too early to have a preference for a particular receptor selective approach. More research is 

required to decide what receptor selective agent can be best used, which also involves the 

identification of biomarkers that will help to select patient groups that will most benefit 

from the chosen strategy. 
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Chapter 4 

Abstract 

TNF-related apoptosis-inducing ligand (TRAIL)-based therapy may have therapeutic 

benefit in non-small cell lung cancer (NSCLC) and combined with the proteasome inhibitor 

bortezomib antitumor activity is enhanced. Here, we investigated the contribution of 

death receptor (DR)4 and DRS signaling and the underlying mechanism(s) of bortezomib

induced sensitivity to rhTRAIL in H460 and SW1S73 NSCLC cells. Bortezomib strongly 

enhanced recombinant human (rh)TRAIL-induced apoptosis in TRAIL-sensitive H460 and 

-resistant SW1S73 cells. Down-regulation of DR4 or DRS by RNA interference showed that 

H460 was almost exclusively dependent on DR4 for mediating rhTRAIL signaling, while 

after bortezomib treatment DR4 and to a lesser extent DRS contributed to apoptosis. In 

SW1573 bortezomib predominantly potentiated DRS-dependent apoptosis by rhTRAIL. 

The use of an agonistic DR4-specific antibody further demonstrated DR4-dependency in 

H460, while agonistic DRS-specific antibody only induced low levels of apoptosis. In both 

cell lines, the agonistic antibodies potently triggered DR4- and DRS-induced apoptosis 

when combined with bortezomib. Bortezomib modestly increased DR4 surface levels in 

both cell lines. DRS surface expression, however, was enhanced 1 .8-fold in H460 and more 

than 4-fold in SW1S73 that could be partially attributed to enhanced DRS transcript levels. 

Short rhTRAIL exposure experiments revealed that especially in SW1S73 sensitization to 

rhTRAIL was largely dependent on bortezomib-induced DRS up-regulation. Furthermore, 

RNA interference-mediated down-regulation of pS3 partially suppressed bortezomib

induced DRS up-regulation in SW1S73 and had a small inhibitory effect on the sensitization 

to rhTRAIL. In conclusion: bortezomib treatment overcomes TRAIL-receptor preferences 

in NSCLC cells in a pS3-independent manner, involving up-regulation of DR levels and 

potentation of intracellular apoptosis signaling. 
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Introduction 

Lung cancer is the most common cause of cancer death in the world [1] with an overall 

5-year survival rate of only 6.6% in advanced disease [2]. Non-small cell lung cancers 

(NSCLCs) are epithelial tumors that represent 80% of all lung cancers [3]. Since standard 

chemotherapy still shows limited efficiency in NSCLC patients [ 4 ], new approaches are 

greatly needed. Novel agents that target the TRAIL apoptotic pathway or the proteasomal 

protein degradation complex and that can enhance the activity of standard therapy, are of 

major interest. 

Rh TRAIL represents a novel anti-cancer agent, which can induce apoptosis [5,6]. It acts as 

a specific anti-tumor agent without harming normal cells [7]. Rh TRAIL activates apoptosis 

via the extrinsic pathway by binding to the specific death receptors, DR4 (TRAIL-Rt) and 

DRS (TRAIL-R2), while non-functional truncated receptors TRAIL-R3 and TRAIL-R4 act 

as decoy receptors. TRAIL binds as a homotrimer to DR4 and DRS, resulting in receptor 

trimerisation and death-inducing signaling complex (DISC) formation. The DISC consists 

of Fas associated death domain (FADD) and caspase-8. Caspase-8 can activate downstream 

caspases and irreversible apoptosis [8]. Several agents that target DR4 and DRS have been 

engineered such as rhTRAIL, mutated forms of rhTRAIL, which bind preferentially to 

either DR4 or DRS [9,10,11,12], and agonistic antibodies designed to target DR4 or DRS 

[13]. 

RhTRAIL-induced caspase 8 activation can result in activation of the intrinsic 

(mitochondrial) apoptosis pathway via Bid cleavage. The intrinsic pathway is also activated 

after sustained DNA damage caused by, for example chemotherapy, radiotherapy or other 

forms of severe cellular stress. Then, pro-apoptotic members of the Bcl-2 gene family 

translocate to the mitochondria leading to disruption of the mitochondrial membrane 

and release of cytochrome C. Together with dATP, cytochrome C initiates the association 

of Apaf-1 and pro-caspase-9 forming the apoptosome signaling complex. Subsequently 

caspase-9 is activated, resulting in activation of downstream caspases leading to apoptosis 

[8] .  

Bortezomib is an inhibitor of the proteasome, a multicatalytic enzyme that mediates 

many cellular regulatory signals by degrading regulatory proteins or their inhibitors. 

The proteasome occupies a critical position in a variety of cellular processes, such as cell

cycle progression, gene transcription, and apoptosis and therefore is a target for cancer 

treatment. Malignant cells are likely more sensitive to proteasomal blockade than normal 

cells, because of their higher replication rate and higher dependence on protein turnover of 
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for example cell cycle regulatory proteins [14]. Single-agent bortezomib has limited activity 

in patients with metastatic solid tumors [15]. Preclinically, proteasome inhibitors show a 

strong additive and synergistic activity with conventional chemotherapeutic agents and 

other novel molecularly targeted agents including TRAIL receptor targeting drugs [16,17]. 

In NSCLC cells, apoptotic cell death activation headed by caspase-9 is inhibited, which 

may contribute to chemotherapy resistance experienced in the clinic [18,19]. Bortezomib 

treatment could restore caspase-9 activation by promoting a pro-apoptotic shift in the 

levels of proteins like NOXA and Mcl-1 leading to strong apoptosis activation in NSCLC 

cells [20]. Modulation of anti-apoptotic and pro-apoptotic proteins like for example DRs, 

c-FLIP and Bid, by bortezomib also sensitizes cells for apoptosis via the extrinsic pathway 

supporting a therapeutic strategy whereby bortezomib and TRAIL receptor targeting agents 

are combined. For NSCLC cells this combination appeared to be highly effective [21,22]. 

A number of studies in cell lines derived from different tumor types, including NSCLC, 

showed elevated DR4 or DRS membrane levels after bortezomib treatment [21,23,22,24]. 

Stabilization of p53 following proteasome inhibition may be the molecular basis for the 

up-regulation as p53 transactivation sites are present in both DR gene coding sequences 

[25,26,27]. However, the relevance of increasing levels of either DR4 or DRS by bortezomib 

in relation to enhanced rhTRAIL sensitivity in tumor cells has not been addressed. In the 

present study we examined the relative contribution of DR4 and DRS signaling and the 

role of p53 in the sensitizing effect of bortezomib on rhTRAIL-induced apoptosis in wild 

type p53-expressing rhTRAIL-resistant and -sensitive NSCLC cells. 

Material and Methods 

Reagents 

Rh1RAIL was produced non-commercially following a protocol described earlier [28]. The 

agonistic anti-DR4 (HGS-ETRl) and anti-DRS (HGS-ETR2) antibodies were a gift from 

Human Genome Science (HGS, Rockville, MD). The TRAIL-receptor antibodies used for 

flow cytometry experiments were obtained from Immunex Corporation (Immunex, Seattle, 

WA). Bortezomib (Velcade™) was provided as a pure substance and dissolved in sodium 

chloride. 
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Cell lines 

The NSCLC cell lines H460 and SW1573 were obtained from the American Type Culture 

Collection (ATCC) (Manassas, VA). SW1573 cells were cultured in DMEM medium 

(Gibco, Paisley, Scotland), H460 cells in RPMI 1640 medium (Gibco). Culture media were 

supplemented with 10% fetal calf serum (FCS) (Sanbio, Uden, The Netherlands), 100 U/ml 

penicillin, and 100 µg/ml streptomycin (Invitrogen, Breda, The Netherlands). Cells were 

grown at 37°C in a humidified atmosphere containing 5% CO2• All cell lines were harvested 

by trypsinization. Both cell lines are wild-type p53. 

Apoptosis assay 

For apoptosis measurements cells were plated in 96-well culture plates. Cells were 

continuously incubated with bortezomib and/or rhTRAIL or agonistic DR antibodies at 

various concentrations. Staining was performed 24 hours after start of incubation. Acridine 

orange (5 mg/ml) was added to each well to distinguish apoptotic cells from viable 

cells. Staining intensity was determined by fluorescence microscopy and apoptosis was 

defined as the appearance of apoptotic bodies and/or chromatin condensation. Results are 

expressed as the percentage of apoptotic cells in a culture by counting at least 300 cells per 

well. 

RNA interference 

Sequence for small interfering RNA (siRNA) molecules was for p53: 5' -GCA UGA ACC 

GGA GGC CCA UdTdT-3' (sense) and 5' AUG GGC CUC CGG UUC AUG CdTdT- 3' 

(anti-sense), DR4: 5' -CAC CAA UGC UUC CAA CAA UdTdT-3'(sense) and 5'-AUU GUU 

GGA AGC AUU GGU GdTdT-3'(anti-sense), DRS: 5'-GAC CCU UGU GCU CGU UGU 

CdTdT-3' (sense) and 5' -GAC AAC GAG CAC AAG GGU CdTdT-3' (anti-sense). The siRNA 

control, without any known homology with the human genome, was purchased from 

Eurogentech (Seraing, Belgium). H460 cells were transfected in 6 well plates with 10 µI 

of 20 µM siRNA duplexes using Oligofectamine reagent according to the manufacturer's 

instructions (Invitrogen BV). After 24 hours, cells were replated for apoptosis assay (96-

well culture plate) or flow cytometry, and cells were treated with bortezomib, rhTRAIL or 

DR antibodies alone or with the combination the next day. 24 hours after the treatment cells 

were either used in apoptosis assay or harvested for flow cytometry. 
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Flow cytometry 

Analysis of DR surface expression was performed with a flow cytometer (Epics Elite, 

Coulter Electronics, Hialeah, FL) and cells were stained as described previously [29]. 

Antibodies used are for DR4, huTRAILR1-M271, for DRS, huTRAILR2-M413, obtained 

from Immunex Corporation (Seattle, WA), and secondary antibody goat anti-mouse 

PE (Southern Biotech). Surface receptor expression was expressed as mean fluorescent 

intensity (MFI) of all analyzed cells. To assess the effect of bortezomib on DR expression, 

cells were pre-incubated with 50 nM bortezomib for 24 hours. Surface expression was 

measured as the increase in MFI of the whole analyzed cell population. A minimum of 

5,000 cells per sample was analyzed. All experiments were performed at least three times. 

SDS-polyacrylamide gel electrophoresis and Western blotting 

SDS-polyacrylamide gel electrophoresis was performed according to the procedure of 

Laemmli. After indicated times of bortezomib and or rhTRAIL incubation, cells were 

washed with cold phosphate buffered saline (PBS: 6.4 mM Na2HPO4, 1.5 mM KH2PO4, 

0.14 mM NaCl, 2.7 mM KCl, pH 7.2). Cells were lyzed with 50 µl M-PER lysis buffer (Pierce, 

Rockford, IL) per well. Cells were collected with rubber policeman in a tube and put on ice 
for 30 minutes. Supematants after 10 minutes centrifugation at 350 x g. were collected and 

protein concentration was determined according to Bradford. Western blot sample buffer 

(50 mM Tris/HCI, pH 6.8, 2% SDS, 10% glycerol, 5% 2-�-mercaptoethanol) was added and 

the lysates were boiled for 5 minutes. All samples were sized fractionated by electrophoresis 

on SDS-polyacrylamide gels. Proteins were then transferred from the SDS-acrylamide gel 

on to PVDF membranes (Millipore, Bedford, UK) at 125 V for 1 hour at room temperature 

using tank blotting system (Biorad, Veenendaal, The Netherlands). After blocking 1 hour in 

TRIS-buffered saline supplemented with 5% milk powder (Merck, Darmstadt, Germany) 

and 0.05% Tween-20 (Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands), 

immunodetection was performed with the following antibodies: caspase-8, caspase-9 

and caspase-3 (Cell Signaling Technology), Bid (kind gift from Dr J Borst, Netherlands 

Cancer Institute, Amsterdam, The Netherlands), XIAP (Transduction Laboratories), p53 

(Santa Cruz), actin (MP Biomedicals). The antibody binding was eventually determined 

using horseradish peroxidase (HRP)-conjugated secondary antibodies (all from DAKO, 

Glostrup, Denmark) and visualized with the BM Chemiluminescence detection kit or with 

the Lumi-Light Plus Western blotting kit (Roche, Almere, The Netherlands). Equal protein 

loading was checked for with actin staining. 
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Real Time RT-PCR 

Total RNA was isolated using the RNeasy mini Kit (Qiagen, Leusden, The Netherlands) 

accordingtothemanufacturer'sinstructions. ToremovetraceamountsofDNAcontamination, 

a DNase I digestion was applied following the manufacturer's recommendations. Yield 

and quality of the total purified RNA was assessed by measuring A260/280 nm and 260/230 

nm ratios on a Nanodrop ND-1000 Spectrophotometer (Nanodrop, Isogen Life Science 

B.V, IJsselstein, The Netherlands). cDNA was synthesized from 1600 ng purified RNA 

as described by the manufacturer's protocol (Life Technologies, Breda, the Netherlands) 

using oligo (dT)ll primers and MMLV transcriptase. Real Time RT-PCR was performed 

in 96-wells plates with the SYBR Green method on a MyiQ® real time detection system (all 

from Biorad) with GAPDH as a control. The sequences for the primers used in real time 

PCR of DR4 were 5' -TGC ATG GAC AGG GTG TGT TT-3' (forward) and 5' -GAG TCT GCG 

TTG CTC AGAATC TC-3' (reverse), DRS 5' -AAG ACC CTI GTG CTC GTT GT-3' (forward) 

and 5' -AGG TGG ACA CAA TCC CTC TG-3' (reverse) and those of GAPDH were 5' -CAC 

CAC CAT GGA GAA GGC TGG-3' (forward) and 5' -CCAAAG TTG TCA TGG ATG ACC-

3' (reverse). Amplification of the samples in triplicate was carried out in a final reaction 

volume of 25 µI, containing 12.5 µI iQ™ SYBR Green Supermix (Bio-Rad), 1 µI of each 

gene specific primer (5 µM) and 5 µI cDNA (1:25). The thermocycling program used for 

each real-time RT-PCR consisted of an initial 3 minutes denaturation at 95 °C, followed by 

40 cycles of 15 seconds denaturation at 95 °C, 20 seconds primer annealing at the primer 

specific Tann of 60 °C for all primer sets and 30 seconds fragment elongation at 72 °C. 

Fluorescence data were acquired during the fragment elongation step at 72 °C. A melting 

curve was obtained at the end of each 40 cycles of amplification in order to determine the 

presence of a unique reaction product. To determine RT-PCR efficiency and initial starting 

quantity of the samples, a standard curve was generated using samples from a 1:3 dilution 

series of total starting cDNA. Water controls were included to check for contaminating 

genomic DNA. Furthermore, the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

gene served as a housekeeping reference gene to correct for differences in the amount of 

starting cDNA between samples. 

Wash and Kill experiment 

Cells were seeded in 24 wells culture plates and pretreated at 37 °C with medium, 50 ng/ 

ml rhTRAIL (H460) or 100 ng/ml rhTRAIL (SW1573). Unbound rhTRAIL was removed 

after 30 minutes (H460) or 90 minutes (SW1573) by 5 washing steps with PBS. Cells were 

subsequently treated for 16h with 25 nM bortezomib or 20h with 50 nM bortezomib for 
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H460 and SW1573 cells, respectively, either alone or in combination with rhTRAIL. As 

controls cells were left untreated, pretreated with rhTRAIL, or incubated with bortezomib 

overnight as indicated in Figure 5. Cell death was quantified by apoptosis assay as 

described above. 

Statistical analysis 

Data are represented as the mean ± SD. In all cases, statistical analyses were done using 

unpaired 2-tailed Student's t test. P values less than .05 were considered significant and are 

indicated with an asterisk. 

Results 

Apoptosis induction with bortezomib and rhTRAIL in NSCLC cells 

Apoptosis levels in TRAIL-sensitive H460 and TRAIL-resistant SW1573 cells after single 

or combination treatments with bortezomib and rhTRAIL are shown in Figure 1. Both 

cell lines were modestly sensitive to bortezomib showing less than 10% apoptosis at the 

highest bortezomib concentration (lO0nM) (Figure 1A). Single agent rhTRAIL induced 

apoptosis in a concentration-dependent manner in the H460 cell line up to 65% at the 

highest concentration used (1.0 µg/ml), while apoptosis levels in the rhTRAIL-resistant 
SW1573 cell line remained below 10% (Figure 18). In both cell lines, the combination of 

bortezomib and rhTRAIL massively increased the percentage of apoptosis (Figure lC). 

In H460, apoptosis levels increased from 40% after treatment with a fixed concentration 

of rhTRAIL (100 ng/ml) to more than 90% in combination with bortezomib. In SW1573, 

apoptosis levels raised from below 10% following treatment with rhTRAIL (100 ng/ml) 

alone to over 90% with the combination. 

To show enhanced DR signaling, caspase cleavage was determined by Western blotting 

(Figure lE). Following treatment with rhTRAIL, procaspase-8 was partly cleaved into 

its intermediate (p43/41) and ultimately active forms (p18) in H460 cells, whereas in 

the SW1573 cells less cleavage was seen. In concordance with caspase-8 activation, Bid 

and caspase-9 cleavage were observed, suggesting also the involvement of the intrinsic 

pathway in rhTRAIL induced apoptosis. Finally, this resulted in reduced XIAP levels 

and cleavage of caspase-3. We found that rhTRAIL induced procaspase-3 cleavage into 

a product of 19/17 kDa in H460 cells. In SW1573 cells also some cleaved caspase-3 was 

detected following rhTRAIL treatment, although apparently not at sufficient levels to 
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Figure 1. Apoptosis induction with bortezomib and rhTRAIL in NSCLC cells. Cell lines H460 and SW1573 

were treated with either different concentrations of bortezomib (A), rhTRAIL (B) or the combination 

(C) for 24 hours. Acridine orange was added and cells were evaluated for apoptosis. Values are mean 

± SD of at least three independent experiments. All values are significant different compared to control 

(0) except for SW1573 with 10 nM bortezomib and SW1573 with 10 nM bortezomib + rhTRAIL (100 

ng/ml). (D) Western blot analysis of caspase activation in H460 and SW1573. Cells were treated with 

bortezomib (50 nM), rhTRAIL (100 ng/ml) or the combination of both for 8 hours. One representative 

of at least 3 different experiments is shown. 

trigger apoptosis since the markers for late apoptosis (acridine orange staining) remained 

negative. Bortezomib treatment alone was not able to trigger cleavage of procaspase-8, 

procaspase-9 or procaspase-3 in both cell lines at the concentration and time points 

examined. When rhTRAIL treatment was combined with bortezomib, stronger cleavage of 

procaspase-8, procaspase-9 and procaspase-3 into active forms was detected. 
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DR-selective apoptosis induction by rhTRAIL is cell line dependent 

and bortezomib sensitizes predominantly via DR5 

To investigate whether there was a difference in apoptosis induction mediated via DR4 

and DRS, we determined the relative contribution of DR4 and DRS to rhTRAIL-induced 

apoptosis. Using an siRNA approach, DR4 or DRS levels were down-regulated to less than 

20% of the initial cell surface levels. Under these conditions, increases in DR expression after 

bortezomib treatment were largely suppressed (Figure 2A). Silencing of DR expression 

was specific, since DR4 siRNA did not alter DRS surface expression and visa versa 

(results not shown). In H460 cells only DR4 was involved in rhTRAIL-induced apoptosis 

signaling, since silencing of DR4 caused almost full resistance to rhTRAIL, whereas DRS 

siRNA had no effect on rhTRAIL-induced apoptosis (Figure 2B). In combination with 

bortezomib, substantially less rhTRAIL-induced apoptosis was found in both DR4 and 

DRS siRNA treated H460 cells. Rh TRAIL treatment alone did not induce apoptosis in either 

SW1573 cells or DR4 and DRS siRNA treated SW1573 cells. Interestingly; following DRS 

down-regulation, SW1573 cells treated with bortezomib became practically insensitive to 

rhTRAIL, while DR4 down-regulation in these cells only slightly reduced sensitivity to 

rhTRAIL in combination with bortezomib (Figure 2B). 

Bortezomib sensitizes NSCLC cells to both agonistic DR4 and DR5 

antibodies 

In order to gain further insight in DR selectivity we used an agonistic DR4 antibody 

(HGS-ETRl) and an agonistic DRS antibody (HGS-ETR2). In H460, HGS-ETRl (25 nM) 

induced up to 70% apoptosis (results not shown). Therefore, a lower concentration of 

HGS-ETRl antibody (5 nM) was used, allowing us to demonstrate bortezomib-induced 

sensitization in this cell line. In H460, HGS-ETRl- and HGS-ETR2-induced apoptosis levels 

were strongly enhanced in combination with bortezomib treatment (Figure 3A/B). SW1573 

appeared to be much less sensitive to single treatment with either antibody compared 

to H460. Nevertheless, both agonistic DR-specific antibodies induced detectable levels 

of apoptosis (- 17%), whereas full resistance to rhTRAIL was seen. In combination with 

bortezomib, we observed enhanced apoptosis with HGS-ETRl in SW1573, which was even 

more pronounced with HGS-ETR2 (Figure 3C/D). The combination of bortezomib and 

agonistic DRS antibody induced almost similar apoptosis levels in H460 and SW1573 cells 

(Figure 3B/D). 

