
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Morrish, Emma Louise

Title:
Smac-mimetic combination therapies for the treatment of cancer and infectious disease

Date:


Persistent Link:
https://hdl.handle.net//

Terms and Conditions:
Terms and Conditions: Copyright in works deposited in Minerva Access is retained
by the copyright owner. The work may not be altered without permission from the
copyright owner. Readers may only download, print and save electronic copies of whole
works for their own personal non-commercial use. Any use that exceeds these limits
requires permission from the copyright owner. Attribution is essential when quoting or
paraphrasing from these works.



Smac-mimetic Combination Therapies for 

the Treatment of Cancer and 

Infectious Disease 

 
 
 
 
 
 
 

Emma Louise Morrish 
 

ORCID: 0000-0002-4909-2589 
 
 
 
 

 
 
 
 
 
 
 
 
 

Doctor of Philosophy 
January 2020 

 
 

 
 

The Walter and Eliza Hall Institute of Medical Research 
Department of Medical Biology 

The University of Melbourne 
 
 
 

Thesis submitted to the University of Melbourne in total fulfillment of the 
requirements for the degree of Doctor of Philosophy



 



 
 

i 

Abstract 

 
Acute myeloid leukaemia (AML) is an aggressive disease with a current 5-year 

survival rate of only ~30%, therefore development of more effective treatments is 

urgently needed. Overexpression of inhibitor of apoptosis (IAP) proteins, 

responsible for the regulation of tumour necrosis factor (TNF)-mediated 

apoptosis, have been correlated with cancer progression and treatment 

resistance. Natural IAP antagonists exist, termed second mitochondria-derived 

activator of caspases or Smac, leading to the pharmaceutical development of 

Smac-mimetics. Smac-mimetics, such as the drug birinapant, are currently in 

clinical trials for a range of cancers, including AML. Although, birinapant has 

shown promising anti-cancer effects, its efficacy as a single-agent and in 

combination with numerous anti-cancer therapies, has been variable and limited. 

Therefore, overcoming patient resistance to Smac-mimetic therapy and 

potentiating treatment are still major challenges.  

 

Using a library of more than 5,700 bioactive compounds, we examined the 

emergence of resistance to birinapant in AML. Here I present the identification of 

multidrug resistance protein 1 (MDR1/ABCB1) inhibitors as a class of clinical 

drugs that can overcome Smac-mimetic resistance in cancer. Inhibition of MDR1 

with 3rd generation specific inhibitors increased intracellular levels of birinapant 

and sensitised AML and ovarian cancer patient cells to birinapant killing. Using 

the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 

system, I show that MDR1 is a predictor of response to birinapant-based 
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therapies in cancer cells. Moreover, the combined therapy of MDR1 inhibitors 

and birinapant effectively killed leukaemic stem cells (LSCs) and prolonged 

survival of AML burdened mice in vivo (Chapter 3).  

 

The findings observed in Chapter 3 in AML and ovarian cancer cells, were 

extended to a chronic hepatitis B virus (HBV) infection model (Chapter 4). 

Birinapant has previously shown efficacy at eradicating HBV infection, however 

due to toxicity concerns, in-human clinical trials have ceased. In Chapter 4, I 

demonstrate that a lower concentration of birinapant can be combined with the 

MDR1 inhibitor zosuquidar, to potentiate birinapant-mediated HBV infected liver 

cell death and HBV-DNA clearance in vivo.   

 

An investigation into the remaining high throughput screen hit compounds, 

revealed half were psychotropic and inhibited MDR1 to synergise with birinapant. 

In Chapter 5, I focus on the serotonin receptor 7 (5-HT7) agonists, LP-44 and LP-

12, as well as the psychoactive compounds Fluphenazine dihydrochloride, SDZ 

21009, GR-127935 and CGP-71683. My identification that these compounds 

inhibit MDR1 to synergise with birinapant underlines the dependence cancer 

cells have on MDR1 to evade Smac-mimetic therapy.  

 

This thesis presents a comprehensive analysis of birinapant as a substrate for 

MDR1 and identifies MDR1 as a biomarker of Smac-mimetic therapy. 

Furthermore, this study provides evidence towards a novel combination regimen 

combining birinapant with 3rd generation MDR1 inhibitors to potentiate Smac-
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mimetic therapy for the treatment of AML, ovarian cancer and HBV. Altogether 

these findings suggest a therapeutic opportunity for Smac-mimetic plus MDR1 

inhibitor combination therapy in cancer and infectious disease. 
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The work presented in this thesis would not have been possible without the 

continuous guidance of my supervisors Dr. Gabriela Brumatti and Prof. John 
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Chapter 1: Introduction 
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Co-author Authorisation documents that stipulate I am responsible for more than 

fifty percent of the work, drafting the initial manuscript and for all subsequent 

revisions and edits.  
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2Department of Medical Biology, University of Melbourne, VIC 3010, Australia 

 
Below is a detailed description of each authors contribution: 

•  E.L.M. wrote the manuscript. 

• G.B. and J.S. provided expert opinion and edited the manuscript.  
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Chapter 3: Clinical MDR1 Inhibitors and Smac-mimetics 

Combine to Kill Leukaemic Stem Cells and Overcome 

Resistance in Acute Myeloid Leukaemia 

In its entirety, contains the manuscript, “Clinical MDR1 inhibitors and Smac-

mimetics combine to kill leukaemic stem cells and overcome resistance in 

acute myeloid leukaemia”, which was submitted for publication to the peer-

reviewed journal, Leukemia on the 29/11/2019 and is currently under review. 

Additional material that is no longer included in the scope of the submitted 

manuscript, but is relevant to Chapter 3, is included as supplemental material. 

Please see the relevant Declaration Thesis with Publication and Co-author 

Authorisation documents that stipulate I am responsible for more than fifty 

percent of the work, drafting the initial manuscript and for all subsequent revisions 

and edits.  

 
Co-authors of this manuscript are: 

Emma L. Morrish,1,2 Anthony Copeland,1,2 Donia M. Moujalled,3,4 Jason A. 

Powell,5,6 Natasha Silke,1 Kate E. Jarman,1,2 Jarrod J. Sandow,1,2 Gregor 

Ebert,1,2 Liana Mackiewicz,1 Jessica A. Beach,7,8 Elizabeth L. Christie,7,8 

Alexander C. Lewis,5 Giovanna Pomilio,3,4 Karla C. Fischer,1,2 Laura 

MacPherson,7,8 David D.L. Bowtell,7,8 Andrew I. Webb,1,2 Marc Pellegrini,1,2 Mark 

A. Dawson,7,8 Stuart M. Pitson,5,6 Andrew H. Wei,3,4 John Silke1,2,* and Gabriela 

Brumatti1,2,* 

 
1Inflammation Division, Walter and Eliza Hall Institute of Medical Research, 

Melbourne, VIC 3052, Australia 

2Department of Medical Biology, University of Melbourne, Melbourne, VIC 3010, 

Australia 
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3Australian Centre for Blood Diseases, Monash University, Melbourne, VIC 

3004, Australia 

4Department of Clinical Haematology, The Alfred Hospital, Melbourne, VIC 

3181, Australia 

5Molecular Signalling Laboratory, Centre for Cancer Biology, University of South 

Australia and SA Pathology, Adelaide, SA 5001, Australia 

6Adelaide Medical School, University of Adelaide, Adelaide SA, 5000, Australia 

7Peter MacCallum Cancer Centre, Melbourne, VIC 3000, Australia 

8Sir Peter MacCallum Department of Oncology, University of Melbourne, 

Melbourne, VIC 3010, Australia  

*These authors contributed equally to this work 

 
Below is a detailed description of each authors contribution: 

• E.L.M. performed the majority of the experiments. 

• G.B., A.C., N.S., G.E., L.M., G.P., K.C.F. performed the remaining 

experiments.  

• J.A.B. and E.L.C completed AOCS experiments. 

• J.J.S. provided expertise and performed the mass spectrometry analyses. 

• K.E.J. performed initial drug screen.  

• D.M.M., A.H.W., J.A.P., A.C.L. and S.M.P, provided expertise, processing 

and analysis of primary patient leukaemia samples.  

• L.M. and M.A.D. provided MLL-AF9 leukaemic blasts and stem cells. 

• E.L.M., J.S. and G.B. planned the project, designed the experiments, 

analysed the data and wrote the manuscript.  

• All authors contributed to discussion of the results and review of the 

manuscript. 
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Chapter 4: Investigating the Efficacy of MDR1 Inhibitors to 

Potentiate Smac-mimetic Treatment in a Chronic Hepatitis B 

Virus (HBV) Model 

This chapter contains unpublished material not submitted for publication, but that 

is in preparation for publication. I am responsible for more than fifty percent of the 

work and am currently drafting the manuscript where I will be first author.  

 
Co-authors of this manuscript are: 

Emma L. Morrish,1,2 Gregor Ebert,1,2 Liana Mackiewicz,1 Marc Pellegrini,1,2 John 

Silke,1,2* and Gabriela Brumatti1,2* 

 
1Walter and Eliza Hall Institute of Medical Research, Melbourne, VIC 3052, 
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2Department of Medical Biology, University of Melbourne, Melbourne, VIC 3010, 
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*These authors contributed equally to this work 
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• E.L.M. performed the majority of the experiments and analysed the data. 

• G.E. analysed the ALT and HBV-DNA PCR data and provided technical 

expertise. 

• L.M. provided technical animal expertise, assisted in all in vivo procedures 

and performed the HBV-DNA PCR. 

• E.M., M.P., G.B., G.E. and J.S. planned the project, designed the 

experiments and wrote the manuscript.  
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1 Introduction 

The basis of this introduction is an invited review titled, “Future therapeutic 

directions targeting Smac-mimetic resistance”, that has been submitted for 

publication to the peer-reviewed journal Cells on the 21/01/2020 and is currently 

under revision.  

1.1 Abstract 

Cell proliferation that is not balanced by programmed cell death is a hallmark of 

cancer. Strategies to promote cell death as an anti-cancer therapy have been 

investigated for decades. Overexpression of members of the inhibitor of apoptosis 

(IAP) protein family is one possible mechanism hindering the death of cancer 

cells. To promote cell death, drugs that mimic natural IAP antagonists, such as 

second-mitochondria-derived activator of caspases (Smac/DIABLO) were 

developed. Smac-mimetics, such as the drug birinapant, have entered clinical 

trials for haematological and solid cancers, unfortunately with disappointing 

results so far. This introduction explores the use of Smac-mimetics for the 

treatment of cancer, in particular the aggressive disease acute myeloid leukaemia 

(AML), and discusses the current challenges facing this strategy.   

1.2 The Relevance of Programmed Cell Death in Cancer 

One of the hallmarks of cancer is failure to undergo genetically programmed cell 

death in response to signals that would normally promote a suicide response in 

untransformed cells. This failure to undergo cell death allows cancer cells to 

mutate, evolve and proliferate. Therefore, reactivating their ability to commit 
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suicide is an appealing anti-cancer treatment strategy and has been explored in 

a variety of chemotherapeutic drug approaches. Apoptosis is one type of 

programmed cell death, which occurs under normal physiological conditions and 

is described as being either intrinsic (mitochondria dependent) or extrinsic (death 

receptor dependent) (Salvesen and Duckett, 2002). Apoptosis is characterised 

morphologically by cell shrinkage, membrane blebbing, aggregation of chromatin 

and formation of apoptotic bodies (Figure 1.1). The enzymes that cause these 

phenotypes are cysteine proteases that cleave after an aspartate residue and are 

therefore known as caspases (Thornberry and Lazebnik, 1998). In contrast, 

necrosis, an unregulated form of cell death, leads to loss of cell homeostasis and 

membrane integrity resulting in cell rupture (Edinger and Thompson, 2004; 

Vandenabeele et al., 2010). Another form of programmed cell death termed 

necroptosis, that shares features with necrosis such as cell rupture and release 

of cellular contents, has recently also been explored as an anti-cancer 

therapeutic strategy (Figure 1.1) (Brumatti et al., 2016; Schenk and Fulda, 2015). 

Necroptosis is implemented during cellular stress when caspases are inhibited, 

for example genetically or pharmacologically. The proteins that carry out the 

necroptotic program are the receptor-interacting serine/threonine-protein kinases 

(RIPK) 1 & 3 and the pseudokinase mixed lineage kinase domain-like protein 

(MLKL) (Silke et al., 2015). 
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Figure 1.1 Schematic of apoptosis and necroptosis 

Healthy cells can undergo programmed cell death, apoptosis or necroptosis, to maintain 

homeostasis. Characteristics of apoptosis include cell shrinkage, chromatin 

condensation, membrane blebbing and formation of apoptotic bodies. Characteristics of 

necroptosis include cell swelling, membrane breakdown and release of cellular contents. 

Adapted from (Novus Biologicals, 2017).  
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1.3 Inhibitor of Apoptosis Proteins 

The human family of inhibitor of apoptosis (IAP) proteins regulates cell survival 

in response to a number of stimuli. The IAP family, defined by the presence of 

one or more baculoviral IAP repeat (BIR) domains, consists of eight members; X-

chromosome-linked IAP (XIAP), cellular IAP 1 and 2 (cIAP1 and cIAP2), 

melanoma-IAP (ML-IAP), neuronal-IAP (NAIP), survivin, BIR-containing 

ubiquitin-conjugating enzyme (Bruce/Apollon) and IAP-like protein 2 (ILP-2). Only 

three of these, cIAP1, cIAP2 and XIAP, have major anti-apoptotic roles and this 

introduction therefore focuses on them (Figure 1.2) (De Almagro and Vucic, 

2012; Obexer and Ausserlechner, 2014; Vaux and Silke, 2005). These three 

proteins contain three BIR domains, a really interesting new gene (RING)-finger 

domain, that has Ubiquitin (Ub) ligase (E3) activity, and a Ub-associated (UBA) 

domain, which enables their interaction with ubiquitylated proteins (Darding et al., 

2011; Gyrd-Hansen et al., 2008). XIAP is able to bind and inhibit caspases 3, 7 

and 9, whilst cIAP1 and 2 inhibit apoptosis induced by members of the tumour 

necrosis factor (TNF) super family (TNFSF), at least in part by regulating RIPK1, 

a cytoplasmic protein recruited to TNFSF receptors. XIAP is also essential for 

nucleotide-binding oligomerisation domain-containing protein (NOD) signalling 

and ubiquitylates the NOD binding protein RIPK2, presumably in a similar manner 

to the way cIAPs ubiquitylate RIPK1 (Bertrand et al., 2008; Galbán et al., 2009; 

Mahoney et al., 2008; Silke et al., 2001; Varfolomeev et al., 2007; Vince et al., 

2007). However, NOD and RIPK2 do not appear to induce cell death and 

therefore, XIAP function in this pathway is unlikely to be directly anti-apoptotic. 
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Figure 1.2 Inhibitor of apoptosis proteins 

Schematic representation of the structures of the eight-mammalian inhibitor of apoptosis 

(IAP) proteins. Domains are: BIR1/2/3: Baculovirus IAP repeat, UBA; Ubiquitin binding 

domain, RING; E3-Ligase RING domain, CARD; caspase recruitment domain, UBC E2-

Ligase domain. Adapted from (Obexer and Ausserlechner, 2014). 
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1.4 TNF Signalling Pathway 

TNF is a potent and pleiotropic cytokine responsible for a diverse range of 

biological functions including inflammation, proliferation and cell death. In most 

cases, the binding of TNF to its receptor, TNFR1, leads to the recruitment of the 

TNF receptor-associated death domain (TRADD) and RIPK1 via their respective 

death domains. TRADD and RIPK1 can apparently bind TNFR1 at the same time, 

but the relative contribution of each to the signalling complex may depend upon 

the cell type (Anderton et al., 2019; Dowling et al., 2019; Füllsack et al., 2019). 

TRADD can recruit the TNF receptor-associated factor 2 (TRAF2) and cIAP1/2 

are bound to TRAF2 via a BIR1 interaction with the coiled coil of a TRAF2 trimer 

(Mace et al., 2010; Zheng et al., 2010). As E3 ubiquitin ligases, cIAP1/2 conjugate 

components of this complex with ubiquitin. The ubiquitin platform recruits linear 

ubiquitin chain assembly complex (LUBAC), IB kinases (IKKs) and transforming 

growth factor beta-activated kinase 1 (TAK1), resulting in activation of canonical 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-B) and 

mitogen-activated protein kinases (MAPKs). This leads to transcriptional 

upregulation and mRNA stabilisation of genes that encode mediators of 

inflammation and proteins involved in cell survival and proliferation (Fulda and 

Vucic, 2012; Vanden Berghe et al., 2015; Vince et al., 2007). Although the details 

are not fully understood, ubiquitylation and phosphorylation of components within 

this plasma membrane associated, complex 1, limit the formation of the death-

inducing complex 2 (Figure 1.3) (Annibaldi et al., 2018; Dondelinger et al., 2017; 

Gerlach et al., 2011; Jaco et al., 2017; Menon et al., 2017).  
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Natural antagonists of IAPs, such as second mitochondria-derived activator of 

caspases (Smac/DIABLO), or HtrA2, bind to the BIR domains of IAPs via their 

IAP-binding motifs (IBMs). Smac and HtrA2 prevent XIAP from binding and 

inhibiting caspases 3, 7 and 9 (Bratton et al., 2001; Ekert et al., 2001; Hegde et 

al., 2002; Silke et al., 2002; Wu et al., 2000). IAP antagonists rarely induce XIAP 

degradation, however in many cases they promote cIAP auto-ubiquitylation and 

proteasomal degradation (Varfolomeev et al., 2007; Vince et al., 2007). They do 

this by unleashing the RING domain of cIAPs from BIR3 inhibition allowing it to 

dimerise (Dueber et al., 2011; Feltham et al., 2011). This activation of the E3 

ligase function of cIAPs by an IAP antagonist may also result in ubiquitylation of 

the antagonist but the physiological significance of this is not clear (Creagh et al., 

2004; Hu and Yang, 2003; Wu et al., 2000; Yang and Du, 2004). IAP antagonist 

induced degradation of cIAPs prevents cIAP-mediated ubiquitylation of 

components in the TNF signalling pathway and thus converts TNFR1 signalling 

from pro-survival to pro-apoptotic. In particular, loss of cIAPs allows the formation 

of a FADD-caspase-8 containing complex-2, leading to caspase-8 activation by 

oligomerising in a chain like manner (Figure 1.3) (Dickens et al., 2012; Kitson et 

al., 1996; Micheau and Tschopp, 2003). 

 

In the absence of caspase-8 activity, for example through pharmacological 

antagonism or genetic deletion, and in the presence of IAP inhibitors, a second 

cell death mediating complex forms, termed complex 2b. RIPK1 binds with RIPK3 

via their respective homotypic interaction motif (RHIM) domains, leading to auto-

phosphorylation and subsequent recruitment of MLKL. RIPK3 phosphorylation 
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and oligomerisation of MLKL, leads to its activation and translocation from the 

cytosol to the plasma membrane, where it disrupts membrane integrity, leading 

to necroptotic cell death (Figure 1.3) (Chen et al., 2016; Murphy et al., 2013; 

Murphy and Silke, 2014; Vanden Berghe et al., 2015; Wang et al., 2014). 
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Figure 1.3 Schematic of TNF signalling 

Simplified schematic of TNFR1 signalling. Formation of complex 1 can lead to activation 

of canonical NF-B and MAPK pro-survival signalling. Loss (or antagonism) of cIAP 

proteins induced by Smac-mimetics, leads to formation of complex 2a, containing 

TRADD, RIPK1, FADD and caspase 8. Caspase 8 activation and cleavage, and 

activation of caspase 3, results in apoptosis. Alternatively, if caspases are inhibited, 

complex 2b can form via a RHIM motif dependent recruitment of RIPK3. RIPK3 auto-

phosphorylates and phosphorylates the pseudokinase MLKL. Phosphorylation of MLKL 

leads to a conformational change, membrane translocation, oligomerisation, membrane 

permeabilisation and necroptotic cell death. 
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1.5 Development of Smac-mimetics 

Overexpression of IAPs has been associated with multiple cancers, including 

haematological and solid cancers, and is indicative of poor prognosis (Condon et 

al., 2014; Fulda and Vucic, 2012; Zender et al., 2006). Clinically it was observed 

that patients expressing higher levels of Smac had a more favourable prognosis, 

with higher remission rates and longer overall survival (Fulda and Vucic, 2012). 

Proof of principle for targeting IAPs was provided by the demonstration that 

exogenously expressing Smac in resistant neuroblastoma cells sensitised them 

to TNF-related apoptosis-inducing ligand (TRAIL) induced apoptosis (Fulda et al., 

2002). Subsequent studies using antisense oligonucleotides against XIAP or 

synthetic Smac peptides, showed that these also sensitised cancer cells to 

chemotherapy (Arnt et al., 2002; Carter et al., 2003). Together with other studies, 

this prompted the pharmaceutical development of small molecule, peptide-like 

mimetics of Smac, termed Smac-mimetics (Figure 1.4). Smac-mimetics mimic 

the minimal N-terminal tetrapeptide (NH2-AVPI), that constitutes a significant part 

of the IBM, which binds to the BIR domains of cIAP1/2 and XIAP (Kipp et al., 

2002; Silke et al., 2000; Wu et al., 2000). Many of these mimetic compounds have 

shown anti-cancer effects in vitro and in vivo, validating the development of 

clinical Smac-mimetics (Fulda and Vucic, 2012; Li et al., 2004; Oost et al., 2004; 

Schimmer et al., 2004; Zobel et al., 2006). 

 

Endogenous Smac homodimerises through an extensive hydrophobic interface 

and is bivalent (Chai et al., 2000). Potent and selective bivalent Smac-mimetics, 

as well as monovalent compounds, have been developed for the clinic. 
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Monovalent Smac-mimetics have one AVPI-like binding motif whilst bivalent 

Smac-mimetics have two. To date, five monovalent compounds; GDC-0152, 

CUDC-427 (GDC-0917), AT-406 (Debio 1143), LCL161 and BI 891065, and 

three bivalent compounds; birinapant (TL32711), APG-1387, HGS1029 

(AEG40826), have entered clinical trials for the treatment of cancer (Figure 1.4). 
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Figure 1.4 Structures of clinical Smac-mimetic compounds 

Structures of Smac-mimetic compounds that have progressed to in-human clinical trials. 

Note the structure of BI 891065 is not publicly available.  
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1.6 Smac-mimetics as Single-agents in Pre-clinical and 

Clinical Studies 

Triple knock-out ciap1-/-ciap2-/-xiap-/- and double knock-out ciap1-/-/ciap2-/- 

animals are embryonic lethal. In contrast, double knock-out ciap2-/-/xiap-/- are 

viable (Moulin et al., 2012). There are two conflicting reports with regard to ciap1-

/-/xiap-/-, with one strain being embryonic lethal (Moulin et al., 2012) and another 

viable (Heard et al., 2015). At the least, these data suggest that inhibiting all three 

anti-apoptotic IAPs may be undesirable from a safety perspective. Certainly 

Smac-mimetics that inhibit all three with low nanomolar Ki’s tend to have a more 

inflammatory profile and be more toxic to cells than ones with a more restricted 

profile (Table 1) (Anderton et al., 2017; Condon et al., 2014; Ndubaku et al., 2009; 

Vince et al., 2012). 

 

Table 1 Ki values for clinically relevant Smac-mimetics 

 
 
 
 
 
 
 
 
 
 
 
 

Smac-mimetic cIAP1 cIAP2 XIAP ML-IAP Reference 

Birinapant ~1 36 50  23 ~1 Condon et al., 2014 

LCL161 - - - - Derakhshan et al., 2016 

AT-406 1.9 5.1 66.4 - Cai et al., 2011 

GDC-0152 17 43 28 14 Flygare et al., 2013 

CUDC-427 <60 <60 <60 <60 Wong et al., 2013 
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1.6.1 Birinapant 

Birinapant (previously known as TL32711, Tetralogic Pharmaceuticals) is one of 

the most clinically progressed Smac-mimetics (Condon et al., 2014). Birinapant’s 

higher affinity for the BIR3 of cIAP1 (Ki ~1 nM) than for that of cIAP2 (36 nM) and 

XIAP (50 ± 23 nM), is likely to contribute to its good safety profile (Condon et al., 

2014; Moulin et al., 2012). Birinapant’s anti-cancer activity as a single-agent has 

been extensively investigated in vitro and in vivo. Benetatos et al., undertook a 

large-scale screen in vitro of 111 different malignancies and observed 18 (16%) 

were sensitive to birinapant single-agent treatment (Benetatos et al., 2014). 

Interestingly, single-agent birinapant treatment in vivo in 50 patient-derived 

xenotransplant models of ovarian, colorectal and melanoma cancer, resulted in 

inhibition of tumour growth in roughly one third (Benetatos et al., 2014). Similarly, 

although the human melanoma cell lines 451Lu and 1025Lu were both resistant 

to birinapant single treatment in vitro, in xenotransplantation models of these 

cells, treatment with birinapant single-agent led to significant slowing of tumour 

growth for both cell lines (Krepler et al., 2013). It is possible that this unexpected 

improvement of efficacy in vivo compared with in vitro, is due to elevated levels 

of TNF in the microenvironment of melanoma lesions due to chronic inflammation 

(Coussens and Werb, 2002). While TNF has pro-survival effects on melanoma 

cells, enhancing invasion and migration potential (Katerinaki et al., 2003), Smac-

mimetics can convert this advantage to a liability. These results highlight that 

Smac-mimetics may synergise with an inflammatory environment, whether 

induced or otherwise, to cause cancer cell death (Beug et al., 2014; Chesi et al., 

2016; Michie et al., 2019) 
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A recent analysis of 279 head and neck squamous cell carcinoma (HNSCC) 

tumours by The Cancer Genome Atlas (TCGA) identified roughly thirty percent of 

HNSCC patients have genomic amplifications of Fas-associated death domain 

(FADD), with a subset of these patients also having amplifications in 

BIRC2/cIAP1 or BIRC3/cIAP2 (Cancer Genome Atlas Network, 2015; Eytan et 

al., 2016). Birinapant was effective as a single-agent both in vitro and in vivo in 

HNSCC cells over expressing FADD, with differential expression levels of cIAP1. 

Interestingly, following overexpression of FADD in the FADD-deficient cell line 

UM-SCC-38, birinapant treatments were effective at inducing cell death, 

implicating FADD as an important component in Smac-mimetic mediated killing 

(Eytan et al., 2016; Eytan et al., 2015). In inflammatory breast cancer (IBC), 

overexpression of XIAP has been correlated with acquired therapeutic resistance 

to apoptotic stimulus such as TRAIL (Allensworth et al., 2012). Single-agent 

treatment with birinapant in TRAIL resistant IBC cell lines was pro-apoptotic, 

leading to cell death (Allensworth et al., 2013). The authors proposed that this 

sensitivity was due to birinapant’s activity towards XIAP, as a related bivalent 

Smac-mimetic that binds XIAP less potently (Kd 0.45 and >1 μM respectively) was 

not as effective at inducing cell death (Allensworth et al., 2013). However, caveats 

to this conclusion are that cIAP2 binding was not examined and the different 

physico-chemical properties of the two compounds was not discussed 

(Allensworth et al., 2013). 

 

The first in-human clinical trial with birinapant was in patients with advanced solid 

tumours or lymphoma (NCT00993239). Birinapant was administered 
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intravenously, with a dose-escalation from 0.18 to 63 mg/m2, once a week, every 

three out of four weeks. The maximum tolerated dose (MTD) was determined as 

47 mg/m2, with the maximum dose 63 mg/m2 having adverse effects (AEs) 

including headache, nausea and vomiting. Intriguingly, 2 out of 3 patients 

receiving 63 mg/m2 presented with Bell’s palsy, a facial nerve paralysis 

(Amaravadi et al., 2015). Although birinapant accumulated in tumour tissue and 

had on target effects as an IAP inhibitor, no complete (CR) or partial responses 

(PR) were observed in the 26 patients who were eligible for evaluation. Stable 

disease was observed in 7 patients (27%) and 2 patients with colorectal cancer 

demonstrated radiographic evidence of tumour shrinkage (Amaravadi et al., 

2015). A second Phase I/II clinical trial with birinapant was conducted in patients 

with relapsed acute myeloid leukaemia (AML) or myelodysplastic syndrome 

(MDS). Birinapant was administered at varying doses (17, 22 or 26 mg/m2) and 

frequency (weekly, twice weekly or three times weekly) (Frey et al., 2014). One 

case of Bell’s palsy was observed at 22 mg/m2 dosed twice a week, and the three 

times a week dosing schedule was abandoned due to feasibility concerns. Best 

responses included a reduction in bone marrow blasts from 60% to 10% (Frey et 

al., 2014). A Phase II single-agent trial of birinapant in 11 patients with relapsed 

platinum-resistant or -refractory epithelial ovarian cancer was conducted using 

the pre-established MTD of 47 mg/m2, administered once a week, three out of 

four weeks (NCT01681368) (Amaravadi et al., 2015; Noonan et al., 2016). Similar 

to previous studies, birinapant demonstrated potent on target inhibition of IAPs, 

but no clinical benefit was observed, and therefore the study was terminated 

(Noonan et al., 2016). Together, these first in-human studies with birinapant 
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indicate that as a single-agent, birinapant has some anti-cancer activity but is 

unlikely to be universally effective in treating cancer. Despite the incidences of 

Bell’s palsy (which is reversible upon birinapant reduction or withdrawal), the 

good tolerability profile of birinapant suggests it has the potential to be combined 

with chemotherapy and TNF enhancing therapy.  

1.6.2 LCL161 

LCL161 (Novartis) is a structural analogue of the Smac-mimetic compound 

LBW242 and has also progressed into the clinic (Weisberg et al., 2007; Weisberg 

et al., 2010). It is an orally available monovalent compound that inhibits multiple 

IAPs including XIAP, cIAP1 and cIAP2 (Condon, 2011; Weisberg et al., 2007; 

Weisberg et al., 2010). Ki values for individual IAPs do not appear to have been 

published for this compound, however, like birinapant, it promotes degradation of 

cIAP1 and appears to have greater activity against cIAP1 and cIAP2 than XIAP 

(Hird et al., 2015). Initial studies with LCL161 showed its efficacy as a single-

agent towards mutant FLT3- and BCR-ABL-positive leukaemia cells (Weisberg 

et al., 2010). In human hepatocellular carcinoma (HCC) cell lines Hep3B and 

PLC5, LCL161 had single-agent activity (IC50 10.23 μM and 19.19 μM 

respectively) and induced cell death (Chen et al., 2012a). Further studies have 

also identified LCL161 single-agent activity in multiple myeloma (MM) in vitro and 

in vivo (Chesi et al., 2016; Ramakrishnan et al., 2014). Although there was a 

mixed anti-tumour response in LCL161 treated MM cell lines, degradation of 

cIAP1 and inhibition of XIAP was observed in all cells tested (Ramakrishnan et 

al., 2014). In the study by Chesi et al., MM cells were resistant in vitro to LCL161 

except at doses that were not clinically achievable (Chesi et al., 2016). Other 
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studies have also reported differential responses of tumours to LCL161 

treatment. In particular the Pediatric Preclinical Testing Program (PPTP) 

screened 23 cell lines in vitro and 46 xenograft models in vivo and reported a 

variable and limited response to LCL161 within these childhood cancer cell lines 

(Houghton et al., 2012). The relationship between TNF expression and treatment 

sensitivity of PPTP cell lines was investigated by the authors (Neale et al., 2008). 

Although 2 of the most sensitive tumours (anaplastic large cell lymphoma Karpas-

299 cell line and medulloblastoma BT-39 xenograft) showed elevated TNF 

expression, multiple B-precursor acute lymphoblastic leukaemia (ALL) 

xenografts, which also presented with moderate levels of TNF, were resistant to 

LCL161 treatment (Houghton et al., 2012). In a later study, Faye and colleagues 

identified the dependence of rhabdomyosarcoma (RMS) tumours on cIAP1 and 

observed that LCL161 treatment of mice with established Kym-1 RMS xenograft 

tumours led to cancer cell death and prolonged survival (mean survival days were 

46 vs 77.69  SEM) (Faye et al., 2015). Strikingly, if LCL161 treatment was 

initiated prior to tumour growth, mice did not develop tumours by 120 days, 

effectively preventing the establishment of disease (Faye et al., 2015). However, 

it should be noted that Kym-1 cells are exquisitely sensitive to Smac-mimetic 

treatment (Vince et al., 2007), for example compound A (a preclinical precursor 

of birinapant) has an IC50 of ~50 pmol (unpublished). 

 

The first in-human clinical trial of LCL161 tested the safety and effectiveness of 

the Smac-mimetic in patients with advanced solid tumours (NCT01098838). After 

treating 53 patients with a dose range of 10 to 3000 mg of LCL161, the MTD was 
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determined as 1800 mg, administered orally once a week. Higher doses led to 

AEs of cytokine release syndrome, vomiting, nausea, fatigue and anorexia. No 

patients had an objective response, with 19% having a best response of stable 

disease (Infante et al., 2014). Degradation of cIAP1 and increased circulating 

cytokine levels, including TNF, were observed in patients dosed with lower 

concentrations than the MTD, indicating that the dosage of 1800 mg is sufficient 

to target IAPs irrespective of individual patient pharmacokinetics. As observed in 

in vitro testing of cancer cell lines, the lack of efficacy of LCL161 in this study 

correlated with a lack of basal production and insensitivity of tumour cells to TNF. 

Therefore, future studies with LCL161 should focus on the screening of patients 

that express and are sensitive to TNF (Infante et al., 2014). 

1.6.3 AT-406 

AT-406 (also known as Debio 1143) is a monovalent Smac-mimetic that was first 

described in 2011 and developed by Ascenta Therapeutics. This compound has 

oral bioavailability and targets cIAP1 > cIAP2 > XIAP with Ki values of 1.9, 5.1 

and 66.4 nM respectively (Cai et al., 2011). Initial studies evaluated its single-

agent capacity to inhibit cancer cell growth in vitro in more than 100 human 

cancer cell lines and observed that 15% were sensitive. As a single-agent, AT-

406 inhibited tumour growth in MDA-MB-231 breast cancer xenograft models 

(Cai et al., 2011). Further analysis of AT-406 showed it also had single-agent 

activity in 60% of ovarian cancer cell lines tested in vitro. Intriguingly, 3 out of 5 

carboplatin resistant ovarian cell lines were sensitive to single-agent treatment. 

This finding highlights the ability of Smac-mimetics to drive cell death through 
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molecular mechanisms independent of classical chemotherapy (Brunckhorst et 

al., 2012).  