Next the agonistic antibodies were tested for activation following the down-regulation 

of DR4 or DRS by siRNAs. HGS-ETRl-induced apoptosis was strongly inhibited in DR4 
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Figure 2. Effects of DR-specific down-regulation on sensitizing potential of bortezomib to rhTRAIL. H460 
and SW1573 cells were transfected with DR4 siRNA, DRS siRNA or siRNA control and after 48 hours 
untreated or treated with bortezomib (50 nM) for 24 hours before harvest. (A) Surface expression of 
DR4 and DRS was measured with flow cytometry. Receptor expression is measured as MFI. Values 
are mean ± SD of at least three independent experiments. (B) Apoptosis assays were performed on the 
transfected cells. Cells were untreated or treated with bortezomib (50 nM) and treated with rhTRAIL 
(100 ng/ml). Data are apoptosis levels corrected for apoptosis with bortezomib alone. Values are mean 
± SD of at least three independent experiments (* P < .05). 

siRNA-treated cells, while HGS-ETRl in combination with bortezomib induced maximally 

15% apoptosis in DR4-suppressed H460 cells (Figure 3A). A similar observation was made 

for HGS-ETR2 in combination with bortezomib in DRS suppressed H460 cells (Figure 3B). 

In SW1573 cells DR4 and DRS suppression totally abrogated HGS-ETRl and HGS-ETR2-

induced apoptosis, respectively (Figure 3C and D). 
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Figure 3. The sensitizing potential of bortezomib to agonistic DR4 or DRS specific antibodies. (A-D) H460 
and SW1573 cells were treated with 0, 25 or 50 nM bortezomib in combination with HGS-ETRl (5 nM 
for H460, 25 nM for SW1573) (A/C) or HGS-ETR2 (25 nM) (BID) for 24 hours. Cells were transfected 
with DR4 siRNA, DRS siRNA or siRNA control and surface expression of DR4 and DRS was measured 
with flow cytometry (See Figure SA). Apoptosis assays were performed on the transfected cells. 
Apoptosis data are corrected for apoptosis with bortezomib alone. Values are mean ± SD of at least 
three independent experiments. 

Effect of bortezomib on death receptors 

Bortezomib treatment can enhance DR surface expression [21,22,23,24,30]. Therefore we 

performed flow cytometry experiments to detect the effect of bortezomib on DR surface 

expression levels in both cell lines. H460 cells expressed 3-4 times higher levels of DR4 

than TRAIL resistant SW1573 cells. After bortezomib treatment, H460 cells showed an 

approximately 1.3-fold increase in DR4 expression, while DR4 surface expression in 

SW1573 cells almost doubled (Figure 4A). DRS basal expression levels were around 2-fold 
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Figure 4. Modulation of DR levels by bortezomib. (A) H460 and SW1573 cells were untreated or treated 
with bortezomib (50 nM) for 24 hours before harvest. Surface expression of DR4 and DRS were 
measured by flow cytometry. Percentage of increase in receptor expression after bortezomib ± SD 
is given. (Control: black line, IgG: grey dashed line, DR4/5 untreated: grey line, DR4/5 treated: black 
dashed line). (B) DR4 and DRS mRNA levels were determined by quantitative PCR. Relative mRNA 
expression ± SD is given (* P < .05). 
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higher in H460 when compared to SW1S73. DRS surface expression increased in both cell 

lines after bortezomib treatment, with a 2-fold increase in H460 and even 4-fold induction 

in SW1S73 cells. 

Next, we performed a quantitative PCR to determine DR4 and DRS transcript levels. 

A significant increase in DR4 and DRS mRNA after bortezomib exposure was found in 

SW1573 cells, whereas in H460 only DR4 levels increased (Figure 4B). This indicated a 

variable contribution of enhanced DR transcription by bortezomib in these cells. 

Contribution of DR up-regulation by bortezomib to rhTRAIL 

mediated apoptosis 

To investigate whether bortezomib-induced up-regulation of DR4 and DRS contributes 

to the sensitization to rhTRAIL, we performed a wash and kill experiment as described 

previously by others [23,24]. The assumption is that following a short treatment interval 

with rhTRAIL and subsequent removal of unbound rhTRAIL novel DRs appearing at the 

cell surface will not be activated. This would allow distinguishing the ability of bortezomib 

to sensitize for apoptosis signalling via the already present receptors or the requirement 

of additionally produced DR to appear on the cell surface. Since H460 cells are rhTRAIL

sensitive and SW1S73 resistant, a low and high concentration of rhTRAIL and bortezomib 

were used respectively and cells were incubated for different time periods. After a short 

incubation period (60-90 minutes) unbound rhTRAIL was washed off, followed by 

overnight treatment with bortezomib in the presence or absence of rhTRAIL. 

In H460 cells, addition of bortezomib after a short pre-treatment with rhTRAIL resulted 

in 35% apoptosis, an increase of 20% when compared to apoptosis in cells only pre

treated with rhTRAIL (15% apoptosis, Figure 5). Short pre-treatment with rhTRAIL and 

administration of rhTRAIL for an additional 16 hours enhances the apoptosis induction 

with 1S% (from 1S% to 30%) in H460 cells compared to cells only pre-treated with rhTRAIL. 

Pre-treatment with rhTRAIL followed by bortezomib in combination with rhTRAIL for an 

additional 16 hours resulted in a 50% increase in apoptosis (from 15% to 65%) in these 

cells. These results in H460 indicate that bortezomib can sensitize already present DRs for 

rhTRAIL and that newly appearing DRs further increase rhTRAIL sensitization. 

In SW1S73 cells, addition of bortezomib after a short pre-treatment with rhTRAIL 

resulted in a 20% increase in apoptosis (from 0% to 20%) compared to pre-treatment 

with rhTRAIL alone (Figure 5). Similar to the finding in H460 cells, this result shows 

that bortezomib-induced rhTRAIL sensitization can occur independently from DR up-
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regulation in SW1573 cells. While short pre-treatment with rhTRAIL followed by an 

additional treatment with rhTRAIL for 20 hours only slightly increased apoptosis in 

SW1573 cells to 5%, the addition of bortezomib in combination with rhTRAIL for 20 hours 

increased apoptosis up to 70%. This clearly indicates that bortezomib-induced rhTRAIL 

sensitization in SW1573 is strongly dependent on newly produced DRs at the cell surface. 

Taken together these results indicate that in both cell lines bortezomib can induce 

rhTRAIL sensitization both dependent and independent of DR up-regulation. In SW1573 

cells, however, DR up-regulation is the main factor in bortezomib-induced rhTRAIL 

sensitization. 
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Figure 5. Contribution of bortezomib-induced DR up-regulation to rhTRAIL mediated apoptosis. H460 

cells were pre-treated for 30 minutes with rhTRAIL (50 ng/ml) and SW1573 cells for 90 minutes 

with rhTRAIL (100 ng/ml). Unbound rhTRAIL was removed and cells were left overnight without 

bortezomib or treated with bortezomib (for H460 25 nM, 16h and for SW1573 50 nM, 20h) either with 

or without additional rhTRAIL. Cell death was quantified by apoptosis assay as described above and 

presented as means ± SD of at least 4 independent experiments (* P < .05). 
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Figure 6. Bortezomib-induced p53 levels and its role in modulating DR and apoptosis levels. H460 or SW1573 
cells were transfected with p53 siRNA or control siRNA (133 nM) and 48 hours later untreated or 
treated with bortezomib (50 nM) for another 24 hours before harvest. (A) Western blot analysis 
showing down-regulation of p53 levels. One representative of at least 3 different experiments is shown. 
(B) Effect of p53 down-regulation on DR4 and DRS surface expression levels was measured by flow 
cytometry. Receptor expression is depicted as MFI. Values are mean ± SD of at least three independent 
experiments (* P < .05). (C) Effect of p53 down-regulation on apoptosis induction by rhTRAIL and 
bortezomib was determined by acridine orange staining. 48 hours after transfection, H460 or SW1573 
cells were treated with rhTRAIL (100 ng/ml) and different concentrations of bortezomib (0-50 nM) and 
for 24 hours. Data are apoptosis levels corrected for apoptosis with bortezomib alone. Values are mean 
± SD of at least three independent experiments (* P < .05). 
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Enhancement of rhTRAIL induced apoptosis by bortezomib does not 

require P53 

PS3 is a well know transcriptional activator of DRs and pS3 protein levels are controlled 

by proteasomal degradation. To investigate the importance of the increase of the p53 level 

following bortezomib treatment on DR levels and apoptosis induction, we used a p53 

siRNA approach. A clear induction of pS3 protein following bortezomib treatment was 

observed that could be efficiently suppressed by pS3 siRNA transfection in both cell lines 

in absence or presence of bortezomib (Figure 6A). DR4 and DRS surface levels in H460 

cells were somewhat reduced after pS3 silencing, and the bortezomib-induced increase 

in DRS cell surface levels was lower but still detectible (Figure 6B). Moreover, pS3 siRNA 

did hardly affect apoptosis induction by rhTRAIL in combination with bortezomib (Figure 

6C). In SW1S73 cells, DR surface levels were more significantly affected by pS3 siRNA. 

An approximately 2-fold reduction in DR4 levels was seen with( out) bortezomib. More 

notably, however, the bortezomib-dependent increase in DRS expression was significantly 

reduced by p53 down-regulation, demonstrating pS3-dependency to some extent. 

However, following exposure with a combination of rhTRAIL and bortezomib, only a 

modest reduction in apoptosis was observed in pS3-suppressed SW1573 cells compared 

to control SW1573 cells (Figure 6C). This indicated that in these cells the bortezomib 

sensitizing effect is mainly independent of p53 function. 

Discussion 

The different or varying abilities of DR4 and DRS, in mediating rhTRAIL-induced 

apoptosis, is still subject of debate in literature. In this study, we have shown that in 

sensitive H460 cells rhTRAIL-induced apoptosis is mediated by DR4 signaling and that 

sensitization by bortezomib involves both DR4 and DRS. This in contrast to resistant 

SW1S73 cells where the bortezomib effect on rhTRAIL-induced apoptosis was mainly DRS

dependent. Interestingly, bortezomib treatment could effectively enhance agonistic DR4-

and DRS-selective antibody-induced apoptosis in both NSCLC cell lines, with decreased 

DR preferences for apoptosis induction. 

Differences in the ability of a tumor cell to induce apoptosis via either DR4 or DRS 

is important in the context of the development and (pre)clinical evaluation of 1RAIL

receptor selective agonists, like agonistic antibodies or DR specific TRAIL-mutants [10,11]. 

The mechanisms underlying the differences in DR functioning remain largely unknown. 
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In addition, the differential up-regulation of DR4 and DRS surface expression following 
treatment with drugs such as bortezomib may also differentially affect apoptosis signaling 

via DR4 or DRS. In H460 cells expressing both DRs, we showed by using siRNA approaches 

that rhTRAIL-induced apoptosis was exclusively mediated via DR4. When bortezomib 

was added DRS signaling also became active in triggering apoptosis. On the other hand, 

in 1RAIL-resistant SW1573 cells, signaling via DRS, was most important for mediating 

apoptosis after combining bortezomib and rh1RAIL. 

To gain further insight in DR4 and DRS specific signaling, we used DR4- and DRS

selective agonistic antibodies as an alternative to rhTRAIL. The DR4-selective antibody 

showed similar activity as rhTRAIL in H460. Interestingly, the DRS-selective antibody was 

able to induce apoptosis in H460 to some extent as well. This may be a consequence of the 

specificity of the agonistic antibodies, not binding to decoy receptors, and therefore a more 

effective induction of DISC formation compared to rhTRAIL [31]. SW1S73 was slightly 

sensitive to both agonistic antibodies, suggesting that DR-selective antibodies are more 

potent than rhTRAIL. In the presence of bortezomib, agonistic DRS antibodies showed 

markedly enhanced activity in H460 and SW1S73 cells. Also in SW1573 cells the agonistic 

DR4 antibody was more potent in inducing apoptosis than rhTRAIL because combined use 

with bortezomib was able to trigger considerable levels of apoptosis. Our observation that 

bortezomib enhances 1RAIL-receptor agonistic antibody-induced apoptosis in NSCLC 

cells is in line with findings in a recent study [31]. A similar observation has been made 

in Hela cervical cancer cells in which irradiation in combination with rhTRAIL showed 

enhanced DR4-selective apoptosis signaling, while both agonistic DR4- and DRS-antibodies 

were more effective in combination with irradiation [32]. 

We and others have shown that bortezomib treatment elevates the levels of DR4 

and DRS expression in NSCLC cells [24,21,23,30,22]. In the current study we find this 

effect to be mediated in a cell type-specific and DR specific manner. In addition, we also 

found that DR4 and DRS mRNA levels increased in SW1S73 after bortezomib treatment, 

whereas in H460 only DR4 transcript levels seemed to be enhanced. Bortezomib-induced 

up-regulation of DRS transcript levels has been observed in other cell lines derived from 

pancreatic cancer and gliomas, however, no effect on DR4 mRNA was found [33,34]. 

The increase in DR mRNA and surface levels in SW1S73 suggests a bortezomib-induced 

increase in de novo synthesis, although an effect of bortezomib on mRNA stabilization as 

recently described for DRS mRNA cannot be excluded [35]. In this study we also examined 

the relative contribution of the bortezomib-induced up-regulation of DR4 and DRS to the 

overall sensitizing effect of bortezomib in rh1RAIL-induced apoptosis using "wash and 
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kill" experiments (Figure 5). These experiments clearly show that in both NSCLC cell lines 

bortezomib-induced rhTRAIL sensitization involves both DR up-regulation-dependent as 

well as -independent mechanisms, although cell line variability was observed. Remarkably, 

in SW1573 cells DRS up-regulation appears to be the most important contributor in 

bortezomib-induced rhTRAIL sensitization. Similar results were shown before in rhTRAIL 

resistant hepatocellular carcinoma cells and primary glioma cells [23,24]. In these cells 

bortezomib-induced rhTRAIL sensitization was both dependent on DR up-regulation and 

enhanced DISC formation. 

Wild type p53 is present in 50% of NSCLCs and in some of the NSCLC cell lines, such 

as H460 and SW1573 [36]. The tumor suppressor p53 is a well known transcriptional 

activator of multiple pro-apoptotic target genes, including DR4 and DRS [26,25]. Moreover, 

proteasome inhibition can result in enhanced p53 levels and p53 transcriptional activity 

[30,37]. Here, we demonstrate that proteasome inhibition enhanced p53 levels which 

was only partially instrumental for the increase in DR surface levels, most notably DRS 

levels, in SW1573 (Figure 6). Moreover, a remarkably small effect of p53 down-regulation 

on rhTRAIL/bortezomib-induced apoptosis was observed in these cells. On the contrary, 

in H460 cells bortezomib-induced p53 stabilization had almost no effect on DR surface 

expression. The p53-independent increases in DR4 and DRS surface expression may 

indicate an effect of bortezomib on DR protein degradation, however, that remains to be 

proven. Overall this implies that for this sensitizing strategy the presence of wild-type p53 

is not a prerequisite, which should make this combination also applicable for mutant p53 

expressing NSCLC. 

Bortezomib as single agent was not active in solid tumors patients [15]. Combination of 

bortezomib with chemotherapeutics in phase I studies showed activity in NSCLC patients 

[38,39,40]. A recent phase II study combining bortezomib and gemcitabine/carboplatin 

as first-line treatment in advanced NSCLC revealed an improved overall survival from 

8-9 months to 11 months and a 1-year survival from 35-37% to 47% [41]. Furthermore, 

second-generation proteasome inhibitors like NPI-0052 and carfilzomib may be interesting 

due to the higher potency and reduced toxicity compared to bortezomib [42]. Single agent 

rhTRAIL as well as agonistic TRAIL-receptor antibodies are well tolerated in patients 

[43,44]. In early clinical trials response rates to single agent treatment were low, suggesting 

TRAIL-receptor targeting agents have to be combined with chemotherapy to enhance anti

tumor efficacy [43,44]. A recent phase lb study of rhTRAIL in combination with paclitaxel, 

carboplatin, and the angiogenesis inhibitor bevacizumab in patients with NSCLC showed 

no dose-limiting toxicities and an overall response rate of 58% [45]. 
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Our study in NSCLC cells and recent studies in other tumor types using combinational 

therapies with bortezomib and TRAIL-receptor targeting agents, have shown promising 

results, which might be further explored in the clinic [34,31,46,23,21]. Agonistic antibodies 

might be preferred for use in the clinic, since they demonstrate more potency in preclinical 

models. However, since we are presently unable to predict specific sensitivity for DR4 

or DRS selective agents, research on predictive biomarkers is important to make patient 

tailored therapy possible. 
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Abstract 

TNF-related apoptosis inducing ligand (TRAIL) is a prom1smg anti-cancer agent 

specifically killing tumor cells. The proteasome inhibitor bortezomib can sensitize non 

small cell lung cancer (NSCLC) cells to rhTRAIL-induced apoptosis. Here, the mechanism 

underlying sensitization was further examined in TRAIL-sensitive H460 and -resistant 

SW1573 NSCLC cells. Time course experiments showed rhTRAIL-induced activation of 

caspase-8, -9, and -3 in H460 and SW1573 cells within 6 hours and late apoptotic features 

such as DNA condensation were not yet detectable. Prolonged culturing in the absence of 

rhTRAIL showed cells with apoptotic morphology appearing at 18 hours post-treatment 

in H460 cells that were not detected in SW1573. Combined treatment with bortezomib was 

essential to trigger more extensive caspase activation in SW1573 cells and for detecting 

late apoptotic cells. SiRNA-mediated silencing of Bid expression indicated that rhTRAIL

induced apoptosis is largely mediated via the intrinsic pathway in H460 cells and that 

bortezomib enhances this activation. However, in SW1573 cells, Bid silencing had only 

a small effect on the bortezomib-induced rhTRAIL sensitization. On the other hand, 

silencing of cFLIP expression in SW1573 cells sensitized cells for rhTRAIL, whereas in 

H460 cells a relatively small sensitizing effect was observed. Rh TRAIL variants, specifically 

targeting TRAIL-Rl or TRAIL-R2, had similar effects as rhTRAIL. These results indicate 

that bortezomib sensitizes H460 cells to rhTRAIL predominantly via enhancement of the 

intrinsic pathway, whereas in TRAIL-resistant SW1573 cells sensitization strongly depends 

on enhancing activation of the extrinsic pathway. 
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Introduction 

Non-small cell lung cancer (NSCLC) represents 80% of the patients diagnosed with lung 

cancer and is the leading cause of cancer related deaths worldwide [1 ]. Currently, treatment 

consists when possible of surgery, radiation and chemotherapy. Even though many 

extensive studies and investigations have been performed, there is still a poor prognosis 

for patients diagnosed with NSCLC with an overall survival rate of 6.6% after five years [2], 

indicating that novel therapies are warranted. 

TRAIL is an apoptosis-inducing ligand belonging to the TNF-superfamily. Contrary to 

most other TNF family members, TRAIL is expressed in a broad range of tissues and has 

presumably an important role in the immune reaction against tumor cells [3]. In addition, 

apoptosis induced by TRAIL is highly selective for tumor cells, thereby being nontoxic 

to normal cells [4]. Binding of TRAIL to its death receptors, DR4 (TRAIL-Rl) and DRS 

(TRAIL-R2) results to trimerization of the receptors and subsequently the activation of both 

the extrinsic and the intrinsic apoptotic pathway. After trimerization of the receptors the 

death-inducing signaling complex (DISC) is formed containing FADD and procaspase-8, 

resulting in caspase-8 cleavage and activation. Cellular FLICE-like inhibitory protein 

( cFLIP) is structurally related to caspase-8 and can bind to the DISC, blocking association 

of caspase-8 with the DISC and subsequent activation [5]. Activated caspase-8 can either 

directly activate effector caspase-3 via the extrinsic apoptotic pathway (type I cells), or can 

cross-talk with the intrinsic apoptotic pathway via the cleavage of Bid into truncated Bid 

(tBid) (type II cells) [6]. 1his will lead to the oligomerization of pro-apoptotic proteins Bak 

and Bax which disrupts the mitochondrial membrane potential, resulting in the release of 

cytochrome c and Smac/ DIABLO [5]. Cytochrome c then forms together with APAF-1 and 

pro-caspase 9 the apoptosome, leading to the activation of caspase-9, which in turn results 

in caspase-3 activation and subsequent apoptosis induction [7]. 

Recombinant human (rh)TRAIL has been tested in NSCLC studies as single anti-tumor 

agent with as best response stable disease. Based on the potentiating effect preclinical when 

combined with chemotherapy, TRAIL-receptor targeting therapies were also combined 

with other therapeutic drugs [8]. One of those combinational drugs is bortezomib, which 

is a reversible proteasome inhibitor that has been clinically evaluated and approved for the 

treatment of multiple myeloma. Bortezomib has been demonstrated preclinical to increase 

TRAIL-receptor levels and enhance rhTRAIL-mediated apoptosis induction [9,10]. 

However, rhTRAIL-induced apoptosis is mechanistically different between type I and type 
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II cells, and it remains unknown what the effect of bortezomib is on either extrinsic or 

intrinsic apoptosis signaling. 

In this study the mechanism underlying bortezomib-mediated sensitization via the 

intrinsic and extrinsic apoptosis pathways was further examined focusing in particular on 

cFLIP and Bid in NSCLC cells. The activation of different caspases and apoptosis induction 

were closely monitored at different time points. 

Materials and Methods 

Reagents 

Rh1RAIL, TRAIL-Rl specific variant (S159R) [11] and 1RAIL-R2 specific variant (D269H/ 

E195R) [12] were produced non-commercially as described earlier [13]. Bortezomib 

(Velcade™, Janssen-Cilag BV, Tilburg, The Netherlands) was provided as a pure substance 

and dissolved in sodium chloride. 