 

Analysis of a mouse xenograft model treated with AT-406 showed it was quickly 

absorbed and distributed after oral administration, and in the lung, blood, kidney 

and liver it reached maximum serum concentration within 15 minutes (Zhang et 

al., 2013). AT-406 progressed into first-in-human Phase I clinical trials in patients 

with advanced metastatic solid cancer (30 patients) and lymphoma (1 patient) 

(NCT01078649) (Hurwitz et al., 2015). AT-406 was administered orally at a dose 

range of 5 to 900 mg, daily from days 1-5, then every 14 days and then later 

every 21 days. A MTD was not confirmed and AEs experienced included fatigue, 

nausea and vomiting, with 4 patients withdrawing from the trial (Hurwitz et al., 

2015). As with birinapant and LCL161, on target activity was seen, with rapid 

degradation of cIAP1 in tumour tissue and no CRs or PRs were observed. Stable 

disease as best response was seen in 5 patients. The authors of the study 

highlight the need for combination approaches and screening of sensitive 

markers for the clinical progression of IAP inhibitors (Hurwitz et al., 2015). 

1.6.4 GDC Smac-mimetics 

Compounds by Genentech, GDC-0152 and CUDC-427 (also known as GDC-

0917 and currently being developed by Curis) were reported in 2012 and 2013 

respectively. Both are pan-selective IAP antagonists with Ki values towards 

cIAP1, cIAP2, XIAP and ML-IAP of less than 60 nM (Flygare et al., 2012; Wong 

et al., 2013) The advantage of CUDC-427 over GDC-0152 is its increased oral 

bioavailability (Wong et al., 2013).  
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Initial studies with single-treatment of both compounds demonstrated safety 

towards healthy mammary epithelial tissue and efficacy in inhibiting tumour 

growth in MDA-MB-231 breast cancer xenograft models (Flygare et al., 2012; 

Wong et al., 2013). Tchoghandjian and colleagues showed that glioblastoma cell 

lines and primary human samples all expressed IAP proteins, cIAP1/2, XIAP and 

ML-IAP, albeit at varying levels (Tchoghandjian et al., 2016). Intriguingly, analysis 

of two cohorts, totaling 101 primary human glioblastoma samples, indicated that 

high expression levels of ML-IAP were indicative of worse progression-free and 

overall survival (Tchoghandjian et al., 2016). Therefore, the authors chose to test 

the ability of GDC-0152, a Smac-mimetic with high affinity towards ML-IAP, to 

induce glioblastoma cell death in vitro and in vivo. In vitro treatment with GDC-

0152 decreased the expression levels of IAP proteins, including ML-IAP in 3 out 

of 4 glioblastoma cell lines, driving apoptotic cell death. In vivo studies using the 

sensitive U87MG glioblastoma cell line orthotopically xenografted into mice, 

showed that GDC-0152 postponed tumour development and increased survival 

(Tchoghandjian et al., 2016). The fact that GDC-0152 and CUDC-427 potently 

target ML-IAP indicates that they may offer benefit to patients suffering from 

cancer where ML-IAP is a biomarker of poor prognosis.  

 

The progression of GDC-0152 and CUDC-427 into human clinical trials followed 

positive preclinical modelling and simulation exercises to predict in-human safety 

(Wong et al., 2013). Although initial data showed GDC-0152 was tolerated, its 

translation into additional human clinical trials has been delayed due to 

withdrawal of a Phase I trial for reasons unrelated to safety or anti-tumour activity 
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(NCT00977067). Similar to GDC-0152, CUDC-427’s progression in-human 

clinical trials has also been arrested. CUDC-427 was tested in a Phase I trial in 

42 patients with advanced solid malignancies to determine its safety profile 

(NCT01226277) (Tolcher et al., 2016). Patients were treated for two out of three 

weeks with escalating doses of CUDC-427, starting from 5 mg and advancing to 

600 mg. AEs included fatigue, nausea, vomiting and rash, with treatment being 

discontinued in 6 patients due to dose limiting toxicities. Although out of the 36 

patients evaluable for response, 34 had no objective response, 2 patients 

(mucosa-associated lymphoid tissue (MALT) lymphoma of the stomach and the 

other a BRCA1 (germline) and platinum-refractory ovarian cancer) showed 

evidence of a durable CR (Tolcher et al., 2016). The profound response 

experienced by these 2 patients warrants further investigation into patient 

indications to select sensitive candidates. Despite the initial promising results, 

progression of GDC Smac-mimetics has halted following a second Phase I trial 

with CUDC-427 that was discontinued (NCT01908413) (Tolcher et al., 2016).  

1.6.5 Other Smac-mimetic drugs 

Numerous other Smac-mimetics have been developed and undergone pre-

clinical assessment. These include APG-1387, HGS1029 (also known as 

AEG40826) and BI 891065 (also known as BI5).  

 

APG-1387 (Ascentage Pharma) has shown anti-cancer effects as a single-agent 

in vitro and in vivo in nasopharyngeal carcinoma cells and in ovarian cancer cells 

(Ji et al., 2018; Li et al., 2018; Li et al., 2016). APG-1387 is currently in dose-

escalation Phase I/II clinical trials to determine safety, tolerability, 
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pharmacokinetics and anti-cancer activity in patients with advanced solid tumours 

or haematological malignancies (Table 2) (NCT03386526, 

ACTRN12614000268640 and CTR20150161) (Rasco et al., 2019; Xu et al., 

2018).  

 

HGS1029 (also known as AEG40826) was developed by Aegera Therapeutics 

Inc. and subsequently licensed to Human Genome Sciences Inc. for commercial 

development. Preliminary in vitro studies with HGS1029 have shown it has some 

activity as a single-agent in 4 out of 8 pancreatic cancer cell lines tested 

(Humphreys et al., 2009). The safety and efficacy of HGS1029 was assessed in 

a Phase I clinical trial in 44 patients with advanced solid tumours (NCT00708006). 

The most common AEs were nausea, anorexia, pyrexia, vomiting, diarrhea, 

fatigue and rash, with dose limiting toxicities being observed in 1 out of 9 patients 

at 1.4 mg/m2 and in 2 out of 6 patients at 4.8 mg/m2. Best responses were 1 colon 

cancer patient presenting with tumour regression and 2 patients, with non-small-

cell lung carcinoma (NSCLC) and adrenocortical carcinoma, having stable 

disease for more than 6 months (Eckhardt et al., 2010; Sikic et al., 2011). Despite 

these promising results, progression of HGS1029 has been attenuated due to 

termination of a second Phase I clinical trial (NCT01013818). 

 

BI 891065 (also known as BI5) was developed by Boehringer Ingelheim and has 

higher selectivity towards cIAP1 and cIAP2 compared to XIAP. BI 891065 has 

shown modest single-agent efficacy in MBT-2 bladder cancer and EMT6 breast 

cancer cell lines (Impagnatiello et al., 2017). It is currently in human clinical Phase 
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I trials to determine safety, tolerability and efficacy (Table 2) (NCT03697304, 

NCT03166631 and NCT04138823). 

 

Table 2 In progress clinical Smac-mimetic trials 

 
a PDR001, Everolimus, Panobinstat, QBM076, HDM201 
b Colorectal cancer, adenocarcinoma, triple negative breast cancer, renal cell carcinoma 
c PDR001, CJM112 
d Topotecan, pegylated GCSF 
e Small cell lung cancer, ovarian cancer 
f Adenocarcinoma of the pancreas, colon and rectum cancer 
g BI 754091, BI 754111 
h Neoplasms, neoplasm metastasis, NSCLC 
i BI 754091 

 

1.7 Mechanisms of Resistance to Smac-mimetics and 

Strategies to Overcome Them 

The Phase I/II human clinical trials of Smac-mimetics indicated that they are 

tolerated as single-agents but have low efficacy. Therefore, pre-clinical and 

clinical research has been conducted to identify biomarkers of response and 

combination treatments that can increase the effectiveness of Smac-mimetic 

treatment.  

Smac-

mimetic 
Adjuvant therapy Cancer Phase Clinical trial Date 

Birinapant Pembrolizumab Solid cancer I/II NCT02587962 Aug-17 

Birinapant Radiation HNSCC I NCT03803774 Jan-19 

LCL161 None Myelofibrosis II NCT02098161 Dec-14 

LCL161 Immunotherapya Solid tumoursb Ib NCT02890069 Oct-16 

LCL161 Immunotherapyc Multiple myeloma I NCT03111992 Dec-17 

LCL161 Topotecan Solid tumoursd I/II NCT02649673 Jul-19 

AT-406 Nivolumab Solid cancer I/II NCT04122625 Apr-19 

AT-406 Pembrolizumab Solid tumourse I NCT03871959 Sep-19 

AT-406 Avelumab NSCLC Ib NCT03270176 Oct-17 

AT-406 Cisplatin/radiotherapy HNSCC I/II NCT02022098 Oct-13 

APG-1387 None Solid cancer/Haem I/II NCT03386526 Nov-17 

BI 891065 Immunotherapyf Solid tumoursg I NCT03166631 May-17 

BI 891065 Immunotherapyh Neoplasm/metastasis II NCT03697304 Mar-19 
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1.7.1 Importance of TNF 

The ability of a tumour to produce and respond to TNF (or another TNFSF death 

ligand) is vital for the anti-tumour effect of Smac-mimetics, and tumours that lack 

either of these functions will most likely be resistant to Smac-mimetic treatment 

(Gaither et al., 2007; Petersen et al., 2007; Varfolomeev et al., 2007; Vince et al., 

2007). For this reason, an obvious initial combination therapy was the addition of 

exogenous TNF (or TRAIL) to overcome Smac-mimetic treatment resistance. 

The efficacy of TNF and/or TRAIL in combination with birinapant is demonstrated 

by the sensitisation of 41 out of 93 birinapant resistant malignancies in vitro 

(Benetatos et al., 2014). In HNSCC cell lines with differential expression of FADD 

and cIAP1, addition of TNF or TRAIL dramatically sensitised all tumours to 

birinapant-mediated killing (Eytan et al., 2015). Similar results have also been 

observed in melanoma cell lines where 9 out of 16 birinapant resistant tumours 

were dramatically sensitised to birinapant-mediated killing with the addition of 

TNF (Krepler et al., 2013). 

 

Despite these results indicating addition of exogenous TNF in vitro is able to 

sensitise Smac-mimetic resistant tumours to treatment, administrating TNF 

systemically to patients is not feasible due to extreme toxicities observed at 

therapeutically relevant doses (Roberts et al., 2011). Isolated limb perfusion (ILP) 

is one technique that has been used to administer TNF at therapeutically relevant 

doses in combination with chemotherapies, however the technical challenges 

and innate limitations of ILP means it is only plausible for a minority of localised 

cancers and therefore alternative methods have been developed to be used in 
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combination with Smac-mimetics (Lejeune et al., 2006). For example, to 

overcome the barrier of systemically safe, tumour specific TNF delivery, Yuan 

and colleagues developed a novel system whereby systemic delivery of adeno-

associated virus bacteriophage-TNF (AAVP-TNF) enables tumour vasculature-

targeted gene therapy (Yuan et al., 2013). This system allows delivery of TNF 

directly to the tumour tissue, minimising systemic toxicity (Hajitou et al., 2007; 

Hajitou et al., 2006; Yuan et al., 2013). Co-administration of AAVP-TNF and 

LCL161 to M21 human xenograft mice led to increased expression of TNF 

specifically in tumour tissue, and not in healthy organs. Combination therapy was 

synergistic and significantly prolonged survival of mice (Yuan et al., 2013). 

Similarly, cytokine-engineered oncolytic viruses, such as the TNF-armed 

attenuated oncolytic vesicular stomatitis virus (VSV△51), combined with the 

Smac-mimetic LCL161, slowed tumour growth and improved survival rates in 

mouse models of solid tumours (Beug et al., 2018). These findings support the 

hypothesis that increasing TNF expression in vivo potentiates Smac-mimetic 

treatment.  

 

Another approach has been to enhance the levels of TNF expressed by the 

tumour, by targeting parallel signalling pathways. A boutique screen of kinase 

inhibitors in macrophages showed, surprisingly, that 11 distinct p38 MAPK 

inhibitors synergised with compound A, the preclinical precursor of birinapant, to 

increase TNF production and macrophage killing (Lalaoui et al., 2016). One of 

these, LY2228820 (Ralimetinib), was shown to increase induction of TNF by 

Smac-mimetic treatment leading to synergistic potentiation of birinapant killing of 
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AML cells both in vitro and in vivo (Lalaoui et al., 2016). Another approach has 

been to induce TNF in tumours more conventionally using toll-like receptor (TLR) 

ligands, such as CpG and poly(I:C). Surprisingly, when combined with LCL161 in 

an in vivo model, peritoneal injection of poly(I:C) was better at curing the mice 

than intra-tumoural injection. However, when combined with CpG, the best 

responses were dual intra-tumoural and peritoneal injection (Beug et al., 2014). 

These results certainly suggest that Smac-mimetics can combine with circulating 

TNF and not just TNF produced in the tumour micro-environment.  

1.7.2 Combination with Radiation 

Having established the neccessicity of TNF for Smac-mimetic-mediated killing, 

and the potential for increased TNF to overcome treatment resistance, novel 

combination therapies were explored that combined Smac-mimetics with TNF 

enhancing therapy. Hallahan and colleagues reported that treatment of human 

sarcoma cells with ionising radiation led to an increase in TNF mRNA and an 

increased production of TNF protein. The increased production of TNF enhanced 

radiation-mediated killing through autocrine and paracrine mechanisms 

(Hallahan et al., 1989). Armed with this knowledge, the combination of Smac-

mimetics with radiation was explored to overcome TNF-mediated Smac-mimetic 

resistance in cancer. Birinapant or radiation single-agent treatment only modestly 

extended the survival of mice burdened with FADD overexpressing HNSCC UM-

SCC-46 xenograft tumours (Eytan et al., 2016). Strikingly however, the 

combination of Smac-mimetic with radiation cured these mice of HNSCC tumours 

with no signs of relapse, up to 130 days (Eytan et al., 2016). A potent increase in 

endogenous TNF levels in the tumours was found, corroborating the hypothesis 
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that the radiosensitisation effect of birinapant is due to an enhancement of TNF 

in the environment. Similar findings were observed in esophageal squamous 

carcinoma cells (ESCC), where the radiosensitising effect of LCL161 was 

investigated. ESCC cells were differentially sensitive to Smac-mimetic single-

agent treatment, however addition of radiation, increased radiation-induced TNF, 

DNA fragmentation and apoptosis of these cells. The pan-caspase inhibitor 

zVAD-FMK attenuated apoptosis, therefore the sensitisation mediated by the 

addition of LCL161 was due to the activation of the TNFR1 extrinsic apoptotic 

pathway (Qin et al., 2014). Further studies showed that AT-406 significantly 

enhanced radiosensitisation in NSCLC and HNSCC tumours in vitro and in vivo 

(Liu et al., 2014; Matzinger et al., 2015). This sensitisation was driven by an 

increase in autocrine TNF production and cell death was mediated by caspases 

(Liu et al., 2014; Matzinger et al., 2015). Due to these promising findings, 

radiation therapy is being trialed in HNSCC tumours in combination with 

birinapant (NCT03803774) and AT-406 (NCT02022098) (Table 2).  

1.7.3 Combination with Chemotherapy 

Upon exposure of cells to cytotoxic drugs and DNA-damaging agents, a 

measurable decrease of endogenous Smac within the mitochondria and an 

accumulation within the cytosol can be observed (Adrain et al., 2001). Therefore, 

Smac-mimetics provide a means to augment the natural response to cytotoxic 

compounds. Chemotherapy remains the front-line treatment for a range of 

cancers, rationalising the exploration of pairing Smac-mimetics with 

chemotherapies for combination treatment. Paclitaxel is one of the first-line 

chemotherapy treatments for NSCLC however, due to its limited efficacy in some 
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patients, new combination treatments are being investigated (Chu et al., 2005). 

An increase in expression of cIAP levels has been shown to correlate with poor 

prognosis and lower overall survival in various types of cancer, including NSCLC 

(Dai et al., 2003; Esposito et al., 2007; Tanimoto et al., 2005; Yang et al., 2016). 

Therefore, combining the Smac-mimetic LCL161 with paclitaxel in NSCLC 

tumours was investigated. Addition of LCL161 to paclitaxel therapy increased 

TNF expression, degradation of cIAP1/2 and activation of caspase 8 dependent 

apoptotic signalling, sensitising NSCLC cancer cells to treatment in vitro (Yang 

et al., 2016). Similar findings were observed in mice xenografted with NSCLC 

tumours where LCL161 plus paclitaxel treatment had better anti-tumour activity 

than either treatment alone (Yang et al., 2016).  

 

Treatment of HNSCC cell lines with birinapant plus docetaxel was more effective 

than either treatment alone in vitro (Eytan et al., 2015). However, while birinapant 

plus docetaxel treatment of mice burdened with HNSCC xenografts significantly 

reduced tumour volume, there was no extension in survival compared to control 

treated mice (Eytan et al., 2015). Surprisingly however, there was a significant 

extension in survival with birinapant single-agent treatment, although it was less 

effective at reducing tumour volume (Eytan et al., 2015). The authors suggested 

that a different dosing schedule might have increased survival in the combination 

treated animals, but regardless, the results yet again emphasise that in vivo 

response to birinapant can be better than predicted from in vitro studies. In HL-

60, OVCAR-3 and HT-1376 cancer cell lines, the effects of birinapant treatment 

could be enhanced by the addition of chemotherapy agents SN-38 (active 
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metabolite of irinotecan), gemcitabine or 5-azacytidine, but not pemetrexed, 

vemurafenib, bendamustine or sorafenib (Benetatos et al., 2014). Interestingly, 

in the HT-1376 bladder cancer cell line, the potentiation of birinapant and 

gemcitabine treatment was not attenuated by co-treatment with an anti-TNF 

antibody, thus indicating that the increase in cell death was via a TNF-

independent-mechanism in this tumour (Benetatos et al., 2014).  

 

Platinum-based chemotherapy, commonly carboplatin, is the front-line therapy 

for ovarian cancer patients, however patients can develop resistance to treatment 

(Cannistra, 1993, 2004). In high-grade serous ovarian cancer (HGSC) primary 

samples, a small proportion of cells were platinum resistant and possessed stem 

cell characteristics of tumour initiation, self-renewal and had high expression of 

IAP proteins. Co-treatment of birinapant with carboplatin led to sensitisation of 

these cells and increased killing in a caspase 8 dependent mechanism in vitro 

and in xenograft HGSC models (Janzen et al., 2015). As expected, human 

ovarian adenocarcinoma (HOAC) cells had a variable response to carboplatin 

single-agent treatment, with 3 out of 5 being resistant. However, despite 

resistance to chemotherapy, co-treatment with AT-406 plus carboplatin 

sensitised these cells to cell death in vitro (Thibault et al., 2018). Treatment of 

carboplatin and AT-406 in vitro resistant SKOV-3 HOAC xenograft burdened 

mice with carboplatin had no effect, whilst treatment with AT-406 single-agent 

induced a slow-down in tumour growth and complete regression in 1 out of 7 

mice. This effect was potentiated with the addition of carboplatin leading to slow-

down of tumour growth in 2 mice and complete regression in 5 mice (out of 7) 
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(Thibault et al., 2018). Furthermore, in vivo treatment of OVCAR3ip (cells 

selected in vivo from OVCAR3 parental cells to form ascites) carboplatin-resistant 

ovarian xenograft models with AT-406 in combination with carboplatin was able 

to prolong survival of mice better than single treatments (Brunckhorst et al., 

2012). The capacity of Smac-mimetics to act as single agents or in combination 

with carboplatin to kill carboplatin resistant ovarian cancer cell lines validates 

them as a combination or alternative therapy to overcome resistance 

(Brunckhorst et al., 2012).  

 

The preclinical data discussed above indicated Smac-mimetics are more 

efficacious when combined with TNF inducing chemotherapies than alone. For 

this reason, birinapant was combined with several chemotherapies including, 

carboplatin/paclitaxel, irinotecan, docetaxel, gemcitabine or liposomal 

doxorubicin for the treatment of patients with solid tumours. Co-treatment of 

birinapant with these diverse chemotherapies in 124 patients with 

refractory/relapsed solid tumours did not limit the dose of chemotherapy 

administered. Despite 7 patients experiencing reversible Bell’s palsy symptoms, 

overall birinapant was well tolerated in combination with chemotherapy as a 

treatment. Clinical benefit was observed in numerous patients, with 11 patients 

having a PR and 61 having stable disease. Of the chemotherapies tested, 

irinotecan enhanced birinapants activity the most, even in patients that had 

previously failed irinotecan therapy (NCT01188499) (Amaravadi et al., 2013). 

Therefore, a Phase II extension study was conducted combining birinapant with 

irinotecan in irinotecan-relapsed or refractory metastatic colorectal cancer 
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patients (Senzer et al., 2013). Birinapant was administered at a fixed dose or in 

an ascending dose schedule (ADS) in combination with irinotecan at a fixed dose. 

The combination was well tolerated and the ADS appeared to prevent symptoms 

of Bell’s palsy. Two patients achieved a PR, while 27 had stable disease. 

Together this study supports the idea that combining birinapant with the TNF 

inducing chemotherapy irinotecan may be a feasible therapeutic strategy for 

irinotecan resistant tumours (NCT01188499) (Senzer et al., 2013).  

 

As discussed above, the chemotherapy paclitaxel has been shown to potentiate 

LCL161 mediated killing in solid tumours, including triple negative breast cancer 

(TNBC) (Bardia et al., 2015; Dienstmann et al., 2012; Firestone et al., 2009; Yang 

et al., 2016). Phase II clinical trials were initiated (Bardia et al., 2018), following 

Phase I trials that indicated that LCL161 plus paclitaxel therapy is well tolerated 

(Dienstmann et al., 2012). Interestingly, for this study the TNF-based gene 

expression signature (GS) was determined for each patient and used as a 

predictor of sensitivity to Smac-mimetic mediated cell death (Bardia et al., 2018). 

Bardia and colleagues conducted a global trial incorporating molecular pre-

screening to investigate the neoadjuvant treatment of LCL161 and paclitaxel in 

TNBC patients assigned as GS-positive (more likely to respond to Smac-mimetic 

treatment) vs GS-negative (less likely to respond) (Bardia et al., 2018). Of 207 

patients, 30.4% had a GS-positive score and combination treatment was more 

effective than paclitaxel alone treatment. However, in the GS-negative group 

comprising 69.6% of the patient population, there was an antagonistic effect in 

combination treatment compared to control arms. This study highlights the 
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importance of molecular screening to determine eligibility of patients and the 

analysis of possible increased toxicities (NCT01617668) (Bardia et al., 2018). 

1.7.4 Combination with Bcl-2 Inhibitors 

B-cell lymphoma 2 (Bcl-2) prevents Bax/Bak mediated disruption of the 

mitochondrial outer-membrane, preventing cell death and efflux of cytochrome c 

from the mitochondrial inter-membrane space (Delbridge et al., 2016; Kluck et 

al., 1997; Yang et al., 1997). Efflux of endogenous Smac from within the 

mitochondria is also regulated by Bcl-2 and cells overexpressing Bcl-2 inhibit the 

release of Smac from the mitochondria following apoptotic stimulus (Adrain et al., 

2001; Ekert et al., 2001). Combining Smac-mimetics with other specific inducers 

of cell death, such as Bcl-2 inhibitors, might increase efficacy and reduce toxicity. 

Preliminary studies where the authors knocked down Bcl-2 which led to resistant 

Huh7 cells becoming sensitised to LCL161 treatment in vitro, were nevertheless 

discouraging because the level of cell death achieved was minimal (less than 

20%) (Chen et al., 2012a). More impressive results were obtained combining the 

putative Bcl-2 inhibitor SC-2001 (a derivative of obatoclax) with LCL161 to treat 

Huh-7 xenograft tumours in vivo (Chen et al., 2012a). MM cells have been shown 

to have high expression of anti-apoptotic Bcl-2 (Pettersson et al., 1992; Wuilleme-

Toumi et al., 2005) and IAP family members (Desplanques et al., 2009; 

Nakagawa et al., 2006), suggesting that the co-inhibition of these two families of 

proteins may be beneficial for the treatment of MM. Co-treatment with obatoclax 

and LCL161 led to a synergistic killing of MM cell lines (Ramakrishnan et al., 

2016). However, this synergistic killing may not be due specifically to obatoclax 

inhibiting Bcl-2 because a number of well controlled studies have shown that 
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obatoclax kills cells in a Bax-Bak independent manner and does not act as a BH3 

mimetic (Villalobos-Ortiz et al., 2019; Vogler et al., 2009). A more recent study 

combining the specific Bcl-2 inhibitor ABT-199 with Smac-mimetics birinapant or 

AT-406, showed an increase in human colon adenocarcinoma cell death 

compared to single-agent treatments (Perimenis et al., 2016). Together these 

preclinical studies indicate the potential for targeting the intrinsic and extrinsic 

apoptosis pathways in Smac-mimetic combination therapy. 

1.7.5 Combination with Immunotherapy 

Immunotherapy harnesses the immune system to kill tumours. Kearney et al. 

2017, showed that the Smac-mimetic birinapant sensitised tumour cells to TNF 

dependent killing by cytotoxic lymphocytes (CLs), both CD8+ T cells and natural 

killer (NK) cells. Upon antigen recognition or NK-activating receptor activation, 

CLs naturally respond by inducing TNF. Surprisingly, given the data showing the 

ability of Smac-mimetics to increase TNF levels, birinapant did not increase T-

cell production of TNF (Kearney et al., 2017). On the other hand, tumour derived 

programmed death-ligand 1 (PD-L1) engagement of its receptor, programmed 

cell death protein 1 (PD-1), expressed on CLs, decreased CL production of TNF. 

Furthermore, while birinapant didn’t increase TNF secretion by CLs, it did 

sensitise the tumour cells to TNF induced death. Together these results 

suggested that the combination of the immune checkpoint inhibitor (ICI), anti-

PD1, and birinapant would be a very effective way to increase CL killing. And 

indeed, this is what the authors observed (Kearney et al., 2017). Similarly, Beug 

and colleagues showed that combining the ICIs, anti-PD1 or anti-cytotoxic T-

lymphocyte-associated protein 4 (anti-CTLA-4), with the Smac-mimetic LCL161 
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greatly increased survival in intra-cranial mouse glioblastoma models and 

produced durable cures (Beug et al., 2017). These results are particularly 

significant on several levels. Firstly, they show that the combination therapy 

works well in vivo without any reported toxicity. Secondly, the Smac-mimetic was 

delivered orally, yet the blood-brain barrier, a significant barrier for many drugs, 

was not an impediment, thus the combination works in one of the most 

challenging in vivo environments. Thirdly, the authors showed that more than one 

Smac-mimetic and ICI cocktail was effective, boosting confidence in the general 

utility of the approach. Lastly, the durable response was associated with 

immunological memory suggesting the potential of the therapy to deliver long-

term cures. As in single-agent studies, TNF was an important part of the cytotoxic 

response and also required CD8+ T-cells (Beug et al., 2017). Encouragingly, an 

independent study with the Smac-mimetic BI 891065 in combination with an anti-

PD1 antibody also eradicated breast cancer tumours in immunocompetent mice 

(Impagnatiello et al., 2017). 

 

Clinical trials in solid tumours with diverse Smac-mimetics and immunotherapy 

are currently in progress; birinapant and Pembrolizumab (NCT02587962), 

LCL161 and PDR001 (NCT03111992 and NCT02890069), AT-406 and 

Nivolumab or Avelumab (NCT04122625 and NCT03270176), and BI 891065 and 

BI 754091 (NCT03697304, NCT03166631 and NCT04138823) (Table 2).  

1.7.6 Inducing Necroptosis 

Smac-mimetics can sensitise cells to both apoptotic and necroptotic cell death 

pathways mediated by TNFR1. As previously discussed, the majority of current 
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cancer chemotherapies utilise the intrinisic apoptotic pathway to induce cell 

death. As many cancers have evolved resistance to cell death via apoptosis, the 

ability of Smac-mimetics to regulate the TNF cell death pathways through 

promoting both apoptosis and necroptosis provides a promosing novel 

therapeutic avenue towards resistant malignancies (Fulda, 2012; Laukens et al., 

2011). Proof of principle for this concept has been shown as an effective way to 

kill AML cells both in vitro (Steinwascher et al., 2015) and also safely in vivo 

(Brumatti et al., 2016). Specifically Brumatti and colleagues induced necroptosis 

by combining birinapant with the U.S Food and Drug Administration (FDA) 

approved caspase inhibitor IDN-6556 (Emricasan) (Brumatti et al., 2016). 

However, Smac-mimetic-mediated necroptotic cell death does not always require 

pharmaceutical inhibition of caspases. Birinapant has been observed to mediate 

cell death through dual action of apoptotic and necroptotic mechanisms in ALL 

(McComb et al., 2016). Similarily, addition of AT-406 with the chemotherapy 

carboplatin led to ovarian cancer cell apoptotic or necroptotic cell death, 

depending on the cell line (Thibault et al., 2018). Together these studies suggest 

a double activity (apoptotic and non-apoptotic) of birinapant in cancer cells, 

making it an attractive drug for the treatment of apoptotic resistant cancers. 

1.8 Mechanical Resistance: ABC transporters 

Despite the promise and optimism surrounding Smac-mimetics as single-agents 

and in combinations, there has been variable and limited success to date. One 

common failure to all of these treatment regimens is drug resistance. Multidrug 

resistance (MDR) is a phenomenon that has been observed in both patients 

naïve to treatment and in patients that have received extensive treatment. A 
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potential cause of MDR is upregulation of ATP-binding cassette (ABC) 

transporter family members, so called due to the presence of a common, highly 

conserved ATP-binding cassette (Higgins, 1992). Alternative names for ABC 

transporters include ATPases and P-glycoproteins (Borst and Elferink, 2002). 

These transporters are able to actively pump out exogenous toxic substrates from 

within the cell into the extracellular space, protecting cells from possible toxicity 

(Fletcher et al., 2010). ABC transporters are the largest transmembrane 

superfamily and consist of 48 members in humans, dived into 7 subfamilies, 

labelled A to G, according to their sequence and structure homology (Fletcher et 

al., 2010). The most well described ABC transporters are ABCB1 (MDR1 or P-

glycoprotein), ABCC1 (MRP1) and ABCG2 (BCRP) (Fletcher et al., 2010).  

1.8.1 MDR1 

The multidrug resistance protein 1 (MDR1) also known as P-glycoprotein (P-gp), 

was first identified in the 1970’s and its upregulation has been correlated with 

drug resistance, disease relapse and poor prognosis (Abraham et al., 1993; 

Juliano and Ling, 1976; van Helvoort et al., 1996). Due to the known importance 

of MDR1, there was an impressive scientific community effort to determine its 

crystal structure. However, due to MDR1’s large size, flexibility and insolubility in 

water, the murine structure was only determined in 2009 and the human structure 

in 2018 (Aller et al., 2009; Kim and Chen, 2018; Waghray and Zhang, 2017). The 

overall structure of MDR1 allows molecules to be bound from the intracellular 

side of a cell, and then released into the extracellular side, following binding and 

hydrolysis of ATP. In more detail, the structure of MDR1 is produced by two 

halves, each containing transmembrane alpha-helices and a nucleotide binding 
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domain (NBD) (Figure 1.5). The two halves join to produce the canonical ABC 

transporter fold, where the two NBDs dimerise and hydrolyse ATP at the 

interface. This structure allows molecules to bind a cavity created within the 

inward-facing structure of more than 6000 Å in size. Following dynamic 

conformational changes of the NBD, driven by ATP binding and hydrolysis, 

molecules are then released into the extracellular side (Aller et al., 2009; Kim and 

Chen, 2018). 

 

Figure 1.5 MDR1 structure 

Topology diagram of human MDR1 illustrating two symmetric halves (yellow and blue). 

Each contain transmembrane domains and a nucleotide-binding domain (NBD). IH; 

intracellular helices, OUT; extracellular side, IN; intracellular side. Reproduced from (Kim 

and Chen, 2018). 
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An observed phenomenon is the diverse chemical and structural nature of 

substrates that MDR1 can recognise, including lipids, steroids, peptides, 

chemotherapeutic drugs and chemical compounds, such as the fluorescent dye 

Rhodamine-123 (Table 3) (Borst and Elferink, 2002; Didziapetris et al., 2003; 

Seelig, 1998; Takara et al., 2006). Prior to the crystallisation of MDR1, 

characterisation of different binding sites was described through drug binding and 

competition studies. These binding sites included the H site (Hoechst-33342 and 

colchicine), R site (rhodamine-123 and anthracyclines) and P site (prazosin and 

progesterone) (Martin et al., 2000; Shapiro et al., 1999; Shapiro and Ling, 1997). 

Generation of compounds derived from natural marine products, the molecule 

QZ59-RRR and its enantiomer QZ59-SSS, showed for the first time compounds 

precisely localised in the drug-binding region of MDR1 (Aller et al., 2009). 

Furthermore, compounds generated based on QZ59-SSS, with systematic 

increase in size and hydrophobicity, were also able to be bound to MDR1 and 

inhibit substrate transport, as measured by structure-activity relationship analysis 

(Aller et al., 2009). These findings led to the reasoning that MDR1 can distinguish 

between the ligand stereoisomers with distinct binding sites, orientations and 

stoichiometry and that the binding of compounds is poly-specific. Following these 

advancements, intense efforts to generate in silico approaches and 

computational models were undertaken to predict substrates and inhibitors of 

MDR1 (Chen et al., 2012b; Waghray and Zhang, 2017; Wang et al., 2011). 

However, to date it has not been possible to discern a common chemical feature 

recognised by MDR1, and therefore, whether a molecule is a substrate of MDR1 
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must still be determined empirically (Chen et al., 2012b; Waghray and Zhang, 

2017; Wang et al., 2011). 

Table 3 Substrates for MDR1 

 

Chemo drugs Cardiac drugs 
Calcium 

antagonists 
Psychoactive 

Lipid  
lowering 

Daunorubicin -methyldigoxin Felodipine Perphenazine Atorvastatin 

Doxorubicin Digitoxin Nicardipine Spiperone Lovastatin 

Irinotecan Digoxin Nitrendipine Thioridazine Simvastatin 

Topotecan Quinidine Verapamil Trifluoperazine  

Etoposide Nicardipine Bepridil Triflupromazine Other drugs 

Teniposide  Diltiazem  Calcein-AM 

Docetaxel Antibiotics Gallopamil 
HIV protease 

inhibitors 
Rhodamine-123 

Paclitaxel Clarithromycin  Amprenavir Loperamide 

Vinblastine Erythromycin Steroids Indinavir Imatinib 

Vincristine Levofloxacin Aldosterone Nelfinavir Domperidone 

Vindesine Sparfloxacin Dexamethasone Ritoavir Cepharanthine 

Vinorelbine Saquinavir Estradiol Saquinavir Dexamethasone 

Paclitaxel Cefazolin Progesterone  Cinchocaine 

Bisantrene Cefoperazone Hydrocortisone 
-adreno 

antagonists 
Dipyridamole 

Catharanthine Cefotetan  Bunitrolol Domperidone 

Mitoxantrone  
Immune 

suppressants 
Carvedilol Emetine 

Tamoxifen Antihistamine Cyclosporin Celiprolol Ivermectin 

 Cetirizine Tacrolimus Talinolol Methadone 

Antifungals Fexofenadine Rapamycin  Morphine 

Itraconazole Terfenadine   Ondansetron 

Ketoconazole    Phenytoin 
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1.8.2 MRP1 and BCRP 

Other ABC transporter members, multidrug resistance-associated protein 1 

(MRP1/ABCC1) and breast cancer resistance protein (BCRP/ABCG2), have 

been linked to clinically relevant drug resistance. The ABCC sub-family consists 

of 12 members and the most well documented is MRP1, which was first cloned 

in 1992 (Cole et al., 1992; Cole, 2014). Following the discovery of MDR1 and 

MRP1, some cell lines were observed to have drug resistance that was present 

even in the absence of these transporters, indicating the presence of a novel drug 

pump. This new drug transporter was identified by three independent groups and 

is most commonly termed BCRP for its high expression in breast cancer MCF-7 

AdVp cells (Doyle et al., 1998). Alternative names include, ABCP for its high 

expression in placenta (Allikmets et al., 1998) and MXR for its mitoxantrone 

resistance (Miyake et al., 1999). BCRP also known as ABCG2, is the most well 

described member of the ABCG family, comprising of 5 members. Similar to 

MDR1, MRP1 and BCRP both require binding and hydrolysis of ATP to facilitate 

structural changes to efflux substrates from the intracellular to the extracellular 

side of a cell (Cole, 2014). The diversity of substrates for MRP1 and BCRP are 

similarly as diverse as MDR1, and range from small ions to large polysaccharides 

(Cole, 2014; Velamakanni et al., 2007). 

1.8.3 MDR1 in Human Health 

ABC transporters are prevalent throughout the body and play a vital role in 

protecting cells by exporting unwanted endogenous and exogenous toxicities. 

MDR1 is present in a range of organs including haematopoietic stem and 

progenitor cells (HSPCs), gut mucosa, liver, the blood-brain barrier and the testis-
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blood barrier (Borst and Elferink, 2002; Leslie et al., 2005; Takara et al., 2006). 

MDR1 has been attributed to physiological functions such as the transport of 

cytokines, migration of antigen-presenting cells and haematopoietic stem cell 

self-renewal and loss of differentiation (Bunting et al., 1999; Drach et al., 1996; 

Randolph et al., 1998). Unlike humans, mice have two Abcb1-type transporters 

encoded by Mdr1a and Mdr1b. The protein products of these genes, Mdr3 and 

Mdr1 respectively, functionally combine to fulfil the job of the single ABCB1 

protein in humans. Mdr1a-/-, Mdr1b-/- and Mdr1a/b-/- mice are viable and fertile 

although they have altered sensitivity and pharmacokinetics towards drugs 

(Schinkel et al., 1994; Schinkel et al., 1997; Smit et al., 1993). Together these 

findings highlight that although MDR1 has alternative functions, its primary 

physiological role is to export xenotoxins to maintain homeostasis and protect 

cells from possible assault.  

1.8.4 MDR1 in Human Disease 

Due to the essential role ABC transporters play in protecting cells against 

possible toxicities, it is not unexpected that disfunction of these transporters 

results in disease. Indeed, 24 members have been associated with disease, 

including Parkinson’s disease (Furuno et al., 2002), inflammatory bowel disease 

(Brant et al., 2003) and Tangier disease (Fitzgerald et al., 2010). However, most 

famously ABC transporters, in particular MDR1, are upregulated in cancer (Baker 

et al., 2005; Chauncey et al., 2000; Fletcher et al., 2010; Greenberg et al., 2004; 

Guerci et al., 1995; Leith et al., 1999). For example, recent work by Christie and 

colleagues identified multiple genetic transcriptional fusions of the ABCB1 gene 

in high-grade serous ovarian and breast cancer. Presence of ABCB1 
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transcriptional fusions and overexpression of MDR1 was strongly correlated with 

the number of lines of MDR1-substrate therapy patients had received previously. 

Furthermore, ovarian cancer cells harbouring an ABCB1 fusion were sensitised 

to paclitaxel treatment with inhibition of MDR1 (Christie et al., 2019). This study 

highlights the previous finding that chemotherapy treatment in a range of different 

cancers induces overexpression of MDR1, leading to an increase in drug 

resistance and disease relapse (Takara et al., 2006). A higher expression of 

MDR1 has been correlated with worse prognosis and response in haematological 

and solid cancers, such as acute myeloid leukaemia, multiple myeloma, lung, 

breast and neuroblastoma (Chan et al., 1991; Koh et al., 1992; Poulain et al., 

1999; Segawa et al., 1993; Ucci et al., 1992). Similar to HSPCs, cancer stem 

cells (CSC) have high expression of ABC transporters, including MDR1. This 

initial discovery was observed from their ability to export the florescent dye, 

Hoechst 33342 (Goodell et al., 1996). Altogether, the presence of MDR1 is 

detrimental to treatment regimens and reduces the efficacy of numerous 

standard-of-care chemotherapy treatments.  

1.8.5 MDR1 Inhibitors 

The negative impact MDR1 has on the clinical treatment of cancer, drove the 

desire to pharmaceutically modulate MDR1-mediated efflux of chemotherapy 

drugs (Figure 1.6). This led to the development of clinical MDR1 inhibitors. First 

generation inhibitors, including verapamil (Rogan et al., 1984; Tsuruo et al., 1981, 

1982) and cyclosporin A (CSA) (Slater et al., 1986a; Slater et al., 1986b), were 

already approved for clinical use and observed to have inhibition of MDR1. These 

early observations in vitro led to clinical trials in haematological and solid cancer 
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patients, combining verapamil or CSA with chemotherapies known to be MDR1 

substrates. However, the results from these trials were variable (Belpomme et 

al., 2000; List et al., 2001; Ozols et al., 1987; Verweij et al., 1991) and prompted 

the development of more specific second-generation inhibitors of MDR1. Of this 

class of drugs, valspodar (PSC833) developed by Novartis, is the most well-

known (Kusunoki et al., 1998; Twentyman and Bleehen, 1991). Valspodar 

entered into numerous clinical trials in different countries in combination with 

chemotherapies (Advani et al., 2001; Advani et al., 1999; Baer et al., 2002; Lee 

et al., 1999). However, the results from these trials indicated an increase in 

toxicity and mortality in the MDR1 inhibitor arm, with no improvement in clinical 

response or overall survival observed. The increase in toxicity was due to 

inhibition of MDR1-mediated intestinal transport, biliary excretion and enzyme-

mediated hepatic and intestinal metabolism, leading to a change in 

pharmacokinetics of the chemotherapy drugs (Kirn et al., 1999; Wacher et al., 

1995; Yasuda et al., 2002). The toxicity observed with this class of inhibitors 

prompted the development of third-generation specific MDR1 inhibitors with 

decreased toxicity profiles. These include the drugs zosuquidar (LY335979) and 

tariquidar (XR9576), which following promising in vitro results, entered clinical 

trials in combination with chemotherapies in haematological and solid cancer 

patients (Fox and Bates, 2007; Gerrard et al., 2004; Marcelletti et al., 2009; Mistry 

et al., 2001; Pusztai et al., 2005; Starling et al., 1997). However, as with the first- 

and second-generation compounds, there was variable and limited ability of 

these inhibitors, in combination with MDR1-substrate therapies, to improve the 

outcome of patients.  
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Figure 1.6 Schematic of MDR1 pump efflux 

MDR1 substrates, such as drugs (pink), are pumped out of cells that have an MDR1 

pump. In the presence of an MDR1 inhibitor (blue), efflux is inhibited and the intracellular 

concentration of the drug is increased inside the cell.  
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1.9 Leukaemia 

Leukaemia is a broad term which encompasses a range of cancerous diseases 

that affect the haematopoietic and lymphoid systems. They fall into four main 

classes distinguished by their aggressiveness and by the main population of cells 

they affect; acute myeloid (AML), acute lymphoblastic (ALL), chronic myeloid 

(CML) and chronic lymphocytic (CLL) (Chiorazzi et al., 2005; Lowenberg  et al., 

1999; Pui et al., 2004; Sawyers, 1999). The incidence of all four types of 

leukaemia is rare, with AML and CLL being the most prevalent, each accounting 

for an estimated 1.2% of new cancer cases in the U.S each year (NCI, 2016). 

AML, CML and CLL are most common in older adults, with the median age of 

diagnosis being more than 65 years of age. In contrast, ALL predominantly 

affects children and the median age of diagnosis is 16 years old (NCI, 2016). 

AML is the most-deadly of the four types, having a 5-year survival rate of only 

28.3% and accounting for 1.8% of all cancer deaths annually in the U.S (NCI, 

2016).  

1.9.1 Acute Myeloid Leukaemia 

AML is a heterogenous clonal disorder of haematopoietic progenitor cells, 

characterised by the presence of immature myeloid cells, termed “blasts”. Blasts 

infiltrate and occupy space within the bone marrow, leading to insufficient 

haematopoiesis. In turn, this leads to granulocytopenia, thrombocytopenia or 

anemia, in the presence or absence of leucocytosis, depending on the cell type 

predominantly affected (Lowenberg  et al., 1999). The clinical presentation of 

AML can be diverse but commonly includes symptoms of fatigue, haemorrhage, 

fever or infections (Lowenberg  et al., 1999; PDQ, 2019). As described above, 
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AML most commonly affects older adults more than 60 years of age, with the 

median age of diagnosis being 68 and the highest rate of death among patients 

aged 75-84 years, however AML may also affect children (Juliusson et al., 2012; 

NCI, 2016; Ossenkoppele and Löwenberg, 2015; PDQ, 2019). Although the 

majority of AML is diagnosed as primary ‘de novo’ AML, there is also a smaller 

proportion of patients who develop ‘secondary’ AML due to a haematological 

disorder, an inherited disease, therapy related AML (t-AML) or arising from a 

previous incidence of myelodysplastic syndrome (MDS) (Bhatnagar et al., 2016; 

Lowenberg  et al., 1999; Pedersen-Bjergaard et al., 2002).  

1.9.2 MLL-translocation 

AML is a complex disease which can originate from a range of cytogenic lesions. 

Knowledge of cytogenetic lesions resulting in AML and characterisation of their 

survival profile can enable prognosis and targeted therapeutic treatments for 

patients. One of the cytogenic lesions that can lead to the development of an 

acute leukaemia with poor prognosis, is the mixed lineage leukaemia 

translocation (MLL) (Gu et al., 1992; Tkachuk et al., 1992). Chromosomal 

rearrangements of the MLL gene located on chromosome 11q23, are prevalent 

in more than 70% of childhood leukaemia, ~10% of adult primary AML, up to 85% 

of t-AML and have been associated with low overall survival (Krivtsov and 

Armstrong, 2007; Lowenberg  et al., 1999). Currently, there are around 80 distinct 

translocation partner genes which have been identified to interact with MLL, these 

rearrangements produce an in-frame chimeric protein that deregulates the 

haematopoietic system, transforming haematopoietic stem cells (HSCs) into 

leukaemic stem cells (LSCs) (Krivtsov and Armstrong, 2007; Meyer et al., 2018; 
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Meyer et al., 2013). Of these 80 translocation partners, only 5 rearrangements 

are responsible for ~80% of all MLL-translocation initiated leukaemia; MLL-AF4; 

t(4;11)(q21;23), MLL-AF9; t(9;11)(p22;q23), MLL-ENL; t(11;19)(q23;p13.3), MLL-

AF10; t(10;11)(p12;q23) and MLL-AF6; t(6;11)(q27;q23 (Krivtsov and Armstrong, 

2007; Meyer et al., 2018; Meyer et al., 2013). These translocations can acquire 

further mutations, altering their profile, for example the accelerant Ras mutation 

is found in 15-20% of all AML cases and is associated with an aggressive and 

resistant disease profile (Ofran and Rowe, 2013).  

1.9.3 HoxA9/Meis1 

The homeobox A9 (HoxA9) protein is a homeo-domain-containing transcription 

factor that is involved in embryonic development and HSC expansion. It is 

overexpressed in ~50% of all AML cases, in conjunction with its cofactor 

homeobox protein Meis 1 (Meis1), and correlates strongly with a poor prognosis 

(Collins et al., 2014; Krumlauf, 1994; Thorsteinsdottir et al., 2001).  

 

Due to the prevalence and the clinical relevance of the MLL and HoxA9/Meis1 

lesions, in both adult and childhood acute leukaemia, we have developed 

experimental models of these AMLs that recapitulate disease (Figure 1.7) 

(Brumatti et al., 2016; Lalaoui et al., 2016; Zeisig et al., 2012; Zuber et al., 2009). 

These models provide the invaluable tool of primary murine leukaemic cells 

exhibiting specific AML genetic profiles. Furthermore, these models enable the 

translation of in vitro cell based findings into in vivo treatment experiments. The 

majority of data presented in this thesis was conducted in the clinically relevant 

MLL-AF9, MLL-AF9-NrasG12D, MLL-ENL and HoxA9/Meis1 models.  
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Figure 1.7 Schematic of generation of murine models 

Embryonic day 14 (E14) liver cells from Ly5.2 are transduced with oncogenes, 

HoxA9/Meis1, MLL-AF9, MLL-AF9-NrasG12D and MLL-ENL. Cells are intravenously (I.V) 

injected into the tail vein of Ly5.1 γ irradiated mice. Cells from leukaemic burdened mice 

are harvested from bone marrow and used in vitro or transplanted into recipient mice.  
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1.9.4 AML Current Therapies 

AML is a complex heterogenous and clonal disease, that currently has a 5-year 

survival rate of less than 30% (NCI, 2016). Therefore, targeted therapies towards 

refractory AML are urgently needed. The current therapeutic strategy for AML is 

induction therapy to induce remission, defined as less than 5% leukaemic blast 

cells in the bone marrow, and to prevent relapse (Lowenberg  et al., 1999). One 

of the leading standard-of-care treatments is the combination of chemotherapies 

cytarabine (also known as Ara-c) and daunorubicin. This combination treatment 

regimen, commonly referred to as 7+3, involves cyclic treatments of Ara-c for 

days 1-7 and daunorubicin for days 1-3 (Lowenberg  et al., 1999). It is incredibly 

proficient in promoting remission in 70-80% of patients less than 60 years of age. 

The outcome efficiency is reduced to 50% with an increase in patient age of more 

than 60 years or with refractory AML (Lowenberg  et al., 1999). These relatively 

good remission rates however, are succumbed by AMLs high relapse rate, 

leading to an overall survival rate of only 5% for patients with refractory AML 

(Lowenberg  et al., 1999; Ossenkoppele and Löwenberg, 2015; Reese and 

Schiller, 2013; Schiller, 1998). For these reasons, intense effort has been 

undertaken to improve the standard-of-care 7+3 therapy, such as the substitution 

of daunorubicin with other chemotherapies doxorubicin, idarubicin or 

mitoxantrone (Arlin et al., 1990; Berman et al., 1991; Vogler et al., 1992; Wiernik 

et al., 1992). Another option that has been explored is an increase in the dose of 

Ara-c used from 0.2 to 3 g/m2, however, these studies have had variable success, 

that was only superior in patients with already favourable prognoses (Bishop et 

al., 1996; Grimwade et al., 1998; Mayer et al., 1994; Mrózek et al., 1997; Weick 
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et al., 1996). Succeeding a patient successfully entering into chemotherapy-

induced remission, an allogenic bone marrow transplantation is a possible 

sequential treatment option. When successful, this procedure can radically 

reduce the rate of relapse to less than 20% and therefore, can effectively cure 

50-60% of recipients. However, the inherent risks associated, including infection 

and graft vs. host disease, and the limited number of eligible patients, means 

there are severe restraints limiting the practice of this therapy (Appelbaum et al., 

1984; Champlin et al., 1985; Thomas et al., 1979). When an appropriate donor is 

not available for an allogenic transplant, an autologous bone marrow transplant 

supported by myeloablative treatment has been widely used. Survival rates from 

this procedure have been reported to be 45-55% (Burnett et al., 1984; Löwenberg 

et al., 1984; Löwenberg et al., 1990). Studies have attempted to evaluate and 

compare the overall survival benefit of these three main treatment options; 

chemotherapy, allogenic or autologous bone marrow transplant. However, results 

have been variable and no significant differences have been found (Cassileth et 

al., 1998; Ravindranath et al., 1996). Therefore, there is an obvious need to 

develop more efficient combination treatment options for AML patients that are 

effective towards refractory disease, prevent relapse and sustain patients within 

remission.  

 

In an effort to provide a novel therapeutic strategy, Smac-mimetics and in 

particular the drug birinapant, have been tested in leukaemia including AML and 

MDS. As detailed above, these studies have focused on the combination of 

birinapant with other anti-cancer agents to potentiate therapy. These studies 
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have shown promise in vitro (Brumatti et al., 2016; Lalaoui et al., 2016; McComb 

et al., 2016), however, there has been variable and limited results to date in in-

human clinical trials (NCT02147873, NCT01486784).  

1.9.5 Leukaemic Stem Cells 

Relapse occurs following a period of remission when a patient’s blast count 

exceeds 5% in the bone marrow, and it is one of the main challenges of treating 

AML. Patients with the most favourable prognosis are less than 60 years of age, 

have a positive cytogenic profile and experienced a remission period of more than 

one year. However, even these patients have only a ~20% chance of survival 

following relapse (Lowenberg  et al., 1999). Therefore, the main therapeutic goal 

must be to prevent relapse in the first place. 

 

Relapse can occur due to LSCs remaining in the body. These cells have a stem-

cell phenotype, are mostly quiescent and have the potential to proliferate 

extensively to repopulate disease (Guan et al., 2003; Jordan et al., 2006). 

Targeting LSCs is known to be crucial for efficient eradication of AML disease 

and preventing relapse (Ho et al., 2016; Leith et al., 1999). LSCs are highly 

resistant to many currently used anti-cancer therapies and our understanding of 

LSC resistance to treatment and their ability to generate relapse is developing 

(Costello et al., 2000; Ishikawa et al., 2007; Shlush et al., 2017; van Rhenen et 

al., 2005). Previously, a commonly held belief was that treatment pressures, such 

as chemotherapy drugs, led to mutations and subsequent generation of resistant 

LSCs to treatment, leading to a patient relapsing and developing refractory 

disease (Goldie and Coldman, 1984). However, new findings have come to light 
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indicating the pre-existence of initial resistant LSC sub-clones and that treatment 

only enables selection of these resistant cells (Bachas et al., 2012; Ding et al., 

2012; Garg et al., 2015; Krönke et al., 2013; Parkin et al., 2013). One mechanism 

that enables LSCs to have drug resistance is their high expression of ABC 

transporters, including MDR1 (Drenou et al., 1993; Kim et al., 2002; Scharenberg 

et al., 2002; Zhou et al., 2001). 

1.9.6 MDR1 in AML 

In AML, MDR1 plays a major role in LSC and blast cell resistance to 

chemotherapy treatment. MDR1 expression has been reported in ~35% of AML 

patients less than 60 years of age and ~70% of older patients (Leith, 1998). 

Patients with secondary or refractory relapse AML are more likely to have a 

higher expression of MDR1, therefore chemotherapy treatment can select for 

MDR1 high cancer (Chauncey et al., 2000; Chitnis et al., 1991; Zhou et al., 1995). 

This high expression of MDR1 is predictive of treatment resistance, poor 

prognosis, relapse and low overall survival in AML (Leith et al., 1999; Leith et al., 

1997; Samdani et al., 1996). For example, patients with a higher expression of 

MDR1 and CD34+ (stem-like) cells had a significantly worse complete remission 

rate than those who were MDR1 and CD34+ negative, 5% and 63% respectively 

(Te Boekhorst et al., 1993). Therefore, novel treatments developed for AML must 

be able to overcome the burden of LSC MDR1-mediated efflux of anti-cancer 

therapies to be effective and generate a cure. 
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1.10 Conclusions 

In this introduction, I have highlighted the progression of Smac-mimetics from 

bench to bed-side and described the challenges that Smac-mimetic therapy 

faces. Smac-mimetics are a promising class of drugs, that due to their unique 

specificity and tolerability, interest in them continues. Eight compounds have 

been tested in humans, all with a good tolerability and safety profile. However, a 

common draw back for all compounds is their limited clinical activity as single-

agents. Extensive investigation has been conducted over the last decade to 

enhance the efficacy of Smac-mimetics as anti-cancer therapy. The strengths 

and weaknesses of Smac-mimetic therapy are complex and intertwined. TNF is 

an essential component for Smac-mimetic mediated cell death and tumours that 

do not produce and respond to TNF are inherently resistant to Smac-mimetic 

treatment, limiting therapy. Various combinations have been investigated to 

enhance the levels of TNF in the tumour tissue either through addition of 

exogenous TNF, chemotherapy, radiation, immunotherapy or activating 

necroptosis. However, a commonalitly between these treatments is drug 

resisitance that can be mediated by members of the ABC transporter family, in 

particular MDR1. AML is an aggressive disease, characterised by a high relapse 

rate, low overall survival and expression of ABC transporters, including MDR1. 

The treatment of AML with Smac-mimetic therapy has been investigated and 

shows promise, however, as with other tumour types, the response has been 

minimal. Therefore, this thesis cohesively describes my investigation into 

mechanisms of resistance AML cells use to evade Smac-mimetic therapy and 
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the development of novel therapy combinations that are effective towards 

resistant blast cells and LSCs.  
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2 Materials and Methods 

2.1 Nomenclature  

Although I am aware of the changes in HUGO gene nomenclature, for simplicity 

and readability, I have used the following gene nomenclature: MLL (KMT2A); 

ENL (MLLT1) and AF9 (MLLT3). 

2.2 High Throughput Viability Screen Strategy  

To identify bioactive compounds that could overcome resistance to birinapant in 

AML cells, we conducted a high throughput viability screen of more than 5,700 

compounds in two independent birinapant resistant murine HoxA9/Meis1 

leukaemias. Cells were subjected to a three-phase viability screen. In Phase I, 

cell viability was compared between birinapant single treatment and in the 

presence of library compounds. Drugs that were able to induce more than 50% 

cell death were selected for further testing (~300 compounds). To determine the 

toxicity of these compounds as single agents, in Phase II, AML cells were treated 

with these drugs with or without birinapant. Compounds that were able to 

synergise with birinapant and kill more than 50% of AML cells, but had no effect 

as single-agents, were then selected (~20 compounds). In Phase III of the 

screening, the ~20 compounds were subjected to dose-response testing to select 

for drugs that were able to synergise with birinapant at clinical achievable doses 

(less than 1M). 
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2.3 Tissue Culture 

Primary murine leukaemia models were established and generated as previously 

described (Brumatti et al., 2016; Zuber et al., 2009). Briefly, fetal liver (E14.5) 

progenitor/stem cells from wild-type, Tnfr1-/-, Ripk3-/- or Caspase8-/-Ripk3-/- 

C57BL/6 Ly5.2 mice were cultured in α-minimum essential medium (α-MEM, 

Gibco) supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, murine 

stem cell factor, (100 ng/ml, PeproTech), IL-6 (10 ng/ml), thrombopoietin (50 

ng/ml), and FMS-related tyrosine kinase 3 (FLT) (10 ng/ml) (all produced in house 

at WEHI). Retroviral oncogene constructs for MLL-ENL, HoxA9/Meis1, MLL-AF9 

and MLL-AF9-NrasG12D were previously published (Brumatti et al., 2016; Lalaoui 

et al., 2016). Fetal liver cells were transduced with viral supernatant produced in 

293T cells co-transfected with oncogene constructs and packaging vectors 

following the RetroNectin protocol (Brumatti et al., 2016). Following infection, 

transduced cells were tail vein injected intravenously (IV) into sub-lethally g-

irradiated (7.5 Gy) C57BL/5 Ly5.1 mice. Upon signs of a leukaemic phenotype 

(lethargy, hunched posture, hind leg paralysis, enlarged spleen and liver) mice 

were culled and leukaemic cells harvested from the bone marrow and cultured in 

Iscove’s modified Dulbecco’s medium (IMDM, Gibco) supplemented with 10% 

FCS and 3 ng/ml IL-3 (Peprotech). In contrast, lineage negative (L-), Sca-1 

positive (S+) and c-Kit positive (K+) (LSK) cells from C57BL/6 mice were cultured 

in α-MEM supplemented with murine stem cell factor (SCF) (100 ng/ml, 

PeproTech), IL-6 (10 ng/ml, WEHI), thrombopoietin (50 ng/ml, WEHI) and FMS-

related tyrosine kinase 3 (FLT, WEHI) (10 ng/ml).  The human AML cell lines 

KG1, HL60, MV4-11 and HEL were cultured in Roswell Park Memorial Institute 
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medium (RPMI, Gibco) supplemented with 10% FCS. HEK-293T cells were 

cultured in Dulbecco modified Eagle’s medium (DMEM, Gibco) and were also 

supplemented with 10% FCS. All cells were cultured at 37°C in a 10% CO2 

humidified atmosphere. Cell culture medias were purchased from Thermo Fisher 

Scientific.  

2.4 Reagents 

Smac-mimetics were sourced from different companies; birinapant 

(SelleckChem), deuterium labelled birinapant (kindly provided by TetraLogic 

Pharmaceuticals), GDC-0152 (Genetech), LCL-161 (Novartis), AT-

406/Debio1143 (Ascenta) and AEG-40730 (Aegera Therapeutics) (Bertrand et 

al., 2008). Necrostatin-1 (Nec-1), cytarabine (Ara-c; in vitro), reserpine, tariquidar, 

U0126, JQ1, ABT-199 and the compound library for screening were purchased 

from SelleckChem. Zosuquidar trihydrochloride, CGP-71683 hydrochloride, 

Fluphenazine dihydrochloride and PD098059 were purchased from 

MedChemExpress. Rhodamine-123, reversan, Fum-C and Ara-c (in vivo) were 

purchased from Sigma. SDZ-21009, LP-44 and LP-12 were purchased from 

Tocris. LP-44 and GR-127935 were purchased from Abcam. TNF was produced 

within the Silke laboratory at the WEHI.  

2.5 In vitro AML Viability Assays 

For short-term cell death assays (murine AML cells for 24 hours and human AML 

cells for 48 hours) 2.5-5 x 104 cells were plated per well in a 96 well flat bottom 

plate and treated as described per experiment. MDR1 inhibitors were added 15 
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minutes prior to Smac-mimetic treatment. For cell viability analysis, samples were 

spun at 300 g for 5 minutes at room temperature (RT) and cells resuspended in 

Phosphate-buffered solution (PBS) containing propidium iodide (PI) (1 g/ml). 

Long-term viability time courses were conducted by culturing 1 x 106 (murine) or 

2.5 x 105 (human) leukaemic cells in 1 ml containing the specific drug treatments 

for the indicated time points. Cells were used for cell viability analysis by flow 

cytometry (Calibur BD Biosciences), generation of cell lysates and/or clonogenic 

assays. For murine AML cells, cell death was determined by quantification of PI 

uptake, whilst cell viability of human AML cell lines and primary patient samples, 

was determined by PI exclusion and change in cell volume (forward-scattered 

light, FSC). Flow cytometry data was analysed with FlowJo 10.0.8, 10.5 or 10.6 

software. 

2.6 Clonogenic Assays 

AML cells were pre-treated for 6 hours prior to being plated for clonogenic assays 

as follows; 1 x 105 cells per 100 l was plated and treated with compounds as 

specified per experiment. Different dilutions of cells were cultured in growth 

medium containing 10% Agar (0.3 g/ml), 20% FCS, 3 ng/ml IL-3, 70% IMDM 

and drug compounds added as specified per experiment. Plates were left to set 

for a minimum of 30 minutes before ddH20 was added to the central space within 

plates. After 10-12 days in culture, colonies were imaged by the Chemidoc Touch 

Imaging System (Bio-Rad). 
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2.7 Western Blot Protein Analysis 

Cells were lysed at 1 x 107 cells/ml in 1 x SDS buffer (SDS buffer; 50 mM tris-HCl 

(pH 6.8), 2% SDS, 10% glycerol, and 2.5% b-mercaptoethanol) and boiled for 7 

minutes at 100°C. Samples were loaded onto a 10-12% SDS-polyacrilamide gel 

and transferred to a nitrocellulose membrane. Membranes were blocked (to limit 

non-specific binding) for a minimum of 1 hour at RT in 5% (w/v) non-fat milk in 

Tris-buffered saline Tween-20 buffer (TBS-T) (TBS-T buffer; 0.1% Tween, 150 

mM NaCl, 10 nM Tris-HCl, pH 7.5). Membranes were rinsed in TBS-T prior to 

incubation with primary antibodies for between 24 and 72 hours at 4°C. For a 

detailed list of antibodies used please see Appendix 1. Following washing in 

TBST, immunoblots were probed with the specific secondary (anti-rabbit IgG, 

anti-mouse IgG or anti-rat IgG) antibody conjugated to horseradish peroxidase 

(HRP) (Southern Biotech). Bound antibodies were visualised by x-ray film or 

Chemidoc Touch Imaging System (Bio-Rad) using enzyme-linked 

chemiluminescence (ECL; Immobilion Western, Millipore or Amersham ECL, GE 

Healthcare Life Sciences).  

2.8 Rho-123 Retention Assay  

1 x 106 cells/ml were resuspended in Rho buffer (Rho buffer; PBS + 10% FCS (+ 

3 ng/ml IL-3 for murine cells)) containing 250 nM Rho-123 for 20 minutes. Cells 

were then spun at 300 g for 5 minutes at RT, resuspended in Rho buffer 

containing the specific MDR1 inhibitors and incubated for 1-2 hours at 37°C at 

10% CO2. Rho-123 fluorescence (FL-1 channel) was measured by flow cytometry 
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on a BD-Calibur and data were analysed using FlowJo 10.0.8, 10.5 or 10.6 

software. 

2.9 TNF ELISA  
 

AML cells were plated at 1 x 106 cells/ml and treated with the specific compounds 

for the indicated time points. Cells were harvested, pelleted at 300 g for 5 min at 

RT and the pellet frozen at -80°C. Cell pellets were washed once in PBS and 

lysed with 55 l ice-cold protein DISC lysis buffer (DISC buffer; 150 mM sodium 

chloride, 2 mM EDTA, 1% Triton X-100, 10% glycerol, 20 mM tris (pH 7.5) and 

protease inhibitors). TNF content in whole-cell lysates was measure by ELISA 

(enzyme-linked immunosorbent assay) according to the manufacturer’s 

instructions (eBioscience). 

2.10 Plasmids, Cloning, Transfection and Lentiviral Infection 

 

Gene-deleted cell lines were generated using clustered regularly interspaced 

short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) 

technology. Two independent CRISPR guide-RNAs (gRNAs) for the targeting of 

MDR1 (human; ABCB1) (5’TTTATAGTAGGATTTACACG and 

5’AATGTTTTCAGCTATCGTGG) were designed using programs MIT 

(crispr.mit.edu) and benchling (www.benchling.com). gRNAs were cloned into 

LentiCRISPRv2 containing two expression cassettes (hSpCas9 and the 

chimaeric gRNA) and DNA prepared by midi-prep (Qiagen). Lentiviral particles 

were generated by transient transfection of 0.75 x 106 293T cells in a 10 cm plate 

with 2.5 g of packaging vector (pCMV R8.2), 1 g of envelope vector (pMD2G-

http://www.benchling.com)/
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VSVG) and 1.5 g of LentiCRISPRv2-MDR1-gRNA, using Effectene (Qiagen) 

according to the manufacturer’s instructions. Media was changed the following 

day and cells were left for 24 hours before the supernatant was filtered. 

Lentiviruses were used immediately to infect leukaemic cells via spinoculation at 

32C for 90 minutes at 2,500 rpm in RPM1 with 10% FCS medium containing 5 

µg/ml polybrene (Sigma). Twenty-four hours after infection, cells were collected, 

washed and cultured in RPMI with 10% FCS for 72-96 hours prior to puromycin 

(2 g/ml) selection.  

2.11 In vivo AML Treatments 

The Walter and Eliza Hall Institute Animal Ethics Committee approved the 

following in vivo biosafety and treatment experiments. Birinapant was prepared 

to 6 mg/ml in 12% captisol and diluted in PBS for intraperitoneal injection (IP). 

Tariquidar was prepared at 10 mg/ml in 30% Propylene glycol + 5% Tween 80 + 

65% D5W (dextrose 5% sterile H20) and diluted in PBS for oral gavage (OG). All 

vehicles were prepared at the same time but without the active compound. For 

drug tolerability experiments, healthy wild-type C57BL/6 mice were treated 3 

times a week for 4 weeks. Mice were pre-treated with the MDR1 inhibitor 

tariquidar (5 mg/kg) or vehicle by OG. Birinapant (5 or 10 mg/kg) or vehicle was 

then administered 2 hours later by IP.  

 

For treatment experiments, C57BL/6 mice were intravenously injected (IV) with 

0.3-5 x 105 MLL-AF9 MDR1H leukaemia cells and 48 hours following re-

transplant, mice received MDR1 inhibitor tariquidar (10 mg/kg) or vehicle by OG 
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four days a week. Birinapant (5 or 10 mg/kg) or vehicle were administered via IP 

2 hours after OG twice a week, for 4-5 weeks. For Ara-c pre-treatment 

experiments, 48 hours following re-transplant mice received Ara-c (50 mg/kg, 

diluted in PBS) for five days, followed by treatment of tariquidar (10 mg/kg) five 

days a week combined with birinapant (10 mg/kg) either twice (Ara-c + 2xCombo) 

or three (Ara-c + 3xCombo) times a week. Upon signs of a leukaemic phenotype 

(lethargy, hunched posture, hind leg paralysis, enlarged spleen and liver) mice 

were culled at a pre-determined ethical end point and blood (cardiac bleed) and 

organs (liver, spleen and sternum) removed for histological analysis. To limit bias, 

animal technicians familiar with the leukaemic models and phenotype were 

ultimately responsible for determining the ethical end point of the animals.   