Cell lines 

The NSCLC cell lines H460 and SW1573 were obtained from the American Type Culture 

Collection (ATCC) (Manassas, VA). H460 cells were cultured in RPMI 1640 medium 

(Gibco, Paisley, Scotland), SW1573 cells in DMEM medium (Gibco ). Culture media were 

supplemented with 10% fetal calf serum (FCS) (Sanbio, Uden, The Netherlands), 100 U/ml 

penicillin, and 100 µg/ml streptomycin (Invitrogen, Breda, The Netherlands). Cells were 

grown at 37 °C in a humidified atmosphere containing 5% CO2• Cell lines were harvested 

by trypsinization. 

Western blot analysis 

The cells were lyzed in lysis buffer (Cell Signalling Technology Inc, Danvers/Boston, MA, 

USA), protein was separated on a SOS-PAGE and electroblotted onto polyvinylidene 

difluoride (PVDF) membranes (Millipore, Amsterdam, The Netherlands). Next, membranes 

were blocked for one hour at room temperature in Odyssey blocking buffer (Westburg, 

Leusden, The Netherlands) and incubated overnight at 4 °C with the primary antibodies 

diluted in 1:1 Odyssey blocking buffer with PBS-T (PBS with 0.05% Tween-20). Primary 

antibodies for cleaved caspase-8, -9 and -3 were purchased from Cell Signaling Technology. 

Primary antibody for cFLIP was from Transduction Laboratories and primary antibody 

for Bid was a kind gift from Dr. J. Borst, Netherlands Cancer Institute, Amsterdam. Mouse 
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�-actin was purchased from Sigma-Aldrich BV. The membrane was incubated with the 

secondary antibodies for one hour at room temperature in the dark. Secondary antibodies 

goat-a-mouse-IRDye and goat-a-rabbit-IRDye were obtained from Rockland (Westburg). 

Protein expression was detected using the Odyssey Infrared Imager. 

Apoptosis assay 

For apoptosis measurements 3000 cells were plated in 96-well culture plates. Cells were 

continuously incubated with bortezomib and/or rh'IRAIL or 1RAIL-receptor specific 

variants (S159R and D269H/El95R) at various concentrations. Staining was performed 6 or 

24 hours after start of incubation. Acridine orange was added to each well to distinguish 

apoptotic cells from viable cells. Staining pattern was determined by fluorescence 

microscopy where apoptosis was defined as the appearance of apoptotic bodies and/or 

chromatin condensation. Results are expressed as the percentage of apoptotic cells in a 

culture by counting at least 300 cells per well. 

RNA interference 

Sequence for small interfering RNA (siRNA) molecules was for Bid: 5'-GAA UAG AGG 

CAG AUU CUG AdTdT-3' (sense) and S'UCA GAA UCU GCC UCU AUU CdTdT- 3' (anti

sense), and for cFLIP: 5'-GAG GUA AGC UGU CUG UCG GdTdT-3'(sense) and 5'-CCG 

ACA GAC AGC UUA CCU CdTdT-3'(anti-sense) as used before [14]. The siRNA control, 

without any known homology with the human genome, was purchased from Eurogentech 

(Seraing, Belgium). H460 and SW1573 cells were transfected in 6 well plates with 10 µI 

of 20 µM siRNA duplexes using Oligofectamine reagent according to the manufacturer's 

instructions (Invitrogen BV). After 24 hours, cells were replated for apoptosis assay (96-

well culture plate). 

Statistical analysis 

Data are represented as the mean ± SD. In all cases, statistical analyses were done using 

unpaired 2-tailed Student's t test. P values less than .05 were considered significant and are 

indicated with an asterisk. 
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Results 

Rapid caspase-activation in NSCLC cells after treatment with 

rhTRAIL 

At early time points (1, 2, 3 and 6 hours), we determined caspase activation in NSCLC 

cell lines H460 and SW1573 after exposure to bortezomib or rhTRAIL as a single agent or 

to the combined treatment using Western blot analysis. Bortezomib alone did not induce 

caspase cleavage within 6 hours treatment. Combining bortezomib with rhTRAIL did not 

affect rhTRAIL-induced caspase-8, -9 and -3 cleavage that was observed in either cell line in 

time (Figure 1). Already after 1 hour treatment caspase-8, -9 and -3 cleavage was detected 

in H460 that increased during time (Figure lA). For caspase-9, a p37 cleavage product was 

detected after 1 hour of incubation followed by a strong increase in both p37 /35 cleavage 

products at later time points. Since p37 is generated by caspase-3-dependent cleavage this 

suggests that extrinsic activation of caspase-8 directly activates caspase-3 with a feedback 

loop to caspase-9. The p35 product is generated by auto-cleavage of caspase-9 via the 

intrinsic pathway [15]. Cleavage of caspase-3 was first accompanied by the appearance 

of the p20 and p19 cleavage products at 1 hour, while a clear increase of p17 cleavage 

product, representing a more active caspase-3 variant, and a concomitant reduction in full 

length caspase-3 was detected at 6 hours (Figure lA). In SW1573, caspase-8 was cleaved 

into p45/43 products. However, this cleavage was less strong when compared to caspase-8 

cleavage in H460 (Figure 18). Furthermore, caspase-9 cleavage predominantly resulted 

in the caspase-3-mediated p37 cleavage product in SW1573. The p17 cleaved fragment of 

caspase-3 was detectable at 6 hours post-treatment, although a large proportion of full 

length caspase-3 remained uncleaved (Figure 18). Thus, caspases are already activated at 

early time points, however, differences in caspase cleavage patterns were seen between 

TRAIL-sensitive H460 and -resistant SW1573 following rhTRAIL exposure. 

Bortezomib mediated sensitization to rhTRAIL-induced apoptosis 

takes more than 6 hours in NSCLC cells 

To determine whether caspase activation actually led to apoptosis induction in H460 

and SW1573 cells, an apoptosis assay was performed using DNA condensation-based 

morphological parameters. Six hours after start of rhTRAIL treatment, -20% apoptosis was 

detected in H460 cells, while combined incubation with bortezomib during this time did 

not enhance apoptosis. In SW1573 cells no apoptosis was induced by rhTRAIL treatment 

or the combination with bortezomib after 6 hours exposure (Figure 2A). We then incubated 
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Figure 1. Rapid caspase-activation in NSCLC cells after treatment with rhTRAIL. Western blot analysis 
of different caspases in H460 (A) and SW1573 (B) after 1, 2, 3 and 6 hours treatment with 50 nM 
bortezomib and/or 100 ng/ml rhTRAIL. One representative of at least 3 different experiments is shown. 

cells for 6 hours with bortezomib and/or rhTRAIL followed by prolonged incubation for 

18 hours in the absence of drugs. In H460 cells, this did not augment rhTRAIL-induced 

apoptosis compared to 6 hours treatment (20%). However, apoptosis induction was strongly 

enhanced up to 54% for the combination of bortezomib and rhTRAIL. In SW1573 cells a 

similar observation was made with combined bortezomib/rhTRAIL treatment triggering 

around 20% apoptosis (Figure 2B). Thereafter, when we treated both cell lines continuously 

with rhTRAIL for 24 hours, H460 showed 48% apoptosis while SW1573 remained resistant 

(<10% apoptosis) (Figure 2C). In both cell lines, the continuous treatment with bortezomib 

and rhTRAIL for 24 hours massively increased apoptosis levels to more than 90%. Together 

this indicates that rhTRAIL-sensitive H460 cells are faster sensitized to rhTRAIL by 

bortezomib than the rhTRAIL-resistant SW1573 cells. 
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Figure 2. Bortezomib needs more than 6 hours to sensitize NSCLC cells to rhTRAIL induced apoptosis. (A) 

Cell lines H460 and SW1573 were treated with bortezomib (25 or 50 nM) and/or rhTRAIL (25 or 50 
ng/ml) for 6 hours. Acridine orange was added and cells were evaluated for apoptosis. (B) H460 and 
SW1573 cells were treated for 6 hours (like in A), after this treatment was washed away and cells were 
further incubated in normal medium for an additional 18 hours whereafter apoptosis was measured. 
(C) Apoptosis induction after 24 hours treatment (like in A) in H460 and SW1573. Values are mean ± 
SD of at least three independent experiments. 
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Bortezomib sensitizing effect is predominantly mediated via Bid 

cleavage in rhTRAIL-sensitive H460 but not in resistant SW1573 cells 

To further investigate the mechanism underlying bortezomib-dependent sensitization 

for rhTRAIL-induced apoptosis, we down-regulated Bid using specific siRNAs. Effective 

down-regulation of Bid was confirmed by Western blot as shown in Figure 3. In H460 cells, 

the knockdown of Bid strongly reduced rhTRAIL-induced apoptosis from 37% to 11 % and 

a proportionally similar decline upon combined bortezomib/rhTRAIL treatment was seen 

from 83% to 34% (Figure 3A). In SW1573 cells, Bid silencing had a smaller inhibitory effect 

on apoptosis induction, from 72% to 50% upon combined treatment (Figure 3B). 

Next, TRAIL-Rl selective rhTRAIL variant (S159R) and a TRAIL-R2 selective rhTRAIL 

variant (D269H/E195R) were used for apoptosis activation to examine possible TRAIL

receptor selective sensitization by bortezomib. In H460, S159R induced high apoptosis 

levels (49%), which were strongly reduced after knockdown of Bid (14%) (Figure 3A). 

D269H/E195R induced only 10% apoptosis, which was lost after Bid downregulation (1 %). 

Furthermore, in combination with bortezomib both rhTRAIL variants showed high levels 

of apoptosis that were similarly reduced by Bid suppression. SW1573 cells displayed 

resistance to both rhTRAIL variants. In combination with bortezomib, both rhTRAIL 

variants induced similar levels of apoptosis as rhTRAIL that was slightly affected by Bid 

silencing (Figure 3B). Thus, bortezomib enhances rhTRAIL-induced apoptosis in H460 and 

SW173 by different mechanisms. 

cFLIP is an important inhibitor of rhTRAIL-induced apoptosis in 

resistant SW1573 cells that can be overcome by bortezomib 

To investigate the role of cFLIP in bortezomib-induced sensitization to rhTRAIL, cFLIP was 

down-regulated using siRNA. Down-regulation of cFLIP was confirmed with Western blot 

(Figure 4). Since cFLIP was difficult to detect in SW1573 cells, we pre-treated the cells with 

bortezomib to allow cFLIP detection in control cells. In H460 cells, knockdown of cFLIP 

resulted in an increase of rhTRAIL-induced apoptosis from 39% to 68%. In combination 

with bortezomib rhTRAIL-induced apoptosis went up from 59% in control cells to 85% 

in cFLIP siRNA treated cells (Figure 4A). In SW1573 cells, rhTRAIL-induced apoptosis 

strongly increased from 10% to 49% apoptosis after down-regulation of cFLIP, indicating 

that cFLIP is a major determinant of rhTRAIL-resistance in these cells. The increase in 

apoptosis levels from 47% to 74% in cFLIP-suppressed SW1573 after the combination 

bortezomib and rhTRAIL is comparable to the effect observed in H460 with this treatment 

(Figure 4A/B). 
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Figure 3. Bortezomib sensitizing effect is predominantly mediated via Bid cleavage in Rh TRAIL-sensitive H460 
but not in resistant SW1573 cells. H460 (A) and SW1573 (B) cells were transfected with Bid siRNA 
or siRNA control. After 48 hours cells were harvested and lyzed for Western blot analysis of Bid 
expression, or untreated or treated with bortezomib (50 nM) and/or rhTRAIL, S159R or D269H/El95R 
(50 ng/ml) for 24 hours after which apoptosis was evaluated. Values are mean ± SD of at least three 
independent experiments (* P < 0.05). 
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Figure 4. cFLIP is an important inhibitor of apoptosis in rhTRAIL-resistant SW1573 cells. H460 (A) and 

SW1573 (B) cells were transfected with cFLIP siRNA or siRNA control. After 48 hours cells were 

harvested and lyzed for Western blot analysis of cFLIP expression, or untreated or treated with 

bortezomib (25 nM) and/or rhTRAIL, S159R or D269H/El95R (50 ng/ml) for 24 hours where after 

apoptosis was evaluated. Values are mean ± SD of at least three independent experiments (* P< 0.05). 

S159R-induced apoptosis in H460 was strongly enhanced by cFLIP down-regulation 

with an increase from 44% to 77% apoptosis (Figure 4A). The resistant SW1573 cells 

were strongly sensitized to both rhTRAIL variants following cFLIP down-regulation. In 

combination with bortezomib a small effect of cFLIP suppression on apoptosis was still 

observed (Figure 4B). 
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Discussion 

In this study, we demonstrated that in H460 cells, rhTRAIL-sensitivity and sensitization 
to rh1RAIL-induced apoptosis by bortezomib is predominantly mediated via Bid, 

i.e. activation of the intrinsic pathway, although also the extrinsic pathway becomes 

involved after prolonged incubation with bortezomib and rhTRAIL in these type II cells. 

In the rhTRAIL resistant SW1573 cells, mainly the extrinsic pathway is involved in the 

bortezomib-induced sensitization to rhTRAIL, while the intrinsic pathway only plays a 

small role after the combination bortezomib and rhTRAIL in these type I cells. Our results 

indicate that bortezomib primarily sensitizes tumor cells to rhTRAIL-induced apoptosis 

through the predetermined (preferential) apoptosis pathway (intrinsic or extrinsic) and 

only to a limited extent by activation of the alternative apoptosis pathway. 

Bortezomib partially enhanced rh1RAIL-induced apoptosis in H460 cells within 6 

hours of treatment, when there is no enhanced 1RAIL-receptor expression yet ( data not 

shown). Bid silencing showed that H460 cells are strongly dependent on the intrinsic 

pathway for apoptosis signaling after rhTRAIL treatment, both in the presence and 

absence of bortezomib. Furthermore, caspase-9 cleavage was observed with a p35 cleavage 

product as a result of mitochondrial activation, supporting the importance of the intrinsic 

pathway in these cells. Mitochondrial dependency of bortezomib and rhTRAIL induced 

apoptosis in H460 cells was also demonstrated by Bcl-2 overexpression, which strongly 

inhibited bortezomib/rh1RAIL-induced apoptosis in H460 cells [10]. After Bid silencing 

bortezomib is still able to enhance rh1RAIL-induced apoptosis to some extent, showing 

that there is also sensitization on the level of the DISC. This is strengthened by the fact 

that bortezomib and cFLIP silencing had a similar sensitizing effect on rh1RAIL-induced 

apoptosis in H460. TRAIL-receptor specific variants had a similar effect as rh1RAIL on 

the intrinsic and extrinsic signaling with regard to the presence or absence of bortezomib. 

Though, an interesting observation, of which the mechanism remains unknown, is that 

cFLIP silencing had no effect on TRAIL-R2-mediated apoptosis in H460, whereas TRAIL

Rl-mediated apoptosis was strongly increased. 

SW1573 cells needed at least 24 hours of continuous treatment to display bortezomib

induced sensitization of rhTRAIL-induced apoptosis. Only a small decrease in apoptosis 

after Bid silencing was observed in SW1573 cells treated with bortezomib and rhTRAIL, 

demonstrating the small contribution of the intrinsic apoptosis pathway. On the contrary, 

cFLIP silencing enhanced rhTRAIL-induced apoptosis massively and only a modest 

further enhancement was observed in combination with bortezomib. Thus, cFLIP plays 
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an important role in rhTRAIL-resistance of SW1573 cells. These results demonstrate that 

SW1573 cells are much more depending on the extrinsic pathway than on the intrinsic 

pathway for bortezomib and rhTRAIL-induced apoptosis. This was already indicated by 

the appearance of the caspase-3 dependent p37 cleavage product of caspase-9 in SW1573 

cells. Long-term incubation with bortezomib and rhTRAIL overcomes cFLIP mediated 

resistance, probably at the level of DISC signaling by up-regulating TRAIL-receptor surface 

expression which outbalances the TRAIL-receptor/caspase-8/cFLIP ratio. 

Surprisingly, SW1573 cells express low cFLIP levels, which were only clearly detectable 

after bortezomib treatment. Furthermore, the enhancement of cFLIP after bortezomib 

treatment suggests that the increase of TRAIL-receptor levels and improved DISC formation 

have to be much stronger to outbalance the enhanced cFLIP levels. In hepatoma cells and 

primary glioma cells DISC analysis revealed that bortezomib enhanced the recruitment 

of TRAIL-receptors, FADD and caspase-8 upon rhTRAIL stimulation [16,17]. Although 

cellular cFLIP levels in these cell lines were strongly reduced upon bortezomib, enhanced 

recruitment of cFLIP to the DISC was observed. Since this enhancement was much less 

compared to the enhanced recruitment of TRAIL-receptors and caspase-8 to the DISC, this 

resulted in increased caspase-8/cFLIP ratio at the DISC [16,17]. These results demonstrate 

that cFLIP has a high binding affinity for the DISC that can efficiently inhibit apoptosis 

even when present at low concentrations such as found in SW1573. 

Here we found that bortezomib-induced sensitization to rhTRAIL primarily proceeds 

via the extrinsic or intrinsic apoptosis pathways as controlled by cFLIP and Bid. However, 

a range of effects of bortezomib on proteins involved in rhTRAIL-induced apoptosis 

in NSCLC cells as well as other cancer cells have been reported previously. Besides the 

increase in TRAIL-receptors and effect on levels cFLIP [9,10,16,17] other proteins like the 

Bcl-2 family members NOXA and MCL-1 were studied in NSCLC, showing accumulation 

after bortezomib exposure [18,19]. Cleavage of the anti-apoptotic MCL-1, which induces 

a shift of balance between MCL-1 and NOXA, was supposed to be a mechanism of 

bortezomib-mediated sensitization to rhTRAIL-induced apoptosis [19]. Also increased 

cleavage of XIAP after combined treatment of proteasome inhibitor MG132 and rhTRAIL 

in cervical cancer cells has been reported [20]. Bcl-2 was studied in relation to bortezomib 

sensitization, with Bcl-2 overexpression inhibiting bortezomib and rhTRAIL-induced 

apoptosis in NSCLC [10]. Furthermore, bortezomib-mediated rhTRAIL-induced apoptosis 

was found to be dependent of Bak, Bik and Bim expression in prostate and colon cancer 

cells [21,22]. Summarizing, bortezomib has pleiotropic effects on tumor cells that are often 
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different between tumor cell types but always changes the balance between pro- and anti

apoptotic proteins towards apoptosis. 

In summary, we have demonstrated that bortezomib enhances rhTRAIL-induced 

apoptosis in NSCLC cells in a time dependent way, involving both intrinsic and extrinsic 

pathways depending on the predetermined apoptotic mechanism in the NSCLC cells. The 

fact that bortezomib can enhance TRAIL-induced apoptosis via different mechanisms in 

all cells studied thus far, makes bortezomib/IRAIL combined therapy a very promising 

strategy able to sensitize apoptosis via multiple ways. Further research on the role of other 

pro- and anti-apoptotic proteins in bortezomib-mediated sensitization of NSCLC cells to 

rhTRAIL-induced apoptosis is ongoing. 
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Abstract 

Recombinant human TNF-related apoptosis inducing ligand (rhTRAIL) is an anticancer 

agent that induces apoptosis in part of the non-small cell lung cancer (NSCLC) cell lines. The 

binding of rhTRAIL to its receptors results in the formation of the death-inducing signaling 

complex leading to activation of the apoptotic cascade. Endocytosis of the TRAIL-receptor 

complex may play an important role in the activation of TRAIL-induced apoptosis. In this 

study, we investigated the effect of bortezomib on TRAIL-Rl and TRAIL-R2 endocytosis 

in rhTRAIL-sensitive H460 and -resistant SW1573 cells. Fluorescent microscopy showed 

clustering of TRAIL-Rl and TRAIL-R2 after binding of agonistic anti-TRAIL-Rl and 

TRAIL-R2 antibodies. Bortezomib treatment inhibited TRAIL-receptor clustering in both 

cell lines and resulted in increased co-localization of these receptors with the plasma 

membrane marker cholera toxin. However, flow cytometry on intact cells could not detect 

TRAIL-receptors on the cell surface indicating submembranous localization of the TRAIL

receptors after bortezomib treatment. Protein synthesis inhibition with cycloheximide for 

2 hours showed that TRAIL-Rl surface expression in H460 cells was largely depending 

on high de novo synthesis. The fast reappearance of TRAIL-receptors on the cell surface 

after antibody-induced internalization was only partially inhibited by cycloheximide, 

demonstrating recycling of internalized receptors. In the presence of bortezomib recycling 

of, in particular, TRAIL-R2 was enhanced in H460 and SW1573. Inhibition of caspase-8 

activity in H460-CrmA cells and H460 cells treated with a caspase-8 inhibitor showed 

similar results as control H460 cells. This demonstrates that internalization and recycling 

of TRAIL-receptors occur independently from caspase-8 activation. We conclude that 

bortezomib inhibits TRAIL-receptor endocytosis-induced cytoplasmic clustering and 

induces submembranous localization of TRAIL-receptors in NSCLC cells, which may play 

an important role in TRAIL receptor up-regulation and TRAIL sensitivity. 
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Introduction 

Tumor necrosis factor-related apoptosis inducing ligand is a potent death ligand of the 

TNF family. In contrast to other the TNF family members FasL/CD95L and TNFa that 

have shown to be highly toxic to normal cells [1], rhTRAIL selectively induces apoptosis in 

cancer cells but not in normal cells [2]. Rh TRAIL initiates apoptosis signaling cascades by 

binding to two surface receptors: TRAIL-RI (DR4) and TRAIL-R2 (DRS). Ligand binding 

triggers trimerization, recruitment of adaptor protein FADD (Fas-associated death domain) 

and initiator caspase-8 to form the DISC (death inducing signaling complex) in which 

activation of caspase-8 occurs. Caspase-8 can activate downstream caspases and apoptosis 

[3]. Besides rhTRAIL, several agents that target specifically TRAIL-RI and TRAIL-R2 have 

been engineered such as TRAIL-receptor specific variants of rhTRAIL [4-7], and agonistic 

antibodies [8]. 