2.12 Quantification of Intracellular birinapant 

For each treatment group cells were washed 3 times in ice-cold PBS and 

resuspended in 90% methanol (-20C), cells were divided into 4 samples then 

spiked with a titration of stable isotope labelled birinapant (‘heavy’ birinapant; 

birinapant-d6) at 4 different concentrations (0.001, 0.01, 0.1 and 1 M). Samples 

were incubated overnight at -20C before centrifugation at 21,000 g for 10 

minutes at 4C. The supernatants were collected and lyophilised to dryness. C18 

StageTips (3 plugs) were equilibrated with 100 l methanol prior to being washed 

sequentially with 100 l 80% acetonitrile (ACN) / 5% formic acid in water (FA), 

50% ACN / 5% FA and 5% FA. Peptides were loaded onto StageTips in 100 μl 

5% FA and centrifuged for 3 minutes at 500 g. StageTips were washed with 2 x 

100 μl 5% FA and were sequentially eluted with 50 μl 50% ACN / 5% FA then 
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80% ACN / 5% FA into clean PCR tubes by centrifugation for 5 minutes at 500 g. 

Samples were transferred to mass spectrometry sample vials and lyophilised to 

dryness. Samples were analysed by nanoflow LC-MS on an EASY-nLC 1200 

(Thermo Fisher Scientific) coupled to a Q-Exactive mass spectrometer (Thermo 

Fisher Scientific) through a nano-electrospray ion source (Thermo Fisher 

Scientific). Samples were resuspended in MilliQ water containing 3% ACN and 

1% FA before being directly injected into a 250 mm x 75 µm analytical column 

packed into a silica emitter tip (Aurora series, 1.6 µm C18; IonOpticks) at 100% 

buffer A (buffer A; 97.9% MilliQ water, 2% ACN, 0.1% FA), and separated by 

reverse-phase chromatography on a 30 min linear gradient from 2% to 60% buffer 

B (buffer B; 90% ACN, 9.9% MilliQ water, 0.1% FA) at a 400 nl/min constant flow 

rate. Full-scans (m/z 200-1000) were acquired with a resolution of 140,000 at 200 

m/z. The AGC target was set at 1e6 with a maximum IT of 150 ms. 

 

Skyline software (MacLean et al., 2010) (version 4.1.0.11714) was used for data 

analysis. The quantification was based on the area under the curves of the charge 

2+ species for each compound. The ratio of heavy:light birinapant was calculated 

for each sample before multiplication by the heavy birinapant dilution factor and 

averaging across the titration series to determine the quantity of birinapant per 

sample.  

2.13 MLL-AF9 Blasts and LSC Assays 

Previously published MLL-AF9 leukaemic stem cells (LSCs) and matching blasts 

were kindly provided by Prof. Mark Dawson, Peter MacCallum Cancer Centre, 
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Melbourne Australia (Fong et al., 2015). They were investigated in short-term cell 

death assays (24 hours), Rho-123 retention assays and Western blot analysis 

following the protocols described above.  

2.14 LSK Cell Isolation and Treatment 

To obtain haematopoietic cells, bones from legs and hips of healthy wild-type 

C57BL/6 mice were flushed and crushed using FACs buffer (FACs buffer; PBS + 

1% FCS + 2.5 nM EDTA), and passed through a 100 μl filter. Cells were spun at 

300 g for 10 minutes at 4°C and the pellet was resuspended in 1 ml of FACs 

buffer. Cells were stained for 15 minutes at 4°C with an antibody cocktail mix 

containing biotinylated lineage marker antibodies (antibodies against CD3, CD4, 

CD8, TER119, B220, Ly6G, CD11b; made in house at the WEHI). Cells were 

washed in 8 ml of FACs buffer, centrifuged at 300 g for 5 minutes at 4°C and the 

pellet resuspended in streptavidin beads (Mitenyi Biotec) diluted 1:9 in FACs 

buffer (10 μl beads per 1x107 cells). Following incubation for 15 minutes at 4°C, 

cells were washed again with 8 ml FACs buffer and resuspended in 500 μl 

separation buffer (separation buffer; PBS + 2.5 nM EDTA). Magnetic separation 

with LD Columns (MACs Miltenyi Biotech) was then completed following the 

manufacturer’s instructions. Samples passed through the column were 

centrifuged at 300 g for 10 minutes at 4°C and resuspended in 300 μl of the same 

biotinylated lineage marker specific antibodies as previously described. After 20 

minute incubation at 4°C, samples were washed by centrifugation in FACs buffer 

and pellets resuspended in a mixture of antibodies to detect haematopoietic stem 

and progenitor cells (HSPCs) for 20 minutes at 4°C. For a detailed list of 
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antibodies used please see Appendix 2. Cells were washed again and 

resuspended in 200 μl FACs buffer and the cell population sorted for an 

enrichment of LSK positive cells (LSK; lineage marker low/negative (L-), Sca-1 

positive (Sca-1+) and c-KIT positive (c-KIT+), on BD-Influx Cell Sorter. Please see 

Appendix 3 for the flow cytometry gating strategy to isolate LSK cells. Sorted cells 

were recovered by centrifugation (300 g for 5 minutes at 4°C) and plated at 500-

1,500 cells per well in a 96 U-bottom plate. Following treatment for 48 hours, cell 

death was measured by PI uptake on a FACs BD-Calibur and analysed with 

FlowJo 10.0.8 software.  

2.15 Ex vivo Drug Testing on Patient Derived AML Samples 

Human AML samples were obtained from patients diagnosed with AML after 

informed consent according to institutional guidelines, and studies were approved 

by the Alfred Health Ethics Committee approved Alfred Haematology Tissue bank 

protocol 29/05 and low risk application 87/14 or the Royal Adelaide Hospital 

Human Research Ethics Committee (RAH Protocol No: 20010516 and 041009). 

Mononuclear cells from apheresis product were isolated by Ficoll-Hypaque 

density-gradient centrifugation and resuspended in IMDM containing 0.5% FCS. 

Ficoll-purified leukaemia cells were plated in RPMI and 15-20% FCS at 2.5 x 105 

cells/ml and drugs tested as described. After 24-48 hours, cell viability was 

determined by flow cytometric analysis of cellular exclusion of annexin V–

fluorescein (BD Biosciences) and/or decrease of blast cell volume using flow 

cytometry (Gallios, Beckman Coulter or BD LSR-Fortessa). Flow cytometry data 

was analysed using the FlowJo 10.0.8 or 10.5 software. 
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2.16 AOCS Cell Fusion Specific RT-PCR and Viability Assays 

Ovarian cancer patient derived cell lines have been established from Australian 

Ovarian Cancer Study (AOCS) patient ascites, authenticated and Mycoplasma 

tested as previously described (Christie et al., 2019; Etemadmoghadam et al., 

2017). Testing for the presence of the SLC25A40-ABCB1 fusion transcript was 

performed using nested RT-PCR with primers to exon 1 of SLC25A40 and exon 

3 of ABCB1 using an assay described previously (Patch et al., 2015). Briefly, 

PCR conditions were as follows: 98ºC for 30 seconds, 30 cycles of 98ºC for 10 

seconds, 60ºC for 30 seconds, 72ºC for 10 seconds, and 72ºC for 10 minutes. 

PCR product from first PCR was purified using QIAquick PCR purification kit 

(QIAGEN), for use as template in the second PCR. The PCR product from the 

second PCR was run on a 2% agarose gel. RT-PCR for the SLC25A40-ABCB1 

fusion was performed on 20 cell lines, and one fusion positive line was identified, 

AOCS18.5. A fusion negative line, AOCS21.2, was used as a control. Cells were 

seeded in triplicate at 5 x 103 cells per well, in 96 well black-walled plates, 24 

hours prior to drug treatment. Cells were treated for 72 hours with a 10-point 

dilution series of birinapant with or without 250 nM tariquidar and with or without 

20 ng/ml TNF in antibiotic-free medium. Cell viability was determined via DAPI 

staining and high content imaging on the Cellomics ArrayScan Vti platform. 

Briefly, cells were fixed with 4% PFA for 10 minutes, then permeabilised with 

0.2% Triton X and stained with DAPI (1:1000 dilution). IC50 doses of birinapant 

were approximated by fitting a 4-parameter dose-response curve (Hill equation) 

and all parameters used in curve comparison using Prism 7 (GraphPad) as 

previously described (Cowin et al., 2012). 
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2.17 In vivo Analysis of Hepatitis B Virus 

The Walter and Eliza Hall Institute Animal Ethics Committee approved the 

following in vivo treatment experiments within hepatitis B virus (HBV) infected 

mice. Murine models of HBV infection, analysis of alanine aminotransferase 

(ALT) and serial serum HBV-DNA analysis were carried out as previously 

described (Ebert et al., 2015a; Ebert et al., 2015b). Briefly, HBV infection was 

induced in male C57BL/6 6-8-week-old mice through hydrodynamic injection 

(HDI). Zosuquidar was prepared at 10 mg/ml in 2% D-mannitol, 0.015% Glycine 

in sterile H20 and diluted in saline solution to the appropriate concentration. Five 

days following induction of infection, mice were pre-treated by IP with the MDR1 

inhibitor zosuquidar (5 or 25 mg/kg) for three consecutive days. Five hours 

following the last dose of zosuquidar, birinapant (3 mg/kg) was delivered by IP 

injection. For acute ALT analysis, animals were culled 16 hours later and the 

same experimental plan was followed for uninfected animals. Serum from cardiac 

bleeds was isolated and analysed for ALT using a Cobas e411 Analyser 

according to the manufacturer’s instructions (Roche). We thank the Research 

Support Team in Pathology at The Royal Melbourne Hospital for assistance with 

liver enzyme analysis. 

 

For in vivo serial serum HBV DNA analysis, mice were treated as described 

above for three weeks, where zosuquidar (5 or 25 mg/kg) was administered IP 

three times a week and birinapant (10 mg/kg) administered IP once a week. Mice 

were mandible bled once a week prior to treatment for a total of 5 weeks and 

serum from bleeds was isolated and analysed for HBV DNA content as previously 
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described (Ebert et al., 2015a; Ebert et al., 2015b). Briefly, the High Pure Viral 

Nucleic Acid Kit (Roche) or the Invisorb Virus DNA HTS 96 Kit (Stratec) was used 

to extract viral DNA from prepared serum and real-time PCR (RT-PCR) was used 

to quantify DNA load. The DNA Amplification SYBR Green Kit (Roche) on a 

LightCycler 480 II Machine (Roche) with Absolute Quantification Software 

(Roche) was used to further quantify DNA load. Serial dilutions of pAAV-HBV1.2 

were used as the standard. Primers were HBV1745fw 

(GTTGCCCGTTTGTCCTCTAATTC) and HBV1844rev 

(TGAGGGAAACATAGAGTTGCCTTGA). The limit of detection of serum HBV 

DNA was 500 copies/mL and sensitivity threshold was 103 copies/mL. 

2.18 Preparation of Mouse Organs for Western Blot  

Immediately following death, sample tissue from mouse livers was harvested and 

snap frozen using liquid nitrogen and stored at -20°C. Samples were generated 

in Cell Lysis Buffer (20 nM Tris HCL pH 7.5, 135 mM NaCl, 1.5 mM Mg2Cl, 1 mM 

EGTA, 1% Triton X-100, 10% Glycerol, 1 x final concentration of Protease 

Cocktain (Roche) and 1 x final concentration of PhosSTOP (Roche)). Samples 

were spun at 15,000 rcf for 5 min at 4°C and the concentration of protein in 

soluble supernatants was determined by bicinchoninic acid (BCA) assay (Thermo 

Fisher) according to manufacturer’s instructions.   

2.19 Statistical analysis 

Unless otherwise stated in figure legends, all statistics were calculated using an 

unpaired two tailed t test with Welch’s correction on Prism 7 or Prism 8 
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(GraphPad) where P* < 0.05, P** < 0.01, P*** < 0.001, P**** < 0.0001 and n.s is 

non-significant. Where no P value is stated the value was either n.s or not 

calculated due to irrelevance. Bliss synergy analysis was completed using the 

Synergy Finder program as described previously (Ianevski et al., 2017). Survival 

curves throughout the thesis are presented as Kaplan-Meier curves. 

2.20 Data availability 

The datasets generated during and/or analysed during the current study are 

available on request. 
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3 Clinical MDR1 Inhibitors and Smac-mimetics 

Combine to Kill Leukaemic Stem Cells and 

Overcome Resistance in Acute Myeloid 

Leukaemia 

Chapter 3 in its entirety contains the manuscript, “Clinical MDR1 inhibitors and 

Smac-mimetics combine to kill leukaemic stem cells and overcome 

resistance in acute myeloid leukaemia”, which was submitted for publication 

to the peer-reviewed journal, Leukemia on 29/11/2019 and is currently under 

review. Please see the Preface for a more detailed description of contributions 

by co-authors.  

3.1 Abstract 

The specific targeting of inhibitor of apoptosis (IAP) proteins by Smac-mimetic 

(SM) drugs, such as birinapant, has been tested in clinical trials of acute myeloid 

leukaemia (AML) and certain solid cancers. Despite their promising safety profile, 

these drugs have so far had variable and limited success. Using a library of more 

than 5,700 bioactive compounds we screened for approaches that could 

overcome birinapant resistance in AML and identified multidrug resistance 

protein 1 inhibitors (MDR1i) as a class of clinically approved drugs that can 

sensitise cancer cells to SM therapy. Inhibition of MDR1 in SM resistant 

leukaemia cells increased intracellular levels of birinapant and sensitised AML 

patient samples to birinapant killing. Combination of clinical MDR1 and IAP 

inhibitors is well-tolerated in vivo and more effective against leukaemic cells, 
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compared to normal haematopoietic progenitors. Importantly, birinapant 

combined with 3rd generation MDR1i effectively killed leukaemic stem cells 

(LSCs) and prolonged survival of AML burdened mice, suggesting a therapeutic 

opportunity for AML. This study identifies a drug combination strategy, that by 

efficiently killing LSCs, may improve AML patient outcomes. 

3.2 Introduction 

 
Inhibitor of apoptosis (IAP) proteins regulate cell survival in response to a number 

of stimuli. In TNF receptor super family (TNFRSF) signalling they are required to 

activate the canonical NF-κB pathway and mitogen-activated protein kinases 

(MAPKs). They also act as repressors of the non-canonical NF-κB pathway and 

apoptotic cell death (Matsuzawa et al., 2008; Vallabhapurapu et al., 2008; 

Varfolomeev et al., 2007; Vince et al., 2007). Natural IAP antagonists, such as 

second mitochondria-derived activator of caspases (Smac/DIABLO), can bind to 

IAPs to prevent their interaction with specific substrates (Du et al., 2000; 

Verhagen et al., 2000). In certain conditions, this leads to auto-ubiquitylation and 

proteasomal degradation of IAPs (Varfolomeev et al., 2007; Vince et al., 2007). 

 

The observation that overexpression of IAPs correlates with cancer progression, 

poor prognosis and treatment resistance, led to the development of small 

molecule, peptide-like mimetics of Smac, termed Smac-mimetics (SMs) (Fulda 

and Vucic, 2012). Birinapant is one of the most clinically advanced SMs and is 

currently in clinical trials for the treatment of certain solid and haematological 

cancers. Due to its limited efficacy as a single-agent, birinapant is being tested in 
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combination with chemotherapeutic drugs and immune checkpoint inhibitors 

(NCT01188499 and NCT02587962) (Amaravadi et al., 2013; Schilder et al., 

2018). Studies by us and others suggest that SMs can also synergise with several 

drugs, including p38-kinase inhibitors, caspase-8 inhibitors and immunotherapy, 

to efficiently eliminate cancer cells (Beug et al., 2017; Brumatti et al., 2016; 

Kearney et al., 2017; Lalaoui et al., 2016; Steinhart et al., 2013). Although 

combinations of birinapant with other anti-cancer agents show promise for the 

treatment of several cancers, boosting their efficacy and overcoming resistance 

are still major challenges. 

 

Using an unbiased high throughput strategy, we screened a library of clinical and 

pre-clinical compounds, to identify molecules that could overcome birinapant 

resistance in acute myeloid leukaemia (AML). From several compounds that 

sensitised resistant AML cells to birinapant, we selected reserpine for further 

study. Reserpine is an antihypertensive and antipsychotic clinical drug that also 

inhibits the multidrug resistance protein 1 (MDR1) (Beck et al., 1988; Bleuler and 

Stoll, 1955; Stitzel, 1976). MDR1 or P-glycoprotein (P-gp), is a member of the 

ATP-binding cassette (ABC) transporter family that actively exports structurally 

unrelated substrates out of cells, presumably to protect them from possible 

toxicities. MDR1 substrates include several chemotherapeutic drugs and 

chemical compounds, such as the fluorescent dye Rhodamine-123 (Abraham et 

al., 1993; Borst and Elferink, 2002; Juliano and Ling, 1976; Neyfakh, 1988). 

Despite the fact that MDR1 exports many xenobiotic compounds, it has not been 

possible to discern a common chemical feature recognised by MDR1 (Waghray 
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and Zhang, 2017). Therefore, whether a molecule is a substrate of MDR1 must 

be determined empirically.  

MDR1 is frequently up-regulated in cancer cells and its expression correlates with 

treatment resistance and disease relapse (Fletcher et al., 2010; Guerci et al., 

1995; Leith et al., 1999). In AML, MDR1 expression has been reported in patients 

of all ages, with prevalence in >50% of relapsed and secondary AML (Leith et al., 

1999; Schaich et al., 2005). This led to clinical trials of MDR1 inhibitors (MDR1i) 

in AML. Although Phase I/II clinical trials have proven the safety of these inhibitors 

in AML patients, limited success was observed due to changes in chemotherapy 

pharmacokinetics and increased toxicity (Fletcher et al., 2010; Relling, 1996; 

Schinkel et al., 1994; Waghray and Zhang, 2017).  

 

Our data provide strong evidence for the re-evaluation of MDR1i therapy in 

combination with SMs, for the treatment of AML. Here we show that SMs such 

as birinapant, synergise with 3rd generation MDR1i to enhance killing of AML cells 

in vitro and in vivo. Importantly, leukaemic stem cells (LSCs) are highly sensitive 

to this combination therapy whilst healthy haematopoietic stem/progenitor cells 

(HSPCs) are resistant. A frequent shortcoming of existing therapies for the cure 

of AML is that while they effectively target leukaemic blasts, they fail to eradicate 

LSCs, leading to disease relapse (Costello et al., 2000; Ishikawa et al., 2007; 

Shlush et al., 2017; van Rhenen et al., 2005). Therefore, therapies that can kill 

both blasts and LSCs, whilst sparing normal HSPCs, are required for effective 

treatment of AML.  
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In this study we explored MDR1 as a biomarker for resistance to birinapant 

treatment and determine the impact of the clinical MDR1i, tariquidar and 

zosuquidar, as novel combination therapies to overcome SM resistance and 

enhance killing of AML cells. Our findings provide a rationale for testing the 

combination of SM/MDR1i in clinical trials for the treatment of AML. 

 

3.3 Results 

3.3.1 Clinical MDR1i Enhance the Efficacy of SM Based Therapy in AML 

Cells 

To identify drugs that could overcome birinapant resistance in AML, we 

conducted a high throughput screen of >5,700 bioactive compounds in two 

independent birinapant resistant murine HoxA9/Meis1 leukaemias (Figure 1A) 

(Brumatti et al., 2016). After increasingly stringent tests (see supplemental 

materials and methods) we identified 12 drugs that can sensitise AML cells to 

birinapant (bir) (Supplemental Figure 1A). One of the most active compounds 

was reserpine (res) (Bleuler and Stoll, 1955; Stitzel, 1976). Reserpine combined 

with birinapant and other SMs such as AT-406 and AEG-40730, to effectively kill 

primary HoxA9/Meis1 and MLL-AF9-driven AML (Figure 1B; Supplemental 

Figure 1B-E). However, reserpine did not consistently increase the killing of AML 

cells induced by the SMs LCL161 and GDC-0152 (Supplemental Figure 1F-I),  

 

Since reserpine can inhibit both the vesicular monoamine transporter and MDR1 

(Ahmed et al., 1993; Beck et al., 1988; Stitzel, 1976), we investigated whether 

the enhanced SM-mediated killing in AML was dependent on MDR1. Using the 
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3rd generation clinical MDR1i, tariquidar (tari) and zosuquidar (zosu), we tested 

the impact of specific MDR1 inhibition on birinapant induced killing in AML cells. 

These inhibitors are molecularly distinct but have both reached phase II/III clinical 

trials for a range of cancers, including AML (Gerrard et al., 2004; Mistry et al., 

2001; Pusztai et al., 2005; Starling et al., 1997). Tariquidar and zosuquidar 

sensitised AML cells to nanomolar concentrations of birinapant (Figure 1C,D). 

Tariquidar also markedly enhanced the killing of HoxA9/Meis1 AMLs induced by 

the SMs AT-406 and AEG-40730, but not LCL161 or GDC-0152 (Figure 1E,F; 

Supplemental Figure 1J-L).  

 

To test the specificity of the synergy between the SM peptido-mimetics and 

MDR1i, we tested whether killing induced by other peptide-mimetics could be 

enhanced by tariquidar or zosuquidar. MDR1i did not sensitise leukaemia cells to 

the BH3-mimetic Bcl-2 inhibitor ABT-199 (Souers et al., 2013) (Figure 1G; 

Supplemental Figure 1M) or the BET inhibitor JQ1 (Zuber et al., 2011) (Figure 

1H; Supplemental Figure 1N), suggesting that these drugs are non-MDR1 

substrates. Together these data indicate that the sensitisation mediated by 

MDR1i is specific to SMs, and not a function of their peptide-like nature.  
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Manuscript Figure 1 MDR1i potentiate SM killing in AML cells 

(A) Approximately 5,700 compounds were screened for their ability to synergise with 

birinapant and overcome resistance in murine HoxA9/Meis1 AML cells. Compounds that 

induced cell death in combination with birinapant, but not as single-agents, were selected 

and their impact determined in a dose response assay. (B) Reserpine sensitises primary 

murine HoxA9/Meis1 and MLL-AF9 AML cells to birinapant. AML cells were treated with 

birinapant (100 and 200 nM) ± 1 µM reserpine (Res) for 24 h (n=4-5). (C) HoxA9/Meis1 

and (D) MLL-AF9-NrasG12D AML cells were treated with 10, 100, 500 and 1000 nM 

reserpine, tariquidar or zosuquidar ± birinapant (200 nM) for 24 h (n=4). (E, F) 

HoxA9/Meis1 AML cells were treated with 125, 250, 500 and 1000 nM of (E) AT-406 

(AT) and (F) AEG-40730 (AEG) for 24 h ± 1 µM tariquidar (n=5). MLL-AF9 AML cells 

were treated with (G) ABT-199 and (H) JQ1 at 100 and 1000 nM ± 1 µM tariquidar for 24 

h. Treatment with birinapant (500 nM) ± tariquidar or zosuquidar (1 µM) was used as a 

control (n=4). Data are presented as mean ± SEM throughout. Cell death was measured 

by propidium iodide (PI) uptake or decrease of cell volume (MLL-AF9-NrasG12D) and flow 

cytometry from 3-4 independent tumours. P values were obtained by comparison of 

treatment with SM alone and with SM in combination with MDR1i at the indicated 

concentrations. 
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3.3.2 MDR1 Expression Inversely Correlates with Response to SM 

Related Therapies in Leukaemia 

To establish whether MDR1 expression is a predictor of birinapant resistance, we 

screened several primary murine leukaemias for MDR1 expression and function. 

As expected, independent HoxA9/Meis1 and MLL-AF9-NrasG12D leukaemias 

expressed MDR1, albeit at varying levels (Figure 2A,B). Conversely, MLL-ENL 

AMLs had no detectable MDR1 expression (Figure 2C). To confirm that MDR1 

was functional we used a Rhodamine-123 (Rho-123) retention assay (Neyfakh, 

1988). Consistent with the protein expression, inhibition of MDR1 increased 

fluorescence in MDR1-high (MDR1H) HoxA9/Meis1 AMLs (Figure 2D) and to a 

lesser extent in MLL-AF9-NrasG12D leukaemias (Figure 2E), but Rho-123 levels 

were unaffected in MDR1-low (MDR1L) MLL-ENL AMLs (Figure 2F). In 

agreement with these results, MDR1i synergistically increased birinapant induced 

killing of HoxA9/Meis1 (Bliss Synergy Score (BSS) 56.7 and 66.5) and MLL-AF9-

NrasG12D AML cells (BSS 38.7 and 49.3) (Figure 2G,H; Supplemental Figure 

2A-F) but had limited effect in MLL-ENL AMLs (BSS 12.7 and 9) (Figure 2I; 

Supplemental Figure 2G-I).  

 

Human AML cell lines also had variable levels of MDR1 (Figure 2J). Consistently, 

addition of MDR1i markedly sensitised MDR1H KG1 cells to birinapant induced 

killing (bir EC50 (μM) = 6.86 vs bir/tari EC50 = 0.12 and bir/zosu EC50 = 0.09; 

Figure 2K). In contrast, the MDR1L HL60 cell line was not significantly affected 

by tariquidar (bir EC50 (μM) = 0.14; bir/tari EC50 = 0.10; Figure 2L). Collectively, 
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our results show an inverse correlation between MDR1 expression/activity and 

response of leukaemia cells to birinapant.  
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Manuscript Figure 2 MDR1 expression correlates inversely with response to SM 

related therapies in leukaemia 

Western blot analysis of MDR1 expression in (A) HoxA9/Meis1, (B) MLL-AF9-NrasG12D 

and (C) MLL-ENL AML cells. (D-F) Rhodamine-123 (Rho-123) retention analysis of 

MDR1 activity in (D) HoxA9/Meis1, (E) MLL-AF9-NrasG12D and (F) MLL-ENL AML cells. 

(G) HoxA9/Meis1 (n=5), (H) MLL-AF9-NrasG12D (n=4) and (I) MLL-ENL (n=3) AML cells 

were treated with tariquidar (0.3, 0.6, 1.2, 2.5 and 5 μM) ± birinapant (0.2, 0.4, 0.6, 0.8, 

1 μM) for 24 h. (J) Lysates from human AML cell lines HL60, MV4-11 (MV), KG1 and 

HEL were probed with the indicated antibodies and probing for actin was used as a 

loading control, M#1, 2, 3 indicates different membranes. (K) KG1 (MDR1H) (n=3) and 

(L) HL60 (MDR1L) (n=2, error bars SD) cells were treated with tariquidar and/or 

zosuquidar (1 μM) ± birinapant (0.003, 0.016, 0.08, 0.4, 2 and 10 μM) for 48 h. Data are 

presented as mean ± SEM throughout unless otherwise stated, n=3-4 independent 

tumours for each AML line, repeated 1-2 times.  Cell death was measured by propidium 

iodide (PI) uptake, decrease of cell volume (MLL-AF9-NrasG12D) and flow cytometry.  
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3.3.3 TNF and MDR1 are Biomarkers of Birinapant Response in AML 

Our results suggest that high levels of MDR1 can be used to predict resistance 

to birinapant-based therapy in different AML sub-types. Considering clonal and 

sub-clonal variations that appear in patients within an AML sub-type, we 

correlated MDR1 expression and birinapant sensitivity in independent MLL-AF9 

leukaemias. MDR1 expression and activity, as well as sensitivity to birinapant 

related therapy, was heterogeneous in these leukaemias (Figure 3A,B; 

Supplemental Figure 3A). As predicted, MDR1L MLL-AF9 cells were sensitive 

to birinapant and addition of tariquidar did not affect their sensitivity (blue bars, 

Figure 3B). In contrast, MDR1H MLL-AF9 cells were only responsive to birinapant 

in the presence of MDR1i (red bars, Figure 3B; Supplemental Figure 3B-E). Of 

note, some MDR1L (black bars) and MDR1H (green bars) AMLs did not respond 

to bir (MDR1L) or bir/tari (MDR1H) treatment (Figure 3B). Because SMs kill 

cancer cells by autocrine TNF/TNFR1 signalling (Petersen et al., 2007; 

Varfolomeev et al., 2007; Vince et al., 2007), we hypothesised that the inherent 

ability of AML cells to produce TNF contributed to their response to birinapant. 

Indeed, while TNF levels were increased in MDR1H AML cells (red bars, Figure 

3C; Supplemental Figure 3F,G) upon bir/tari treatment, no increase in TNF 

could be observed in MDR1H MLL-AF9 AML cells that are resistant to the 

combination therapy (green bars, Figure 3C; Supplemental Figure 3F). Addition 

of exogenous TNF and MDR1i sensitised these cells (green bars) to birinapant, 

thus confirming that sensitivity to this SM is determined by both TNF and MDR1 

expression (Figure 3B).  
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Manuscript Figure 3 TNF and MDR1 expression are biomarkers of birinapant 

response in AML 

(A) Western blot analysis of MDR1 in independent MLL-AF9 AML cells. (B) MDR1L, 

birinapant-sensitive (BirS), combination-resistant (ComboR) (blue bars); MDR1H, 

birinapant-resistant (BirR), combination-sensitive (ComboS) (red bars); MDR1L, BirR, 

ComboS+TNF (black bars) and MDR1H, BirR, ComboS+TNF (green bars) AML cells were 

treated for 24 h with tariquidar (500 nM) ± birinapant (500 nM) ± TNF (100 ng/mL) (1-3 

independent tumours for each sub-group, with 2-3 repeats). (C) TNF production in the 

four MLL-AF9 AML sub-groups was determined by ELISA. Cells were treated with 

tariquidar (500 nM) ± birinapant (500 nM) for 6 h (1-2 independent tumours for each sub-

group, with 2-3 repeats). The data are presented as mean ± SEM throughout. Cell death 

was measured by propidium iodide (PI) uptake, decrease of cell volume and flow 

cytometry. P values were obtained by comparison of control and combination treatment 

groups. 
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3.3.4 MDR1 Inhibition Increases the Intracellular Concentration of 

Birinapant in AML 

The most likely hypothesis to explain the synergistic killing between birinapant 

and MDR1i is that inhibition of MDR1 increases the intracellular concentration of 

birinapant, consequently, inducing rapid degradation of SM targets cIAP1/2 and 

AML cell death (Figure 4A). To explore this hypothesis, we analysed the 

degradation of cIAP1/2, in MDR1H KG1 AML cells treated with bir or bir/tari. As 

predicted, combination treatment accelerated cIAP1/2 degradation and induced 

potent killing of these cells (Figure 4B,C; Supplemental Figure 4A,B). The 

reduction in cIAP levels in AML cells at early time points post combination 

treatment was unlikely due to cell death, which was negligible during the first 6 h 

of treatment (Figure 4C). Similarly, when combined with the SMs AT-406 or AEG-

40730, tariquidar also increased cell death and induced rapid degradation of 

cIAP1 in KG1 AML cells (Supplemental Figure 4B-G). 

 

To further validate that rapid degradation of cIAPs is associated with increased 

intracellular levels of birinapant, we performed mass spectrometry on MDR1H 

KG1 cells treated with bir or bir/tari. For quantification of the intracellular 

birinapant we used deuterium labelled birinapant as an internal standard. 

Inhibition of MDR1 increased the intracellular concentration of birinapant 3-fold 

after 6 h, with SM levels remaining high up to 24 h post-treatment (Figure 4D).  
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Manuscript Figure 4 MDR1 inhibition increases the intracellular concentration of 

birinapant in MDR1H leukaemias   

(A) Schematic of the proposed mechanism of action of the SM plus MDR1i combination 

therapy in MDR1H cells. Birinapant (Bir) is pumped out of cells by MDR1 and inhibition 

of MDR1 pumps increases the intracellular levels of Bir. (B) KG1 AML cells were treated 

for the indicated times with birinapant (500 nM) ± tariquidar (1 μM). Expression of the 

indicated proteins was determined by Western blot and probing for actin was used as a 

loading control, M#1, 2 indicate different membranes. (C) KG1 AML cells were treated 

for up to 48 h with birinapant (500 nM) ± tariquidar (1 μM) (n=4). Cell survival was 

measured by propidium iodide (PI) exclusion, decrease of cell volume and flow 

cytometry. (D) Deuterium labelled birinapant was used as a standard for intracellular 

quantification of birinapant by mass spectrometry of KG1 AML cells treated with 

birinapant (500 nM) ± tariquidar (1 μM) (n=3 independent experiments). Data are 

presented as mean ± SEM throughout. P values were obtained by comparison of SM 

alone and in combination with MDR1 inhibitors at the indicated concentrations or time 

points. 
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3.3.5 Specific Targeting of MDR1 Sensitises AML Cells to SM Induced 

Killing 

To confirm that the killing mediated by SM/MDR1i was due to specific targeting 

of MDR1, we took a pharmacological and genetic approach. Other ABC 

transporters, such as ABCC1 and ABCG2 (also known as MRP1 and BCRP 

respectively) (Legrand et al., 1999; Westover and Li, 2015), can also mediate 

efflux of anti-cancer drugs. To determine whether SMs are exclusively MDR1 

substrates, we tested the impact of the MRP1 and BCRP inhibitors, reversan 

(Rev) (Burkhart et al., 2009) and fumitremorgin C (Fum-C) (Rabindran et al., 

2000) respectively, on birinapant induced killing. Neither HoxA9/Meis1 nor MLL-

AF9 leukaemias were sensitised to birinapant by low doses of these inhibitors 

(Figure 5A; Supplemental Figure 5A). However, higher concentrations of 

reversan were able to increase birinapant-induced death (Supplemental Figure 

5A). This is most likely due to the off-target inhibition of MDR1 by high 

concentrations of reversan (Burkhart et al., 2009; Kannan et al., 2010), 

suggesting that MDR1 is the ABC transporter responsible for regulating SM 

concentration in AML cells. To further validate this hypothesis, we generated KG1 

MDR1-/- cells using two independent guide-RNAs (gRNAs) with CRISPR. Protein 

analysis confirmed loss of MDR1 in pools of <10 clones transduced with either 

MDR1 gRNA (Figure 5B). The KG1 MDR1-/- 3.30 cell line was a complete knock-

out for MDR1, whereas the KG1 MDR1-/- 2.48 cell line had a small proportion of 

cells which retained MDR1 activity (Figure 5B,C; Supplemental Figure 5B,C). 