Upon TNF family ligand binding, surface receptors will induce intracellular signaling 

cascades, receptor clustering and endocytosis of the receptor complex. Different mechanisms 

of endocytosis are known of which clathrin- and calveolin-mediated endocytosis have 

been most studied. Both CD95 and TRAIL-receptor endocytosis have been found to be 

clathrin-dependent [9,10]. However, also calveolin-mediated endocytosis and flottilin-1 

dependent endocytosis of TRAIL-receptors were suggested [10-12]. Endocytosis of ligand

activated receptors is more than only a transport mechanism, and plays an important role 

in the regulation of signal transduction [13,14]. For the TNF family members TNFa and 

CD95L, endocytosis is involved in signaling for apoptosis [10,15]. CD95L-initiated DISC 

formation, caspase activation and subsequent apoptosis were all depending on receptor 

endocytosis [10]. However, varying results have been obtained in different models. 

RhTRAIL-mediated apoptosis was not endocytosis- dependent in HeLa cervical carcinoma 

cells and BJAB lymphoma cells [11,16]. In contrast, in Huh-7 hepatocellular carcinoma 

cells, which depend on lysosomal permeabilization for apoptosis, rhTRAIL-induced 

apoptosis did require receptor endocytosis [16]. Therefore, the importance of TRAIL

receptor endocytosis for apoptosis signaling might be cell type specific and be influenced 

by lysosomal permeabilization when lysosomes are required for apoptosis activation. 

NSCLC is one of the most common types of cancer and relatively resistant to 

chemotherapeutic agents. To improve chemotherapeutic efficacy novel drugs including 

rhTRAIL and agonistic TRAIL-receptor antibodies have been tested both in vitro and in vivo 
[17]. Sensitivity to TRAIL-receptor targeting drugs was observed in several NSCLC cell 

lines, however, in most NSCLC cell lines combination treatment with chemotherapeutic 
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agents was superior over single treatment [18-21]. In addition, differences in sensitivity 

for TRAIL-Rl and TRAIL-R2 targeting drugs were observed [5,6,8]. Treatment with the 

proteasome inhibitor bortezomib overcomes resistance and sensitizes NSCLC cells to 

TRAIL-receptor induced apoptosis [8,22,23]. Bortezomib interferes in many cellular 

regulatory signals by inhibiting the degradation of regulatory proteins, which may result 

in enhanced TRAIL-receptor surface expression [22,23]. However, the effect of bortezomib 
on TRAIL-receptor endocytosis was not studied before. In this study, we have investigated 

TRAIL-Rl and TRAIL-R2 endocytosis in relation to TRAIL-receptor mediated apoptosis 

in NSCLC cells and analyzed the effect of bortezomib on TRAIL-Rl and TRAIL-R2 

endocytosis. 

Material and Methods 

Reagents 

RhTRAIL was produced non-commercially following a protocol described earlier [24]. 

Bortezomib (Velcade™, Janssen-Cilag BV, Tilburg, The Netherlands) was obtained as a 

pure substance and dissolved in sodium chloride. Cycloheximide was from Sigma-Aldrich 

Chemie BV (Zwijndrecht, The Netherlands) and caspase-8 inhibitor was from Calbiochem 

(via Omnilabo, Breda, The Netherlands) 

Cell lines 

The NSCLC cell lines H460 and SW1573 were obtained from the American Type Culture 

Collection (ATCC) (Manassas, VA). SW1573 cells were cultured in DMEM medium (Gibco, 

Paisley, Scotland) and H460 cells in RPMI 1640 medium (Gibco ). Culture media were 

supplemented with 10% fetal calf serum (FCS) (Sanbio, Uden, The Netherlands), 100 U/mL 

penicillin, and 100 µg/mL streptomycin (Invitrogen, Breda, The Netherlands). H460-

CrmA [25] cells were cultured in RPMI 1640 supplemented with 10% FCS and 1.5 µg/mL 

puromycin (Sigma-Aldrich Chemie B.V.). Cells were grown at 37 °C in a humidified 

atmosphere containing 5% CO2• All cell lines were harvested by trypsinization. 

Apoptosis assay 

Antibodies for TRAIL-Rl and TRAIL-R2 detection can be simultaneously used for staining 

as well as for inducing apoptosis mediated via the TRAIL-receptors. For apoptosis 

measurements cells were plated in 96-well culture plates. Cells were continuously incubated 
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with bortezomib and/or the TRAIL-Rl or TRAIL-R2 specific antibodies (eBioscience, ITK 

diagnostics BV, Uithoom, The Netherlands, 1:50 diluted). Staining was performed 24 hours 

after start of incubation. Acridine orange was added to each well to distinguish apoptotic 

cells from viable cells. Staining intensity was determined by fluorescence microscopy 

and apoptosis was defined as the appearance of apoptotic bodies and/or chromatin 

condensation. Results are expressed as the percentage of apoptotic cells in a culture by 

counting at least 300 cells per well. 

Fluorescent microscopy 

H460 and SW1573 cells were seeded in 6-well plate on glass cover slides. Cells were 

washed with ice-cold PBS and then incubated for 45 min on ice with anti-TRAIL-Rl or 

anti-TRAIL-R2 antibody (eBioscience), diluted 1:100 in ice-cold PBS. After two washing 

steps with ice-cold PBS, the cells were incubated with the secondary antibody Alexa Fluor 

555-goat anti-mouse IgGl (Invitrogen, Molecular probes, Breda, The Netherlands), diluted 

1:200 in ice-cold PBS for one hour on ice. Next, cells were washed and either left on ice or 

in medium for indicated times at 37 °C. Cells were then fixated with ice-cold methanol

acetone (1:1) for 10 min at -20 °C. After three washing steps with ice-cold PBS, the cells 

were stained with Hoechst 33258 (Invitrogen, Molecular Probes) for 5 min on ice, diluted 

1:10,000 in ice-cold PBS to visualize the nuclei. After mounting the slides in Vectashield 

Mounting medium H-1000 (Vector, Brunschwig Chemie, Amsterdam, the Netherlands), 

analysis was performed using a Leica fluorescence microscope DM-RXA. 

For colocalization studies of TRAIL-receptors and cholera toxin with the Vybrant® Lipid 

Raft Labeling Kit (Invitrogen) two extra steps were included after incubation at 37 °C and 

before fixation of the cells. First incubation with cholera toxin subunit B conjugated with 

Alexa Fluor 488 (1:1000) diluted in medium for 10 min on ice in the dark was performed. 

After two washing steps with ice-cold PBS a second incubation with anti-cholera toxin 

subunit B antibody (1:200) diluted in medium was performed for 15 min, on ice in the dark. 

After two more washing steps with ice-cold PBS, the protocol was preceded with fixating 

cells as described above. 

Flow cytometry 

Cells were treated with or without bortezomib (50 nM) 24 hours prior to harvesting to 

assess the effect of bortezomib on TRAIL-receptor endocytosis. When indicated, cells were 

treated with cycloheximide (20 µg/mL) for 2 hours or with caspase-8 inhibitor (20 µM) 

(Calbiochem, Merck BV, Schiphol-Rijk, The Netherlands) for one hour, prior to harvesting. 

Cells were stained with primary unlabeled antibodies for TRAIL-Rl and TRAIL-R2 
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(eBioscience, 1:50 diluted) After staining with the primairy antibody; 1) cells were washed 

with ice-cold PBS and incubated with a secondary goat anti-mouse PE antibody (Southern 

Biotech, Birmingham, AL), diluted 1 :50, for one hour. 2) Cells were washed with ice-cold 

PBS and incubated at 37 °C for 30 min. Hereafter cells were washed two times with ice-cold 

PBS and incubated on ice with the secondary antibody. 3) Cells were directly incubated at 

37 °C for 30 min without washing away the primary antibody. All samples were washed 

twice and incubated with a secondary antibody. After incubation with the secondary 
antibody all samples were washed twice with ice-cold PBS again and analyzed for TRAIL

receptor surface expression with a flow cytometer (Epics Elite, Coulter Electronics, Hialeah, 

FL). Surface receptor expression was expressed as mean fluorescent intensity (MFI) of the 

whole analyzed cell population. A minimum of 5,000 cells per sample was analyzed. 

Results 

The effect of bortezomib on TRAIL-R1 and TRAIL-R2 localization 

and endocytosis 

TRAIL-Rl antibody induced 18% apoptosis and the TRAIL-R2 antibody only - 5% apoptosis 

in H460 NSCLC cells. However, in combination with bortezomib (50 nM) treatment the 

percentage apoptotic cells increased enormously up to 73% apoptosis with the TRAIL-Rl 

antibody and 64% with the TRAIL-R2 antibody (Figure lA). In SW1573 cells the antibodies 

alone did not induce apoptosis, which is consistent with earlier results showing that this 

cell line is resistant to rhTRAIL-induced apoptosis [26]. Combination with bortezomib 

(50 nM) sensitized SW1573 cells to the TRAIL-receptor antibodies. Apoptosis levels now 

reached over 21 % apoptosis with TRAIL-Rl antibody and 38% with TRAIL-R2 antibody 

(Figure 18). These results indicate that both antibodies are capable of inducing apoptosis 

as single agents and that combination with bortezomib enhances apoptosis. 

H460 and SW1573 cells were stained with the antibodies for TRAIL-Rl or TRAIL-R2 

in order to determine the expression of receptors at the membrane prior to fixation. In 

untreated H460 cells, TRAIL-Rl and TRAIL-R2 staining showed patterns consistent with 

the location of the plasma membrane. Pre-treatment with bortezomib had no effect on 

TRAIL-receptor localization at the cell membrane, and only a slightly increased receptor 

surface expression was observed (Figure 2A). TRAIL-receptor staining in SW1573 cells 

also showed membrane localization, although TRAIL-receptor staining appeared to give 

a slightly more dotted pattern in these cells than in H460 cells (Figure 2B). Cells were 
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incubated at 37 °C for different time points to allow internalization of the fluorescent 

receptor-antibody complex, which was followed by fixation of the cells. After incubation 

at 37 °C for 5 min, small changes in localization of the TRAIL-receptors were seen. After 30 

min at 37 °C, clear dots of TRAIL-Rl and TRAIL-R2 staining could be observed in both cell 

lines, indicating strong clustering and/or internalization of TRAIL-receptors. Interestingly, 
in bortezomib-treated cells much less clustering of TRAIL-receptors is found, which is 

most evident for TRAIL-R2 staining in both H460 and SW1573. 

To determine if rhTRAIL had similar effect on TRAIL-receptor localization upon 

incubation at 37 °C compared to the antibodies, experiments using rhTRAIL next to the 

TRAIL-R2 antibody were performed, showing similar results as without rhTRAIL (Suppl. 

Figure Sl). Rh TRAIL and the TRAIL-R2 specific antibody only partly competed for receptor 

binding at the rhTRAIL concentration used (Suppl. Figure S2), suggesting that the addition 

of rhTRAIL had no major effect on the pattern of clustering and/or internalization observed 

in the absence of rhTRAIL. 

A B 
100 D untreated H460 100 D untreated SW1573 
90 D TRAIL-Rl Ab 90 D TRAIL-RI Ab 

• TRAIL-R2Ab • TRAIL-R2 Ab 
80 80 

� 70 � 70 

-� 60 -� 60 
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.S 50 
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&. 40 8,. 40 � � 
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0 25 50 0 25 50 

bortezomib (nM) bortezomib (nM) 

Figure 1. Apoptosis induction with bortezomib and TRAIL-R1 and TRAIL-R2 specific antibodies in NSCLC 

cells. Cell lines H460 (A) and SW1573 (B) cell lines were treated with different concentrations of 
bortezomib (0-50 nM), TRAIL-Rl and TRAIL-R2 specific antibodies (Ab) or the combination for 24 
hours. Acridine orange was added and cells were evaluated for apoptosis. Values are mean ± SD of at 
least three independent experiments. 
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A H460 
TRAIL-Rl TRAIL-R2 

untreated bortezomib untreated bortezomib 

B SW1573 
TRAIL-Rl TRAIL-R2 

untreated bortezomib untreated bortezomib 

Figure 2. Localization of TRAIL-receptors after internalization. Cell lines H460 (A) and SW1573 (B) were 
treated with or without bortezomib (SO nM) for 24 hours. TRAIL-Rl and TRAIL-R2 were stained 
using Alexa-555 (red). After the staining procedure performed on ice cells were shifted to 37 °C for 
the indicated times, fixed and localization of TRAIL-Rl and TRAIL-R2 was analyzed by fluorescent 
microscopy. Cells were counterstained with Hoechst (blue). 
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Bortezomib enhanced co-localization of TRAIL-receptors with 

cholera toxin after internalization 

A co-localization study of TRAIL-Rl and TRAIL-R2 with cholera toxin, a cell membrane 

marker that binds to the pentasaccharide chain of plasma membrane ganglioside GMl, 

was performed in H460 cells, to investigate if these TRAIL-receptor clusters are actually 

internalized. Both TRAIL-Rl and TRAIL-R2 showed co-localization with cholera toxin in 

H460 cells at 0 0C. However, when cells were first incubated with TRAIL-Rl or TRAIL-R2 

antibodies and incubated at 37 °C for 30 min, the cholera toxin staining was clearly distinct 

from the clustered TRAIL-Rl and TRAIL-R2 staining, suggesting internalization of the 

receptors (Figure 3). Pretreatment with bortezomib did not change the co-localization of the 

TRAIL-receptors with cholera toxin at 0 0C. More interestingly, in bortezomib-pretreated 

cells co-localization remained intact, also after incubation at 37 °C for 30 min, suggesting 

that bortezomib is inhibiting TRAIL-receptor internalization. 

TRAIL-receptor internalization and recycling 

Next, we used flow cytometry, to determine receptor internalization in a quantitative way. 

In these experiments, initial TRAIL-Rl and TRAIL-R2 surface expression levels (at 0 0C) 

were first measured (indicated as control). Secondly, TRAIL-Rl and TRAIL-R2 antibodies 

were bound and excess antibody was washed away. Then, internalization of TRAIL

receptors was determined after incubating the cells at 37 °C for 30 min allowing TRAIL

receptor internalization. A secondary antibody against the TRAIL-receptor antibody was 

used on intact cells, detecting only non-internalized antibody present on the cell surface 

(indicated as non-internalized). Thirdly, the total level of TRAIL-receptors on the cell 

surface was measured by incubating cells at 37 °C for 30 min, while keeping the TRAIL-Rl 

and TRAIL-R2 antibodies continuously present. This allowed the detection of newly 

synthesized or recycled TRAIL-receptors appearing on the cell membrane in the course of 

the experiment (indicated as reappearance). 

TRAIL-Rl and TRAIL-R2 surface levels were clearly detectable in H460 cells. TRAIL-Rl 

surface levels were strongly reduced after incubation at 37 °C for 30 min with only 28% 

of the initial TRAIL-Rl surface expression remaining (Figure 4A). Largest reduction of 

expression was already observed within 10 min (results not shown). Incubation in the 

presence of primary antibody showed reappearance of TRAIL-Rl on the membrane up 

to 71 % of initial surface expression. Pretreatment for 24 hours with bortezomib (50 nM) 

increased initial TRAIL-Rl surface levels. Despite the up-regulation, TRAIL-Rl surface 

levels after internalization and reappearance were reduced to a similar level in cells treated 
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Figure 3. Colocalization of TRAIL-receptors with cholera toxin after internalization. Cell line H460 was 
treated with or without bortezomib (50 nM) for 24 hours. Colocalization of TRAIL-Rl (A) and 
TRAIL-R2 (B) was determined by immunoflurescent staining using Alexa-555 (red). After the staining 
procedure performed on ice cells were shifted to 37 °C for the indicated times. Cells were stained for 
cholera toxin (green), fixed and counterstained with Hoechst (blue). Localization of TRAIL-Rl and 
TRAIL-R2 was analyzed by fluorescent microscopy. 
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with bortezomib and cells not treated with bortezomib. After internalization TRAIL-R2 

surface expression decreased to 57% of initial expression in H460 cells, which is a much 

smaller reduction than found for TRAIL-Rl (Figure 48). Furthermore, TRAIL-R2 reached 

the same levels as the initial surface expression level in the reappearance experiment. 

Bortezomib elevated TRAIL-R2 surface expression in H460 cells, while the absolute changes 

in MFI in the internalization and reappearance experiments were similar in the presence 

and absence of bortezomib. In SW1573 cells, TRAIL-Rl surface expression analyses were 

hampered by the very low expression levels observed with the anti-TRAIL-Rl antibody 

(Figure 4C). TRAIL-R2 expression massively increased after bortezomib treatment. 

Furthermore, in terms of absolute changes in expression, the amount (level) of internalized 

and reappeared TRAIL-R2 was strongly increased in presence of bortezomib in SW1573 

(Figure 4D). 

The reappearance on the cell surface could be caused by synthesis of new receptors 

or recycling of internalized receptors. Therefore, cells were pretreated with the protein 

synthesis inhibitor cycloheximide for 2 hours to specifically inhibit the de novo synthesis. 

Cycloheximide treatment strongly reduced TRAIL-Rl surface expression in H460 in 

control, internalization, and reappearance experiments (Figure 4A). The fast decrease in 

surface expression after cycloheximide incubation indicates a high TRAIL-Rl turnover at 

the cell surface that is largely controlled by de novo synthesis of TRAIL-Rl. Interestingly, 

cycloheximide treatment reduced TRAIL-Rl surface expression much less under these 

circumstances after bortezomib pretreatment. These results suggest that in the presence of 

bortezomib TRAIL-Rl surface expression is less depending on the de novo protein synthesis 

and more depending on recycling. Cycloheximide treatment had only a small effect on 

TRAIL-R2 surface expression in both cell lines, indicating that turnover rate of TRAIL-R2 

is lower than for TRAIL-Rl and reappearance of the TRAIL-R2 is depending on recycling 

of the receptor to the membrane (Figure 48/D). Bortezomib did not change the contribution 

of de novo protein synthesis to TRAIL-R2 surface expression. 

Taken together the flow cytometry results clearly demonstrated an antibody-induced 

reduction of TRAIL-receptor at the cell surface, also in the presence of bortezomib. 

This appears to be in contrast to the TRAIL-receptor and cholera toxin colocalization 

experiments, in which bortezomib treatment resulted in colocalization of the two markers. 

These results indicate intracellular submembranous localization of the TRAIL-receptor

antibody complex following bortezomib treatment. 
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Figure 4. TRAIL-receptor internalization and recycling. H460 (A/B) and SW1573 (CID) cells were treated 
with or without bortezomib (50 nM) for 24 hours. Cells were pre-treated with or without cycloheximide 
(20 µg/mL), harvested and with different experimental procedures explained in material and methods 
TRAIL-Rl and TRAIL-R2 surface expression (control), surface expression after internalization 
(internalization) and surface expression after internalization and reappearance (reappearance) was 
determined using flow cytometry. 
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Internalization of TRAIL-receptors is not caspase-8 activation 

dependent 

To investigate if receptor activation-induced clustering of 1RAIL-receptors is dependent 

on caspase-8 activation, we used the H460-CrmA cell line, stably expressing the caspase-8 

inhibitor CrmA [27]. Rh1RAIL-induced apoptosis was potently inhibited in H460-CrmA 

cells with or without bortezomib (Suppl. Figure S3). H460-CrmA cells stained for 1RAIL-Rl 

or 1RAIL-R2 at 0 °C showed localization of the receptors on the membrane. Similar to 

results with H460 cells after internalization for 5 min at 37 °C, there is no change compared 

to initial 1RAIL-receptor localization in H460-CrmA cells. After 30 min at 37 °C a strong 

clustering of 1RAIL-receptors could be observed, which was much less in bortezomib

treated cells, similar to our findings in the parental H460 cells (Figure SA). 

Alternatively, H460 cells were pre-treated with caspase-8 inhibitor (using a 

concentration, which inhibited rh1RAIL-induced apoptosis strongly in the absence and 

presence of bortezomib, Suppl. Fig. S4) and analyzed for 1RAIL-Rl and 1RAIL-R2 surface 

expression. For both receptors we observed similar results (Figure 5B). Pre-treatment of 

H460 cells with a caspase-8 inhibitor had no effect on the initial 1RAIL-Rl and 1RAIL-R2 

surface expression levels. 1RAIL-Rl and 1RAIL-R2 surface expression after internalization 

and reappearance was also not affected by caspase-8 inhibition. 

Discussion 

Previous studies have shown that the proteasome inhibitor bortezomib is a potent enhancer 

of rhlRAIL-induced apoptosis in the NSCLC cell lines H460 and SW1573. Up-regulation 

of 1RAIL-receptor expression is supposed to be an important underlying mechanism 

of sensitization [28,29]. In the present study, we have shown that in addition to up

regulation of 1RAIL-receptor surface expression, bortezomib also inhibits endocytosis and 

intracellular clustering of agonistic antibody-1RAIL-receptor complexes in NSCLC cells. 

Our results indicate that in bortezomib-treated NSCLC cells, antibody-1RAIL-receptor 

complexes are longer intracellularly retained and submembranously located, closely to the 

plasma membrane. 