As predicted, genetic loss of MDR1 sensitised KG1 leukaemia to birinapant 

treatment and MDR1i were able to further increase SM-mediated cell death. 
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(Figure 5D-F). Consistently, cIAP1 degradation mediated by birinapant was 

faster in KG1 MDR1-/- cells, and the addition of tariquidar had no additional effect 

(Figure 5G). The increased killing of AML cells imparted by MDR1 loss was 

specific to birinapant treatment because KG1 control and MDR1-/- cells were 

similarly sensitive to the chemotherapy Ara-c, and peptide-mimetics JQ1 and 

ABT-199 (Supplemental Figure 5D-F). 
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Manuscript Figure 5 Specific targeting of MDR1 sensitises AML cells to SM 

induced killing 

(A) HoxA9/Meis1 AML cells were treated with ABC transporter inhibitors, Fum-C (inhibits 

BCRP/ABCG2) and reversan (Rev) (inhibits MRP1/ABCC1 and MDR1), 100 and 1000 

nM ± birinapant 125, 250 and 500 nM for 24 h (n=3). (B) Western blot analysis of MDR1 

expression in KG1 AML parental, control (Ctrl) 7A and 4B, and MDR1-/- pools 2.48 and 

3.30. (C) Rho-123 retention assay in KG1 control 4B and MDR1-/- 2.48 and 3.30 AML 

cells pre-treated with Rho-123 (250 nM) ± tariquidar (1 μM). (D) KG1 controls 7A and 4B 

(n=4-6), (E) MDR1-/- 2.48 (n=2-3, error bars SD) and (F) MDR1-/- 3.30 (n=2-3, error bars 

SD) AML cells were treated with tariquidar or zosuquidar (0.5 and 1 μM) ± birinapant 

(0.08, 0.4, 2 μM) for 48 h. (G) KG1 control 4B, MDR1-/- 3.30 and 2.48 AML cells were 

treated with birinapant (500 nM) ± tariquidar (1 μM) for 10 and 20 min. Expression of the 

indicated proteins was determined by Western blot analysis. Data are presented as 

mean ± SEM throughout unless otherwise stated. Cell survival was measured by 

propidium iodide (PI) exclusion, decrease of cell volume and flow cytometry. P values 

were obtained by comparison of SM alone and in combination with MDR1/ABC 

transporter inhibitors at the indicated concentrations or time points. Actin was used as a 

loading control, M#1, 2 indicate independent membranes. Blots and Rho-123 graphs are 

representative of 2 independent experiments.  
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3.3.6 The Bir/MDR1i Combination is Well Tolerated, Efficiently Kills LSCs 

and Prolongs Survival in AML Models 

Short-term cell viability assays are indicative but not necessarily predictive of a 

therapeutic response, we therefore tested MDR1H MLL-AF9 leukaemias in long-

term assays. AML cells treated with bir/zosu were unable to form colonies in agar 

culture (Supplemental Figure 6A,B), suggesting that the combination therapy 

could be an effective way to treat MDR1 expressing AMLs. While birinapant and 

MDR1i are all well-tolerated as single-agents, their safety in combination has not 

been evaluated. To test whether bir/MDR1i treatment is feasible in vivo, C57BL/6 

mice were treated with the combined drugs three times a week for 4 weeks and 

analysed immediately upon completion of the treatment regime (acute toxicity) or 

6 weeks after completion (chronic toxicity). No signs of distress were observed 

following injections. Body and liver weights, and white blood cell and lymphocyte 

counts were unaffected, however there was an increase in neutrophil counts 

(Supplemental Figure 6C-G). Although there was an increase in spleen weights 

immediately following completion of treatment, this subsided after 6 weeks 

(Supplemental Figure 6H,I). Together these results indicate a high tolerability of 

bir/MDR1i combination therapy in vivo. 

 

Despite these encouraging results, a limiting factor in treating leukaemias is often 

the toxicity of chemotherapies to healthy HSPCs (Lin-, Sca-1+, c-KIT+ (LSK)). 

Notably, these cells are known to be MDR1H (Bagger et al., 2019; Oguro et al., 

2013) and thus, may be particularly sensitive to MDR1i combination therapies 

(Supplemental Figure 7A). To determine the impact of bir/MDR1i treatment on 
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HSPCs, LSK cells from healthy C57BL/6 mice were treated for 48 h with bir/tari 

or with the chemotherapy Ara-c. As predicted, Ara-c potently killed these cells, 

whereas the viability of LSK cells was unaffected by bir or bir/tari treatment 

(Figure 6A; Supplemental Figure 7B), suggesting a therapeutic window for 

SM/MDR1i therapy. 

 

Similar to normal HSPCs, high levels of MDR1 have also been reported in LSCs 

and it is known that targeting these cells is crucial for efficient elimination of AML 

disease and preventing relapse (Ho et al., 2016; Leith et al., 1999). As the 

aggressive nature of the AML transplant model makes it difficult to assess the 

ability of the bir/tari therapy to target LSCs, we determined the impact of this 

treatment in vitro in previously established MLL-AF9 LSCs and matching blasts 

(Fong et al., 2015). Rho-123 efflux assays and protein analysis confirmed high 

levels of functional MDR1 in LSCs compared to leukaemic blasts (Figure 6B,C). 

As previously observed (Figure 3), MLL-AF9 blasts were sensitised to birinapant 

induced killing by the addition of MDR1i (Figure 6D). Strikingly, MLL-AF9 LSCs 

were highly sensitive to bir/MDR1i treatment but less sensitive to Ara-c 

chemotherapy (Figure 6E; Supplemental Figure 7C). Because MDR1i have 

shown limited effect in clinical trials in combination with chemotherapies that are 

MDR1 substrates, such as daunorubicin and etoposide (VP16), we compared the 

efficacy of bir/tari with VP16/tari in LSCs and blasts. Remarkably, the bir/tari 

combination was significantly more effective at eliminating LSCs and blast cells 

than the VP16/tari combination treatment (Supplemental Figure 7D,E). These 
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results suggest that bir/MDR1i combination therapy is stronger at eliminating 

LSCs to overcome treatment resistance and disease relapse. 

 

Although Ara-c, a front-line chemotherapy for AML, is effective for the elimination 

of leukaemic blasts, disease relapse occurs in ~50% of patients, possibly due to 

the presence of Ara-c resistant LSCs (Shlush et al., 2017). Due to bir/tari’s strong 

effect on LSCs, we determined whether this therapy could prolong survival after 

chemotherapy. Mice transplanted with an aggressive MDR1H MLL-AF9-GFP 

AML, were treated with Ara-c (50 mg/kg) for five consecutive days followed either 

by bir or bir/tari treatment, twice or three times a week (Supplemental Figure 

7F). Although the MDR1H MLL-AF9-GFP AML cells are responsive in vitro at 

higher concentrations of bir, in vivo the survival advantage is limited. Therefore, 

in this aggressive model, the bir/tari combination was the only treatment to give 

a survival benefit, doubling the median survival (MS) when compared to control 

or single-agent groups (MS of Ara-c + 2xCombo = 34 days; Ara-c + 3xCombo = 

40 days vs Ara-c alone = 22 days) (Figure 6F). Consistently, histological analysis 

revealed a remarkable decrease of leukaemic blasts in the spleens and livers of 

bir/tari treated mice compared to the Ara-c only group (Figure 6G; Supplemental 

Figure 8A). This correlated with a reduction of MLL-AF9-GFP cells in the bone 

marrow, lower overall white blood cell counts and reduction of organ size (Figure 

6H-J; Supplemental Figure 8B-F), thus confirming the effectiveness of the 

combination treatment. 
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Manuscript Figure 6 The bir/MDR1i combination is well tolerated, efficiently kills 

LSCs and prolongs survival in murine AML models  

(A) Lin-Sca-1+c-KIT+ (LSK) HSPCs from wild-type (WT) C57BL/6 mice were treated with 

birinapant (0.5 μM) ± tariquidar (1 μM) or Ara-c (0.5 μM and 10 μM) for 48 h (n=3-5, 3 

independent experiments). (B, C) MLL-AF9 LSCs have high expression of MDR1 

compared to matching blasts as shown through (B) Rho-123 retention assay and (C) 

Western blot analysis of samples treated with tariquidar (1 μM) ± birinapant (500 nM) for 

10 min as indicated. MLL-AF9 (D) blasts and (E) LSCs were treated with 0.001, 0.016, 

0.08, 0.4 and 2 μM birinapant ± tariquidar or zosuquidar (1 μM) for 24 h (n=4-7). (F) 

C57BL/6 mice transplanted with MLL-AF9-GFP MDR1H AML cells were treated with Ara-

c (50 mg/kg) for five consecutive days followed either by birinapant single-agent 

treatment (10 mg/kg), or birinapant plus tariquidar (10 mg/kg) combination therapy, given 

twice or three times a week (Ara-c + 2xCombo and Ara-c + 3xCombo respectively) (n=9-

13, 4 independent experiments). P values were obtained by comparison of Ara-c single 

treatment and birinapant combination treatments and determined by Log-rank (Mantel-

Cox) test. At timepoint 23 – 25 days, mice were taken from all groups and (G) histology 

of spleens and livers of mice and (H) percentages of GFP positive cells in the bone 

marrow were analysed. The weights of (I) livers and (J) spleens as percentage of body 

weight (n=6-11) were also determined. The data are presented as mean ± SEM 

throughout. Cell survival was measured by propidium iodide (PI) exclusion, decrease of 

cell volume and flow cytometry. P values were obtained by comparison of control or SM 

alone and in combination with MDR1 inhibitors at the indicated concentrations unless 

otherwise stated. Probing for actin was used as a loading control, M#1, 2 indicate 

independent membranes.  
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3.3.7 Combination Bir/Tari Therapy Kills Human Primary Leukaemias 

To further explore the safety of such a combination therapy in humans, we 

determined the impact of bir and bir/tari treatment on healthy human CD34+ 

HSPCs in vitro. Although human CD34+ cells have MDR1 activity (Figure 7A), 

no increase in birinapant-mediated killing was observed in the presence of an 

MDR1i (Figure 7B). In contrast, VP16/tari treatment was toxic to these cells 

(Figure 7B). Finally, we determined the efficacy of bir/MDR1i treatment in 

patient-derived primary AML cells. As expected, MDR1 activity was 

heterogeneous in primary leukaemias (Figure 7C-O). Although the amount of cell 

death achieved was variable among the different primary human MDR1H AMLs, 

all were sensitised to birinapant induced killing by the addition of tariquidar 

(patients 1, 2 and 3) (Figure 7C-H). Whereas, MDR1L AML cells (patient 4 and 

5) were sensitive to birinapant alone treatment and addition of tariquidar did not 

increase killing (Figure 7I-L). Lastly, similar to what was observed in murine 

AMLs, MDR1L AMLs not responsive to birinapant could be somewhat sensitised 

in the presence of exogenous TNF (patient 6) (Figure 7M,N). There was no 

correlation between patient cytogenetics and molecular marker profile and 

response to treatment (Figure 7O). These results reinforce the notion that high 

MDR1 activity may cause resistance to birinapant and that MDR1 levels may be 

used as a predictor of response of cancer cells to SM drugs.  
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Leukemia + Thesis + Blood Advances initial submission  

Patient BM/PB Age Sex WCC Blast (%) Status WHO Cytogenetics Molecular 

1 BM 75 M 2.98 33 Relapsed 
AML with MDS 
related changes 

Normal Not performed 

2 BM 64 M 7.44 60 Primary refractory 
AML with MDS 
related changes 

Normal 
ASXL1, SRSF2, 

RUNX1 

3 Blood 56 M 132 75 De novo 
Acute myelomonocytic 

leukemia 
Normal 

FLT3-ITD, IDH1, 
R132H 

4 Blood 44 F 221 82 Therapy induced N/D t(9;11), 11q23 N/D 

5 BM 56 M 1.92 86 De  novo 
AML without 
maturation 

Normal IDH2 

6 BM 75 M 5.38 93 De novo 
AML with 

mutated NPM1 
Normal 

IDH2 c.419G>A 
p.Arg140Gln (R140Q) 



 
 

98 

Manuscript Figure 7 Combination bir/tari therapy kills human primary leukaemias 

(A) MDR1 activity was determined in primary human CD34+ HSPCs through Rho-123 

retention assay. (B) Human CD34+ HSPCs were treated with birinapant or VP16 (0.4, 2 

and 10 μM) ± tariquidar (1 μM) for 24-48 h (n=2-7 independent samples, error bars SD). 

(C-N) For patient samples; (C, F) patient 1, (D, G) patient 2, (E, H) patient 3, (I, K) patient 

4, (J, L) patient 5 and (M, N) patient 6, MDR1 activity was determined (C, D, E, I, J and 

M) through Rho-123 retention assay. (F, G, H, K, L and N) Primary cells were treated 

with birinapant (0.016, 0.08, 0.4, 2 and 10 μM) ± tariquidar (1 μM) ± TNF (25 ng/ml) for 

24-48 h (1 independent experiment for each sample). (O) Description of patient samples’ 

cytogenetics and molecular markers. BM; bone marrow, PB; peripheral blood, WCC; 

white blood cell count; N/D; not determined. Cell survival was determined by Annexin V 

staining, decrease of cell volume and flow cytometry. Patient 1, 2, 5, 6 and CD34+ data 

represented as relative to control. 
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3.4 Discussion 

Chemoresistance is a common feature of AML and one of the main causes of 

disease relapse and poor overall survival (<30% at 5 years). Clinical trial 

therapies, such as Venetoclax, cytarabine or hypomethylating agent 

combinations, have been effective in newly diagnosed AML but have shown 

modest and short-lived responses in chemoresistant patients, thus new therapies 

are needed for this group. High levels of IAPs have also been linked to drug 

resistance in AML, and SM drugs that target IAPs, such as birinapant, have 

entered late phase clinical trials. Unfortunately, despite initial promising results, 

good safety profiles and their ability to elicit an anti-cancer immune response, the 

use of SMs as single-agent therapy has not been overwhelmingly successful in 

MDS and relapse AML (Amaravadi et al., 2013; Fulda and Vucic, 2012; Schilder 

et al., 2018). Using an unbiased screen of pre-clinical and clinical compounds, 

we identified MDR1 inhibitors as a class of drugs that can enhance SM therapy 

and overcome treatment resistance in AML. Expression of MDR1 has extensively 

been reported to be a predictor of treatment outcome in AML, with high levels of 

MDR1 being identified in over 50% of patients with relapse or secondary disease, 

for example MDS, chronic myeloproliferative neoplasia (cMPN) and therapy-

related AML (Leith et al., 1999; Mahadevan and List, 2004; Samdani et al., 1996; 

Schaich et al., 2005). Therefore, this manuscript suggests a drug regimen of SM 

plus MDR1i therapy, that has activity in chemotherapy relapsed or refractory 

AML, to improve outcomes for patients.  
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MDR1 actively expels diverse cytotoxic agents from cells, including 

chemotherapies, maintaining the quantities of anti-cancer drugs below toxic 

levels (Van Tellingen et al., 2003; Waghray and Zhang, 2017). Therefore, 

cancers that express high levels of MDR1 can be selected for by chemotherapy. 

Clinical trials of new therapies are frequently performed in cancer patients that 

have failed conventional therapies and thus, their tumours are likely to have high 

MDR1 activity. This is an important finding because birinapant and other SMs 

have been unsuccessfully trialed in MDS and AML relapse patients. In this study 

we show that the combination of birinapant with 3rd generation MDR1-specific 

inhibitors is well tolerated, efficiently kills LSCs and prolongs survival in MDR1H 

leukaemia models. Thus, screening for MDR1 expression and activity would 

enable bir/MDR1i therapy to be targeted to MDR1H cancers.  

 

The fact that MDR1 is a member of the large ABC transporter family and is 

implicated in chemoresistance (Fletcher et al., 2010), has prompted both the U.S. 

Food and Drug Administration and the European Medicines Agency to mandate 

that new anti-cancer drugs be assessed for interactions with MDR1 and other 

drug transporters (Giacomini et al., 2010). However, older anti-cancer agents 

have not been selected to meet with this requirement. An outstanding question 

within the field is how ABC transporters select their substrates, as they are 

structurally diverse (Waghray and Zhang, 2017). We were intrigued that 

birinapant and other chemically distinct SMs synergised with MDR1i (Hugle et al., 

2019; Talbott et al., 2015), however our tests with ABT-199 and JQ1 indicate that 

not all peptide-mimetic drugs are substrates. 
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Regulation of cellular mechanisms other than drug efflux, including differentiation 

and cell survival, have been proposed as possible mechanisms by which 

inhibition of MDR1 may sensitise cells to chemotherapy (Fletcher et al., 2010). 

Using mass spectrometry, we showed that co-treatment with the MDR1i 

tariquidar tripled the intracellular levels of birinapant in MDR1H AML cells, 

indicating that regulation of birinapant efflux is the main mechanism by which 

these drugs enhance birinapant tumour cell killing.  

 

Unfortunately, while MDR1i are well tolerated by patients, their combination with 

cytotoxic drugs led to increased toxicity towards healthy cells, limiting the clinical 

use of such combination treatments (Fletcher et al., 2010; Gerrard et al., 2004; 

Relling, 1996; Schinkel et al., 1994; Waghray and Zhang, 2017). Moreover, given 

that HSPCs express higher levels of MDR1 than their differentiated progeny, we 

were concerned that combining birinapant with MDR1i would cause 

haematopoietic toxicity. However, in addition to observing no adverse effects of 

bir/MDR1i combination in immunocompetent mice, this treatment did not diminish 

the survival of mouse or human HSPCs in culture, whereas the current standard-

of-care chemotherapy Ara-c or the combination VP16/MDR1i was highly toxic as 

previously observed (Brumatti et al., 2016). We speculate that this may be 

explained by the fact that birinapant is not inherently toxic and therefore, 

increasing doses of this SM in healthy cells has no discernible effect on their 

viability. Collectively, these results suggest that repurposing of MDR1 inhibitors 

in combination with SMs might be a safe and efficacious new approach for cancer 

therapy.  
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The reason why birinapant preferentially kills transformed cells while leaving 

normal cells intact remains unclear. One explanation put forward is that, contrary 

to chemotherapeutic drugs that alter multiple cellular pathways (Adams, 2004; 

Silke et al., 2008), SMs specifically affect IAP signalling pathways. Another 

explanation might be that abnormal expression of IAPs and/or TNF by the tumour 

or stromal cells in its environment, leads to addiction to the NF-κB and/or the 

TNFR1 signalling pathways. Consistent with the latter idea, our in vitro assays 

with AML revealed that tumours must be able to produce TNF in response to 

birinapant to be killed efficiently by SMs.  

 

For novel therapies to cure AML they must eradicate LSCs. Yet these cells are 

highly resistant to many anti-cancer drugs and therefore are often responsible for 

disease relapse (Costello et al., 2000; Ishikawa et al., 2007; Shlush et al., 2017; 

van Rhenen et al., 2005). Our discoveries suggest that MDR1 expression is an 

Achilles heel of LSCs which birinapant is able to exploit if combined with MDR1i, 

and thereby prevent disease relapse and prolong survival.  

 

Screening tools for MDR1 activity are readily available and inexpensive. Our 

findings show that MDR1 expression in AML can be used as a biomarker for SM-

related therapies to improve patient stratification. This observation combined with 

the safety and efficacy of the bir/MDR1i drug combination in primary AML patient 

samples and in vivo models of AML, provides the rationale for the clinical testing 

of this drug combination in AML patients. 
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3.6 Supplemental Materials and Methods 

For Materials and Methods relevant to Chapter 3, please see the main Methods 

section of this thesis.  

 

3.7 Supplemental Figures 

 
 
 
 
 
 
 
 



 
 

104 

 
 
 
 



 
 
105 

Supplemental Figure 1 MDR1 inhibitors increase cell death mediated by 

structurally distinct SMs  

(A) Top hit compounds identified by the high throughput screen that synergise with 

birinapant in the killing of HoxA9/Meis1 AML cells. (B, D, F, H) HoxA9/Meis1 and (C, E, 

G, I) MLL-AF9 AML cells were treated with 125, 250, 500 and 1000 nM of (B, C) AT-406 

(AT) (n=4-8), (D, E) AEG-40730 (AEG) (n=4-8), (F, G) LCL161 (n=4-6) and (H, I) GDC-

0152 (GDC) (n=3-6) ± 1 µM reserpine (Res) for 24 h. HoxA9/Meis1 AML cells were 

treated with 125, 250, 500 and 1000 nM of (J) birinapant (Bir), (K) LCL161 (LCL) and (L) 

GDC-0152 (GDC) ± tariquidar (1 μM) for 24 h (n=5). HoxA9/Meis1 AML cells were 

treated with other peptide-mimetic anti-cancer agents (M) ABT-199 and (N) JQ1 (100 

and 1000 nM) ± tariquidar or zosuquidar (1 μM) for 24 h (n=4). Birinapant (500 nM) plus 

MDR1 inhibitors was used as a control throughout (n=4). Data are presented as mean ± 

SEM throughout. Cell death was measured by propidium iodide (PI) uptake and flow 

cytometry (2-4 independent tumours, repeated 1-2 times). P values were obtained by 

comparison of SM alone and in combination with MDR1i at the indicated concentrations.   
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Supplemental Figure 2 MDR1 activity can predict response of AML cells to 

treatment with birinapant and MDR1i 

(A) HoxA9/Meis1 AML cells were treated with zosuquidar (0.3, 0.6, 1.2, 2.5 and 5 μM) ± 

birinapant (0.2, 0.4, 0.6, 0.8, 1 μM) for 24 h (n=4). Bliss synergy analysis of HoxA9/Meis1 

AML cells treated with birinapant ± a titration of (B) tariquidar or (C) zosuquidar. (D) MLL-

AF9-NrasG12D AML cells were treated as described in (A) (n=4) and Bliss synergy 

analysis of birinapant ± a titration of (E) tariquidar or (F) zosuquidar. (G) MLL-ENL AML 

cells were treated as described in (A) (n=4) and Bliss synergy analysis of birinapant ± a 

titration of (H) tariquidar or (I) zosuquidar. Data are presented as mean ± SEM 

throughout. Cell death was measured by propidium iodide (PI) uptake, decrease of cell 

volume (MLL-AF9-NrasG12D) and flow cytometry from 3-4 independent tumours. 
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Supplemental Figure 3 Characterisation of MDR1 expression and synergistic cell 

death of MLL-AF9 sub-groups induced by the combination SM/MDR1i  

(A) MDR1 activity was determined in MLL-AF9 AML sub-groups through Rho-123 

retention assay. (B) MLL-AF9 (MDR1H BirR ComboS) AML cells were treated with (0.3, 

0.6, 1.2, 2.5 and 5 μM) tariquidar ± birinapant (0.2, 0.4, 0.6, 0.8, 1 μM) for 24 h (n=4) and 

(C) corresponding Bliss synergy analysis. (D) MLL-AF9 (MDR1H BirR ComboS) AML cells 

were treated with (0.3, 0.6, 1.2, 2.5 and 5 μM) zosuquidar ± birinapant (0.2, 0.4, 0.6, 0.8, 

1 μM) for 24 h (n=4) and (E) corresponding Bliss synergy analysis. (F) TNF production 

by MLL-AF9 AML sub-groups treated with tariquidar (500 nM) ± birinapant (500 nM) for 

3 and 9 h as determined by ELISA (1-2 independent tumours for each sub-group, with 

2-3 repeats). (G) HoxA9/Meis1 AML cells were treated with tariquidar (500 nM) ± 

birinapant (500 nM) and TNF production measured by ELISA at 4, 6 and 9 h (4 

independent tumours, with 1-2 repeats). Data are presented as mean ± SEM throughout. 

Cell death was measured by propidium iodide (PI) uptake and flow cytometry. 
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Supplemental Figure 4 MDR1 inhibition enhances SM-mediated cIAP degradation 

(A) Human KG1 AML cells were treated for the indicated times, with birinapant (500 nM) 

± tariquidar (1 μM) and expression of the indicated proteins was determined by Western 

blotting. (B-D) KG1 AML cells were treated with 125, 250, 500 and 1000 nM of (B) 

birinapant (Bir) (n=3), (C) AT-406 (AT) (n=2-3, error bars SD) and (D) AEG-40730 (AEG) 

(n=3) for 24 h ± tariquidar (1 μM). (E-G) KG1 AML cells were treated with tariquidar (1 

μM) ± 500 nM of Smac-mimetics; (E) Bir, (F) AT and (G) AEG for 5, 10, 20 and 30 min. 

Cell lysates were analysed by Western blot. Data are presented as mean ± SEM 

throughout unless otherwise stated. Cell survival was measured by propidium iodide (PI) 

exclusion, decrease of cell volume and flow cytometry. P values were obtained by 

comparison of SM alone and in combination with MDR1 inhibitors at the indicated 

concentrations. Probing for actin or α/β Tubulin was used as a loading control and M#1, 

2 indicates independent membranes. 
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Supplemental Figure 5 Increased killing of AML cells is due to specific targeting 

of MDR1 

(A) MLL-AF9 AML cells were treated with ABC transporter inhibitors, Fum-C 

(ABCG2/BCRP) and reversan (Rev) (ABCC1/MRP1) (100 and 1000 nM), ± birinapant 

(125, 250 and 500 nM) for 24 h (n=3). (B, C) MDR1 activity was determined in KG1 

control 7A and 4B, and KG1 MDR1-/- 2.48 and 3.30, AML cells through Rho-123 retention 

assay with (B) tariquidar or (C) zosuquidar (1 μM). (D) KG1 control 7A and 4B, and 

MDR1-/- 2.48 and 3.30 AML cells were treated with Ara-c (0.016, 0.08, 0.4 and 2 μM) for 

48 h (n=2-4, error bars SD). (E, F) KG1 control 4B and KG1 MDR1-/- 3.30 AML cells were 

treated with 0.08, 0.4, 2 and 10 μM of (E) JQ1 and (F) ABT-199 for 48 h (n=2, error bars 

SD). Data are presented as mean ± SEM throughout unless otherwise stated. Cell 

survival was measured by propidium iodide (PI) exclusion, decrease of cell volume and 

flow cytometry. P values were obtained by comparison of SM alone and in combination 

with ABC transporter inhibitors at the indicated concentrations. 
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Supplemental Figure 6 Combination SM/MDR1i treatment is safe in vivo 

(A) MLL-AF9 AML cells were determined as MDR1H or MDR1L through Western blot 

analysis and actin was used as a loading control. (B) MDR1H MLL-AF9 AML cells were 

titrated (1000, 200 and 40) and treated with birinapant (200 nM) ± zosuquidar (1 μM). 

Colony formation was analysed after 12 days (n=2, representative image). (C–I) 

C57BL/6 mice were treated with birinapant 5 and 10 mg/kg ± tariquidar 5 mg/kg for 4 

weeks and analysed immediately following completion of treatment (acute toxicity) or 6 

weeks after completion (chronic toxicity). (C) Body weights at both time points. Liver 

weights at (D) acute and (E) chronic time points. (F) white blood cells (WBC) and (G) 

neutrophil and lymphocyte counts at both time points. Spleen weights at (H) acute and 

(I) chronic time points (n=1-5, 1 experiment). Data are presented as mean ± SD 

throughout. P values were obtained by comparison of combination treatment with 

different single-agent treatments. 
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Supplemental Figure 7 LSCs have high expression of MDR1  

(A) ABCB1 expression levels in AML and HSPCs, figure exported from BloodSpot 

(Bagger et al., 2019). (B) In parallel with murine LSK treatments, KG1 AML cells were 

treated with birinapant (0.5 μM) ± tariquidar (1 μM) or Ara-c (0.5 μM and 10 μM) for 48 h 

as a positive control (n=3 independent experiments). (C) MLL-AF9 AML blasts and 

matching LSCs treated for 48 h with Ara-c (0.001, 0.016, 0.08, 0.4 and 2 μM) ± tariquidar 

(1 μM) (n=7). MLL-AF9 (D) LSC and (E) blasts were treated with birinapant or VP16 

(0.08, 0.4, 2 and 10 μM) ± tariquidar (1 μM) for 24 h (n= 2-3, error bars SD). (F) Schedule 

of mice intravenous (IV) injected with MDR1H MLL-AF9-GFP AML cells treated with Ara-

c (50 mg/kg) followed by single or combination treatment of tariquidar (10 mg/kg) ± 2x or 

3x birinapant (10 mg/kg) (Ara-c + 2xCombo or Ara-c + 3xCombo respectively). Data are 

presented as mean ± SEM throughout unless otherwise stated. Cell survival was 

measured by propidium iodide (PI) exclusion and flow cytometry. P values were obtained 

by comparison of combination treatment with different single treatments or of MLL-AF9 

blasts and LSCs at the indicated concentrations. 
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Supplemental Figure 8 Pre-treatment with Ara-c followed by SM/MDR1i 

combination therapy significantly extends the survival of mice transplanted with 

MLL-AF9-GFP MDR1H AML cells 

Mice that had been transplanted with MLL-AF9-GFP MDR1H AML cells were treated with 

Ara-c (50 mg/kg) followed by single or combination treatment of tariquidar (10 mg/kg) ± 

2x or 3x birinapant (10 mg/kg) (Ara-c + 2xCombo or Ara-c + 3xCombo respectively).  (A) 

H&E staining of histology sections of the spleen, liver and sternum of mice at time point 

(23 - 25 days) after receiving 2 weeks of combination treatment and at death. (B) FACs 

analysis of bone marrow-GFP positive cells taken from mice at the time point (23 - 25 

days) after receiving 2 weeks of combination treatment. (C) Controls for GFP analysis; 

KG1 AML cells (GFP negative) and MLL-AF9-GFP AML cells (GFP positive). (D) White 

blood cell (WBC) and platelet (PLT) cell count (n=6-10) analysed at the time point (23 – 

25 days). (E) Liver and spleen weights as percentage of body weight taken at time of 

death (n=8-10). (F) WBC and PLT cell count at time of death (n=7-13). Data are 

presented as mean ± SEM throughout. Representative images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
117 

3.8 Supplemental Information Outside the Scope of the 

Submitted Manuscript 

3.8.1 MDR1i do not Potentiate in vitro Killing by the Chemotherapy Ara-c 

To further test the specificity of the bir/MDR1i combination, we tested whether in 

vitro killing mediated by the chemotherapy Ara-c could be potentiated by the 

addition of MDR1 inhibitors reserpine, tariquidar or zosuquidar. Ara-c is not an 

MDR1 substrate (NØrgaard et al., 1998), therefore we hypothesised there would 

be no synergistic increase in cell death. Indeed, Ara-c was toxic as a single-agent 

in a dose dependent manner in MLL-AF9-NrasG12D and HoxA9/Meis1 AML cells 

and addition of an MDR1i was unable to enhance Ara-c mediated cell death 

(Figure 3.1A-D). 
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Figure 3.1 MDR1i do not sensitise AML cells to Ara-c killing in vitro 

(A) MLL-AF9-NrasG12D and (B) HoxA9/Meis1 AML cells were treated with Ara-c (10, 50, 

100 and 500 nM) ± reserpine (Res) (1 μM) for 24 h (n=4). (C) MLL-AF9-NrasG12D and (D) 

HoxA9/Meis1 AML cells were treated with the same concentrations of Ara-c as in (A, B) 

± tariquidar or zosuquidar (500 nM) for 24 h (n=4). Birinapant (200 nM) plus MDR1 

inhibitors was used as a control throughout (n=4). Data are presented as mean ± SEM 

throughout. Cell death was measured by propidium iodide (PI) uptake, decrease of cell 

volume (MLL-AF9-NrasG12D) and flow cytometry from 3-4 independent tumours. P values 

were obtained by comparison of birinapant and birinapant plus MDR1 inhibitor. 
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3.8.2 The Bir/Tari Combination Treatment Extends Survival  

of Mice in vivo  

Since the combination of tariquidar and birinapant appeared to be safe and 

tolerable in healthy mice in vivo (Supplemental Figure 6), we next investigated 

whether it was also effective at killing leukaemia in vivo. We transplanted MDR1H 

MLL-AF9-GFP leukaemias into healthy C57BL/6 mice, leading to a rapidly lethal 

disease (Brumatti et al., 2016; Lalaoui et al., 2016). Treatment of mice with two 

different doses of birinapant (5 or 10 mg/kg) in combination with tariquidar (10 

mg/kg) led to a significant increase in median survival compared to vehicle 

treated mice (29 days vs 22 days respectively) (Figure 3.2A). Eventually, 

however, all mice succumbed to disease, exhibiting a leukaemic phenotype with 

hunched posture, enlarged spleen, liver infiltrated with blasts, decreased platelet 

and increased white blood cell count (Figure 3.2A-E).  
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Figure 3.2 The bir/tari combination therapy extends survival of mice in vivo  

(A-E) All experimental MLL-AF9 treated mice were taken at the ethical end point 

exhibiting a leukaemic phenotype. (A) Mice were treated with 5 or 10 mg/kg birinapant ± 

10 mg/kg tariquidar and survival represented as a Kaplan-Meier curve (n=16-21). P 

values were obtained by comparison of vehicle and birinapant combination treated 

animals using a Log-rank (Mantel-Cox) test. Leukaemic burden was analysed by (B) 

white blood cell (WBC) and platelet (PLT) counts (n=14-19), (C) spleen and liver weights 

(n=15-21) and (D) spleen and liver weights as a percentage of body weight (n=15-21). 

(E) H&E histology staining of spleen, liver and sternum (scale bars 500 or 200 μm) 

(representative images).  
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3.8.3 Tariquidar Potentiates Birinapant-mediated Killing of Ovarian 

Cancer Cells  

Similar to our findings in primary patient AML samples, MDR1 expression in 

ovarian cancer samples correlates with birinapant resistance. A recent Australian 

Ovarian Cancer Study (AOCS) of 92 ovarian cancer patients identified ABCB1 

fusions that led to increased MDR1 expression and chemotherapy resistance  

(Patch et al., 2015). In phase II clinical trials in patients with refractory ovarian 

cancer, birinapant did not show single-agent activity (Noonan et al., 2016). Based 

on the findings from our studies of mouse and human AML, we tested the 

birinapant plus MDR1 inhibitor combination treatment in patient-derived cell lines 

AOCS21.2 and AOCS18.5, established from AOCS patient ascites (Christie et 

al., 2019). AOCS21.2 (MDR1L) and AOCS18.5 (MDR1H-fusion) cells were treated 

with different concentrations of birinapant either on its own or together with 

tariquidar and/or TNF (Figure 3.3A-D). As expected, birinapant induced 

degradation of cIAP1 and cell death was not affected by the addition of tariquidar 

in AOCS21.2-MDR1L cells (Figure 3.3A and B), whereas loss of cIAP1 was 

accelerated in AOCS18.5-MDR1H-fusion cells treated with the bir/tari 

combination (Figure 3.3C). Nevertheless, these MDR1H-fusion cells were not 

killed by this drug combination (Figure 3.3D). As discussed previously, one likely 

explanation for the failure of this drug combination to kill these cells is the lack of 

TNF production and hence autocrine TNF/TNFR1 cell death signalling in 

response to birinapant. Consistent with this hypothesis, the addition of TNF 

sensitised these ovarian cancer cells to treatment with birinapant alone and their 

killing was significantly enhanced in the presence of tariquidar (Figure 3.3D). 
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Figure 3.3 The bir/tari combination is effective in human ovarian cancer patient 

cells 

(A) AOCS21.2 ovarian cancer cells were treated with birinapant (500 nM) ± tariquidar (1 

μM) for 15 or 30 min. Samples were analysed by Western blotting and probed as 

indicated. (B) AOCS21.2 ovarian cancer cells were treated with tariquidar (250 nM) ± 

TNF (20 ng/ml) ± a titration of birinapant for 72 h. (C, D) AOCS18.5 ovarian cancer cells 

were treated as described in (A, B), respectively. Cell survival was determined via DAPI 

staining and high content imaging on the Cellomics ArrayScan Vti platform. IC50 doses 

of birinapant were approximated by fitting a 4-parameter dose-response curve (Hill 

equation) (n=3-4 independent experiments). Probing for actin was used as a loading 

control. P values were obtained by comparison of SM + TNF and SM + TNF + tariquidar.  
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4 Investigating the Efficacy of MDR1 Inhibitors to 

Potentiate Smac-mimetic Treatment in Chronic 

Hepatitis B Virus (HBV) disease   

4.1 Introduction 

Viral pathogens frequently use TNF receptor pathways to manipulate molecular 

processes within host cells to evade control and promote their propagation 

(Herbein and O'brien, 2000). Chronic infection of Hepatitis B virus (HBV) has 

been shown to promote high levels of both TNF and TNFR1 in hepatocytes. This 

has been partly explained by the HBV viral protein HBx, and its ability to 

transcriptionally upregulate the production of TNF in HBV infected hepatocytes 

(Herbein and O'brien, 2000). Intriguingly, HBx has also been shown to sensitise 

cells to TNF mediated apoptotic killing (Herbein and O'brien, 2000). Following 

these findings, investigations into how the TNFR1 pathway could be harnessed 

to develop new clinically relevant therapies to target HBV were undertaken.   

 

The observation that IAPs limit TNF mediated apoptosis in HBV infected 

hepatocytes, promoting disease progression, led to the study of Smac-mimetics 

as a treatment strategy for HBV (Ebert et al., 2015a; Ebert et al., 2015b). Genetic 

loss of cIAPs or their degradation through birinapant treatment, promoted death 

of HBV infected hepatocytes. Furthermore, birinapant therapy enhanced HBV-

DNA serum clearance in an in vivo murine model of chronic HBV infection (Ebert 

et al., 2015a; Ebert et al., 2015b). These results were not limited to birianapant, 

as another Smac-mimetic APG-1387 has also shown efficacy in killing HBV 
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infected cancer cells (Liu et al., 2018; Pan et al., 2018). These results promted 

initiation of in-human clinical trials of the Smac-mimetics, birinapant 

(NCT02288208) and APG-1387 (NCT03585322), for the treatment of chronic 

HBV (Rasco et al., 2019; Xu et al., 2018). Although the studies with APG-1387 

are still underway, unfortunately the trials conducted with birinapant have not 

been successful due to cranial nerve palsies, such as Bell’s palsy, being 

observed in patients and trials being subsequently ceased. A possible strategy to 

overcome dose related birinapant side effects could be to potentiate the efficacy 

of birinapant treatment, resulting in a reduction of Smac-mimetic dose.  

 

Following the results detailed in Chapter 3 of this thesis, describing that birinapant 

is a substrate of MDR1 and addition of a MDR1 inhibitor can potentiate Smac-

mimetic therapy in cancer, I sought to understand whether these findings could 

be transposed to a viral HBV disease model. Therefore, this Chapter describes 

my investigation into the safety and efficacy of combining a MDR1 inhibitor with 

a reduced dose of birinapant to treat murine models of chronic HBV.  

4.2 Expression Levels of cIAP1 and MDR1 in Mouse Livers 

Following Birinapant plus MDR1 Inhibitor Treatment 

Prior studies indicated Smac-mimetics are effective towards killing HBV infected 

liver cells (Ebert et al., 2015a; Ebert et al., 2015b). Therefore, we hypothesised 

that addition of the 3rd generation specific MDR1 inhibitor zosuquidar to birinapant 

could enhance treatment in HBV disease. Ebert and colleagues have previously 

shown that a 30 mg/kg dose of birinapant induces degradation of cIAP1 in HBV 

infected and uninfected hepatocytes (Ebert et al., 2015a). We therefore chose a 
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10-fold lower dose to test whether zosuquidar could enhance birinapant-

mediated cIAP degradation. C57BL/6 mice were hydrodynamic injected (HDI) 

with a plasmid containing the HBV genome to establish chronic HBV infection 

(day 0) (Ebert et al., 2015a). Mice were then preloaded with zosuquidar 5 or 25 

mg/kg for three days (day 5, 6 and 7) prior to birinapant 3 mg/kg treatment (day 

7). Mice were culled 16 hours following birinapant treatment (day 8) and livers 

were collected for analysis of cIAP1 and MDR1 expression (Figure 4.1A). As 

previously reported, liver cIAP1 expression was significantly reduced in 

birinapant treated HBV infected and uninfected mice (Figure 4.1B and C) (Ebert 

et al., 2015a; Ebert et al., 2015b). However, in both HBV infected and uninfected 

animals, there was no further increase in cIAP1 degradation in mice treated with 

birinapant plus zosuquidar combination, compared to birinapant single-agent 

treatment (Figure 4.1B and C). MDR1 expression appeared consistent between 

HBV infected and uninfected animals and between treatment groups. However, 

due to the complexity of the hepatocyte samples, and the natural smear pattern 

of MDR1, we couldn't obtain a clear detection of MDR1 protein.   
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Figure 4.1 HBV infected and uninfected hepatocytes express cIAP1 and MDR1 

(A) Short-term analysis treatment scheme. C57BL/6 mice were hydrodynamic injected 

(HDI) with HBV virus (day 0) and preloaded with zosuquidar (Zosu) 5 or 25 mg/kg for 

three days (day 5, 6 and 7) prior to ± birinapant (Bir) 3 mg/kg treatment (day 7). Mice 

were culled 16 hours following birinapant treatment (day 8). (B) Livers were taken from 

mice, lysed and analysed by Western blotting. Samples were probed for cIAP1 and 

MDR1 and actin was used as a loading control (3 independent experiments). (C) 

C57BL/6 mice uninfected with HBV were treated as described in (A) and livers analysed 

as described in (B) (2 independent experiments).  
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4.3 Birinapant and MDR1 Inhibitor Combination Treatment 
Increases ALT Levels in HBV Infected but not Uninfected 
Mice 

A sensitive measurement of liver-cell damage is alanine aminotransferase (ALT) 

levels, where an increased level indicates elevated liver-cell death. ALT analysis 

is used routinely in the clinic to monitor liver damage due to alcohol, medication, 

haemochromatosis and chronic hepatitis B and C infection (Pratt and Kaplan, 

2000). We therefore analysed ALT levels to determine the efficacy of our 

combination treatment to kill HBV infected liver cells, reducing HBV disease 

burden. Furthermore, we also analysed the specificity and safety of the 

combination treatment by treating HBV infected and uninfected mice in parallel. 

Using the treatment scheme previously described (Figure 4.1), co-treatment with 

an MDR1 inhibitor and birinapant was well tolerated in uninfected and infected 

animals. Similar to our leukemia models, both HBV infected and uninfected 

groups showed no signs of distress or discomfort following injections. In infected 

HBV animals, ALT levels were not changed with birinapant single-agent 

treatment but were significantly increased with birinapant and zosuquidar 

combination treatment (Figure 4.2A). Although there was a reduction in ALT 

levels in uninfected mice treated with birinapant and the lower dose of zosuquidar 

(5 mg/kg), there was no change in ALT levels observed in the birinapant plus the 

higher dose of zosuquidar (25 mg/kg) group (Figure 4.2B). Together these data 

indicate birinapant and MDR1 inhibitor treatment is able to potentiate liver-cell 

death in HBV infected cells, with less toxicity to uninfected healthy cells.  



 
 
129 

 
Figure 4.2 MDR1 inhibitor plus birinapant combination treatment increases ALT 

levels in HBV infected but not uninfected mice 

(A) C57BL/6 mice were hydrodynamic injected (HDI) with HBV virus (day 0) and 

preloaded with zosuquidar (Zosu) 5 or 25 mg/kg for three days (day 5, 6 and 7) prior to 

± birinapant (Bir) 3 mg/kg treatment (day 7). Mice were culled 16 hours following 

birinapant treatment (day 8) and cardiac blood was analysed for ALT levels (n=6-13, 3 

independent experiments). (B) Uninfected C57BL/6 mice were treated as described in 

(A) and cardiac blood was analysed for ALT levels (n=4-7, 2 independent experiment). 

Data presented as mean ± SEM throughout. P values were obtained by comparison of 

birinapant alone and in combination with zosuquidar. 
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4.4 Zosuquidar Enhances the Efficacy of Birinapant to 

Reduce HBV-DNA Serum Levels 

Monitoring the level of HBV disease burden is an important method to track 

disease progression or treatment-induced disease reduction. Traditional 

methods of analysis favoured hepatic histology to assess the stage of liver 

disease and etiology. However, as this assessment requires serial liver biopsies, 

alternative methods to monitor HBV disease burden were developed. Similar to 

human immunodeficiency virus (HIV), there is a correlation between HBV viral 

replication and HBV disease burden. This led to the practice of measuring HBV-

DNA levels to track disease progression in the clinic and in animal models of 

chronic HBV infection (Mommeja‐Marin et al., 2003).  

 

Having established the tolerance of the birinapant and MDR1 inhibitor 

combination, and its ability to enhance Smac-mimetic mediated liver-cell death, 

we investigated whether this therapeutic approach could increase the clearance 

of HBV-DNA in a chronic HBV infection model. Ebert and colleagues have 

previously shown that treatment of HBV infected mice with birinapant (injections 

once a week of 30 mg/kg for 3 weeks) rapidly induces clearance of HBV-DNA in 

the serum (Ebert et al., 2015a). Therefore, we chose to compare this previously 

described dose with a 3-fold lower dose of birinapant of 10 mg/kg to investigate 

the potential of MDR1 inhibitors to enhance Smac-mimetic treatment (Figure 

4.4A). C57BL/6 mice infected with HBV were preloaded with zosuquidar (25 

mg/kg) for three days prior to receiving birinapant (10 mg/kg) treatment. This was 

repeated for 3 weeks and HBV-DNA serum levels determined each week (Figure 

4.4A). Analysis of HBV-DNA levels revealed no difference in clearance rates 
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between untreated, vehicle and zosuquidar single-agent treated animals (Median 

clearance = 5 weeks). Addition of zosuquidar to 10 mg/kg birinapant treatment 

significantly reduced the time taken for animals to clear HBV virus compared to 

10 mg/kg birinapant alone treatment (Median clearance 3.5 weeks vs 4 weeks 

respectively) (Figure 4.4B). Interestingly, the median clearance rate of 10 mg/kg 

birinapant plus MDR1 inhibitor combination therapy was the same as 30 mg/kg 

birinapant single-agent treatment (3.5 weeks). These data suggest addition of a 

MDR1 inhibitor increases the efficacy of birinapant to mediate clearance of HBV-

DNA in a chronic HBV model.  
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Figure 4.3 Zosuquidar enhances the efficacy of birinapant to control serum HBV 

DNA levels 

(A) Long-term analysis treatment scheme. C57BL/6 mice were hydro dynamic injected 

(HDI) with HBV virus and preloaded with zosuquidar (Zosu) 25 mg/kg for three days prior 

to ± birinapant (Bir) 10 mg/kg, treatment was repeated for 3 weeks. Birinapant 30 mg/kg 

was used as a positive control. Animals were mandible bled each week prior to treatment 

and serum HBV DNA levels analysed. (B) Animals were treated as described in (A) and 

serum HBV DNA levels analysed (n=15-19, 2 independent experiments). Data presented 

as mean ± SEM throughout. P values were calculated using an unpaired t test, two-tailed 

comparing birinapant alone and in combination with zosuquidar. 
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4.5 Conclusions 

HBV remains an endemic disease, with 3.5% of the world population having been 

exposed to HBV and an estimated 257 million people suffering from chronic HBV 

infection (WHO, 2017). Unlike in primary self-limiting HBV infections, where there 

is complete clearance of virus from the body, in persistent chronic HBV infection 

virus production continues indefinitely (Ganem and Prince, 2004). Furthermore, 

HBV is an oncovirus that is responsible for the development of HBV-related liver 

cancer (McGlynn et al., 2015). Therefore, investigation into novel strategies to 

overcome chronic HBV infection are required.  

 

Prior work by Ebert and colleagues demonstrating Smac-mimetics have efficacy 

in HBV (Ebert et al., 2015a; Ebert et al., 2015b), propelled us to determine 

whether the 3rd generation specific MDR1 inhibitor zosuquidar, could be used to 

increase the efficacy of birinapant treatment in a chronic HBV model. Initially, I 

investigated the levels of MDR1 expression in murine infected and uninfected 

liver samples treated with the combination and did not observe any differences. 

Although degradation of cIAP1 was present in all birinapant treatment groups, 

this was not enhanced with the addition of zosuquidar. 

 

To investigate the ability of zosuquidar to potentiate the liver-cell killing potential 

of birinapant, we utilised a short-term analysis of HBV liver-cell death. We 

observed an increase in ALT levels in animals treated with a low dose of 

birinapant in combination with the MDR1 inhibitor zosuquidar, compared to 

birinapant single-agent treatment. An increase in ALT indicates an increase in 
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HBV positive liver cell death and therefore, a reduction in HBV disease burden. 

Furthermore, this result was only present in the HBV infected animals, with the 

uninfected healthy animals having no increase in ALT levels with combination 

treatment compared to birinapant alone. This indicates specificity of the 

combination treatment to HBV infected liver cells and not uninfected liver cells. 

These data are important as it indicates the safety and tolerability of the treatment 

and therefore the applicability of the translation of this combination therapy in to 

the clinic.  

 

Lastly, we investigated the clinical potential of the combination to clear HBV-DNA 

from serum. Importantly, our results show a significant improvement in the 

clearance of HBV-DNA in mice treated with birinapant plus zosuquidar, compared 

to birinapant single-agent treatment. Impressively, the median clearance rate of 

low dose 10 mg/kg birinapant combination treatment was the same as the 

previously published high dose concentration of birinapant 30 mg/kg. These data 

suggests MDR1 inhibitors potentiate the effect mediated by Smac-mimetics in a 

chronic HBV model and these findings could offer an alternative to high-dose 

Smac-mimetic treatment. Moreover, these findings highlight MDR1 inhibition to 

enhance Smac-mimetic efficacy, is transferable across oncogenic and viral 

diseases.  
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5 Understanding the Molecular Mechanisms by 

which Psychoactive Drugs Potentiate Smac-

mimetic Mediated Killing in Acute Myeloid 

Leukaemia 

5.1 Introduction 

To date, I have introduced and discussed my finding that birinapant is a substrate 

of MDR1 and that inhibition of MDR1 can potentiate birinapant-mediated killing 

in cancer and HBV disease models (Chapters 3 and 4). Despite the success of 

this combination, we observed some primary human AML samples had 

resistance to birinapant plus MDR1 inhibitor combination treatment, even in the 

presence of exogenous TNF (Chapter 3 Figure 7). Therefore, to identify other 

possible mechanisms of resistance that AML cells use to evade Smac-mimetic 

therapy, and new molecular strategies to overcome resistance, we investigated 

the remaining hit compounds identified by the high throughput screen. As 

discussed in Chapter 3, the clinical antipsychotic and antihypertensive drug 

reserpine was the first compound we investigated and it is a known MDR1 

inhibitor. Intriguingly, from the 12 top compounds identified, we observed half of 

them (including reserpine) are psychoactive. That is, they are capable of altering 

central nervous system functions resulting in changes to mood, anxiety, 

consciousness and behaviour. These compounds include the clinical drug 

fluphenazine dihydrochloride (Prolixin) and the preclinical compounds LP-44, 

SDZ 21009 (Carpindolol), GR-127935 and CGP-71683. Some psychoactive 

compounds, in particular antidepressant and antipsychotic drugs, have been 
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shown to have anti-proliferative and pro-apoptotic effects (Nordenberg et al., 

1999). Therefore, we were intrigued to further investigate the molecular 

mechanisms behind the synergy observed between these psychoactive drugs in 

combination with birinapant.  

5.2 Anti-cancer Effects of Psychotropic Compounds 

Psychoactive compounds are used to modify the brains functions to temporarily 

influence behaviour, mood, consciousness and perception (Gelenberg et al., 

2013). Psychotropic compounds for the treatment of clinical neurological 

disorders, including depression, anxiety, schizophrenia and bipolar disorder, act 

principally on the dopamine and serotonin (5-hydroxytryptamine; 5-HT) pathways 

(Miyamoto et al., 2004). Large scale epidemiology studies have described 

schizophrenic patients that are prescribed antidepressants and/or antipsychotics 

have lower incidences of developing cancer, compared to age- and gender-

matched individuals without schizophrenia or the general population (Chou et al., 

2011; Mortensen, 1989, 1994). Numerous papers and patents echo these 

findings, describing the anti-neoplastic properties of psychotropic compounds 

(Nordenberg et al., 1999).  

 

The phenothiazine antipsychotics work by antagonising dopamine receptors 

(Seeman and Lee, 1975). In mammals, five subtypes of dopamine receptors, D1 

to D5, have been identified (Sibley and Monsma Jr, 1992). Several of these 

phenothiazine antipsychotics have been observed to have potent pro-apoptotic 

and anti-proliferative effects in different cancer models, including AML, with little 

toxicity towards healthy tissue (Burgess, 2012; Cheng et al., 2015; Sachlos et al., 
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2012; Schleuning et al., 1993; Zhelev et al., 2004) (patent US-20130065887A1). 

The majority of these findings have been observed using the drug thioridazine, 

however the clinical drug fluphenazine dihydrochloride identified in our screen, is 

also a member of the phenothiazines and has shown anti-proliferative effects 

(Sachlos et al., 2012; Schleuning et al., 1993). The molecular mechanisms 

driving these phenothiazine-mediated anti-cancer effects remains unclear. In one 

study, these effects were attributed to thioridazine’s ability to induce 

differentiation to overcome neoplastic self-renewal in AML cancer stem cells 

(CSCs). It was proposed that this effect was due to antagonism of the dopamine 

receptor, suggesting development of some cancers may be dopamine receptor 

dependent (Sachlos et al., 2012). Cheng and colleagues also observed that 

thioridazine had anti-stem cell properties in glioblastoma, however their data 

indicated that its cytocidal effects were independent of dopamine receptor 

antagonism and were rather due to induction of autophagy and upregulation of 

AMP-activated protein kinase activity (Cheng et al., 2015). Interestingly, data 

from these and other studies, indicates the anti-cancer effects observed with 

thioridazine are specific to cancer cells with no influence on healthy cells (Sachlos 

et al., 2012; Zhelev et al., 2004).  

 

The other major pathway principally acted on by antidepressant and/or 

antipsychotic drugs is the serotonin signalling pathway. Similarly to dopamine, in 

mammals there are several serotonin receptors. Perhaps unsurprisingly 

therefore, it has been observed that serotonin can have opposing effects on 

cancer cells, being either pro-cancer or anti-cancer (Vicaut et al., 2000). The 
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tricyclic antidepressants (TCAs), which act primarily through blocking the 

serotonin and norepinephrine transporters, have been shown to have pro-

apoptotic actions in human lymphocytes (Xia et al., 1996, 1998). Combination of 

TCA drugs with the chemotherapy actinomycin D potentiated apoptosis in human 

lymphocytes. Similarly, serotonin re-uptake inhibitors have been shown to have 

potent anti-cancer potential in vitro, however the effective concentration required 

is seldom reached within patients at clinically therapeutic doses (Rosetti et al., 

2006). Mice bearing large methylcholanthrene-induced fibrosarcomas responded 

favourably with serotonin treatment, having strong inhibition of tumour growth and 

increased overall survival (Burtin et al., 1982). In contrast, Cattaneo and 

colleagues observed an increase in cancer cell growth in small lung carcinoma 

due to serotonin’s suggested stimulation of DNA synthesis and mitogenesis 

(Cattaneo et al., 1993; Cattaneo et al., 1994; Vicaut et al., 2000). These 

disparities highlight the complexity of serotonin signalling and likely reflect the 

fact that there are multiple receptors that can be targeted by these drugs, which 

will therefore, affect which cancers respond (Vicaut et al., 2000).  

 

Our screen identified three different compounds that act on the serotonin 

pathway; the agonist LP-44 and antagonists SDZ 21009 and GR-127935. 

Therefore, my initial attention and curiosity was focused on investigating the 

molecular mechanisms by which these compounds synergise with birinapant. 

The strongest synergy observed in combination with birinapant was with the 

agonist LP-44 and therefore, my initial focus was to investigate how this 

compound synergised with birinapant. 
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5.3 Serotonin 

Serotonin (5-HT) is an important neurotransmitter implicated in a large variety of 

central and peripheral physiological and pathological processes, including 

regulation of perception, pain, mood, anxiety, gastrointestinal regulation (GI) and 

inflammation. Surprisingly, the vast majority of 5-HT (~95%) is found outside of 

the central nervous system and is predominantly produced by enterochromaffin 

cells in the intestinal tract where it regulates many aspects of digestion (Gershon 

and Tack, 2007). Serotonin also plays a role in vasculature, haemostasis, cardiac 

function and reproductive biology among other activities (Berger et al., 2009; 

Dray, 1995; Gershon and Tack, 2007; Spiller, 2007). The mammalian 5-HT 

receptor family consists of 14 structurally and pharmacologically distinct 

members designated by a number and letter (e.g. 5-HT1A receptor). The family is 

divided into 7 groups ranging from 5-HT1 to 5-HT7 and further receptor 

heterogeneity is achieved through RNA editing, alternative splicing and the 

formation of hetero- and homo- dimers (Barnes and Neumaier, 2011). With the 

exception of 5-HT3, which is a ligand-gated ion channel, all family members are 

G-protein coupled receptors (GPCR) (Boess et al., 1995; Hoyer et al., 2002). As 

their name suggests, GPCRs couple to a G-protein to modulate intracellular 

signalling. The seven 5-HT receptor families have diverse and specific signalling 

pathways that utilise different families of G-proteins; 5-HT1 and 5-HT5 receptors 

couple to Gi/o-type proteins, inhibiting adenylyl cyclase (AC); 5-HT2 receptors 

couple to Gq-type G proteins, activating phosphoinositide hydrolysis; and 5-HT4, 

5-HT6 and 5-HT7 receptors couple to Gs, stimulating AC (Table 4) (Johnson‐

Farley et al., 2005; Leon-Ponte et al., 2007).   
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Table 4 5-HT receptor subtypes and associated signals 

*  Not present in humans. Excerpt from (Leon-Ponte et al., 2007). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Receptor 

Subtype 
Signal 

5-HT1A Gi/o 

5-HT1B Gi/o 

5-HT1D Gi/o 

5-HT1E Gi/o 

5-HT1F Gi/o 

5-HT2A Gq/11 

5-HT2B Gq/11 

5-HT2C Gq/11 

5-HT3 Ion channel 

5-HT4 Gs 

5-HT5A Gi/o 

5-HT5B* Unknown 

5-HT6 Gs 

5-HT7 Gs 
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5.4 5-HT7 Receptor 

The 5-HT7 receptor gene is located on human chromosome 10q23.3-q24.3 and 

is 445 amino acids in length (Bard et al., 1993; Lovenberg et al., 1993; Ruat et 

al., 1993). As previously described, the 5-HT7 GPCR is coupled to the stimulatory 

Gs protein. Upon receptor stimulation, AC is activated leading to a rise in cyclic 

adenosine monophosphate (cAMP) and Ca2+ dependent activation of both 

protein kinase B (Akt) and extracellular signal-regulated kinase (ERK)/MAPK 

signalling pathways. Agonist activation of the 5-HT7 receptor, leading to an 

increase in cAMP, has been shown to activate both ERK and Akt independent of 

protein kinase A (PKA) (Errico et al., 2001; Guseva et al., 2014b; Lin et al., 2003; 

Shen et al., 1993). The 5-HT7 receptor has also been described to couple to the 

heterotrimeric G12-protein, resulting in the selective activation of the small 

GTPases, RhoA and Cdc42 (Figure 5.1) (Kobe et al., 2012; Kvachnina et al., 

2005). 

 

 

 

 

 

 

 



 
 

142 

 

Figure 5.1 Schematic of 5-HT7 receptor signalling pathway 

The 5-HT7 G-protein coupled receptor (GPCR) can be coupled to Gs or G12 proteins. 

AC; adenylyl cyclase, cAMP; cycli adenosine monophosphate, PKA; protein kinase A, 

ERK; extracellular signal-regulated kinases, Akt; protein kinase B, Hsp; heat shot shock 

protein 90, ERM; proteins of the ezrin-radixin-moesin family, GEF; guanine-nucleotide 

exchange factor, nRTKs; non-receptor tyrosine kinases, AKAPs; a kinase anchoring 

proteins, ZO; zona occludens proteins, SRF; serum response factor, SRE; serum 

response element. Adapted from (Guseva et al., 2014b). 
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5-HT7 receptors were identified in the central nervous system, and are mainly 

expressed in discrete areas of the brain including the hypothalamus, thalamus, 

hippocampus and specific areas related to pathological psychiatric disorders 

(Mullins et al., 1999). Furthermore, it was observed that some antipsychotic and 

antidepressant drugs had a high affinity towards the 5-HT7 receptor and chronic 

administration of these drugs down regulated the expression of 5-HT7 receptors 

in rat hypothalamus (Mullins et al., 1999; Sleight et al., 1995). Following these 

findings, the 5-HT7 receptor has been investigated as a potential target for the 

clinical conditions of depression, schizophrenia, sleep disorders, migraines and 

neuropathic pain (Atanes et al., 2013; Di Pilato et al., 2014; Guscott et al., 2005; 

Hedlund, 2009; Hedlund et al., 2005; Mullins et al., 1999).  

 

The role of 5-HT7 receptors is not limited to psychotropic alterations as they are 

located in a diverse range of tissues and have been attributed to the regulation 

of many complex processes. 5-HT7 receptors are expressed in peripheral tissues 

of the ileum, spleen, endocrine glands and the smooth muscle cells of blood 

vessels and the GI tract (Guseva et al., 2014a; Leopoldo et al., 2011). It is 

believed that 5-HT7 receptor signalling plays an important role in the regulation 

of circadian rhythm, rapid eye movement, mood, thermoregulation, nociception, 

contextual learning and memory processing (Di Pilato et al., 2014; Eriksson et 

al., 2008; Hedlund et al., 2003; Hedlund, 2009; Hedlund et al., 2005; Lovenberg 

et al., 1993; Mullins et al., 1999). Furthermore, 5-HT7 receptors are also 

expressed on immune cells (Dürk et al., 2005; Leon-Ponte et al., 2007). Agonist 

activation of 5-HT7 receptors has been shown to dose dependently reduce the 
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secretion of TNF in resting monocytes and increase the release of inflammatory 

cytokines IL-6, IL-8 and IL-1 in lipopolysaccharide stimulated monocytes (Dürk 

et al., 2005). Naïve T-cells have been shown to predominantly express 5-HT7 

receptors and activation leads to increased expression, as well as the initiation of 

5-HT1B and 5-HT2A receptor expression (Gordon and Barnes, 2007; Leon-Ponte 

et al., 2007). The specific activation of 5-HT7 receptors on naïve T-cells has been 

shown to contribute to T-cell activation, specifically through phosphorylation of 

ERK1/2, leading to canonical NF-B signalling (Leon-Ponte et al., 2007). Using 

the database portal http://servers.binf.ku.dk/bloodspot/, I found that 5-HT7 

receptors are present on haematopoietic progenitor/stem cells (HSPCs) and AML 

cancer cells (Figure 5.2) (Bagger et al., 2019). However, there is very little known 

about their function in blood cancers, although there has been some research 

into their role in other cancers. For example, 5-HT mediated activation of 5-HT7 

receptors on the triple negative breast cancer cell line MDA-MB-231 promoted 

invasion and proliferation of cancer cells, and knock down of the 5-HT7 receptor 

suppressed this phenotype (Gautam et al., 2017; Gautam et al., 2016).  
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Figure 5.2 Expression levels of the 5-HT7 receptor in AML and haematopoietic cells 

Expression levels of the human 5-HT7 receptor (gene name HTR7) in different types of 

AML (first 5 data sets) and healthy haematopoietic cells (remaining data sets). HSC; 

haematopoietic stem cell, MPP; multipotential progenitors, CMP; common myeloid 

progenitor cell, GMP; granulocyte monocyte progenitors, MEP; megakaryocyte-erythroid 

progenitor cell, early_PM; early promyelocyte, late_PM; late promyelocyte, MY; 

myelocyte, MM; metamyelocytes, BC; band cell, PMN; polymorphonuclear cells, Mono; 

monocytes. Output from (Bagger et al., 2019). 
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5.5 LP-44 

Potent and highly specific agonists and antagonists towards the 5-HT7 receptor 

have been developed as tools to investigate its role in physiological regulation. 

Agonists include LP-44, LP-12, LP-211 and AS-19, whilst commonly used 

antagonists include SB-269970, SB-258719 and SB-656104 (Di Pilato et al., 

2014; Hagan et al., 2000; Monti and Jantos, 2014). LP-44 was reported in 2004 

as a high-affinity ligand for the rat 5-HT7 receptor (Ki = 0.22 nM) (Leopoldo et al., 

2004). It has a 200-fold selectivity over the 5-HT1A receptor and >1000-fold 

selectivity over the 5-HT2A receptor (Gang et al., 2014; Leopoldo et al., 2008). 

Three years following the report of LP-44, another high-affinity agonist towards 

the 5-HT7 receptor was reported called LP-12. The Ki of LP-12 is comparable to 

LP-44 (Ki = 0.13 nM) however, it has a higher selectively over the 5-HT1A receptor 

at ~450-fold (Figure 5.3) (Di Pilato et al., 2014; Leopoldo et al., 2008). LP-44 has 

been used extensively in preclinical in vitro and in vivo studies to investigate the 

role of 5-HT7 receptors in thermoregulation, urination, depression, mood and 

sleep, however to our knowledge it has not entered clinical trials (Di Pilato et al., 

2014). 
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Figure 5.3 Comparison of the structures and Ki values for LP-44 and LP-12  

LP-44 (R = SCH3) and LP-12 (R = Ph) structures. Ki (nM) values for human cloned 

receptors (except where specified); 5-HT7 (rat), 5-HT1A and 5-HT2A (rat cortex membrane 

for LP-44). Data from (Leopoldo et al., 2007). 

 
  

Target 

receptor 
LP-44 LP-12 

5-HT7 0.22 0.13 

5-HT1A 52.7 60.9 

5-HT2A 326 1464 
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In summary, half of the compounds identified by the high throughput screen have 

psychoactive activity. Previous studies showing that psychotropic drugs can have 

anti-cancer effects as single-agents, supports the notion that addition of these 

compounds to Smac-mimetic therapy may potentiate killing of cancer cells. This 

Chapter details my investigation into testing this hypothesis and exploring the 

molecular mechanisms by which psychoactive drugs potentiate Smac-mimetic 

mediated killing in AML.  

5.6 The Psychoactive Compound LP-44 Potentiates 
Birinapant-mediated Cell Death  

I first validated the high throughput screens identification of LP-44 by treating 

HoxA9/Meis1 AML cells with LP-44 alone and in combination with birinapant 

(Figure 5.4A). When combined with birinapant (at 250 or 500 nM), all 

concentrations of LP-44 tested were able to significantly increase the amount of 

cell death (Figure 5.4A). These findings were reproduced in MLL-AF9-NrasG12D 

leukaemias, although in these cells 5 μM of LP-44 alone was toxic (Figure 5.4B). 

Therefore, the lower concentration of 2 μM of LP-44 was chosen to minimise 

single-agent toxicity. Altogether, these results confirm and extend the original 

screen and indicate that LP-44 is able to synergise with birinapant in different 

AML sub-types. 
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Figure 5.4 The psychoactive compound LP-44 potentiates birinapant-mediated cell 

death in AML 

(A) HoxA9/Meis1 and (B) MLL-AF9-NrasG12D AML cells were treated with LP-44 (2 and 

5 μM) ± birinapant (250 and 500 nM) for 24 hours. Data are presented as mean ± SD 

throughout (2 biologically independent tumours). Cell death was measured by propidium 

iodide (PI) uptake, decrease of cell volume (MLL-AF9-NrasG12D) and flow cytometry. P 

values were obtained by comparison of birinapant alone and birinapant plus LP-44 at the 

indicated concentrations. 
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5.7 LP-12 can Synergise with Birinapant, Albeit to a Lesser 

Extent than LP-44 

A second potent highly-specific 5-HT7 receptor agonist, LP-12, was described 

three years following the report of LP-44 (Di Pilato et al., 2014; Leopoldo et al., 

2004; Leopoldo et al., 2008). LP-12 is structurally related to LP-44 and has similar 

Ki values for the 5-HT7 receptor (Figure 5.3), however LP-12 boasts more 

specificity towards the 5-HT7 receptor over the 5-HT1A receptor, compared to LP-

44 (~450 vs ~200-fold respectively). LP-12 was not a compound included in the 

initial high throughput screen so I tested it to see whether its increased specificity 

towards the 5-HT7 receptor would lead to a more powerful synergy profile with 

birinapant. Similar to LP-44, LP-12 was not toxic alone at 2 μM and increased 

cell death mediated by 250 and 500 nM of birinapant in HoxA9/Meis1, MLL-AF9 

and MLL-AF9-NrasG12D leukaemias (Figure 5.5A-C). However, the increase in 

cell death in all leukaemias was either comparable or less than that observed with 

LP-44. Therefore, I focused on the LP-44 plus birinapant combination. 
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Figure 5.5 LP-12 can synergise with birinapant, albeit to a lesser extent than LP-

44 

(A) HoxA9/Meis1 (n=6) (B) MLL-AF9 (n=5) and (C) MLL-AF9-NrasG12D (n=6) AML cells 

were treated with LP-44 or LP-12 (2 μM) ± birinapant (250 and 500 nM) for 24 hours. 