Several studies on 1RAIL-receptor endocytosis found evidence that inhibition of the 

endocytic machinery sensitized cells to rh1RAIL-induced apoptosis. In a study of Kohlhaas 

et al. hyperosmolarity, used to inhibit endocytosis, enhanced rhTRAIL-induced caspase-8/3 

processing and apoptosis in BJAB cells, which could be inhibited by the pan-caspase-
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Figure 5. Dependency of TRAIL-receptor internalization on caspase-8 activation. (A) Cell line H460-Crma 
was treated with or without bortezomib (50 nM) for 24 hours. TRAIL-Rl and TRAIL-R2 were stained 
using Alexa-555 (red). After the staining procedure performed on ice cells were shifted to 37 °C for 
the indicated ti.mes, fixed and localization of TRAIL-Rl and TRAIL-R2 was analyzed by fluorescent 
microscopy. Cells were counterstained with Hoechst (blue). (B) H460 cells were untreated or pre
treated with caspase-8 inhibitor (20 µM) for one hour, harvested and with different experimental 
procedures explained in material and methods TRAIL-Rl and TRAIL-R2 surface expression (control), 
surface expression after internalization (internalization) and surface expression after internalization 
and reappearance (reappearance) was determined using flow cytometry. 
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inhibitor zVAD [11]. Inhibition of clathrin-dependent endocytosis with chloropromazine 

enhanced rhTRAIL-induced apoptosis in breast cancer cells (30), while inhibition of 

calveolin-dependent endocytosis with fillipin ID enhanced rhTRAIL-induced apoptosis 

in hepatocarcinoma cells [12]. In addition, rhTRAIL-induced activation of caspases has 

been shown to disrupt clathrin-mediated endocytosis by cleavage of endocytic proteins 

AP2 and clathrin heavy chain in various cancer cells. This indicates a positive feedback 

loop of caspase activation, since the disruption of clathrin-dependent endocytosis further 

amplifies caspase activation [9]. 

In the current study we have therefore also investigated the effect of bortezomib on 

TRAIL-receptor endocytosis in relation to the observed sensitization to TRAIL-receptor 

mediated apoptosis by bortezomib. Our results demonstrate that agonistic antibodies

induced TRAIL-receptor internalization became visible in time as large clusters of 

TRAIL-Rl and TRAIL-R2 in both rhTRAIL-sensitive H460 and rhTRAIL-resistant SW1573 

cells. However, TRAIL-receptor internalization does not seem to be a determinant 

of apoptosis sensitivity, since similar internalization was observed in both rhTRAIL

sensitive and -resistant cells. Bortezomib inhibited antibody-induced intracellular TRAIL

receptor clustering, while TRAIL-Rl and TRAIL-R2 showed increased co-localization 

with membrane-bound cholera toxin. With flow cytometry we demonstrated that the 

agonistic antibody TRAIL-Rl and TRAIL-R2 complexes were not detectable on the cell 

surface of intact cells after bortezomib treatment. These observations illustrate that TRAIL

receptors appear to accumulate submembranously after bortezomib treatment, whereas 

TRAIL-receptors are normally internalized and form clusters suggesting accumulation 

in lysosomal vesicles. It has been reported that an increase in autophagosome formation 

occurred following proteasomal inhibition. Autophagosomes have been described as 

membrane bound vacuolar structures facilitating transport to the lysosome [31 ]. Bortezomib 

has also been shown to inhibit autolysosome-mediated protein turnover by blocking 

cathepsin-L activity in breast cancer cells [32]. Therefore, we propose a model in which 

bortezomib treatment inhibits antibody-induced intracellular TRAIL-receptor intracellular 

clustering and causes localization of the receptors to autophagosomes that are located in 

close proximity of the membrane, instead of being transported to the lysosome (Figure 6). 

Whether submembranous localization is involved in the bortezomib-induced sensitization 

is not clear yet. Others have found that bortezomib treatment enhanced DISC formation 

[28,29] and induced TRAIL-R2 ubiquitination [33]. Recently, it has been described that in 

H460 cells TRAIL-induced DISC formation stimulates cullin3-dependent ubiquitination 

of caspase-8 and its aggregation. The ubiquitin-binding protein p62 can further stimulate 
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aggregation but also in a DISC independent manner [34]. It is therefore interesting to see 

whether these submembranous receptors are co-localizing with cullin3 or p62, which was 

found to be up-regulated after proteasome inhibition [32]. A thorough study to understand 

the actual localization of the submembranous antibody-TRAIL-receptor complex using, 

for instance, electron microscopy is needed. This can also exclude the possibility that the 

complex is still on the outer plasma membrane but not assessable to secondary antibodies 

we used for flow cytometry. 

Ligand-mediated endocytosis does not always result in transport to lysosomes. 

During endocytosis, endosomes are modified in protein composition and pH, and the 

contents are sorted for transport to their cellular destination. This can result in delivery 

to the lysosomes, or recycling to the plasma membrane [13]. Short term cycloheximide 

treatment resulted in a stronger reduction of TRAIL-Rl surface expression compared to 

TRAIL-R2 surface expression in H460, suggesting a high turnover of TRAIL-Rl at the cell 

surface that depends on de novo TRAIL-Rl protein synthesis. We observed TRAIL-receptor 

reappearance on the membrane, also in the presence of the protein synthesis inhibitor 

cycloheximide, demonstrating that TRAIL-receptors are recycled. In the bortezomib 

treated cells, cycloheximide had less effect on TRAIL-Rl surface expression indicating that 

H460 cells became even more depending on TRAIL-Rt recycling in order to maintain high 

TRAIL-Rl surface expression. In case of TRAIL-R2 surface expression, recycling seems to 

be a major factor for both cell lines also in the presence of bortezomib. 

The observed expression pattern did not change by bortezomib treatment, except for 

the overall higher surface levels of TRAIL-R2. Previously, we found that bortezomib causes 

enhanced TRAIL-R2 transcription and elevated TRAIL-R2 surface expression. In addition, 

bortezomib-induced ubiquitination of TRAIL-R2 was found to be associated with enhanced 

TRAIL-R2 expression [33]. Therefore, we hypothesize that besides more de novo synthesis 

via enhanced transcription, bortezomib may change the recycling rate of the receptors 

due to a reduced degradation and enhanced submembranous localization of internalized 

TRAIL-R2, thus causing enhanced TRAIL-R2 surface expression in time (Figure 6). 

In summary, we have demonstrated that bortezomib affects TRAIL-receptor 

endocytosis by inhibition of the TRAIL-receptor endocytosis-mediated cytoplasmic 

clustering and intracellular submembranous accumulation of the TRAIL-receptors in 

NSCLC cells. Further investigations are needed to reveal more precisely the mechanism of 

the bortezomib-induced effect on TRAIL-receptor endocytosis. Additional studies should 

be performed to identify the different compartments and vacuolar structures to which 

TRAIL-receptors localize. 
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Figure 6. Hypothetical model of TRAIL-receptor internalization in presence and absence of bortezomib. (A) 
Schematic presentation of TRAIL-receptor internalization starting with binding of the ligand and 
invagination of the membrane forming a intracellular vesicle that is transported to the endosome (1). 
From the endosome the TRAIL-receptor can either be recycled back to the cell surface (2) or transported 
to the lysosome for degradation (3). To maintain TRAIL-receptor surface levels newly synthesized 
receptors are formed and transported to the membrane (4). (B) In the presence of bortezomib TRAIL
receptor internalization (1) still occurs. However bortezomib inhibits proteasomal and lysosomal 
degradation and transport of TRAIL-receptors to endosomes and further downstream to lysosomes 
(3) is blocked. TRAIL-receptors accumulate submembraneously from which recycling back to the cell 
surface still occurs (2). Enhanced formation of newly synthesized receptors in presence of bortezomib 
may contribute to the increased TRAIL-receptor surface levels (4). 
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Supplemental materials and methods 

Competition rhTRAIL and TRAIL-R2 antibody 

H460 cells were harvested and incubated with different concentrations of rhTRAIL (0-1.0 

µg/mL) on ice for 30 min. Excess rhTRAIL was washed away and cells were incubated with 

the TRAIL-R2 primary antibody (eBioscience, 1:50 diluted) for 45 min on ice and washed 

with ice-cold PBS and incubated with secondary PE-conjugated antibody (Southern 

Biotech) for 45 min. Cells were washed again with ice-cold PBS where after flow cytometry 

was used to determine TRAIL-R2 surface expression. 

Supplemental figures 
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Figure S1. Localization of TRAIL-receptors after 

internalization with rhTRAIL. In H460 cells 
TRAIL-R2 were stained using Alexa-488 (green). 
After the staining procedure performed on 
ice cells were shifted to 37 °C with or without 
addition of rhTRAIL (50 ng/mL) for 30 min, 
fixed and localization of TRAIL-R2 was 
analyzed by fluorescent microscopy. Cells were 
counterstained with Hoechst (blue). 

Figure S2. Competition of rhTRAIL and TRAIL-R2 

antibody. H460 and SW1573 cells were incubated 
with different concentrations of rhTRAIL (0-
1.0 µg/mL) on ice for 30 min, where after flow 
cytometry was used to determine TRAIL-R2 
surface expression with the TRAIL-R2 specific 
antibody. One representative of at least 2 different 
experiments is shown. 

- 130 -



S3 

100 D H460 
90 • H460-CrmA 
80 

* 70 
';;' 60 
·;; 50 0 
p.. 40 
8. 30 
(IS 20 

10 
o .L..AI---L----�_.__----L-

S4 
100 
90 
80 

� 70 
:; 60 
� 50 
P.. 40 
0 
� 30 

20 
10 

• untreated 
D caspase -8 inhibitor 

o .L....a-=L-

Effect of bortezomib on TRAIL-receptor endocytosis 

Figure S3. Inhibition of apoptosis induction in H460-
CrmA. Cell lines H460 and H460-CrmA were 
treated with bortezomib (50 nM), rhTRAIL (50 
ng/mL) or the combination for 24 hours. Acridine 
orange was added and cells were evaluated for 
apoptosis. 

Figure S4. Inhibition of apoptosis induction by 
caspase-8 inhibitor. Cell line H460 was pre-treated 
with or without caspase-8 inhibitor for 1 hour 
and then treated with bortezomib (50 nM), 
rhTRAIL (50 ng/mL) or the combination for 24 
hours. Acridine orange was added and cells were 
evaluated for apoptosis. 
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Abstract 

Recombinant human TNF-related apoptosis-inducing ligand (rhTRAIL) activates 

apoptosis in tumor cells via the TRAIL-receptors TRAIL-Rl and TRAIL-R2. RhTRAIL 

provides a potential novel adjunct in the combination treatment of non-small cell lung 

cancer (NSCLC). Here, we compare potency of recently developed TRAIL death receptor 

selective variants with rhTRAIL as single agents and the apoptosis-sensitizing effect of the 

proteasome inhibitor bortezomib in a human NSCLC model. Apoptosis and cell survival 

effects of rhTRAIL, a TRAIL-Rl selective variant (4C7), and a TRAIL-R2 selective variant 

(D269H/El95R) plus bortezomib were determined in H460 cells. Differences in caspase

activation-kinetics of the ligands were monitored with fluorescent-resonance-energy

transfer (FRET). Antitumor activities of the ligands and bortezomib were determined in a 

subcutaneously growing H460 xenograft model. In vitro 4C7 strongly induced apoptosis 

and largely reduced cell survival and was more active than rhTRAIL, while the smallest 

effects were observed with D269H/El95R. Bortezomib enhanced effects of all three ligands. 

Earlier onset of caspase activation was detected with 4C7 compared to rhTRAIL. Pre

treatment with bortezomib enhanced caspase-activation-kinetics for all three ligands. In 

H460 xenografts, the strongest antitumor activity was observed with 4C7 (a 50% reduction 

in tumor volume), compared to rhTRAIL (a 27% reduction) and to D269H/El95R (a 

20% reduction). In combination with bortezomib, the ligands induced a tumor volume 

reduction of 71 %, 36%, and 20%, respectively. The TRAIL-Rl selective TRAIL variant 4C7 

showed the strongest antitumor effect, both in vitro and in vivo, on H460 NSCLC cells. 

Applying TRAIL-Rl selective TRAIL variants on tumors preferentially signaling apoptosis 

via TRAIL-Rl warrants further investigation. 
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Introduction 

The most common cause of cancer-related death in both US and Europe is lung cancer 

[1,2]. Non small cell lung cancer (NSCLC) represents around 80% of all lung cancers [3] 

and at diagnosis half of all cases have locally advanced or widespread metastatic disease 

(stage IlIB and IV). Patients in most stages of the disease receive chemotherapy, however 

the long-term survival rates for these patients are still low [4]. Given this poor survival new 

approaches are greatly needed. 

TNF-related apoptosis inducing ligand (TRAIL) initiates the extrinsic apoptosis 

pathway upon binding to two agonistic transmembrane death receptors, TRAIL-receptor 1 

(TRAIL-R1/DR4) and TRAIL-receptor 2 (TRAIL-R2/DR5). In addition, TRAIL binds to two 

membrane-bound decoy receptors, decoy receptor 1 (DcR1/fRAIL-R3) and decoy receptor 

2 (DcR2/fRAIL-R4), and the soluble receptor osteoprotegerin (OPG). The recombinant 

human form of TRAIL (rhTRAIL) has a selective toxicity against tumor cells, while sparing 

normal cells, making it an interesting anti-tumor agent [5]. A clinical phase I study showed 

that rhTRAIL can be administered safely and is well tolerated [6]. However, combinations 

of rhTRAIL and other therapies like chemotherapeutics in randomized phase 2 studies in 

NSCLC have shown no benefit [7,8] . Often cancer cell lines representing various tumor types 

have a preference for either TRAIL-Rl- or TRAIL-R2-mediated apoptosis [9-12]. Therefore, 

targeting a single receptor, avoiding competition with other TRAIL-receptors including 

DcRl or DcR2, might increase the efficacy of TRAIL. Using computational protein design 

and rational combination of single variants, several TRAIL-Rl and TRAIL-R2 selective 

variants have been designed and characterized [12,13]. In addition to their selectivity, these 

TRAIL variants possess higher binding affinity towards the designated death receptor, 

which can enhance efficacy and improve the therapeutic window. Specific enhancement of 

TRAIL-Rl or TRAIL-R2 expression by chemotherapeutic drugs could also tailor the choice 

for selective TRAIL variants [14]. 

In NSCLC cells, rhTRAIL induced apoptosis can be enhanced by various therapeutic 

drugs like proteasome inhibitors of which bortezomib has been extensively studied [15]. 

Bortezomib is a potent, reversible and selective proteasome inhibitor [16] used for the 

treatment of patients with multiple myeloma [17] .  In vitro experiments have demonstrated 

that bortezomib elevates TRAIL-Rl and TRAIL-R2 tumor cell surface levels, and sensitizes 

tumor cells to rh1RAIL-induced apoptosis [18-21] .  Previously, we have reported similar 

findings in H460 NSCLC cells [21]. In the present study, we investigated the effect of 

rhTRAIL, the TRAIL-Rl-selective variant 4C7 containing 6 mutations, G131R, R149I, 
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S159R, N199R, K201H, and S215D and the TRAIL-R2-selective variant D269H/El95R 

containing two amino acid mutations, D269H and E195R, in human H460 NSCLC cells 

[12,13]. We tested these agents alone and in combination with bortezomib in apoptosis 

and cell survival assays and measured caspase-activation-kinetics in living cells. Next, 

we monitored in vivo efficacy of rhTRAIL and the TRAIL variants in the subcutaneously 

xenografted H460 cells in nude mice. 

Materials & Methods 

Reagents 

RhTRAIL, 4C7 and D269H/El95R were produced as described earlier [22]. Bortezomib 

(Velcade™, Janssen-Cilag BV, Tilburg, the Netherlands) was provided as a pure substance 

and dissolved in 0.9% NaCl solution. 

Cell lines 

The H460 NSCLC cell line was obtained from the American Type Culture Collection 

(Manassas, VA) and the H460-luc was generated as described in supplemental material and 

methods. H460 and H460-luc cells were cultured in RPl\.11 1640 medium (Gibco, Paisley, 

Scotland). Culture media were supplemented with 10% fetal calf serum (FCS) (Sanbio, 

Uden, the Netherlands). Cells were grown at 37 °C in a  humidified atmosphere containing 

5% CO2 and harvested by trypsinization. Standard procedure for the cell lines is as follows: 

Cell lines are quarantined until screening for microbial contamination and mycoplasma 

are performed and proven to be negative. Meanwhile a reproducible supply of cells is 

established by cryopreservation. With continuous culture cells are routinely cultured 

according to a standard operating procedure, cell culturing procedures are monitored in 

a bound logbook, experiments are performed within a certain amount of passages, a key 

feature of the cell line is routinely checked. 

Apoptosis assay 

For apoptosis measurements cells were plated in 96-well culture plates, grown overnight 

and the next day exposed to various concentrations rhTRAIL or variants (4C7 and D269H/ 

E195R), with or without bortezomib (25 nM) as indicated. Acridine orange was added 

to each well 24 hours after start of incubation to distinguish apoptotic cells from viable 

cells. Staining intensity was determined by fluorescence microscopy and apoptosis was 
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defined as the appearance of apoptotic bodies and/or chromatin condensation. Results are 

expressed as the percentage of apoptotic cells in a culture by counting at least 300 cells per 

well. 

MTT assay 

The microculture tetrazolium assay, performed as described earlier [23], was used to 

measure cytotoxicity. Cells were cultured in DMEM supplemented with 20% FCS. 

Treatment consisted of pre-incubation of 0 to 10 nM bortezomib for 16 hours followed by 

continuous co-incubation with indicated concentrations of rh1RAIL, 4C7 or D269H/El95R. 

RNA interference 

Sequences for small interfering RNA (siRNA) molecules were for 1RAIL-Rl: S' -CAC CAA 

UGC UUC CAA CAA UdTdT-3' (sense) and 5' -AUU GUU GGAAGC AUU GGU GdTdT-3' 

(anti-sense), and for TRAIL-R2: 5' -GAC CCU UGU GCU CGU UGU CdTdT-3' (sense) and 

5' -GAC AAC GAG CAC AAG GGU CdTdT-3' (anti-sense). The siRNA control, without any 

known homology with the human genome, was purchased from Eurogentech (Seraing, 

Belgium). H460 cells were transfected in 6 well plates with 10 µL of 20 µM siRNA duplexes 

using oligofectamine reagent according to the manufacturer's instructions (Invitrogen BV, 

Breda, the Netherlands). After 24 hours, cells were re-plated for apoptosis assay (96-well 

culture plate) or flow cytometry. 

Flow cytometry 

Analysis of 1RAIL-Rl and TRAIL-R2 surface expression was performed with a flow 

cytometer (Epics Elite, Coulter Electronics, Hialeah, FL) and cells were stained as 

described previously [23]. Antibodies used are hu1RAILR1-M271 for 1RAIL-Rl, and 

hu1RAILR2-M413 for TRAIL-R2, obtained from lmmunex Corporation (Seattle, WA), and 

secondary antibody goat anti-mouse PE (Southern Biotech, Birmingham, AL). Surface 

receptor expression was expressed as mean fluorescent intensity (MFI) of a minimum of 

10,000 cells analyzed per sample. To assess the effect of bortezomib on 1RAIL-receptor 

expression, cells were pre-incubated with 25 nM bortezomib for 24 hours. 

Live cell microscopy: Caspase activation in living cells using FRET 

H460 cells were cultured on 35-mm glass bottom dishes (MatTek, Ashland, MA) in 1 .5 

mL medium overnight allowing cells to attach. Transfection of H460 cells with vectors 

expressing the initiator caspase reporter protein (IC-RP) or the effector caspase reporter 
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protein (EC-RP) allowed the real-time monitoring of caspase-8 or caspase-3-like activity, 

respectively [24]. The constructs encode a fluorescent-resonance-energy-transfer (FRET) 

donor-acceptor protein pair (ECFP and Venus) connected with a flexible linker that contains 

either the initiator caspase IETD cleavage sequence or the effector caspase DEVD cleavage 

sequence [24]. The vectors were introduced into the cells by transfection with Fugene 6 

(Roche, Almere, The Netherlands) according to the manufacturer's instructions. H460 cells 

with or without 16 hours bortezomib (25 nM) pre-treatment were incubated on stage with 

50 ng/mL of rhTRAIL or TRAIL variants (t = 0 min). Time lapse images were collected 

using a Zeiss TissueFAXS microscope equipped with an environmental chamber at 37 °C 

and 5% CO2 and 40x or 63x objective amplification, and filter wheels in the excitation and 

emission light path containing appropriate filter sets for cyan fluorescent protein (CFP), 

yellow fluorescent protein (YFP) and FRET. Images were collected every 3 min. Ratio 

images were obtained using Image J software using different available custom plug-ins to 

calculate the ratio from the obtained CFP and YFP images, corrected for background and 

then normalized for each single time course experiment. 

Animals and measurement of antitumor activity in vivo 

Female nude mice (Hsd:Athymic Nude-nu) were obtained from Harlan Nederland (Horst, 

The Netherlands) at 4-6 weeks of age (20-25 g). Inoculation was performed after a period 

of 7 days of acclimatization. All animal studies were conducted in accordance with the 

law on animal experimentation and local guidelines, and were approved by the local 

ethical committee. H460-Luc cells (2 x 106) were subcutaneously (sc) injected in the right 

flank of 45 nude mice ( day 0). Bioluminescent imaging (BU) was performed as described 

in supplemental material and methods on day 1 and 4 after tumor cell inoculation to 

determine successful inoculation, establishing and growth of tumors in mice. If BU signal 

was higher on day 4 compared to day 1, treatment started on day 5. Animals not matching 

these criteria were excluded from the experiment. In total 40 mice were randomized to 

different treatment groups. Treatment consisted of intraperitoneal (ip) injections with 

vehicle (20 mM NaPi, 150 mM NaCl, 10% (v/v) glycerol, 3.5 mM DTT, 20 µM ZnSO4 , pH 

7.4), bortezomib (1 mg/kg, days 5, 8 and 12), rhTRAIL, 4C7 and D269H/El95R (10 mg/ 

kg, days 5-14), or the combination of bortezomib with rhTRAIL, 4C7 or D269H/E195R. 