Data presented as mean ± SEM throughout (3-4 independent tumours, repeated 1-3 

times). Cell death was measured by propidium iodide (PI) uptake, decrease of cell 

volume (MLL-AF9-NrasG12D) and flow cytometry. P values were obtained by comparison 

of birinapant alone and in combination with LP-44 or LP-12 at the indicated 

concentrations. 
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5.8 LP-44 Synergises with Different Monovalent and Bivalent 

Smac-mimetics 

Similar to my earlier studies (Chapter 3 Figure 1), I tested whether LP-44 was 

able to synergise with different Smac-mimetics. LP-44 potentiated cell death 

mediated by the monovalent Smac-mimetic AT-406 (AT) and the bivalent Smac-

mimetic AEG-40730 (AEG) in HoxA9/Meis1 and MLL-AF9 AML cells, although 

the combination of AEG plus LP-44 in MLL-AF9 cells was not significant (Figure 

5.6A-D). Similarly, LP-44 did not consistently increase the killing of AML cells 

induced by Smac-mimetics LCL161 (LCL) and GDC-0152 (GDC) (Figure 5.6E-

H). Although there was a suggestion of an increase in cell death in AMLs treated 

with LP-44 plus the monovalent Smac-mimetic LCL, this was not significant 

(Figure 5.6E and F) and the cell death observed in AML cells treated with single-

agent GDC or in combination with LP-44 was minimal (Figure 5.6G and H). 

These results show that LP-44, a psychoactive drug, increases the killing 

mediated by some, but not all, structurally distinct, Smac-mimetics in AML. 
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Figure 5.6 LP-44 synergises with different monovalent and bivalent Smac-

mimetics 

MLL-AF9 and HoxA9/Meis1 AML cells were treated with LP-44 (2 μM) ± 125, 250, 500 

and 100 nM of (A, B) AT-406 (AT) (n=4), (C, D) AEG-40730 (AEG) (n=4-6), (E, F) 

LCL161 (LCL) (n=2-4, error bars SD) and (G, H) GDC-0152 (GDC) (n=4-5) for 24 hours. 

Data presented as mean ± SEM throughout unless otherwise stated (2-3 independent 

tumours, repeated 1-3 times). Cell death was measured by propidium iodide (PI) uptake, 

decrease of cell volume and flow cytometry. P values were obtained by comparison of 

Smac-mimetic alone and in combination with LP-44 at the indicated concentrations. 
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5.9 Peptide-mimetics, the BET Inhibitor JQ1 and the BH3 

Mimetic ABT-199, do not Synergise with LP-44 or LP-12 

Having observed LP-44 can combine with peptide-like Smac-mimetics, I tested 

whether LP-44 or LP-12 (LP-44/12) could synergise with other peptide-mimetics 

such as the BET-inhibitor JQ1 (Chaidos et al., 2015; Zuber et al., 2011) or the 

BH3-mimetic Bcl-2 inhibitor ABT-199 (Merino et al., 2018; Souers et al., 2013). 

JQ1 was toxic as a single-agent at 200 nM in all AML cells tested (Figure 5.7A-

C). The cell death mediated by LP-44/12 in combination with 25 nM of JQ1 was 

less than that mediated by LP-44/12 plus birinapant (Figure 5.7A-C). ABT-199 

only induced a small level of cell death as a single-agent up to doses of 1000 nM 

in HoxA9/Meis1, MLL-AF9 and MLL-AF9-NrasG12D AML cells (Figure 5.7D-F), 

and LP-44/12 did not increase the killing mediated by ABT-199 at the 

concentrations tested (Figure 5.7D-F). Therefore, suggesting that LP-44 and LP-

12 do not have the capacity to synergistically increase cell death mediated by all 

peptide-mimetic based therapies. 
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Figure 5.7 The BET inhibitor JQ1 and the BH3 mimetic ABT-199, do not synergise 

with LP-44 or LP-12 

(A) HoxA9/Meis1 (n=4), (B) MLL-AF9 (n=4) and (C) MLL-AF9-NrasG12D (n=4) cells were 

treated with LP-44 or LP-12 (2 μM) ± JQ1 (25 or 200 nM) for 24 hours. (D) HoxA9/Meis1 

(n=4), (E) MLL-AF9 (n=4) and (F) MLL-AF9-NrasG12D (n=3) cells were treated with LP-44 

or LP-12 (2 μM) ± ABT-199 (100 or 1000 nM) for 24 hours. Birinapant (500 nM) in 

combination with LP-44 or LP-12 (2 μM) was used as a positive control. Data presented 

as mean ± SEM throughout (2-4 independent tumours, repeated 1-3 times). Cell death 

was measured by propidium iodide (PI) uptake, decrease of cell volume (MLL-AF9-

NrasG12D) and flow cytometry. P values were obtained by comparison of JQ1 or ABT-199 

alone and in combination with LP-44 or LP-12. 
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5.10 LP-44 and LP-12 do not Potentiate Ara-c Chemotherapy 

Mediated Cell Death 

As discussed previously, cytarabine (Ara-c) is a current standard-of-care 

chemotherapy for AML patients. One way to improve therapy outcomes for 

patients, is to try and combine existing chemotherapies, such as Ara-c, with other 

drugs (Reese and Schiller, 2013). Having established that LP-44 and LP-12 do 

not synergise with the peptide-mimetics JQ1 and ABT-199, I tested whether the 

5-HT7 receptor agonists could potentiate cell death induced by Ara-c. Ara-c was 

toxic as a single-agent in a dose dependent manner in HoxA9/Meis1, MLL-AF9 

and MLL-AF9-NrasG12D AML cells and addition of LP-44/12 was unable to 

enhance Ara-c mediated cell death (Figure 5.8A-C). 
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Figure 5.8 LP-44 and LP-12 do not potentiate Ara-c chemotherapy mediated cell 

death 

(A) HoxA9/Meis1 (n=5), (B) MLL-AF9 (n=4) and (C) MLL-AF9-NrasG12D (n=4) cells were 

treated with LP-44 or LP-12 (2 μM) ± Ara-c (10, 50, 100 or 500 nM) for 24 hours. 

Birinapant (500 nM) in combination with LP-44 or LP-12 (2 μM) was used as a positive 

control. Data presented as mean ± SEM throughout (3 independent tumours, repeated 

1-2 times). Cell death was measured by propidium iodide (PI) uptake, decrease of cell 

volume (MLL-AF9-NrasG12D) and flow cytometry. 
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5.11 LP-44 plus Birinapant Combination Induces TNF 

Receptor 1, Caspase 8 and 3 Dependent Apoptosis 

To interrogate the molecular mechanisms by which LP-44 plus birinapant 

treatment induced killing of AML cells, I tested HoxA9/Meis1 cells derived from 

gene-deleted mice lacking different components of the TNFR1 cell death 

pathway. As discussed in the introduction, the Smac-mimetic birinapant promotes 

cell death through degradation of IAPs, leading to the formation of the TNFR1 

downstream pro-apoptotic complex 2a (RIPK1 and caspase 8/3) or the pro-

necroptotic complex 2b (RIPK3 and MLKL) pathways (Ofengeim and Yuan, 2013) 

(Figure 5.9A). Therefore, I initially tested HoxA9/Meis1 Tnfr1-/- cells and 

observed loss of TNFR1 attenuated LP-44 plus birinapant killing (Figure 5.9B). 

Birinapant has previously been shown to mediate RIPK3/MLKL dependent 

necroptosis alone or when caspases are inhibited, for example with the caspase 

inhibitor IDN-6556 (Emricasan) (Brumatti et al., 2016; McComb et al., 2016). 

However, HoxA9/Meis1 Ripk3-/- cells (red bars) were equally sensitive to LP-44 

plus birinapant combination treatment compared to wild type (blue bars), 

indicating cell death is independent of RIPK3 and therefore not necroptotic 

(Figure 5.9C). Caspase 8 deficient animals are embryonic lethal, however the 

additional loss of RIPK3 can be used to generate viable Casp8-/-Ripk3-/- animals 

(Kaiser et al., 2011; Varfolomeev et al., 1998). Having established the 

redundancy of RIPK3, I treated HoxA9/Meis1 Casp8-/-Ripk3-/- AML cells with the 

LP-44 plus birinapant combination (green bars). I observed combination cell 

death was significantly reduced compared to wild type HoxA9/Meis1 cells (blue 

bars), indicating combination-mediated cell death is caspase 8 dependent 
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(Figure 5.9C). Western blot analysis confirmed that expression of the relevant 

proteins was absent in the Casp8-/-Ripk3-/- and Ripk3-/- AML cells (Figure 5.9D).  
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Figure 5.9 Combination cell death is TNFR1 and caspase 8 dependent 

(A) Schematic of TNFR1 signalling pathways. RIPK3/MLKL are essential for necroptosis 

whilst RIPK1/caspase8/3 are essential for apoptosis. (B) HoxA9/Meis1 wild-type (WT) 

and knock out AML cells deficient for TNF receptor 1 (Tnfr1-/-) were treated with LP-44 

(2 μM) ± birinapant (500 nM) for 24 hours (n=4). (C) HoxA9/Meis1 WT and knock out 

AML cells deficient for RIPK3 (Ripk3-/-) and Caspase 8/RIPK3 (Casp8-/-Ripk3-/-) were 

treated with LP-44 (2 μM) ± birinapant (500 nM) for 24 hours (n=6-10). (D) HoxA9/Meis1 

WT and knock out AML cells deficient for Ripk3-/- and Casp8-/-Ripk3-/- were analysed by 

Western blotting to confirm lack of RIPK3 and caspase 8 protein. An MLL-AF9 AML was 

used as a positive control. FL; full length, CL; cleaved, Casp; caspase. M#1, 2 indicate 

independent membranes. Actin was used as a loading control. Cell death was measured 

by propidium iodide (PI) uptake and flow cytometry. Data presented as mean ± SEM 

throughout (2-3 independent tumours, repeated 2-3 times). P values were obtained by 

comparison of treatments in different cell lines as indicated. 

 

 



 
 

162 

The results above using genetic models of HoxA9/Meis1 AML cells lacking key 

components of the TNFR1 signalling pathway strongly suggested LP-44 plus 

birinapant combination-mediated cell death is dependent on TNFR1 and is driven 

by the caspase 8 apoptotic pathway. To further validate these findings, I analysed 

protein expression of the key targets of the TNFR1 apoptotic pathway following 

LP-44 plus birinapant treatment. In HoxA9/Meis1 AML cells, cIAP1 degradation 

was enhanced and sustained for longer with combination treatment, compared to 

birinapant single-agent treatment (Figure 5.10A). In contrast, cIAP1 was equally 

degraded in birinapant alone and birinapant plus LP-44 combination treatment in 

MLL-AF9 cells at the time points tested (Figure 5.10B). Indicators of cell death 

activation, such as cleavage of caspases 8, 3 and the downstream caspase 3 

substrate PARP, were detected at stronger intensities in the LP-44 plus 

birinapant co-treated cells for both leukaemias (Figure 5.10A and B). Together, 

these data corroborate earlier findings and indicate LP-44 plus birinapant 

combination-mediated cell death is TNFR1 dependent apoptosis, mediated by 

the activation of caspases 8 and 3. 
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Figure 5.10 Protein analysis confirms LP-44 plus birinapant combination cell death 

is caspase 8/3 dependent apoptosis 

(A) HoxA9/Meis1 and (B) MLL-AF9 AML cells were treated with LP-44 (2 μM) ± 

birinapant (250 nM) for 6 and 12 hours. Samples were probed by Western blot with the 

antibodies described. FL; full length, CL; cleaved, Casp; caspase. M#1, 2 indicate 

independent membranes. Actin was used as a loading control. 

 

 

 

 

 



 
 

164 

5.12 Nec-1 Attenuates LP-44/12 plus Birinapant Combination 

Cell Death and TNF Production 

Having established that combination cell death is TNFR1 and caspase 8/3 

dependent, but independent of RIPK3, I next investigated the role of RIPK1 in 

LP-44/12 plus birinapant cell death. RIPK1 is involved in regulating signalling 

pathways downstream of TNFR1, including both the transcriptional response and 

the formation of the pro-apoptotic complex 2a. This complex is formed following 

loss of cIAPs and drives activation of caspase 8 and 3, leading to apoptotic cell 

death (Dickens et al., 2012; Kitson et al., 1996; Micheau and Tschopp, 2003). 

Therefore, I hypothesised that RIPK1 would be necessary for LP-44/12 plus 

birinapant mediated apoptotic killing. Pre-treatment of HoxA9/Meis1, MLL-AF9 

and MLL-AF9-NrasG12D AML cells with the RIPK1 inhibitor necrostatin-1 (Nec-1) 

(Degterev et al., 2008), was able to block LP-44/12 plus birinapant-mediated cell 

death (Figure 5.11A-C). Analysis of TNF levels in HoxA9/Meis1 cells treated with 

LP-44 plus birinapant in the presence or absence of Nec-1 at 4, 6 and 9 hours 

showed Nec-1 attenuated TNF production (Figure 5.11D). These findings are in 

agreement with previous reports that show Nec-1 mediated RIPK1 inhibition 

leads to attenuation of TNF production, which is essential for Smac-mimetic 

killing and therefore results in an inhibition of cell death (Brumatti et al., 2016; 

Wong et al., 2014).  
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Figure 5.11 Nec-1 attenuates LP-44/12 plus birinapant combination cell death and 

TNF production 

(A) HoxA9/Meis1 (n=4), (B) MLL-AF9 (n=4) and (C) MLL-AF9-NrasG12D (n=6) AML cells 

were treated with LP-44 or LP-12 (2 μM) ± birinapant (500 nM) ± Nec-1 (50 μM) for 24 

hours. (D) HoxA9/Meis1 AML cells treated with LP-44 (2 μM) ± birinapant (500 nM) for 

4, 6 or 9 hours were analysed by ELISA for TNF levels. Cell death was measured by 

propidium iodide (PI) uptake, decrease of cell volume (MLL-AF9-NrasG12D) and flow 

cytometry. Data presented as mean ± SEM throughout (2-4 independent tumours, 1-2 

repeats). P values were obtained by comparison of LP-44/12 plus birinapant treatment 

and in combination with Nec-1. 
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5.13 Investigating the Role of MAPK/ERK Signalling in LP-44 

plus Birinapant Treatment 

The canonical signalling pathway of the 5-HT7 receptor involves it’s coupling to a 

Gs-protein and activation of AC. This activates the production of cAMP, resulting 

in the stimulation of PKA and leads to the activation of multiple signalling 

cascades, including the MAPK/ERK pathway (Errico et al., 2001; Guseva et al., 

2014b; Johnson‐Farley et al., 2005). Alternatively, the 5-HT7 receptor can be 

coupled to a G12-protein to activate members of the Rho family of small GTPases 

(Rho, Rac, and Cdc42) (Figure 5.1) (Kobe et al., 2012; Kvachnina et al., 2005). 

Previous studies have shown inhibition of MAPK p38 with the inhibitor 

LY2228820 (Ralimetinib) can enhance birinapant-mediated killing of AML cells 

(Lalaoui et al., 2016). Consequently, I investigated the importance of the 

MAPK/ERK pathway in LP-44 and birinapant combination cell death. This was 

achieved by interrogating the phosphorylation, and therefore the activation, of 

ERK in response to short-term LP-44 plus birinapant combination treatment in 

AML cells. Detection of phosphorylated ERK was present for all treatment 

conditions, in both HoxA9/Meis1 and MLL-AF9 leukaemias, however the signal 

intensity was reduced by LP-44 plus birinapant treatment at 120 minutes, most 

prominently in HoxA9/Meis1 AML cells (Figure 5.12A and B). Detection of total 

ERK confirmed equivalent protein loading between samples (Figure 5.12A and 

B). cIAP1 was degraded at all time points with birinapant alone or LP-44 plus 

birinapant combination treatment, in both cell lines (Figure 5.12A and B). There 

was no detectable cleaved caspase 8 in all samples at the time points tested, 

indicating that up to 2 hours, caspase 8 is not activated in those conditions. 
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Therefore, the lower levels of phosphorylated-ERK are unlikely to be due to cell 

death (Figure 5.12A and B).  
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Figure 5.12 Investigating the role of MAPK/ERK signalling in LP-44 plus birinapant 

combination treatment 

(A) HoxA9/Meis1 and (B) MLL-AF9 AML cells were treated with LP-44 (2 μM) ± 

birinapant (500 nM) for 30, 60 and 120 minutes. Samples were probed by Western blot 

with antibodies described. CL; cleaved, P; phosphorylated. Actin and total ERK was used 

as a loading control. M#1, 2 indicate independent membranes. 
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Although the presence of phosphorylated ERK was variable between leukaemias 

tested, its reduction in the LP-44 plus birinapant treated cells led me to further 

investigate the role of the MAPK/ERK signalling pathway in combination-

mediated cell death. To test whether antagonism of the MAPK/ERK pathway is 

essential for LP-44 plus birinapant treatment, I used the mitogen-activated protein 

kinase kinase (MEK) inhibitors U0126 and PD098059 to disrupt the MAPK/ERK 

(also known as the Ras-Raf-MEK-ERK) signalling pathway (Figure 5.13A) 

(Alessi et al., 1995; Dudley et al., 1995; Favata et al., 1998). U0126 and 

PD098059 were not toxic as single-agent treatments and pre-treatment with them 

prior to LP-44 and birinapant treatment was unable to increase cell death in 

HoxA9/Meis1 and MLL-AF9 leukaemias (Figure 5.13B and C). To confirm the 

efficacy of U0126 and PD098059 to inhibit the activation of MAPK/ERK, I probed 

for expression of phosphorylated ERK (Figure 5.13D). Following 60 minutes of 

treatment, U0126 inhibited phosphorylation of ERK even in the presence of LP-

44 plus birinapant treatment and this inhibition was more efficient compared to 

PD098059 at both concentrations tested (Figure 5.13D). These data suggest that 

the MAPK/ERK signalling pathway does not play an essential role in LP-44 and 

birinapant combination-mediated cell death.   
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Figure 5.13 The MAPK/ERK signalling pathway does not play an essential role in 

LP-44 plus birinapant combination mediated cell death 

(A) Schematic of the Ras/Raf/MEK/ERK signalling pathway. Inhibition of MEK1/2 by 

U0126 or PD098059 disrupts MAPK/ERK phosphorylation and activation. (B) 

HoxA9/Meis1 and (C) MLL-AF9 AML cells were treated with LP-44 (2 μM) ± birinapant 

(500 nM) ± MEK inhibitors U0126 (blue bars) or PD098059 (red bars) (0.5 or 1 μM) for 

24 hours. Cell death was measured by propidium iodide uptake (PI), decrease of cell 

volume and flow cytometry. Data presented as mean ± SD throughout (1-2 independent 

tumours, 1-2 repeats). (D) HoxA9/Meis1 and MLL-AF9 AML cells were treated as 

described in (A) for 60 minutes. Samples were analysed by Western blotting for levels 

of phosphorylated and total ERK (P-ERK and ERK respectively). 
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5.14 LP-44 and LP-12 are MDR1 Inhibitors 

The finding that antagonism of the MAPK/ERK signalling pathway is not important 

for LP-44 plus birinapant-mediated cell death led us to consider alternative 

explanations for the mechanism of combination synergy. Surprisingly, the initial 

results with LP-44 in combination with birinapant mirrored the findings observed 

with the MDR1 inhibitor plus birinapant combination, described in Chapter 3. For 

example, both LP-44 and MDR1 inhibitors can synergise with structurally distinct 

Smac-mimetics, but not peptide-mimetics JQ1 and ABT-199, or the 

chemotherapy Ara-c. Furthermore, both of the LP-44 and MDR1 inhibitor plus 

birinapant-combination mediated cell death is TNFR1, RIPK1 and caspase 8/3 

dependent apoptosis. Interestingly, during my research of psychotropic 

compounds, I discovered that there has been some speculation of a correlation 

between the efficacy of antipsychotics and MDR1 inhibition (Boulton et al., 2002; 

Moons et al., 2011; Wang et al., 2006). Whilst the MDR1 inhibitory potential of 

the psychoactive compounds LP-44, SDZ 21009, GR-127935 and CGP-71683 is 

not known, similar to reserpine, fluphenazine is known to inhibit MDR1 function 

(Ford et al., 1989; Jaszczyszyn et al., 2012). We therefore hypothesised that LP-

44/12 may act as MDR1 inhibitors and that this previously undescribed action of 

LP-44 and LP-12 enables them to synergise with birinapant to potentiate cell 

death.  

 

To definitively test this hypothesis, I used the techniques and tools developed in 

Chapter 3 to investigate the potential of LP-44/12 to inhibit MDR1. Initially I used 

Rho-123 retention assays to test the MDR1 inhibitory potential of LP-44/12 in the 
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KG1 control and KG1 MDR1-/- cells previously generated (Chapter 3 Figure 5). 

Supporting my hypothesis and correlating with the previously generated data, LP-

44 inhibited MDR1 at 1 μM and 10 μM, whilst LP-12 only inhibited MDR1 at 10 

μM (Figure 5.14A and B). As expected, there was no difference in the shift 

between Rho-123 alone and in combination with LP-44 or LP-12 in KG1 MDR1-/- 

cells (Figure 5.14A and B). Treatment of cells with tariquidar was used as a 

positive control (Figure 5.14C). Together, these data indicate LP-44 and LP-12 

can inhibit MDR1, albeit less potently than tariquidar.  
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Figure 5.14 LP-44 and LP-12 are MDR1 inhibitors 

KG1 control and KG1 MDR1-/- AML cells were pre-treated with Rhodamine-123 (Rho-

123) 250 nM ± 0.1, 1 or 10 μM of (A) LP-44, (B) LP-12 and (C) tariquidar for 2 hours. 

Rho-123 florescence was analysed by flow cytometry (FL1 channel). 
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5.15 MDR1 Expression Correlates Inversely with Response to 

LP-44 and Birinapant Treatment in AMLs 

To confirm that the MDR1 inhibition potential of LP-44 translates to an increase 

in birinapant mediated cell death, I treated KG1 control and KG1 MDR1-/- AML 

cells with LP-44 plus birinapant for 48 hours and analysed cell death by flow 

cytometry. As expected from the Rho-123 retention assay results (Figure 5.14), 

there was an increase in KG1 cell death when birinapant was combined with 2 or 

10 μM of LP-44. However, KG1 MDR1-/- AML cells, which were more sensitive to 

birinapant alone treatment, did not have an increase in cell death following the 

addition of LP-44 at any of the concentrations tested (Figure 5.15A). Treatment 

of both cell lines with tariquidar was used as a positive control (Figure 5.15B). 

These data are in agreement with the hypothesis that LP-44 inhibition of MDR1 

is responsible for birinapant-mediated synergistic cell death and therefore in the 

absence of MDR1 synergy is not possible.  
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Figure 5.15 LP-44 potentiates birinapant-mediated cell death in KG1 but not KG1 

MDR1-/- AML cells 

(A) KG1 control and KG1 MDR1-/- AML cells were treated with LP-44 (0, 0.4, 4 and 10 

μM) ± birinapant (125, 250, 500 and 1000 nM) for 48 hours (n=2, data presented as 

mean ± SD). (B) KG1 control and KG1 MDR1-/- AML cells were treated with tariquidar (1 

μM) ± birinapant (125, 250, 500 and 1000 nM) for 48 hours as a control (n=5, data 

presented as mean ± SEM). Cell survival was measured by propidium iodide (PI) 

exclusion, decrease of cell volume and flow cytometry. P values were obtained by 

comparison of birinapant alone and birinapant plus LP-44 or tariquidar at the indicated 

concentrations. 
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As described in Chapter 3, we have identified that the expression and function of 

MDR1 is a biomarker of response for birinapant treatment. Following my findings 

in Figure 5.15, describing that LP-44 plus birinapant synergy is dependent on 

MDR1 expression/function in KG1 cells, I next investigated whether this is also 

true in different AMLs. To test this, I treated our known MDR1H and MDR1L 

murine leukaemias (discussed in Chapter 3 Figure 2) with the combination to 

determine whether their MDR1 profile correlated with their response. 

Corroborating our earlier findings (Figures 5.4 and 5.5), LP-44 synergised with 

the MDR1H leukaemias HoxA9/Meis1 and MLL-AF9-NrasG12D (BSS 29.2 and 30.4 

respectively; Figures 5.16A-F). Whilst, in the MDR1L MLL-ENL AMLs, cell death 

was not increased with the addition of LP-44 (BSS -4.6; Figure 5.16G-I). These 

results suggest that MDR1 expression correlates inversely with response to LP-

44 plus birinapant treatment in different leukaemias. 
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Figure 5.16 MDR1 expression correlates inversely with response to LP-44 plus 

birinapant treatment in AMLs 

(A-C) HoxA9/Meis1, (D-F) MLL-AF9-NrasG12D and (G-I) MLL-ENL AML cells (reiterated 

from Chapter 3). (B) HoxA9/Meis1 (n=4), (E) MLL-AF9-NrasG12D (n=3-4) and (H) MLL-

ENL (n=4) AML cells were treated with LP-44 (0.3, 0.6, 1.2, 2.5 and 5 μM) ± birinapant 

(0.2, 0.4, 0.6, 0.8, 1 μM) for 24 hours. (C, F and I) Bliss synergy score (BSS) analysis 

was calculated for each leukaemia treated with LP-44 and birinapant. Data presented as 

mean ± SEM throughout (2-4 independent tumours, repeated 1-3 times). Cell death was 

measured by propidium iodide (PI) uptake, decrease of cell volume (MLL-AF9-NrasG12D) 

and flow cytometry. 
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5.16 MDR1 Expression and TNF are Biomarkers of LP-44 plus 

Birinapant Treatment Response in AML 

Following the finding that the MDR1 profile of different leukaemias can be used 

to predict their sensitivity to LP-44 plus birinapant treatment, I next investigated 

the role TNF plays in this specific combination. Smac-mimetic treatment requires 

autocrine TNF/TNFR1 signalling to kill (Petersen et al., 2007; Varfolomeev et al., 

2007; Vince et al., 2007), therefore, I hypothesised that similar to the MDR1 

inhibitor plus birinapant combination, TNF would also be a biomarker for the LP-

44 plus birinapant combination therapy. To test the hypothesis that both MDR1 

and TNF are biomarkers of response, I treated different MLL-AF9 AML sub-

groups, with varying MDR1 and TNF profiles (introduced in Chapter 3 Figure 3), 

with LP-44, birinapant and recombinant TNF. As expected, MDR1L MLL-AF9 

cells were sensitive to birinapant single-agent treatment and addition of LP-44 

did not affect their sensitivity (blue bars, Figure 5.17A and B). In contrast, 

MDR1H MLL-AF9 cells were only responsive to birinapant in the presence of LP-

44 (red bars, Figure 5.17A and B). Of note, some MDR1L (black bars) and 

MDR1H (green bars) AML cells required addition of TNF to be efficiently killed by 

birinapant (MDR1L) or birinapant plus LP-44 (MDR1H) (Figure 5.17A and B). 

These results confirm that autocrine TNF must be produced by AML cells for LP-

44 plus birinapant treatment to be effective. Corroborating these findings, TNF 

levels were increased in MDR1H MLL-AF9 AML cells upon treatment with LP-44 

plus birinapant (red bars) but not in the MDR1H MLL-AF9 AML cells that were 

resistant to combination treatment (green bars) (Figure 5.17C-E). An analysis of 

the synergy between LP-44 and birinapant in MDR1H birinapant resistant (BirR) 

and combination sensitive (ComboS) MLL-AF9 AML cells (red bars) was also 
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determined (BSS 44.5; Figure 5.17F and G). Together these data support the 

findings that sensitivity to LP-44 plus birinapant treatment is determined by both 

TNF and MDR1 expression. 
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Figure 5.17 TNF and MDR1 expression are biomarkers of LP-44 and birinapant 

treatment response in AML 

(A) Western blot analysis of MDR1 in different MLL-AF9 AML sub-groups (reiterated 

from Chapter 3). (B) MDR1L, birinapant-sensitive (BirS), combination-resistant (ComboR) 

(blue bars); MDR1H, birinapant-resistant (BirR), combination-sensitive (ComboS) (red 

bars); MDR1L, BirR, ComboS+TNF (black bars) and MDR1H, BirR, ComboS+TNF (green bars) 

AML cells were treated with LP-44 (2 μM) ± birinapant (500 nM) ± TNF (100 ng/mL) for 

24 hours (1-2 independent tumours for each sub-group, with 2-3 repeats, error bars SD). 

(C-E) TNF production in the four MLL-AF9 AML sub-groups was determined by ELISA. 

Cells were treated with LP-44 (2 μM) ± birinapant (500 nM) for (C) 3, (D) 6 and (E) 9 

hours (1-2 independent tumours for each sub-group, with 2-3 repeats, error bars SD). 

(F) MDR1HBirRComboS MLL-AF9 AML cells were treated with LP-44 (0.3, 0.6, 1.2, 2.5 

and 5 μM) ± birinapant (0.2, 0.4, 0.6, 0.8, 1 μM) for 24 hours (n=3, error bars SEM). (G) 

Bliss synergy analysis was calculated for MDR1HBirRComboS MLL-AF9 AMLs as treated 

in (F). Data presented as mean ± SD throughout unless otherwise stated. Cell death was 

measured by propidium iodide (PI) uptake, decrease of cell volume and flow cytometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

182 

Having observed the correlation between TNF and MDR1 expression and the 

response of leukaemias to LP-44 plus birinapant treatment, I tested whether 

these findings also applied to the LP-12 plus birinapant combination. I treated 

MDR1HBirRComboS MLL-AF9 and MDR1L MLL-ENL AML cells with LP-12 plus 

birinapant treatment. Similar to findings with LP-44, LP-12 synergistically 

increased cell death mediated by birinapant in MDR1HBirRComboS MLL-AF9 cells 

to a greater extent than in the MDR1L MLL-ENL cells (BSS 34.3 and 8.8 

respectively; Figure 5.18A-D). 
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Figure 5.18 MDR1 expression correlates inversely with response to LP-12 plus 

birinapant treatment in AML 

(A) MLL-AF9 MDR1HBirRComboS AML cells were treated with LP-12 (0.3, 0.6, 1.2, 2.5 

and 5 μM) ± birinapant (0.2, 0.4, 0.6, 0.8, 1 μM) for 24 hours and (B) bliss synergy score 

(BSS) analysis calculated. (C) MDR1L MLL-ENL AML cells were treated as described in 

(A) and (D) BSS analysis calculated. Data presented as mean ± SEM throughout (2-4 

independent tumours, repeated 1-3 times). Cell death was measured by propidium 

iodide (PI) uptake, decrease of cell volume (MLL-AF9-NrasG12D) and flow cytometry. 
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5.17 LP-44 plus Birinapant Combination Therapy is not Toxic 

to Wild-type Bone Marrow 

As described in Chapter 3, a limiting factor in developing novel AML therapies for 

the clinic is their potential toxicity towards healthy bone marrow, in particular 

HSPCs. In Chapter 3 we established the safety of the MDR1 inhibitor plus 

birinapant combination treatment in murine and human HSPCs (Chapter 3 

Figures 6A and 7B). However, as LP-44 is a pre-clinical compound, with unique 

physico-chemical properties to the clinical MDR1 inhibitors tested, analysis of this 

combination’s toxicity towards wild-type bone marrow (WT-BM) cells and HSPCs 

is warranted. To determine the safety potential of the LP-44 plus birinapant 

combination treatment, we treated whole WT-BM from C57BL/6 mice with LP-44 

and birinapant alone or in combination for 24 and 48 hours. At both time points, 

there was no toxicity observed for either LP-44, birinapant or the combination in 

WT-BM cells (Figure 5.19A). In contrast, the chemotherapy Ara-c was very toxic 

towards these cells (Figure 5.19A). To confirm activity of the compounds, 

HoxA9/Meis1 AML cells were treated alongside WT-BM cells (Figure 5.19A). 

The most important population within the haematopoietic system, responsible for 

regeneration of all cell types, are the HSPCs, which are described as having 

expression of c-KIT (Oguro et al., 2013). To investigate the toxicity of LP-44 plus 

birinapant combination towards these cells, we treated whole WT-BM with the 

combination and analysed cell death in the c-KIT+ population at 24 and 48 hours. 

There was no toxicity observed with single or combination treatments, however 

as expected, the chemotherapy Ara-c was very toxic towards these cells (Figure 

5.19B) (Chapter 3 Figure 6A and (Brumatti et al., 2016)). Together these data 
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suggest treatment with LP-44 and birinapant specifically targets cancer cells, 

sparing healthy c-KIT+ HSPCs of toxic effects.  
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Figure 5.19 LP-44 and birinapant combination therapy is not toxic to wild type 

bone marrow cells 

(A) Wild type bone marrow (WT-BM) (n=2-5 independent samples) and HoxA9/Meis1 

cells (n=1) were treated with LP-44 (2 μM) ± birinapant (500 nM) or Ara-c (500 nM or 10 

μM) for 24 and 48 hours. (B) WT-BM cells were treated as described in (A) and samples 

were analysed by flow cytometry at 24 and 48 hours for c-KIT positivity. (n=2 

independent samples).  Data presented as mean ± SD throughout. Cell survival was 

measured by propidium iodide (PI) exclusion, decrease of cell volume and flow 

cytometry. Data presented as survival, percent of control (B). 
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5.18 Treatment with Birinapant in Combination with LP-44 is 

Not Toxic and is Tolerated In Vivo 

Having established the tolerability of LP-44 plus birinapant treatment towards 

healthy BM and HSPCs, I next assessed its toxicity in an in vivo model. 