Bortezomib in the combination therapy was administered 4 hours prior to rhTRAIL, 4C7 

or D269H/E195R injections. Mice were monitored daily for general condition and weight. 

Tumor size was measured daily using a caliper and the tumor volume was calculated by 
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the formula (LxW2)/2. At the end of the treatment schedule al mice were sacrificed and 

tumors were excised for measuring tumor weight and histological assessment. 

Immunohistochemistry 

Tumors were fixed in 10% buffered formalin, embedded in paraffin and cut in 4 µm 

sections, which were mounted an APES coated glass slides and deparaffinized by a 

standard procedure. The tumor tissue was stained for Ki67, p53 (both from DAKO, 

Glostrup, Denmark) and cleaved caspase-3 (Cell Signaling Technology, Danvers, MA) 

following the manufacturers' instructions. Negative controls were obtained by leaving out 

the primary antibody or incubation with non-specific IgG. Slides were counterstained with 

hematoxylin. 

Staining for Ki67 was scored by counting the percentage of Ki67-positive cells in at least 

10 high-power fields using a calibrated grid. For p53, staining intensity was estimated in 

four classes: negative (0), moderate (1), positive (2) and strong positive (3), of which only 

class 2 and 3 were considered positive. Staining for p53 was scored by counting the number 

of p53 positive cells per high-power field in at least 10 high-power fields. 

Statistical analysis 

In vitro data are represented as the mean± SD. Results from the in vivo study are represented 

as means ± SEM. Statistical analyses of tumor volume and tumor weight were done using 

unpaired 1-tailed Student's t test. Immunohistochemical staining scores were statistically 

analyzed using unpaired 2-tailed Student's t test. P values less than 0.05 were considered 

significant and are indicated with an asterisk. 

Results 

In vitro activity of bortezomib, rhTRAIL, 4C7 and D269H/E195R in 

H460 

The in vitro effect of bortezomib, rhTRAIL, 4C7 (TRAIL-Rl selective TRAIL) and D269H/ 

E195R (TRAIL-R2 selective TRAIL) on H460 cells was determined in a 96 hours cell 

survival assay (Figure lA). Our results showed that only bortezomib concentrations above 

5 nM substantially reduced cell survival of H460 cells (Figure lA). To assess efficacy in 

combination with various concentrations of bortezomib, we initially used different 

concentrations of rhTRAIL and the TRAIL variants, and selected the concentration that 

- 139 -



Chapter 7 

reduced cell survival with -20%. A clearly enhanced cytotoxic effect of rhlRAIL (10 ng/mL) 

was observed in combination with bortezomib at concentrations � 2.5 nM (Figure lA, left). 

4C7 was used at a lower concentration (1 ng/mL), since this variant had more effect on H460 

cells. Similar to rhlRAIL, 4C7 efficacy was enhanced when combined with bortezomib 

concentrations �.5 nM (Figure lA, middle). Higher concentrations of bortezomib (> 2.5 

nM) were required to enhance D269H/El95R (25 ng/mL) induced cell death (Figure lA, 

right). 
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Figure 1. In vitro activihJ of bortezomib, rhTRAIL, 4C7 and D269HIE195R in H460 cells. (A) Survival 
of H460 cells assessed with a cytotoxicity assay after 96 hours exposure to different concentrations 
rhTRAIL, 4C7 or D269H/El95R with or without 16 hours pre-treatment with 0-10 nM bortezomib. (B) 
The cell line H460 was treated with different concentrations rhTRAIL, 4C7 and D269H/El95R with 
or without bortezomib (bortezomib, 25 nM) for 24 hours. Acridine orange was added and cells were 
evaluated for apoptosis. Values are mean ± SD of at least three independent experiments. 
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Next, apoptosis induction in H460 cells by the three ligands after a 24 hours treatment 

was studied. To demonstrate more clearly the sensitizing effects on TRAIL-induced 

apoptosis we used 25 nM bortezomib, which induced no apoptosis as single agent. A 

differential concentration-dependent induction of apoptosis by the three ligands was 

observed (Figure lB). Bortezomib enhanced rhTRAIL-induced apoptosis (Figure lB, left). 

The 4C7 TRAIL variant induced more apoptosis compared with similar concentrations of 

rhTRAIL. This difference in apoptosis inducing ability was still present in combination 

with bortezomib (Figure 1B, middle). In contrast, much less sensitivity was observed to 

the TRAIL-R2 selective TRAIL variant with -16% apoptosis at the highest concentration 

of D269H/El95R. Interestingly, the addition of bortezomib strongly potentiated apoptosis 

induction by D269H/El95R. However, apoptosis levels were still lower compared to those 

induced by 4C7 and rhTRAIL (Figure lB, right). 

These results show that 4C7 is the most effective ligand, alone as well as in combination 

with bortezomib, for apoptosis induction in H460 cells. 

TRAIL-receptor selective apoptosis activation by 4C7 and D269H/ 

E195R 

TRAIL-Rl and TRAIL-R2 cell surface expression was detectable in H460 cells (Figure 2A). 

Bortezomib (25 nM) slightly enhanced surface expression of both receptors. The selectivity 

of TRAIL variants was demonstrated by silencing TRAIL-Rl and TRAIL-R2 expression 

using small interfering RNAs. Efficient down-regulation of TRAIL-Rl and TRAIL-R2 

surface expression was obtained, also in bortezomib treated cells, as shown with flow 

cytometry (Figure 2A). TRAIL-Rl silencing resulted in an almost complete inhibition 

of rhTRAIL and 4C7 induced apoptosis, illustrating the TRAIL-Rl dependency of H460 

for apoptosis signaling (Figure 2B/C). Apoptosis induction of 4C7 in combination with 

bortezomib was also severely reduced, demonstrating the TRAIL-Rl selectivity of 4C7. 

In TRAIL-Rl silenced cells, rhTRAIL or D269H/El95R when combined with bortezomib 

could still trigger apoptosis, indicating bortezomib-dependent sensitization of TRAIL-R2 

apoptotic signaling. In TRAIL-R2 silenced cells, bortezomib in combination with D269H/ 

E195R no longer induced apoptosis, underscoring the selectivity of D269H/E195R for 

TRAIL-R2 (Figure 2D). In contrast, TRAIL-R2 silencing hardly affected 4C7 or rhTRAIL

induced apoptosis, not even when combined with bortezomib. Thus, 4C7 and D269H/ 

E195R showed TRAIL-receptor selectivity, while rhTRAIL can signal via both TRAIL-Rl 

and TRAIL-R2. 
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Figure 2. TRAIL-receptor selectivihJ of 4C7 and D269HIE195R. H460 cells were transfected with TRAIL-Rl, 
TRAIL-R2 or control siRNA. After 48 hours cells were left untreated or treated with bortezomib (25 
nM) for 24 hours before harvesting. Surface expression of TRAIL-Rl and TRAIL-R2 was measured by 
flow cytometry. Receptor expression is measured as mean fluorescence intensity (MFI). (B) Apoptosis 
assays were performed on the transfected cells. Cells were treated 24 hours starting 48 hours after 
transfection with 0, 25 or 50 nM bortezornib and treated with rhTRAIL (25 ng/mL), 4C7 (10 ng/mL) or 
D269H/El95R (25 ng/rnl). Data is apoptosis level relative to cells treated with bortezomib alone. Values 
are mean ± SD of at least three independent experiments. 

Real-time FRET analysis of caspase activation 

We investigated the kinetics of caspase activation by rhTRAIL and TRAIL-receptor selective 

variants alone or in combination with bortezomib using FRET-based measurements. FRET 

analysis of caspase activation is a sensitive method that allows the detection of caspase 
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activation in living cells [25]. Activation of initiator caspase-8 was monitored with the IC

RP probe (IETDase activity). After an initial lag time, the onset of IC-RP probe cleavage 

was detectable after -1 hour following rhTRAIL administration to H460 cells (Figure 

3A & B, upper panel). When cells were pre-incubated with bortezomib, the onset of IC

RP probe cleavage occurred within 25-30 min after rhTRAIL addition (Figure 3B, upper 

panel). Curve analysis revealed that the initiation of IC-RP probe cleavage occurred 2.2-

2.6 fold faster with the combination of bortezomib and rhTRAIL compared to rhTRAIL 

alone. In addition, the rate of rhTRAIL-induced probe cleavage was substantially increased 

by bortezomib. Consequently, analysis of effector caspase activation, including caspase-3, 

using the EC-RP probe (DEVDase activity) showed the onset of effector caspase activity 

much earlier when combined with bortezomib (Figure 3C, upper panel). 

FRET analysis of the TRAIL-Rt selective variant (4C7) showed a 2.5-3.1 fold faster 

onset of IC-RP probe cleavage compared to cells treated with rhTRAIL with probe 

cleavage already detectable within 21-26 min (Figure 3B, middle panel). Importantly, 4C7 

also induced a higher rate of probe cleavage than rhTRAIL, illustrating more robust and 

efficient caspase activation compared to parental ligand. Bortezomib shortened the time to 

onset of 4C7-induced IC-RP cleavage to 15 min, resulting in a corresponding 4-fold faster 

onset of caspase activation compared to treatment with rhTRAIL alone (Figure 3B, upper 

and middle panel). The faster onset of initiator caspases also coincides with a faster onset of 

downstream caspases observed with the EC-RP cleavage assays (Figure 3C, middle panel). 

In accordance with the acridine orange apoptosis assays (Figure 1), in which the TRAIL-R2 

selective variant showed a low apoptotic inducing efficacy, the initiator (IC-RP) and 

effector (EC-RP) caspase activities were very low (Fig. 3B & C, lower panel). Interestingly, 

bortezomib pre-treated cells responded effectively to the D269H/El95R treatment with the 

onset of IC-RP probe cleavage within 35-40 min. This also resulted in the onset of effector 

caspase activation (EC-RP cleavage) after -1 hour (Figure 3C, lower panel), which is in line 

with the observed increase in apoptosis in these cells. 

Taken together, analysis of caspase activation in living cells using FRET assays indicate 

that 4C7 is the most efficient activator of initiator caspases, rhTRAIL to a lesser extent and 

D269H/El95R almost not. Our results show that bortezomib is a potent enhancer of initiator 

and effector caspase activation by rhTRAIL and TRAIL variants. It does so by significantly 

accelerating the onset of initiator and effector caspase activity and by increasing the rate of 

initiator caspase activity. 
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Figure 3. TRAIL-induced IETDase (IC-RP probe) and DEVDase (EC-RP probe) profiles of rhTRAIL, 4C7 and 
D269HIE195R alone and in combination with bortezomib. H460 cells with and without 16 hours bortezomib 
(25 nM) pre-treatment were treated with 50 ng/mL of rhTRAIL or variants of TRAIL. (A) Time-lapse 
images of the CFP/YFP emission ratio in an H460 single cell expressing the IC-RP FRET probe, after 
treatment with rhTRAIL (50 ng/mL). (B) IETDase activity profile displayed FRET cleavage and the 
consequent increase in CFP/YFP emission ratio is plotted. (C) DEVDase activity profile displaying 
FRET cleavage and the consequent increase in CFP/YFP emission ratio is plotted. The curves represent 
the analysis of five different H460 cells following TRAIL (variant) treatment. Error bars indicate 
standard deviations for three different single curve profiles using a similar amount of cells. 

In vivo antitumor effect of rhTRAIL, 4C7, D269H/E195R and 

bortezomib on H460 xenografts 

The response of H460-luc xenografts to rhTRAIL, 4C7, D269H/E195R or bortezomib was 

assessed and compared to bortezomib combined treatments. In the vehicle treated group 

we observed rapid growth of the xenografts and mice needed to be sacrificed at day 14 

after tumor cell inoculation. Bortezomib treatment alone (1 mg/kg) did not affect tumor 

growth. RhTRAIL treatment (10 mg/kg) resulted in a slight reduction in tumor volume 

compared to the vehicle treated group (only significant on day 9 and 10). When rhTRAIL 

was combined with bortezomib, a lower growth rate was observed starting from day 8 

onwards versus the vehicle treated group (785 ± 124 versus 1231 ± 190 mm3 at day 14; 

P = 0.042) (Figure 4A). Tumor growth in 4C7 treated mice was reduced (619 ± 149 mm3 at 

day 14; P = 0.018) compared to vehicle treated mice also starting from day 8. The combined 

treatment of 4C7 and bortezomib showed the strongest anti-tumor activity (at day 14 360 

± 95 mm3; P = 0.002), with significant differences already detectable versus the vehicle 

treated group at day 7 (Figure 4A). D269H/El95R induced only minimal effects on tumor 

growth compared to the vehicle treated group. However, D269H/El95R combined with 

bortezomib led to a significant reduction in tumor growth on days 8, 9 and 10 (Figure 4A). 

On day 14 after inoculation, mice were sacrificed and tumors were excised. 

Representative mice and excised tumors of each group are shown in Fig. 4B. After 

resection, the tumors were weighted (Figure 4C). Tumor weight largely correlated with 

tumor volume as measured with a caliper. The two groups treated with either 4C7 or 4C7 

plus bortezomib had lower tumor weights (0.40 ± 0.09 g, P = 0.0418 and 0.36 ± 0.09 g, 

P = 0.0315 respectively) compared to the vehicle treated group (0.80 ± 0.18 g). The rhTRAIL 

and rhTRAIL plus bortezomib treatment groups showed intermediate effects with tumor 

weights of 0.62 ± 0.21 g and 0.66 ± 0.13 g, respectively. D269H/E195R treated animals had 

tumors of comparable weight to control tumors with 0.88 ± 0.15 g, whereas the weights 
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of tumors in animals treated with D269H/E195R plus bortezomib showed a trend toward 

tumor weight reduction with 0.68 ± 0.09 g. 
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Figure 4. In vivo efficacy of rhTRAIL, 4C7, D269H/El95R and bortezomib on sc H460 xenografts. Nude mice 
were inoculated subcutaneously with 2x106 H460-Luc cells. (A) After 5 days, treatment was initiated 
(arrow); rhTRAIL, 4C7 and D269H/El95R (10 mg/kg) or vehicle were given at days 5-14; bortezomib 
(1 mg/kg) at days 5, 8 and 12; a combination of rhTRAIL, 4C7 or D269H/El95R (10 mg/kg) with 
bortezomib (1 mg/kg) at days as indicated for single treatment. Daily tumor volume measurements 
were performed and calculated using the formula LxW2/2. Tumor volumes were shown as mean ± 
SEM of each treatment group (* P < 0.05). (B) Images after mice were sacrificed (day 14) of one mice 
representative for 5 mice per treatment group before resection of the tumor and image of resected 
tumor. (C) Tumor weight after resection showed as mean ± SEM (* P < 0.05). 

Immunohistochemical staining of excised xenografts 

To determine whether drug effects resulted in reduced proliferation rates, we performed 

an imrnunohistochernical staining for the proliferation marker Ki67 on formalin-fixed 

paraffin-embedded xenograft tumors. The percentage of Ki67 positive cells was scored in 
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all tumors (Table 1 ). In the vehicle and the bortezomib treated xenografts, we counted 39 .9% 

and 31.2% Ki67-positive cells, respectively. Although a large heterogeneity in Ki67 staining 

was observed within tumors, we found a close correlation between the effect of treatment 

on tumor volume and the percentage of Ki67-positive cells. 4C7 or 4C7 in combination 

with bortezomib resulted in pronounced reduced proliferation with 7.4% and 8.0% Ki67-

positive cells, respectively. A slightly smaller effect on proliferation was found for rhTRAIL 

and rhTRAIL plus bortezomib. The smallest but still significant effect on Ki67 staining was 

observed in D269H/El95R and D269H/E195R plus bortezomib treated tumors (Table 1). A 

trend to a lower percentage of Ki67 positive cells was observed with D269H/El95R plus 

bortezomib versus D269H/E195R alone (P = 0.0884). Excised xenografts were also stained 

for the presence of cleaved caspase-3 as a marker for apoptosis induction by rhTRAIL and 

the TRAIL variants. However, cleaved caspase-3 positive cells were infrequently scattered 

throughout the tumor, which did not allow quantification. Cleaved caspase-3 can only be 

detected during a short time period of apoptosis induction and is, therefore, difficult to 

assess. In hematoxylin and eosin stainings of the xenografts large necrotic and apoptotic 

areas were observed, correlating with a larger tumor volume and a higher percentage of 

Ki67 expressing cells. Larger xenografts like those in the vehicle and bortezomib treated 

groups tended to show more necrotic cells, whereas smaller xenografts like those in the 

4C7 treated groups tended to have more apoptotic cells. 

Table 1. Expression of Ki67 and p53 in ecxiced xenografts. I Treatment group Ki67 (% ± SD) 

Vehicle 39.9 ± 10.2 

Bortezomib 31.2 ± 6.4 

rhTRAIL 12.1 ± 8.8 

rhTRAIL + bortezomib 11.1 ± 4.2 

4C7 7.4 ± 0.9 

4C7 + bortezomib 8.0 ± 3.0 

D269H/El95R 20.5 ± 4.5 

D269H/E195R + bortezomib 15.4 ± 3.9 

p53 (n ± SD) 

Vehicle 23 ± 14 

Bortezomib 52 ± 18 

p 

0.1418 

0.0017 

0.0004 

0.0004 

0.0005 

0.0045 

0.0010 

p 

0.0233 

Ki67 expression is given as percentage positive cells ± SD and p53 expression is given as number of positive cells (n) 
per high-power field ± SD. A P-value < 0.05 is considered significant. 
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We and others have shown that bortezomib treatment results in enhanced wild type p53 

expression in several cell lines, including H460. We used here p53 immunohistochemical 

staining to assess whether bortezomib treatment resulted in proteasome inhibition and 

thus elevated p53 levels. Staining of p53 was determined in vehicle and bortezomib treated 

xenografts (Figure 5). The number of positive cells per high-power field in bortezomib 

treated xenografts was significantly increased compared to vehicle treated xenografts (52 

± 18 vs. 23 ± 14, Table 1), demonstrating a functional effect of bortezomib treatment on p53 

in the xenografts in these mice. 

Figure S. Immunohistochemical staining of excised xenografts. Xenografts were paraffin embedded, sliced 
and stained for Ki67 (tumor from vehicle treated group) and p53 (tumor from bortezomib treated 
group). 
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Discussion 

This study shows that the TRAIL-Rl selective TRAIL variant 4C7 is a very potent inducer 

of caspase activation, apoptosis and reduces cell survival in H460 NSCLC cells compared 

to rhTRAIL or TRAIL-R2 selective TRAIL variant D269H/El95R. Combined treatment with 

bortezomib strongly enhanced apoptosis and reduced cell survival not only of 4C7 but also 

of rhTRAIL and D269H/El95R. 4C7 demonstrated the highest tumor growth inhibition 

in an in vivo H460 xenograft mouse model, which was further enhanced when combined 

with bortezomib. To our knowledge this is the first study showing the high potency of 

TRAIL-Rl selective TRAIL variants in a xenograft mice model. 

After several studies had reported that cell lines derived from colon, breast and ovarian 

carcinoma, chronic myeloid leukemia and gliomas signal primarily through TRAIL-R2, 

the contribution of this receptor to the apoptotic activity of rhTRAIL was thought to be 

more important than TRAIL-Rl [9,12,26]. In addition, we demonstrated the enhanced 

antitumor efficacy of the TRAIL-R2 selective TRAIL variant D269H/El95R compared 

to rhTRAIL in combination with cisplatin in a human ovarian xenograft model in mice 

[14]. More recently, TRAIL-Rl has gained renewed interest, since several cell lines from 

leukemic origin were shown to depend on TRAIL-Rl signaling for rhTRAIL-induced 

apoptosis [10,11,27]. Whereas previously generated TRAIL-Rl selective variants proved to 

be less active or largely inactive compared to rhTRAIL [9,27], the new developed TRAIL-Rl 

selective variant (4C7) we have used in the present study, is highly active, inhibiting cell 

growth and inducing apoptosis more potently than rhTRAIL. This difference in activity 

between rhTRAIL and 4C7 has been shown in several colon and breast cancer cell lines [13] 

and H460 (Figure 1). 

About half of the tumor cell lines derived from different tumor types, including NSCLC, 

are intrinsically resistant to rhTRAIL-induced apoptosis. These cell lines can be sensitized 

to rhTRAIL by chemotherapeutic drugs or targeted drugs such as proteasome inhibitors 

[21]. Treatment with these drugs often results in alteration of several pro- and anti-apoptotic 

proteins like enhanced expression of TRAIL-Rl and/or TRAIL-R2 and altered expression 

of cFLIP [15]. Here, we demonstrate that bortezomib slightly enhanced TRAIL-Rl and 

TRAIL-R2 cell surface expression in H460 cells and sensitized these cells to TRAIL-induced 

apoptosis as demonstrated previously [21]. Moreover, bortezomib accelerated the onset 

of caspase-8-like activity, i.e. cleavage of the IC-RP probe, and increases the rate of IC

RP probe cleavage after treatment with rhTRAIL or TRAIL variants using FRET analysis 

(Figure 3). The onset of caspase-3-like activity, i.e. cleavage of the EC-RP probe, started 

-149-



Chapter 7 

later, indicating the feasibility of using the IC-RP probe for detecting TRAIL receptor

induced initiator caspases at early time points. Bortezomib treatment partially overcame 

TRAIL-Rl apoptosis signaling preference in H460 in vitro. This is reflected in the earlier 

onset of caspase-8 like cleavage activity with 4C7 and rhTRAIL as well as D269H/E195R. 

The stronger induction of caspase-8 like activity suggests enhanced DISC formation or 

stabilization of activated initiator caspases. These findings are associated with enhanced 

apoptosis and reduced cell survival following treatment with the ligands in combination 

with bortezomib and with 4C7 being the most effective ligand. The in vivo results of 

H460 xenografts in mice showed similar activities as the in vitro experiments. The largest 

reduction of tumor volume and the percentage proliferating cells was observed with 

4C7 and the smallest effect with D269H/E195R. Although the in vivo sensitizing effect of 

bortezomib was less evident than seen in cell cultures, a small effect on 4C7 efficacy was 

observed. 

Our results thus demonstrate that combining rhTRAIL or TRAIL-receptor selective 

variants with bortezomib is not only of interest for treating rhTRAIL-resistant cells, but also 

to further increase antitumor activity in rhTRAIL-sensitive cells, like H460. Recently, several 

clinical studies using bortezomib in combination with chemotherapeutic drugs in NSCLC 

patients were conducted or are ongoing (clinicaltrials.gov). Thus far, studies combining 

proteasome inhibition with rhTRAIL or TRAIL-receptor targeting drugs have not been 

performed in NSCLC patients. Agonistic antibodies specific for TRAIL-Rl or TRAIL-R2 

show strong in vitro activities. These antibodies are currently in clinical trial in combination 

regimens using drugs such as bortezomib [28]. Since immunohistochemical expression of 

TRAIL-Rl and TRAIL-R2 has been found in respectively 99% and 82% of the tumors of 

advanced NSCLC patients [29], the present findings and previous studies illustrate the 

need for markers to identify which of the TRAIL-receptors is predominantly involved in 

apoptosis signaling. Moreover, combination therapies may allow only enhanced activation 

of one of the death receptors and even reduce the activity of the other receptor [30], which 

further underscores the relevance of tumor-tailored TRAIL receptor targeting therapies. 

To identify in advance which TRAIL-receptor predominantly transduces apoptosis 

signaling in a given primary tumor is currently not possible. Protein and mRNA 

expression profiles can only partially predict sensitivity toward TRAIL-receptor targeting 

agents. Post-translational modifications of TRAIL receptors can be potential markers of 

sensitivity. From the various modifications of the TRAIL-receptors, i.e. O-glycosylation, 

ubiquitination, S-nitrosylation, S-palmitoylation [31], TRAIL receptor O-glycosylation was 

found to improve TRAIL binding and facilitate receptor aggregation. Moreover, expression 
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of the O-glycosyltransferase GALNT14 was enhanced in NSCLC, pancreatic and melanoma 

cell lines, which positively correlated with rhTRAIL sensitivity [32]. Immunohistochemical 

assays have now been developed for GALNTl 4 to be used as predictive marker for rh1RAIL 

sensitivity [33]. Further analysis of the post-translational modifications and the relation to 

transducing apoptotic signaling of TRAIL-Rl versus TRAIL-R2 could provide useful tools 

in developing new methods for screening to select NSCLC patients for treatment with 

TRAIL-Rl or TRAIL-R2 selective TRAIL variant. 

In summary, our data indicate that 4C7, a new rhTRAIL variant specific for TRAIL-Rl, 

has stronger anti-tumor activity than rhTRAIL and D269H/El95R in a H460 NSCLC model. 

This effect was enhanced by combination with bortezomib. Combining death receptor 

selective TRAIL variants with the proteasome inhibitor bortezomib offers a new, more 

effective strategy for the treatment of NSCLC. 
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Supplemental Material & Methods 

Transfection procedure for establishing H460-luc 

The H460-luc cell line was generated using a previously described construct (14]. Briefly, 

H460 cells were cultured to 70% confluency and transfected with 2.5 µg plasmid DNA 

and 5 uL Fugene6 (Roche Applied Science, Almere, The Netherlands) in 250 µL OptiMem 

(Invitrogen, Breda, the Netherlands). Two days after, transfectants were selected by adding 

geneticin (1 mg/mL) (Roche Applied Science). Stable transfectants were obtained by plating 

1 cell/ well, followed by subcloning of positive clones by limiting dilution. The cell lines 

were cultured in RP:MI 1640 (Life Technologies, Breda, the Netherlands), supplemented 

with 10% FCS in a humidified atmosphere with 5% CO2 at 37 °C. After establishing the 

transfected cell line, geneticin was added once a month to the H460-Luc culture. Luciferase 

expression was regularly tested with the luciferase assay (# E1500, Promega, Leiden, the 

Netherlands) and the BioRad ChemiDoc XRS system (BioRad, Veenendaal, the Netherlands) 

Bioluminescence imaging procedure 

BLI was conducted with the MS 100 series (Xenogen Corporation Alameda, CA), composed 

of a cooled charge-coupled device camera connected to a light tight black chamber. Before 

in vivo imaging, animals were anesthetized with 5% isoflurane and ip injected with 

D-luciferin (150 mg/kg, Xenogen) reconstituted in sterile PBS. Mice were placed tumor

side up on a warmed stage (37 °C) in the imaging chamber, and grayscale reference images 

were obtained under dim illumination. Pseudocolor images representing bioluminescent 

intensity were acquired with Livinglmage Software (version 2.50, Xenogen) 5, 10, 15, 20, 

25, 30 and 35 min after D-luciferin injection in complete darkness. These images were 

superimposed on the grayscale images for analysis with Igor Pro software (version 4.09, 

WaveMetrics, Lake Oswego, OR). All BLI data are depicted in radiance units (photons/sec/ 

cm2/sr) enabling absolute comparisons between bioluminescent images and represent final 

data obtained after subtraction of the background signal. 
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Summary 

Lung cancer is the leading cause of cancer-related death worldwide. Non small cell lung 

cancer (NSCLC), representing 80% of all lung cancers, is often diagnosed at an advanced 

stage of the disease and relates to low survival rates. Chemoresistance remains a problem, 

which abrogates further improvement with conventional chemotherapeutics for patients 

with advanced stage NSCLC. This has driven the interest in other strategies such as the use 

of targeted agents. 

The natural occurring tumor necrosis factor-related apoptosis-inducing ligand 

(TRAIL) induces apoptosis following binding to two TRAIL death receptors, TRAIL-Rl 

and TRAIL-R2. Recombinant human (rh)TRAIL and monoclonal antibodies against the 

TRAIL-receptors induce cell death in a wide variety of tumor cell lines and xenografts 

without causing toxicity to normal cells and are therefore potential attractive anticancer 

agents. Whereas rhTRAIL can act via both TRAIL-receptors, receptor-selective variants 

of rhTRAIL and agonistic monoclonal antibodies against TRAIL-Rl or TRAIL-R2 have 

been developed to more specifically activate apoptosis in cancer cells. The combined 

use of these TRAIL-receptor targeting therapies with standard chemotherapy treatment 

regimens as well as novel targeted agents considerably increased anti-tumor activity in 

preclinical models. This thesis explored the potential of targeting the TRAIL pathway and 

evaluated the potential of combinational strategies with other cancer therapeutics, with a 

special focus on combining TRAIL-receptor targeting agents with the proteasome inhibitor 

bortezomib in NSCLC models. 

Until now, early clinical phase 1 and 2 studies with rhTRAIL and TRAIL-receptor specific 

antibodies have shown limited side-effects and some evidence for antitumor activity. 

Ongoing studies focus especially on combination of these agents with other targeted 

therapies or chemotherapeutic regimens. In Chapter 2, we summarize current knowledge 

of these agents and highlight their potential role in the intrinsically chemotherapy-resistant 

glioblastomas. In addition, we discuss the mechanisms to sensitize tumors cells to rhTRAIL 

by combining them with the proteasome inhibitor bortezomib. 

In Chapter 3 we give an overview of the use of TRAIL-receptor targeting agents in 

NSCLC models and in early clinical studies. Different TRAIL-receptor targeting agents 

are available, which have been tested in NSCLC models, and a few even in the clinic. We 

discuss the efficacy of these drugs as single agent in NSCLC models as well as different 

mechanisms of resistance that are found in NSCLC cell lines. In order to maximize 

sensitivity to TRAIL-receptor targeting drugs, combined use with other drugs is of interest. 
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The current status of preclinically tested combinations of TRAIL-receptor targeting agents 

with other therapeutics, such as classical chemotherapeutics, Bcl-2 family targeting 

agents, proteasome inhibitors, EGFR inhibitors, histone deacetylase inhibitors and COX-

2 inhibitors and the mechanisms of sensitization are discussed. Clinical studies with 

TRAIL-receptor targeted therapies in which NSCLC patients were included, and future 

perspectives are discussed. 

In Chapter 4 we investigated the contribution of TRAIL-Rl and TRAIL-R2 signaling to 

apoptosis activation and the underlying mechanism(s) of bortezomib-induced sensitivity 

to rhTRAIL in H460 and SW1573 NSCLC cells. Bortezomib strongly enhanced rhTRAIL

induced apoptosis in TRAIL-sensitive H460 and -resistant SW1573 cells. Down-regulation 

of TRAIL-RI or TRAIL-R2 by RNA interference showed that H460 was almost exclusively 

dependent on TRAIL-Rl for mediating rhTRAIL signaling, while after bortezomib treatment 

TRAIL-Rl and to a lesser extent TRAIL-R2 contributed to apoptosis. In SW1573 bortezomib 

predominantly potentiated TRAIL-R2-dependent apoptosis by rhTRAIL. The use of an 

agonistic TRAIL-Rl-specific antibody further demonstrated TRAIL-Rl-dependency in 

H460, while agonistic TRAIL-R2-specific antibody only induced low levels of apoptosis. 

In both cell lines, the agonistic antibodies potently triggered TRAIL-RI- and TRAIL-R2-

induced apoptosis when combined with bortezomib. Bortezomib modestly increased 

TRAIL-Rl surface levels in both cell lines. TRAIL-R2 surface expression, however, was 

enhanced 1.8-fold in H460 and over 4-fold in SW1573 which could be partially attributed 

to enhanced TRAIL-R2 transcript levels. Short rhTRAIL exposure experiments revealed 

that, especially in SW1573, sensitization to rhTRAIL was largely dependent on bortezomib

induced TRAIL-R2 up-regulation. Furthermore, RNA interference-mediated down

regulation of p53 partially suppressed bortezomib-induced TRAIL-R2 up-regulation in 

SW1573 and had a small inhibitory effect on the sensitization to rhTRAIL. In conclusion: 

bortezomib treatment overcomes TRAIL-receptor preferences in NSCLC cells in a p53-

independent manner, involving up-regulation of TRAIL-receptor levels and potentiation 

of intracellular apoptosis signaling. 

The mechanisms underlying bortezomib-induced sensitization to rhTRAIL were 

further examined in Chapter 5. Time course experiments showed rhTRAIL-induced 

activation of caspase-8, -9, and -3 in H460 and SW1573 cells within 6 hours, while late 

apoptotic features such as DNA condensation were not yet detectable. Prolonged culturing 

in the absence of rhTRAIL, however, showed cells with apoptotic morphology appearing 

at 18 hours post-treatment for H460 that were absent in SW1573. Combined treatment with 

bortezomib was essential to trigger more extensive caspase activation in SW1573 cells and 
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for detecting late apoptotic cells. SiRNA-mediated silencing of Bid expression indicated 

that rhTRAIL-induced apoptosis is largely mediated via the intrinsic pathway in H460 

cells and that bortezomib enhances this activation. However, in SW1573 cells, Bid silencing 

had only a small effect on the bortezomib-induced rhTRAIL sensitization. On the other 

hand, silencing of cFLIP in SW1573 cells sensitized cells for rhTRAIL, whereas in H460 

cells a relatively small sensitizing effect was observed. RhTRAIL variants, specifically 

targeting TRAIL-Rl or TRAIL-R2, had similar effects as rhTRAIL. These results indicate 

that bortezomib sensitizes H460 cells to rhTRAIL predominantly via enhancement of the 

intrinsic pathway, whereas in TRAIL-resistant SW1573 cells sensitization strongly depends 

on enhancing activation of the extrinsic pathway. 

The binding of rhTRAIL to its receptors results in the formation of the death-inducing 

signaling complex leading to activation of the apoptotic cascade. Endocytosis of the 

TRAIL-receptor complex has been suggested to play an important role in the activation of 

TRAIL-induced apoptosis. In Chapter 6, we therefore investigated the effect of bortezomib 

on TRAIL-Rl and TRAIL-R2 endocytosis in rhTRAIL-sensitive H460 and -resistant 

SW1573 cells. Fluorescent microscopy showed clustering of TRAIL-Rl and TRAIL-R2 after 

binding of the agonistic anti-TRAIL-Rl and TRAIL-R2 antibodies. Bortezomib treatment 

inhibited this TRAIL-receptor clustering in both cell lines and resulted in increased co

localization of these receptors with the plasma membrane marker cholera toxin. Flow 

cytometry of intact cells treated with bortezomib showed no longer TRAIL-receptors on 

the cell surface. This points to submembranous localization of the TRAIL-receptors after 

bortezomib treatment. Protein synthesis inhibition with cycloheximide for 2 hours showed 

that TRAIL-Rl surface expression in H460 cells was largely depending on high de novo 

synthesis. The fast reappearance of TRAIL-receptors on the cell surface after antibody

induced internalization was only partially inhibited by cycloheximide, demonstrating 

recycling of internalized receptors. In the presence of bortezomib recycling of in particular 

TRAIL-R2 was enhanced in H460 and SW1573. Inhibition of caspase-8 activity in H460-

CrmA cells and H460 cells treated with a caspase-8 inhibitor showed similar results as 

control H460 cells. This demonstrates that internalization and recycling of TRAIL-receptors 

occur independently from caspase-8 activation. We conclude that bortezomib inhibits 

TRAIL-receptor endocytosis-induced cytoplasmic clustering and induces submembranous 

localization of TRAIL-receptors in NSCLC cells, which may play an important role in 

TRAIL receptor up-regulation and TRAIL sensitivity. 

In Chapter 7 we compare recently developed TRAIL death receptor selective variants 

with rhTRAIL for their efficacy as single agent and in combination with the proteasome 
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inhibitor bortezomib in a human NSCLC model. Apoptosis and cell survival effects of 

rhTRAIL, a TRAIL-Rt selective variant (4C7), and a TRAIL-R2 selective variant (D269H/ 

Et95R) were determined in TRAIL-Rt and TRAIL-R2 expressing H460 NSCLC cells. 1RAIL 

death receptor selectivity of the ligands was examined using RNA interference. Differences 

in caspase-activation-kinetics were monitored with fluorescent-resonance-energy-transfer 

(FRET). Antitumor activities of the ligands were determined in a subcutaneously growing 

H460 xenograft model. 4C7 strongly induced apoptosis and largely reduced cell survival, 

rhTRAIL was less effective, while the smallest effect was observed with D269H/Et95R as 

single agent. Bortezomib enhanced efficacy of all three ligands. 1RAIL-Rt selective effect 

of 4C7 and TRAIL-R2 selective effect of D269H/Et95R was demonstrated using TRAIL

receptor specific RNA interference. Earlier onset of caspase activation was detected with 

4C7 compared to rhTRAIL. Pre-treatment with bortezomib enhanced caspase-activation

kinetics for all three ligands. In H460 xenografts, the strongest antitumor activity was 

observed with 4C7 (a 50% reduction in tumor volume), compared to rhTRAIL (a 27% 

reduction) and to D269H/Et95R (a 20% reduction). In combination with bortezomib, 

ligand treatment resulted in a tumor volume reduction of 71 %, 36%, and 20%, respectively. 

In conclusion, 4C7 showed the strongest antitumor effect, both in vitro and in vivo, on 

H460 NSCLC cells. Testing TRAIL-Rt selective TRAIL variants on tumors preferentially 

signaling apoptosis via TRAIL-Rt warrants further investigation. 

General discussion 

Over the last years it has become clear that a plateau has been reached for patients 

with advanced stage NSCLC treated with conventional chemotherapeutic agents. The 

poor 5-year survival rate of advanced stage NSCLC patients results from the failure of 

conventional therapies, together with the occurrence of drug resistance. There are already 

a number of exciting novel developments in NSCLC treatment like the use of EGFRl 

tyrosine kinase inhibitors and ALK inhibitor inhibitors in selected patients. However 

there are still many patients left that need a new approach. The p53 pathway, important in 

mediating chemo-radiotherapy-induced cell death, is inactivated in at least 50% of NSCLC 

cases [t]. Furthermore, research on chemotherapy-induced apoptosis in NSCLC cells 

revealed a defect in DNA damage-dependent caspase-9 activation, which may contribute 

to chemotherapy resistance in the clinic [2]. TRAIL initiates apoptosis via caspase-8-

dependent mechanisms and is therefore less dependent on wild-type p53 or caspase-9 
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functioning. Treatment with the proteasome inhibitor bortezomib affects all proteins 

degraded by the proteasome. The inhibitory effect of bortezomib on activation of NF-kB, a 

transcriptional regulator of proteins like IAPs and cFLIP was initially thought relevant for 

combining bortezomib with rhlRAIL. Additionally, bortezomib could restore caspase-9 

activation by promoting a pro-apoptotic shift in the levels of proteins like NOXA and Mcl-1 

leading to strong apoptosis activation in NSCLC cells [3]. Moreover, no intrinsic defect in 

mitochondria-dependent apoptosis was found in NSCLC cells leaving the caspase-8-Bid 

route functional [3,4]. Therefore, novel agents that target the 1RAIL apoptotic pathway or 

the proteasomal complex are of major interest. 

Differential activities of TRAIL-receptors 

Rh1RAIL can induce apoptosis via its two functional receptors 1RAIL-Rl and 1RAIL-R2. In 

Chapters 4 and 7 using TRAIL receptor selective ligands, we showed that NSCLC cell lines 

H460 and SW1573 have differential sensitivities for 1RAIL-Rl- and 1RAIL-R2-mediated 

apoptosis. In Chapter 4 we showed that rh1RAIL preferentially induced apoptosis via 

TRAIL-Rl in H460 NSCLC cells. This receptor preference was confirmed with TRAIL

receptor specific agents showing sensitivity of these cells towards the 1RAIL-Rl specific 

rhTRAIL variant. Using agonistic antibodies, sensitivity to anti-1RAIL-Rl agonistic 

antibody was observed. However, the agonistic anti-1RAIL-R2 antibody was also able to 

induce apoptosis to some extent in H460. The mechanism behind this differential receptor

specific sensitivity is still unknown. A striking finding was that bortezomib could (further) 

sensitize both sensitive and resistant NSCLC cells to TRAIL-receptor mediated apoptosis by 

overcoming this TRAIL-receptor preference and enhance apoptotic signaling through both 

TRAIL-Rl and 1RAIL-R2. Bortezomib-induced sensitization to 1RAIL-receptor targeted 

agents could be partly explained by the enhanced 1RAIL-receptor surface expression after 

bortezomib treatment as shown in Chapter 4. Moreover, FLIP silencing as described in 

Chapter 5, had an important role in overcoming rhlRAIL resistance in SW1573, suggesting 

that changes in expression of DISC components, i.e. either elevated 1RAIL-receptor 

expression or decreased FLIP expression, will result in enhanced activation of the extrinsic 

apoptosis pathway. However, these sensitization mechanisms could not explain why 

rhTRAIL displays differential receptor preference for apoptosis induction in H460 and 

SW1573. Differences in post-translational modifications or endocytosis of 1RAIL-receptors 

may be the underlying mechanisms that are discussed hereafter. 
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Post-translational modifications of TRAIL-receptors 

Recently, post-translational modifications of the TRAIL-receptors have emerged as an 

important mechanism regulating rhTRAIL-sensitivity in cancer cells. TRAIL-receptor 

0-glycosylation is such a modification that has been linked to rhTRAIL-sensitivity. 

Expression of 0-glycosylation enzymes like GALNT14 correlated with TRAIL sensitivity 

in pancreatic cancer cells, NSCLC cells and melanoma cells. Expression of other 

0-glycosylation enzymes GALNT3, FUT3 and FUT6 correlated with rhTRAIL-sensitivity 

in colon carcinoma cells [5]. Assays for the detection of 0-glycosylation enzyme expression 

in human tumor tissues have been developed and are currently being evaluated in TRAIL

based clinical trials [6]. Post-translational modifications might explain the differential 

sensitivities of cancer cells for TRAIL-receptor targeting antibodies and rhTRAIL, and 

differential 0-glycosylation may explain TRAIL-receptor preferences in mediating 

apoptosis. However, the finding that the expression of the same set of 0-glycosylation 

enzymes could predict sensitivity to both rhTRAIL and drozitumab (Apomab), an anti

TRAIL-R2 antibody [7] may be taken as evidence against this notion. 

Other post-translational modifications of the TRAIL-receptors like nitrosylation and 

palmitoylation and the more common known phosphorylation and ubiquitination have 

been investigated in relation to rhTRAIL-sensitivity [8]. Both TRAIL-Rl S-nitrosylation 

and S-palmitoylation were found to be related to the increased sensitivity to rhTRAIL 

[8]. However, further research is needed to elucidate the exact mechanism and a possible 

function for these post-translational modifications in the differential sensitivity between 

TRAIL-receptors. Of course ubiquitination, important in proteasomal degradation and 

endocytic trafficking of receptors, is an interesting modification to be studied in relation 

to combinational therapies consisting of TRAIL-receptor targeted agents and proteasome 

inhibitors. Upon rhTRAIL exposure TRAIL-Rl and TRAIL-R2 were ubiquitinated by the 

ubiquitin ligase c-Cbl with concurrent degradation, creating acquired rhTRAIL-resistance 

[9]. Moreover, caspase-8 was ubiquitinated by the ubiquitin ligase Cullin3, promoting 

caspase-8 aggregation and activation resulting in apoptosis [10]. Up till now it is unknown 

what the effect of proteasomal inhibition is on the appearance of post-translational 

modifications of the individual TRAIL-receptors. Therefore, future research should 

focus on identifying whether a correlation between post-translational TRAIL-receptor 

modifications, like 0-glycosylation and ubiquitination, and rhTRAIL-sensitivity exists and 

thereafter investigate the effect of combinational therapies such as proteasome inhibitors 

on the appearance of these modifications. 
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TRAIL-receptor endocytosis 

Endocytosis of ligand-activated membrane receptors is known to be more than only a 

transport mechanism from the membrane to the cytoplasm, and plays an important role in 

the regulation of signal transduction pathways [11,12]. Whereas endocytosis plays a major 

role in TNFa and CD95 apoptosis signaling [13,14]. In Chapter 6 we show that bortezomib 

is not affecting TRAIL-receptor internalization with regard to receptor relocation from 

the membrane to the cytoplasm, however, it did inhibit further intracellular trafficking. 

Whereas normally TRAIL-receptors aggregate and were accumulating in large cellular 

vesicles, possibly lysosomes, bortezomib inhibited aggregation, which resulted in 

submembranous localization of TRAIL-receptors. Furthermore, we have proven that 

recycling of receptors is an important feature to maintain surface expression levels. Further 

research focusing on the interactions between the endocytic machinery and the ubiquitin

proteasome machinery, should be performed to elucidate the transport of internalized 

proteins for either degradation or recycling and its relation with 1RAIL-receptor apoptosis 

signaling. This knowledge may support the development of rational drug combination to 

maximize TRAIL-receptor-mediated apoptosis signaling. 

Proteasome inhibitors and TRAIL-receptor targeted agents in cancer 

therapy 

In this thesis, we focused on the sensitizing effects of the proteasome inhibitor bortezomib 

on 1RAIL-receptor targeted therapy. Bortezomib was the first proteasome inhibitor 

entering the clinic. Much research on this inhibitor was performed elucidating its single 

agent efficacy. In the clinic, bortezomib has obtained its role in the treatment of hematologic 

malignancies, however, it has failed to show significant efficacy, also in combination with 

conventional therapies, in solid tumors including NSCLC [19]. Bortezomib is extensively 

studied in combination with TRAIL-receptor targeted therapies in several cancer cell lines. 

This combination showed in vitro great potential as anticancer therapy with pleiotropic 

effects as sensitization mechanisms. Only a few in vivo studies on TRAIL-receptor targeted 

therapies in combination with bortezomib were reported [20,21]. Together with our in vivo 

results, this presents TRAIL-receptor targeted therapy combined with bortezomib as an 

interesting anticancer therapy. However, the addition of bortezomib to 1RAIL-receptor 

targeted therapy had only limited effect and leaves room for improvement. 

More recently, a new generation of proteasome inhibitors like NPI-0052 and 

carfilzomib became available. These inhibitors, in contrast to the reversible inhibition of 

the chymotrypsin and caspase-like activities by bortezomib, have irreversible binding 
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properties and target distinct active sites within the proteolytic core of the proteasome 

[22,23]. NPI-0052 and carfilzomib, with increased potency and decreased side effects, 

were shown to be active in bortezomib-resistant cells [19]. The first clinical trials showed 

reduced toxicity compared to bortezomib [24]. Further clinical evaluation of these novel 

proteasome inhibitors is awaited. Research on the combination of these novel inhibitors 

with TRAIL-receptor targeted therapy is limited. One study was performed comparing 

bortezomib with NPI-0052 in combination with rhTRAIL in pancreatic carcinoma cells and 

non-Hodgkin lymphoma cells. NPI-0052 was more potent than bortezomib, resulting in 

enhanced 1RAIL-R2 expression and synergistic apoptosis induction in combination with 

rhTRAIL [25]. This shows that newly developed proteasome inhibitors may have great 

potential as part of combination therapy with TRAIL-receptor targeting. 

RhTRAIL and agonistic anti-TRAIL-Rl and anti-1RAIL-R2 antibodies have been 

evaluated in several clinical trials as described in Chapter 2. Although rh1RAIL and 

agonistic antibodies against TRAIL-Rl or TRAIL-R2 are well tolerated, minimal antitumor 

activity was seen with single agent treatment. Combinations of rhTRAIL or agonistic 

antibodies with other therapies like chemotherapeutics in randomized phase 2 studies 

in NSCLC have shown no benefit [26-28]. TRAIL-receptor selective 1RAIL variants are 

still in pre-clinical evaluation. In Chapter 7 we showed strong anticancer activity for the 

TRAIL-Rl specific variant 4C7, which may bring TRAIL-receptor specific variants a step 

closer to clinical evaluation. A clinical trial with bortezomib and the agonistic anti-1RAIL-Rl 

antibody mapatumumab in patients with multiple myeloma is ongoing ( clinicaltrials.gov). 

Clinical trials for NSCLC with combinations of proteasome inhibition and TRAIL-receptor 

targeted agents are still awaited. Whether this combination should include the novel 

proteasome inhibitors carfilzomib and NPI-0052 that are currently in clinical trials, mostly 

phase I studies in patients with hematological malignancies, needs to be established. 

Conclusions 

In this thesis we explored bortezomib-induced sensitization of TRAIL-receptor targeted 

agents and found that this combination strongly induces apoptosis in NSCLC preclinical 

models. Bortezomib could overcome tumor cell preferences for TRAIL-Rl or TRAIL-R2 

in NSCLC cells. Examination of underlying mechanisms revealed that bortezomib could 

sensitize TRAIL-induced apoptosis at the level of the DISC as well as at the level of the 

mitochondria. The functionality of the bortezomib effect on 1RAIL-receptor endocytosis 
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remains unknown. The differential sensitivity for the TRAIL-receptors indicate the need 

for patient tailored therapies, for which screening of patients to predict sensitivity towards 

rhTRAIL or TRAIL-receptor specific agents are urgently wanted. Improved anticancer 

efficacy might be achieved by combining novel proteasome inhibitors with TRAIL

receptor targeted therapy. However, further exploration of the sensitizing mechanism of 

proteasome inhibition may also reveal new, more cancer-selective, targets that can be used 

in combination with TRAIL-receptor targeted agents. 
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Longkanker is de belangrijkste oorzaak voor overlijden aan kanker in de wereld. De 

groep van niet-kleincellig longcarcinomen (NSCLC) maakt 80% van alle longtumoren uit 

en wordt vaak in vergevorderd stadium gediagnosticeerd. De huidige chemotherapeutische 

behandeling geeft maar in een beperkte groep genezing op de lange termijn. Vaak is er al 

chemoresistentie aanwezig of ontwikkelt zich chemoresistentie wat verdere verbetering 

van de resultaten met chemotherapie voor patienten met vergevorderd stadium NSCLC 

in de weg staat. Dit feit heeft de interesse voor andere therapeutische strategieen gewekt, 

zoals het gebruik van nieuwe doelgerichte antikankertherapieen. 

Het fysiologisch aanwezige Tumor Necrose Factor-gerelateerde apoptose-inducerende 

ligand (TRAIL) induceert apoptose na binding aan twee TRAIL death receptoren op 

de tumorcelmembraan, TRAIL-Rl en TRAIL-R2. Recombinant humaan (rh)TRAIL en 

monoklonale antilichamen tegen de TRAIL death receptoren induceren celdood in 

een groot aantal verschillende tumorcellijnen en xenografts zonder toxisch te zijn voor 

normale cellen en zijn daarom potentieel attractieve antikankermiddelen. In tegenstelling 

tot rhTRAIL <lat aan alle TRAIL-receptoren kan binden, zijn er ook receptor-selectieve 

varianten van rhTRAIL gemaakt welke specifieker TRAIL-Rl of TRAIL-R2 gemedieerde 

apoptose kunnen activeren in kankercellen. Daarnaast zijn er agonistische monoklonale 

antilichamen tegen TRAIL-Rl en TRAIL-R2 ontwikkeld. In preklinische modellen 

vergroot het gebruik van deze TRAIL-receptor gerichte therapieen het antitumoreffect 

van standaardbehandelingen maar ook van sommige nieuwe doelgerichte middelen. 

In <lit proefschrift is het gebruik van TRAIL-receptor gerichte therapie bij NSCLC 

nader onderzocht. Hierbij is het gecombineerd gebruik met andere chemotherapeutica 

bestudeerd, waarbij de nadruk heeft gelegen op combinatie met de proteasoomremmer 

bortezomib. 

Klinische fase 1 en 2 studies met rhTRAIL en TRAIL-receptor specifieke antilichamen 

hebben weinig bijwerkingen laten zien en toonden enige antitumor activiteit. Lopende 

studies richten zich op combinaties van deze middelen met andere doelgerichte therapieen 

of cytostatica. In Hoofdstuk 2 wordt de huidige kennis over rhTRAIL en TRAIL

receptor specifieke antilichamen besproken en belichten we met name de potentiele rol 

van deze middelen bij gebruik voor intrinsiek chemotherapie-resistente hersentumoren 

(glioblastomen). Tevens bediscussieren we het onderliggende mechanisme voor het 

potentierende effect van bortezomib op door rhTRAIL gemduceerde cytotoxiciteit in 

tumorcellen. 

In Hoofdstuk 3 geven we een overzicht van het gebruik van TRAIL-receptor gerichte 

middelen in preklinische NSCLC modellen en de resultaten behaald in de tot dusver 
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uitgevoerde klinische studies. De werkzaamheid van deze middelen in NSCLC modellen 

wordt besproken en de gevonden mechanismen van resistentie voor rhTRAIL in NSCLC 

cellijnen worden toegelicht. Om maximale tumorceldood door TRAIL-receptor gerichte 

middelen te verkrijgen is combinatie met andere middelen een interessante strategie. 

De huidige kennis over de geteste combinaties van TRAIL-receptor gerichte middelen 

met andere medicijnen zoals chemotherapie, middelen gerichte tegen de Bcl-2 familie, 

proteasoomremmers, EGFR remmers, histondeacetylase remmers en COX-2 remmers 

wordt besproken evenals hun werkingsmechanismen in preklinische studies. Klinische 

studies met TRAIL-receptor gerichte therapieen, waarin NSCLC patienten deelnamen, 

worden besproken en toekomstperspectieven belicht. 

In Hoofdstuk 4 hebben we de bijdrage van TRAIL-Rl en TRAIL-R2 signalering bij 

apoptose-inductie en de onderliggende mechanismen van bortezomib-gemduceerde 

sensibilisatie voor rhTRAIL in de H460 en SW1573 NSCLC cellijnen onderzocht. Verlaging 

van TRAIL-Rl of TRAIL-R2 expressie met behulp van RNA interferentie liet zien <lat H460 

bijna volledig afhankelijk is van TRAIL-Rl voor rhTRAIL signalering, terwijl na bortezomib 

behandeling zowel TRAIL-Rl en in mindere mate TRAIL-R2 bijdraagt aan apoptose

inductie. In SW1573 versterkte bortezomib voornamelijk de TRAIL-R2 afhankelijke 

apoptose door rhTRAIL. Het gebruik van een apoptose-inducerend (agonistisch) 

TRAIL-Rl specifiek antilichaam bevestigde deze TRAIL-Rl afhankelijkheid in H460, 

terwijl agonistisch TRAIL-R2 specifiek antilichaam weinig apoptose induceerde. Wanneer 

bortezomib toegevoegd werd aan de behandeling induceerden de agonistische TRAIL-Rl 

en TRAIL-R2 antilichamen in beide cellijnen effectief apoptose. Dit bleek samen te hangen 

met enige bortezomib afhankelijke toename van TRAIL-Rl membraanexpressie en met 

name toename van TRAIL-R2 membraanexpressie die 1,8 keer en 4-voudig toenam in H460 

en SW1573, respectievelijk. Dit kan voor een deel worden toegeschreven aan verhoogde 

transcriptie van TRAIL-receptoren. Kortdurende rhTRAIL behandelingsexperimenten 

lieten zien <lat vooral in SW1573 sensibilisatie voor rhTRAIL gemduceerde apoptose 

grotendeels afhankelijk was van de door bortezomib-gemduceerde TRAIL-R2 opregulatie. 

Deze verhoging van TRAIL-R2 expressie bleek deels door p53 veroorzaakt te worden 

aangezien verlaging van p53 d.m. v. RNA interferentie <lit effect verminderde en bovendien 

enig remmend effect op de sensibilisatie voor rhTRAIL gemduceerde apoptose liet zien. 

Samenvattend kan gesteld worden <lat bortezomib de apoptose voorkeur van rh1RAIL 

voor een van de TRAIL-receptoren in NSCLC cellen kan veranderen onafhankelijk van 

p53. Dit hangt samen met een verhoogde expressie van TRAIL-receptor op de membraan 

en de potentiering van de apoptose signalering in de eel. 
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Het onderliggende mechanisme van de door bortezomib veroorzaakte sensibilisatie 

voor rhTRAIL is verder bestudeerd in Hoofdstuk 5. Tijdslijn experimenten lieten binnen 

6 uur rhTRAIL-gemduceerde activering van de caspase-8, -9 en -3 eiwitten zien in H460 

en SW1573, waarbij later optredende apoptotische kenmerken zoals DNA condensatie nog 

niet zichtbaar waren. Verlengde incubatie in medium zonder rhTRAIL resulteerde na 18 

uur tot H460 cellen met een "laat" apoptotische morfologie, terwijl dit nog niet het geval 

was voor SW1573 cellen. Gecombineerde behandeling van bortezomib met rhTRAIL was 

essentieel voor versterking van de caspase-activering in SW1573 en de detectie van "laat'' 

apoptotische cellen. Verlaging van de Bid eiwitexpressie m.b.v. RNA interferentie tegen 

Bid liet zien dat bortezomib rhTRAIL-gemduceerde apoptose grotendeels optreedt door 

versterkte intrinsieke/ mitochondriale apoptose in H460 cellen. Echter, in SW1573 cellen 

had onderdrukking van Bid maar weinig effect op de door bortezomib gemduceerde 

gevoeligheid voor rhTRAIL. Onderdrukking van cFLIP expressie sensibiliseerde SW1573 

cellen sterk voor rhTRAIL, in tegenstelling tot H460 cellen waar maar een minimaal 

sensibiliserend effect te zien was. RhTRAIL varianten, specifiek gericht op TRAIL-Rl 

of TRAIL-R2, reageerden vergelijkbaar met rhTRAIL op de verlaging van cFLIP of Bid 

eiwitexpressie. Deze resultaten laten zien dat bortezomib H460 cellen sensibiliseert voor 

rhTRAIL en dit voomamelijk doet via een versterkte activering van de intrinsieke apoptose

route. In de TRAIL-resistente SW1573 cellen is de sensibilisatie juist sterk afhankelijk van 

de versterkte activering van de extrinsieke apoptose-route. 

De binding van rhTRAIL aan zijn receptoren activeert de apoptose-cascade door de 

formatie van het death-inducing signaling complex (DISC). Endocytose (intemalisati.e) 

van het TRAIL-receptor complex van de celmembraan naar het cytoplasma kan een 

belangrijke rol spelen bij de activering van apoptose. In Hoofdstuk 6 is het effect van 

bortezomib op endocytose van TRAIL-Rl en TRAIL-R2 in TRAIL-gevoelige H460 en 

-resistente SW1573 cellen onderzocht. Fluorescentie microscopie liet na binding van 

agonistische anti-TRAIL-Rl en TRAIL-R2 antilichamen clustering van TRAIL-Rl en 

TRAIL-R2 in de eel zien. Bortezomib behandeling remde TRAIL-receptor clustering 

in beide cellijnen en resulteerde in toegenomen colokalisatie van deze receptoren met 

de celmembraanmarker choleratoxine. Echter, flowcytometrisch onderzoek op intacte 

cellen toonde aan dat er geen TRAIL-receptoren meer op de celmembraan te detecteren 

waren wat duidt op lokalisatie van de TRAIL-receptoren net onder de celmembraan na 

bortezomib-behandeling. Eiwitsynthese-remming met cycloheximide gedurende 2 uur liet 

zien dat TRAIL-Rl membraanexpressie in H460 cellen grotendeels afhankelijk is van de 

novo (nieuwe) synthese. De snelle terugkeer van de TRAIL-receptoren op de celmembraan 
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na intemalisatie werd maar gedeeltelijk geremd door cycloheximide. Dit toont aan dat 

gei'ntemaliseerde receptoren worden gerecycled. Na behandeling met bortezomib neemt 

in zowel H460 als SW1573 de recycling (terugkeer van de receptor op de celmembraan) 

van TRAIL-R2 toe. Dit proces was onafhankelijk van caspase-8 activatie aangezien in H460-

CrmA cellen, waarin caspase-8 geremd is door het virale eiwit CrmA, alsmede in H460 

cellen behandeld met een synthetische caspase-8 remmer, vergelijkbare resultaten werden 

gevonden. Dus, de intemalisatie en recycling van TRAIL-receptoren is niet afhankelijk 

van caspase-8 activatie. Bortezomib remt TRAIL-receptor gei'nduceerde cytoplasmatische 

clustering en induceert lokalisatie van TRAIL-receptoren direct onder de celmembraan in 

NSCLC cellen. 

Recent ontwikkelde TRAIL-receptor specifieke TRAIL varianten zijn onderzocht 

in Hoofdstuk 7 waar hun effectiviteit vergeleken is met rhTRAIL, zowel alleen als 

in combinatie met bortezomib in H460 NSCLC cellen. Het effect op apoptose en 

groeiremming van rhTRAIL, een TRAIL-Rt specifieke variant (4C7) en een TRAIL-R2 

specifieke variant (D269H/El95R) werd bestudeerd. Daamaast werden rhTRAIL en de 

varianten ook in combinatie met bortezomib getest. TRAIL-receptor specificiteit van de 

varianten is getest met RNA interferentie tegen de TRAIL-receptoren en verschillen in 

de kinetiek van caspase activatie zijn gemeten met fluorescent-resonance-energy-transfer 

(FRE1). Antitumor-activiteit van de TRAIL-receptor liganden eveneens in combinatie 

met bortezomib is bepaald in een subcutaan groeiend humaan NSCLC H460 xenograft 

model. Zowel rhTRAIL als 4C7 induceerden apoptose en groeiremming, terwijl D269H/ 

E195R weinig effect liet zien op tumorgroei. Bortezomib verbeterde de effectiviteit van alle 

liganden, het meest uitgesproken voor 4C7. TRAIL-Rt selectiviteit van 4C7 en TRAIL-R2 

selectiviteit van D269H/El95R hebben we aangetoond. We zagen dat na incubatie met 4C7 

caspase-activatie sneller optrad in H460 cellen vergeleken met rhTRAIL. Voorbehandeling 

met bortezomib zorgde voor een versnelde en versterkte activatie van caspases voor alle 

liganden. Toegenomen antitumor-activiteit van 4C7 resulteerde in een sterkere afname 

van het tumorvolume (50%) vergeleken met vehikel dan rhTRAIL (27%) en D269H/ 

E195R (20%). Een nog sterkere afname van tumorgroei werd gezien wanneer de liganden 

gecombineerd werden met bortezomib met respectievelijk 71 %, 36% en 20%. 4C7 had de 

sterkste antitumor-effectiviteit in H460 NSCLC cellen, zowel in vitro als in vivo. Het gebruik 

van TRAIL-Rt specifieke TRAIL varianten in tumoren die bij voorkeur apoptose signaleren 

via TRAIL-Rt zou verder onderzocht moeten warden. 
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Conclusies 

In dit proefschrift hebben we het effect van bortezomib op het antitumoreffect van 

TRAIL-receptor gerichte middelen in longkankermodellen onderzocht. Deze combinatie 

induceert uitstekend apoptose in preklinische NSCLC modellen. Bortezomib kan de 

intrinsieke voorkeur voor TRAIL-Rl of TRAIL-R2 gemduceerde apoptose door rhTRAIL 
in NSCLC cellen veranderen en apoptose via beide receptoren versterken. Het bestuderen 

van de onderliggende mechanismen voor sensibilisatie toonde aan dat bortezomib 

de door rhTRAIL-gemduceerde apoptose stimuleert op het niveau van de DISC (in de 

celmembraan) maar ook op het niveau van de mitochondrien (in de eel). De precieze 

rol van het effect van bortezomib op TRAIL-receptor endocytose in apoptose-inductie 

zal verder onderzocht moeten worden. Het verschil in de sensitiviteit van verschillende 

cellijnen voor de TRAIL-receptor specifieke therapieen wijst erop dat dit mogelijk ook een 

rol kan spelen in humane tumoren. Dan zou het bepalen van verschil in deze sensitiviteit 

in tumoren van patienten de keuze voor het type TRAIL-receptor targeting drug kunnen 

ondersteunen. De effectiviteit van TRAIL-receptor gerichte therapieen kan mogelijk ook 

in de kliniek verbeterd worden indien gecombineerd met een proteasoomremmer. Tevens 

zou een verdere verkenning van de werkingsmechanismen van proteasoomremming in 

combinatie met TRAIL-receptor gerichte therapieen ook nieuwe, meer kanker-selectieve, 

therapieen op kunnen leveren die in combinatie met TRAIL-receptor gerichte middelen 

kunnen worden gebruikt. 
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