Establishing in vivo safety of a novel combination is an important consideration 

in order to investigate its ability to be translated to the clinic. As discussed in the 

introduction, the safety of birinapant as a single-agent in murine studies in vivo 

and in human clinical trials has already been established (Amaravadi et al., 2015; 

Benetatos et al., 2014). Although LP-44 has been administered to mice 

systemically through intraperitoneal (IP) and intravenous (IV) injection, and 

directly into the brain through intra-cerebroventricular (ICV) injection, to our 

knowledge LP-44 has not entered human clinical trials (Di Pilato et al., 2014; 

Leopoldo et al., 2008; Naumenko et al., 2011). Therefore, to test whether the LP-

44 plus birinapant combination was tolerated, we treated healthy C57BL/6 mice 

with the combination 3 times a week for 4 weeks, and analysed mice immediately 

after completion of treatment (acute toxicity) or 5 weeks after treatment had 

ceased (chronic toxicity) (Figure 5.20A). Mice did not show any signs of distress 

following injections. The LP-44 plus birinapant combination groups’ body weights 

were not significantly different to the control groups, either immediately upon 

completion of the treatment regime (acute) or 5 weeks later (chronic) (Figure 

5.20B). Overall, the platelet counts were not significantly affected (Figure 5.20C), 

and although there was an increase in white blood cells in the birinapant treated 

groups immediately after completion of treatment, this subsided after 5 weeks 

(Figure 5.20D). Similarly, despite some variation in liver, spleen and thymus 

weights between acute and chronic groups, there was not a significant difference 
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between control and LP-44 plus birinapant groups at these time points (Figure 

5.20E-G). Furthermore, histological analysis of spleen, liver and sternum 

indicated no difference between treatment groups at both time points (Figure 

5.21A). While only a small number of mice were tested, these results indicate 

that the combination of LP-44 plus birinapant is well tolerated in vivo. 
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Figure 5.20 Treatment with LP-44 plus birinapant is not toxic and is well tolerated 

by mice in vivo 

(A) C57BL/6 mice were treated with birinapant 15 mg/kg ± LP-44 15 mg/kg for 4 weeks 

and analysed immediately following completion of treatment (acute toxicity) or after 5 

weeks (chronic toxicity). (B) Body weights of mice during the 4 weeks of treatment. (C) 

Platelets and (D) white blood cell (WBC) counts at both time points. (E) Liver, (F) spleen 

and (G) thymus weight measurements at both time points. Data presented as mean ± 

SD throughout (n=2, one experiment) 
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Figure 5.21 Histological analysis of LP-44 plus birinapant treated mice 

(A) Histological analysis of C57BL/6 mice treated with birinapant 15 mg/kg ± LP-44 15 

mg/kg for 4 weeks and analysed immediately following completion of treatment (acute 

toxicity) or 5 weeks after cessation of treatment (chronic toxicity). Organs analysed were 

spleen (500 μm), liver (100 μm) and sternum (200 μm). Representative images.  
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5.19 Validation of Alternative Psychoactive High Throughput 

Screen Hit Compounds 

Surprisingly, the data above shows that the psychoactive compounds LP-44 and 

LP-12 can inhibit MDR1, leading to a dramatic increase in cell death when these 

compounds are combined with the Smac-mimetic birinapant. As mentioned in the 

beginning of this Chapter, half of the compounds identified through the high 

throughput screen were psychoactive. Therefore, I was very interested in 

investigating the mechanisms of synergy the other psychotropic drugs, 

fluphenazine, SDZ 21009, GR-127935 and CGP-71683, use to potentiate 

birinapant-mediated cell death. As fluphenazine has already been described to 

inhibit MDR1 function (Ford et al., 1989; Jaszczyszyn et al., 2012), I hypothesised 

it would share the same mechanism of synergy as reserpine and LP-44. 

However, due to the distinct chemical and structural characteristics of the 

remaining compounds, and their lack of previously described MDR1 inhibition 

potential, I hypothesised that these compounds would not inhibit MDR1 and 

would synergise with birinapant via different mechanisms. To test this hypothesis, 

I used the Rho-123 retention assay in KG1 control and KG1 MDR1-/- cells to 

investigate the ability of these compounds to inhibit MDR1. Importantly, I also 

performed cell death assays in these cells to investigate whether MDR1 inhibition 

contributes to synergistic cell death when these psychoactive compounds are 

combined with birinapant.  
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5.20 Fluphenazine dihydrochloride’s Inhibition of MDR1 

Potentiates Birinapant Killing  

Fluphenazine dihydrochloride (also known as Prolixin) was approved by the FDA 

in 1967 and has been used exstensively for decades for the management of 

manifestastions of psychotic disorders (High et al., 1960). Fluphenazine’s 

antipsychotic capacity, including de-escalation of schizophrenia-associated 

hallucinations and delusions, is due to its ability to inhibit the postsynaptic 

dopamine D2 receptors in the limbic system, cortical system and basal ganglia 

(High et al., 1960). In addition to acting on the dopaminergic system, it can also 

inhibit the serotonin receptor 1B (5-HT1B) (NCI, 2019). Fluphenzine is a member 

of the oldest synthetic antipsychotic drug family called the phenothiazines, which 

includes the drug thioridazine (High et al., 1960; Jaszczyszyn et al., 2012) 

(Figure 5.22A). This class of antipsychotic drugs have been established to 

possess anti-proliferative and potential MDR1 inhibitory effects (Ford et al., 1989; 

Ganapathi et al., 1991; Jaszczyszyn et al., 2012). Fluphenazine could inhibit 

MDR1 in KG1 control cells, albeit only at the highest concentration of 10 μM and 

had no effect in KG1 MDR1-/- cells (Figure 5.22B). Of note, even at the highest 

concentration of fluphenazine (10 μM), the level of Rho-123 intensity was less in 

KG1 control cells compared to KG1 MDR1-/- cells. This indicates fluphenazine is 

unable to completely inhibit MDR1 at these concentrations (Figure 5.22B). To 

interrogate the potential of fluphenazine to sensitise leukaemia cells to birinapant 

treatment independent of MDR1, KG1 control and MDR1-/- AML cells were treated 

with the fluphenazine plus birinapant (Figure 5.22C). Lower concentrations of 

fluphenazine, that were unable to inhibit MDR1 in the Rho-123 efflux assay, were 

also unable to increase birinapant-mediated cell death in KG1 control cells. In 
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contrast, 10 μM of fluphenazine increased cell death in these cells (Figure 

5.22C). Furthermore, there was no increase in cell death in KG1 MDR1-/- AML 

cells with the combination treatment at all concentrations tested (Figure 5.22C). 

Together these data indicate fluphenazine inhibits MDR1 and the increase in 

birinapant-mediated cell death observed is likely to be due to MDR1 inhibition. 

However, fluphenazine has previously been used clinically in humans up to 800-

1,200 mg per day (Itil et al., 1970; Quitkin et al., 1975). As these dosages would 

equate to being greater than 10 μM in vitro, it would be reasonable to test higher 

concentrations of fluphenazine to see whether this would enhance its MDR1 

inhibition potential and therefore ability to synergise with birinapant. 

 

 

 

 

 

 

 

 

 

 



 
 

194 

 

Figure 5.22 Fluphenazine dihydrochloride’s inhibition of MDR1 potentiates 

birinapant killing 

(A) Structure of Fluphenazine dihydrochloride (fluphenazine). (B) KG1 control and KG1 

MDR1-/- AML cells were pre-treated with Rhodamine-123 (Rho-123) 250 nM ± 0.1, 1 or 

10 μM of fluphenazine for 2 hours. Rho-123 florescence was analysed by flow cytometry 

(FL1 channel). (C) KG1 control and KG1 MDR1-/- AML cells were treated with 

fluphenazine (0, 0.4, 4 and 10 μM) ± birinapant (125, 250, 500 and 1000 nM) for 48 hours 

(n=2). Data are presented as mean ± SD throughout. Cell survival was measured by 

propidium iodide (PI) exclusion, decrease of cell volume and flow cytometry. P values 

calculated with Multiple t tests were obtained by comparison of birinapant alone and 

birinapant plus fluphenazine at the indicated concentrations. 
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5.21 SDZ 21009 can Inhibit MDR1 to Potentiate Birinapant-

mediated Cell Death  

SDZ 21009 (also known as Carpindolol) is a -adrenoceptor blocker, however it 

is also a high affinity antagonist towards serotonin receptors 5-HT1A and 5-HT1B 

(Figure 5.23A) (Hoyer et al., 1985). SDZ 21009 has been used to establish the 

role of 5-HT1A receptors in the anticonflict effect. This has been achieved by using 

the anticonflict drinking test paradigm, an experiment that can evaluate a drugs 

ability to act as an anxiolytic (Chojnacka-Wójcik and Klodzińska, 1992; 

Chonjnacka-Wójcik and Przegalinski, 1991; Molderings et al., 1990). SDZ 21009 

was another compound that synergised with birinapant to kill AML cells in our 

screen, but to confirm that SDZ 21009 did increase birinapant-mediated killing, I 

treated HoxA9/Meis1, MLL-AF9 and MLL-AF9-NrasG12D AML cells with a titration 

of SDZ 21009 and a fixed concentration of birinapant (Figure 5.23B-D). All 

leukaemias tested were resistant to birinapant single-agent treatment and 

addition of SDZ 21009 significantly increased killing (Figure 23B-D). To date, 

SDZ 21009 has not been reported to inhibit MDR1, however somewhat 

surprisingly, SDZ 21009 was yet another compound that was able to inhibit MDR1 

at concentrations of 1 and 10 μM in KG1 control cells as determined through Rho-

123 retention assay (Figure 5.23E). As seen with the previous MDR1 inhibitory 

compounds, SDZ 21009 at higher concentrations was able to enhance birinapant 

killing in KG1 control cells but no change was observed in the KG1 MDR1-/- AML 

cells (Figure 5.23F). These results indicate that yet another psychoactive 

compound identified through the high throughput screen is able to inhibit MDR1 

to sensitise AML cells to birinapant-mediated killing.  
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Figure 5.23 SDZ 21009 can inhibit MDR1 to potentiate birinapant-mediated cell 

death 

(A) Structure of SDZ 21009. (B) HoxA9/Meis1 (n=5), (C) MLL-AF9 (n=6) and (D) MLL-

AF9-NrasG12D (n=4) AML cells were treated with SDZ 21009 (SDZ) (0.1, 0.5, 1 and 5 μM) 

± birinapant (500 nM) for 24 hours (3-5 independent tumours, repeated 1-2 times). (E) 

KG1 control and KG1 MDR1-/- AML cells were pre- treated with Rhodamine-123 (Rho-

123) 250 nM ± 0.1, 1 or 10 μM of SDZ for 2 hours. Rho-123 florescence was analysed 

by flow cytometry (FL1 channel). (F) KG1 control and KG1 MDR1-/- AML cells were 

treated with SDZ (0, 0.4, 4 and 10 μM) ± birinapant (125, 250, 500 and 1000 nM) for 48 

hours (n=2, error bars SD). Data are presented as mean ± SEM throughout unless 

otherwise stated. Cell survival was measured by propidium iodide (PI) exclusion or cell 

death was measured by PI uptake, decrease of cell volume and flow cytometry. P values 

calculated with Multiple t tests were obtained by comparison of birinapant alone and 

birinapant plus SDZ 21009 at the indicated concentrations. 
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5.22 GR-127935 can Inhibit MDR1 to Potentiate Birinapant-

mediated Cell Death  

Similar to LP-44 and SDZ 21009, which mediate their psychoactive effects by 

modulating serotonin signalling pathways, GR-127935 is a potent and selective 

inhibitor of 5-HT1D and 5-HT1B receptors (Figure 5.24A) (Skingle et al., 1995). In 

guinea pigs, GR-127935 antagonism of the 5-HT1B and 5-HT1D receptors has 

been shown to produce an antidepressant effect, measured by the latency to 

immobility in the forced swim test, an assay that can identify treatments with 

antidepressant effects (Porsolt et al., 1978; Porsolt et al., 1977; Rex et al., 2008). 

To date, GR-127935 has also not been reported to have MDR1 inhibition 

potential. However, in a Rho-123 retention assay, GR-127935 was able to inhibit 

MDR1 in KG1 control cells at 2 and 10 μM and it had no effect in KG1 MDR1-/- 

AML cells (Figure 5.24B). GR-127935 induced killing of KG1 control and KG1 

MDR1-/- AML cells as a single-agent at 10 μM (Figure 5.24C). It was not toxic as 

a single-agent at 2 μM and increased birinapant-mediated killing in KG1 control 

but not in KG1 MDR1-/- AML cells (Figure 5.24C). These data indicate that the 

antidepressant compound GR-127935 can also act as a MDR1 inhibitor, leading 

to the potentiation of cell death when combined with birinapant. 
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Figure 5.24 GR-127935 can inhibit MDR1 to potentiate birinapant mediated-cell 

death 

(A) Structure of GR-127935. (B) KG1 control and KG1 MDR1-/- AML cells were treated 

with Rhodamine-123 (Rho-123) 250 nM ± 0.1, 1 or 10 μM of GR-127935 (GR) for 2 

hours. Rho-123 florescence was analysed by flow cytometry (FL1 channel). (C) KG1 

control and KG1 MDR1-/- AML cells were treated with GR-127935 (0, 0.4, 4 and 10 μM) 

± birinapant (125, 250, 500 and 1000 nM) for 48 hours (n=3-4). Data are presented as 

mean ± SEM throughout. Cell survival was measured by propidium iodide (PI) exclusion, 

decrease of cell volume and flow cytometry. P values calculated with Multiple t tests were 

obtained by comparison of birinapant alone and birinapant plus GR-127935 at the 

indicated concentrations. 
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5.23 CGP-71683 can Inhibit MDR1 to Potentiate Birinapant-

mediated Cell Death  

All psychoactive compounds tested so far identified by the high throughput 

screen inhibited MDR1 and it appears to be this activity that enables their 

synergism with birinapant, although we cannot discount that their alternative 

activities may also contribute to killing. Following these findings, I next tested 

CGP-71683 to investigate whether it too could inhibit MDR1. Neuropeptide Y 

(NPY) is one of the most prevalent peptides in the brain and its action through 8 

different receptors (Y1-Y8) regulates a range of physiological functions including 

stress, anxiety and feeding behaviours (Reichmann and Holzer, 2016). CGP-

71683 is a potent and specific antagonist towards the Y5 receptor and has been 

shown to inhibit food intake in rodents (Figure 5.25A) (Criscione et al., 1998; 

Dumont et al., 2000). As measured through the Rho-123 retention assay, CGP-

71683 could inhibit MDR1 only at the highest concentration tested (10 μM) 

(Figure 5.25B). Similar to fluphenazine, even at this concentration, CGP-71683 

could not completely inhibit MDR1 in KG1 control cells, resulting in a lower Rho-

123 intensity detected compared to KG1 MDR1-/- cells. Birinapant-mediated cell 

death in KG1 control cells, but not KG1 MDR1-/- cells, was dramatically increased 

with the addition of CGP-71683 10 μM. These data indicate CGP-71683 can 

inhibit MDR1 and that it is this activity that is responsible for birinapant-mediated 

combination synergy. Furthermore, together these findings highlight that 

psychoactive compounds identified through the screen, that act on distinct 

signalling pathways, can act as MDR1 inhibitors.   
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Figure 5.25 CGP-71683 can inhibit MDR1 to potentiate birinapant mediated-cell 

death 

(A) Structure of CGP-7930. (B) KG1 control and KG1 MDR1-/- AML cells were pre-treated 

with Rhodamine-123 (Rho-123) 250 nM ± 0.1, 1 or 10 μM of CGP-7930 (CGP) for 2 

hours. Rho-123 florescence was analysed by flow cytometry (FL1 channel). (C) KG1 

control and KG1 MDR1-/- AML cells were treated with CGP (0, 0.4, 4 and 10 μM) ± 

birinapant (125, 250, 500 and 1000 nM) for 48 hours (n=2). Data are presented as mean 

± SD throughout. Cell survival was measured by propidium iodide (PI) exclusion, 

decrease of cell volume and flow cytometry. P values calculated with Multiple t tests were 

obtained by comparison of birinapant alone and birinapant plus CGP-71683 at the 

indicated concentrations. 
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5.24 Conclusions  

The fact that some clinical psychoactive drugs have anti-neoplastic effects has 

led to some of them being repurposed for anti-cancer treatment (Burgess, 2012; 

Cheng et al., 2015; Gil-Ad et al., 2004; Nordenberg et al., 1999; Sachlos et al., 

2012). Suprisingly, out of the hundreds of different drug classes examined in the 

high throughput screen, half of the hit compounds were psychotropic. To 

understand novel mechanisms of resistance AML cells use to evade Smac-

mimetic treatment, I investigated the mechanisms of action these compounds 

target to overcome birinapant resistance in AML. To date, I have tested half of 

the hit compounds and rather suprisingly, all of them inhibit MDR1, leading to 

potentiated birinapant-mediated cell death. This indicates that our screen was 

particularly adept at identifying MDR1 inhibitors and underlines that MDR1 

expression is a key determinant of whether a cell is resistant to the cytotoxic 

affects of birinapant. 

 

In this Chapter, I focused on LP-44, a 5-HT7 receptor agonist that has 

antidepressant activity (Di Pilato et al., 2014; Leopoldo et al., 2004). LP-44 was 

able to synergise with birinapant and other monovalent and bivalent Smac-

mimetics in primary murine AML cells, but could not potentiate killing mediated 

by the peptide-mimetics JQ1 and ABT-199 or the chemotherapy Ara-c. Agonist 

activation of the 5-HT7 receptor leads to activation of the canonical signalling 

pathway, resulting in the activation of multiple signalling cascades, including the 

MAPK/ERK pathway (Errico et al., 2001; Guseva et al., 2014b; Johnson‐Farley 

et al., 2005). My observation that LP-44 plus birinapant treatment reduced the 
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level of phosphorylated ERK detected by Western blotting, led me to investigate 

the role of the Ras-Raf-MEK-ERK pathway in combination-mediated killing. 

Addition of the MEK inhibitors, U0126 or PD098059, to LP-44 plus birinapant 

treatment, did not change or increase combination-mediated killing, suggesting 

the ERK/MAPK signalling pathway does not play an essential role in this type of 

cell death.  

 

Due to the similarities observed between the LP-44 plus birinapant and the MDR1 

inhibitor plus birinapant combinations (discussed in Chapter 3), I hypothesised 

that LP-44 was also acting as an MDR1 inhibitor. My studies utilising the 

previously generated KG1 control and KG1 MDR1-/- AML cells in Rho-123 

retention assays and cell death assays, confirmed this hypothesis. Similar to the 

findings in Chapters 3 and 4, combination of LP-44 and birinapant did not have 

acute or chronic toxicity and was tolerated by healthy C57BL/6 mice in vivo. 

Altogether these studies identified a novel function for the LP-44 and LP-12 

compounds to inhibit MDR1, albeit to a lesser extent than the 3rd generation 

specific MDR1 inhibitor tariquidar. Furthermore, these studies identified that it is 

LP-44/12’s inhibition of MDR1 that allows for their synergisitic combination with 

birinapant to potentiate cell death.  

 

Fluphenazine dihydrochloride, SDZ 21009, GR-127935 and CGP-71683 are 

structurally distinct psychoactive drugs that act on the dopamine, serotonin or 

neuropeptide Y signalling pathways. Fluphenazine is a member of the 

phenothiazine class of antipsychotics and has previously been described to 
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inhibit MDR1 function (Ford et al., 1989; Ganapathi et al., 1991). In contrast SDZ 

21009’s, GR-127935’s and CGP-71683’s activity towards MDR1 has not been 

previously reported. Following the surprising findings with LP-44 and LP-12, my 

studies using KG1 control and KG1 MDR1-/- cells confirmed all four of these 

compounds can inhibit MDR1 to potentiate birinapant-mediated cell death. Given 

the structurally distinct nature of these drugs, it is quite surprising that all of them 

are MDR1 inhibitors. Some studies have noted that several antipsychotics have 

MDR1 activity and that this might affect differences in the concentration of these 

drugs in the brain. Additionally, a study has shown that the concentration and 

efficacy of antipsychotic medication in schizophrenic patients is affected by their 

ABCB1 genotype (the gene for MDR1) (Moons et al., 2011; Vijayan et al., 2012). 

Therefore, my findings described in this Chapter highlight the fact that some 

psychotropic drugs may be unaccounted for as MDR1 inhibitors and that this 

potential may affect their pharmacokinetics and bioavailability. 

 

Altogether, the findings presented in this Chapter highlight the surprising result 

that all compounds validated from the high throughput screen so far inhibit MDR1. 

Despite previously published results showing that some psychotropic drugs are 

either substrates or inhibitors of MDR1, the frequency that we observed is thought 

provoking and raises the question of what percentage of psychotropic drugs 

inhibit MDR1. Furthermore, it prompts the question of how much their inhibition 

of MDR1 affects their activity and efficacy against their intended targets, such as 

serotonin and dopamine receptors. Our results also highlight the major 

contribution that MDR1 expression makes to the resistance of AML cells to 
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birinapant mediated killing and, as discussed in Chapter 3, opens up the 

possibility that this is an Achilles heel that can be exploited to treat cancer cells 

with high MDR1 expression, such as leukaemic stem cells and chemotherapy 

resistant cells.  
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6 Discussion and Future Directions 

Chemoresistance is a common feature of AML and many other cancers, and is 

one of the main causes of disease relapse and poor patient survival (~30% at 5 

years for AML) (NCI, 2016). High levels of IAPs have been linked to drug 

resistance in several cancers, including AML, and Smac-mimetic drugs that 

target IAPs, such as birinapant, have entered late phase clinical trials. 

Unfortunately, despite some promising results, the use of Smac-mimetics as a 

single-agent therapy, or in combination with anti-cancer treatments, has not been 

overwhelmingly successful. However, the high specificity of Smac-mimetics 

against cancer cells, resulting in a good safety profile, and their ability to elicit an 

anti-cancer immune response, means that there is still much interest in them. 

Therefore, a better understanding of the mechanisms that lead to Smac-mimetic 

resistance is crucial for their further progression in clinical trials. 

6.1 Psychoactive Compounds and MDR1 Inhibition 

In this study, using an unbiased screen of pre-clinical and clinical compounds, 

we identified MDR1 inhibitors as a class of drugs that can synergise with Smac-

mimetics to overcome resistance. The compounds we identified were reserpine, 

LP-44, fluphenazine dihydrochloride, SDZ 21009, GR-127935 and CGP-71683. 

Of note, the screen compound library did not include specific MDR1 inhibitors, 

therefore, the compounds identified had off-target MDR1 inhibitory actions. 

Although reserpine and fluphenazine are known inhibitors of MDR1, this was a 

novel finding for the remaining four compounds. Interestingly, half of the 

compounds identified through the screen were psychoactive, that is they are able 
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to modify the brains functions to temporarily influence behaviour, mood, 

consciousness and perception (Gelenberg et al., 2013). It has been noted that 

some psychoactive drugs also have MDR1 inhibitory activity (Boulton et al., 2002; 

Moons et al., 2011; Wang et al., 2006). However, the frequency with which these 

psychoactive compounds were identified by our screen is still surprising. Out of 

the hundreds of different drug classes analysed in the high throughput drug-

screening, all compounds validated synergised with birinapant through inhibition 

of MDR1. These findings emphasise that Smac-mimetic resistant AML cells are 

very sensitive to perturbations in MDR1 efflux and that MDR1 may be an Achilles 

heel to overcome resistance in AML cells.  

 

Although the remaining 6 compounds identified through the screen are yet to be 

validated, research into their mechanisms of action indicates MDR1 may also 

play a role. The remaining compounds are not psychoactive and include 

manidipine (antihypertensive), terconazole (antifungal), MRS 1334 (adenosine A3 

receptor antagonist), epigallocathecin Octamethyl ether (green tea derivative), 

astemizole (antihistamine) and mebeverine hydrochloride (antispasmodic). 

Manidipine and astemizole are reported inhibitors of MDR1 (Keogh and Kunta, 

2006; Takara et al., 2002). Epigallocatechin Octamethyl ether is a derivative of 

epigallocatechin gallate (ECEG), the main flavonoid present in green tea, which 

has been reported to inhibit MDR1 activity (Qian et al., 2005; Rodriguez-Proteau 

et al., 2006). Terconazole is an MDR1 substrate (Prasad et al., 2016) whilst, MRS 

1134 and mebeverine hydrochloride have no reported MDR1 association. Further 

studies are required to investigate the mechanism of synergy these compounds 
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use to combine with birinapant, but it is tempting to suggest that inhibition of 

MDR1 may be a common mechanism between all compounds identified.  

6.2 Clinical Relevance of MDR1 Association  

Expression of MDR1 has been reported to be a predictor of treatment outcome 

in AML, with high levels of MDR1 being identified in over 50% of patients with 

relapse or secondary disease, for example MDS and t-AML (Beck et al., 1996a; 

Beck et al., 1996b; Leith et al., 1999; Mahadevan and List, 2004; Samdani et al., 

1996; Schaich et al., 2005). Of note, clinical trials of new therapies are frequently 

performed in cancer patients that have failed conventional therapies and thus 

their tumours are more likely to present with high levels of MDR1 (Leith et al., 

1999). This is an important finding because birinapant and other Smac-mimetics 

have been unsuccessfully trialed in MDS and AML relapse patients. 

 

In order to overcome ABC transporter mediated resistance, a greater 

understanding of how these pumps select their substrates is required. 

Intriguingly, not all drugs are substrates of these pumps and those that are, are 

chemically and structurally diverse (Waghray and Zhang, 2017). This has 

prompted both the FDA and the European Medicines Agency to mandate that 

new anti-cancer drugs be assessed for interactions with MDR1 and other drug 

transporters (Giacomini et al., 2010). The fact that birinapant and other 

chemically distinct peptide-like IAP binding compounds synergised with MDR1 

inhibitors (Hugle et al., 2019; Talbott et al., 2015), led to the hypothesis that other 

small peptide-like drugs might also be substrates of MDR1. And therefore, 

addition of an MDR1 inhibitor might potentiate these peptide-mimetic anti-cancer 
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drugs. Our tests with the clinical peptide-mimetic drugs ABT-199 (Bcl-2 inhibitor) 

and JQ1 (BET inhibitor) indicate that this is not, however, the case.  

 

My studies clearly emphasise that it is paramount to assess whether a drug is an 

MDR1 inhibitor. Similar to understanding whether a drug is a substrate of MDR1, 

it is near impossible to predict whether a drug in an MDR1 inhibitor. Through our 

screen, we identified four psychoactive compounds, LP-44, GR-127935, SDZ 

21009 and CGP-71683, to be novel MDR1 inhibitors through their off-target 

effects. Studies have shown drugs that inhibit MDR1 manipulate the 

concentration of themselves and other metabolites, including other drugs, within 

the human body (Vijayan et al., 2012). An example of how hidden MDR1 actions 

can be detrimental, is the combination of digoxin and quinidine, both are clinical 

antiarrhythmic drugs used for a range of heart conditions. Digoxin has a narrow 

therapeutic window and as an MDR1 substrate, is dependent on MDR1 function 

for its elimination. When these two drugs were combined, unexplained toxicities 

were observed due to an increase in the serum concentration of digoxin (Angelin 

et al., 1987; Bolme and Otto, 1977; Hedman et al., 1990; Pedersen et al., 1983a; 

Pedersen et al., 1983b; Pedersen et al., 1985). The discovery that quinidine can 

inhibit MDR1, provided a rational explanation for the observed clinical interaction 

(Koren et al., 1998). Therefore, our findings strengthen the apparent need to 

assess whether novel clinical compounds are MDR1 substrates and also their 

potential to act as MDR1 inhibitors.  
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The results presented in Chapters 3 and 5, indicate multiple structurally diverse 

Smac-mimetics can be potentiated by the addition of an MDR1 inhibitor. These 

include the monovalent AT-406 (Debio 1143) and bivalent AEG-40730 Smac-

mimetics. Although there was some increase in cell death mediated by LCL161 

with the addition of the MDR1 inhibitor tariquidar, this was not as synergistic and 

potent as observed with the other compounds. Therefore, this may indicate 

LCL161 is not pumped out of cells by MDR1 as effectively as other Smac-mimetic 

compounds. These findings prompt the discussion of whether a Smac-mimetic, 

that is not a substrate of MDR1, and which therefore is not affected by the 

presence of MDR1, would be a superior drug. Although immunity to pump efflux 

is deemed to be a desirable attribute for anti-cancer compounds, efficacy, safety, 

specificity and tolerability are other necessary qualities required for a successful 

anti-cancer drug. My results suggest that a drug that is an MDR1 inhibitor, but 

which is specific and well tolerated, can be safely combined with clinical MDR1 

inhibitors. Furthermore, this regimen may even be a strategy to more selectively 

target cancers and particularly, leukaemic stem cells. Although a current barrier 

to this approach is that many people perceive MDR1 inhibitors to have 

irretrievably failed, because they increased toxicity of chemotherapy drugs 

(discussed below), hopefully my studies can cause a re-evaluation of this point 

of view.  

6.3 Mechanism of Synergy 

Regulation of cellular mechanisms other than drug efflux, including differentiation 

and cell survival, have been proposed as possible mechanisms by which 

inhibition of MDR1 may sensitise cells to chemotherapy (Fletcher et al., 2010). 
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To investigate the mechanism by which MDR1 inhibitors synergise with 

birinapant, we performed a quantitative analysis of the intracellular concentration 

of birinapant in MDR1H KG1 AML cells treated with tariquidar and birinapant. 

Using a heavy-labelled version of birinapant as an internal control, we used mass 

spectrometry to show that co-treatment of cells with birinapant and tariquidar 

tripled the intracellular levels of birinapant in MDR1H AML cells, compared to 

birinapant alone treated cells. These findings appear to indicate that regulation of 

birinapant efflux is the main mechanism by which MDR1 inhibitors enhance 

tumour cell killing. Moreover, these findings suggest that a 3-fold increase in the 

intracellular levels of birinapant is sufficient to dramatically increase cell death. 

However intriguingly, addition of tariquidar to birinapant in MDR1H KG1 AML cells 

results in a greater amount of cell death, compared to cells treated with a 3-fold 

increase in birinapant as a single-agent. This suggests that the 3-fold increase in 

the intracellular concentration of birinapant mediated by MDR1 inhibitors may be 

an underestimation. This may be due to technical limitations of the experimental 

analysis, such as a lack of accounting for cell death. Alternatively, these results 

may suggest that in parallel with increasing the intracellular concentration of 

birinapant within a leukaemia cell, MDR1 inhibitors also sensitise cells to death 

through alternative mechanisms.  

6.4 Combination Specificity to MDR1 

MDR1 is a member of the large ABC transporter family and fellow members such 

as ABCC1 and ABCG2, have also been implicated in multidrug and 

chemotherapy resistance (Fletcher et al., 2010). To establish the specificity of the 

birinapant plus MDR1 inhibitor drug combination, we tested the impact of 
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ABCC1/MRP1 and ABCG2/BCRP inhibition in AML cells subjected to Smac-

mimetic treatment. Our results with the inhibitors reversan and Fum-C revealed 

that these transporters are likely to have no impact on birinapant induced killing 

of AML cells. Two caveats to interpreting these results is that we do not know 

whether ABCC1 and ABCG2 are expressed at meaningful levels in these cells. 

The second limitation is the lack of a positive control to confirm activity of the 

inhibitors reversan and Fum-C and therefore caution should be taken when 

interpreting negative results.  

 

To mitigate the limitations of the pharmacological studies, we also implemented 

a genetic strategy to investigate the role of MDR1 in birinapant-mediated cell 

death. In Chapter 3, I described the development of KG1 MDR1-/- AML cells using 

the CRIPSR/Cas9 system. These cells, alongside their KG1 control partners, 

offer a unique tool to effectively and efficiently investigate the ability of novel 

compounds to inhibit MDR1. Tests with these cells revealed that genetic loss of 

MDR1 can sensitise AML cells to birinapant single-agent treatment and addition 

of MDR1 inhibitors cannot enhance cell death, indicating synergy observed 

between birinapant and MDR1 inhibitors is specific to MDR1. Additional use of 

these cells in Chapter 5 in Rho-123 retention assays enabled analysis of whether 

LP-44, LP-12, fluphenazine, SDZ 21009, GR-127935 and CGP-71683 can inhibit 

MDR1. Cell death assay experiments in KG1 control and KG1 MDR1-/- human 

AML cells also allowed me to conclude that the synergistic action between these 

different combinations is specific to MDR1.  
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6.5 Combination Safety and Efficacy in vivo 

ABC transporters principally function to protect a cell by maintaining the levels of 

poisonous agents, including anti-cancer drugs, below toxic levels (Van Tellingen 

et al., 2003; Waghray and Zhang, 2017). Following the identification that 

prominent AML chemotherapies such as, daunorubicin and the topoisomerase 

inhibitor etoposide (VP16) (Didziapetris et al., 2003; Seelig, 1998; Takara et al., 

2006), are substrates for MDR1, significant efforts have been taken in the past to 

combine these chemotherapies with MDR1 inhibitors to improve efficacy 

(CALGB: 19808, 9720) (Baer et al., 2002; Kolitz et al., 2004; Kolitz et al., 2010; 

Shaffer et al., 2012). Unfortunately, this approach results in a dramatic increase 

in toxicity due to the accumulation of cytotoxic drug in healthy cells, such as 

HSPCs. For example, in one study comparing daunorubicin/etoposide/Ara-c 

combination therapy, mortality rates increased from 20% in the chemotherapy 

arm, to 44% with the addition of a MDR1 inhibitor (CALGB: 9720) (Baer et al., 

2002). Furthermore, to mitigate these toxicities, significant reductions in both 

daunorubicin (90 to 40 mg/m2) and etoposide (100 to 40 mg/m2) doses have been 

required when in combination with a MDR1 inhibitor, undermining the potential 

for benefit (CALGB: 19808) (Baer et al., 2002; Kolitz et al., 2004; Kolitz et al., 

2010; Shaffer et al., 2012). These side effects have limited the clinical use of such 

combination treatments and understandably, we were very keen to establish the 

safety and tolerability of the birinapant plus MDR1 inhibitor combination. 

 

Given that HSPCs express higher levels of MDR1 than their differentiated 

progeny, we were concerned that combining birinapant with MDR1 inhibitors 
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would cause haematopoietic toxicity. However, co-treatment of murine WT-BM 

or HSPCs with birinapant plus a MDR1 inhibitor or LP-44, was not toxic, whereas 

the current standard-of-care chemotherapy Ara-c was highly toxic to these cells, 

as previously reported (Brumatti et al., 2016). Similarly, treatment of human 

MDR1H CD34+ cells with tariquidar did not increase the amount of birinapant-

mediated cell death, whilst in combination with the topoisomerase inhibitor VP16, 

there was an increase in toxicity. Further, our in vivo biosafety experiments 

demonstrated the systemic safety and tolerability of the birinapant plus tariquidar 

or LP-44 combination. Despite the fact that the LP-44 plus birinapant treatment 

was well tolerated by mice, further studies with this combination in AML burdened 

mice are unlikely due to the superior specificity, potency and clinical viability of 

3rd generation MDR1 inhibitors such as tariquidar and zosuquidar.  

 

There are many future experiments that can be considered for a comprehensive 

analysis of the safety of the MDR1 inhibitor plus birinapant combination. Long 

term clonogenic assays of WT-BM and HSPCs under treatment pressure would 

indicate which HSPC populations are sensitive to treatment, and therefore the 

eligibility of the treatment in patients who require preservation of HSCs for 

haematopoietic recovery (Morrison et al., 1995). The importance of a cells’ ability 

to produce and respond to TNF for Smac-mimetic-mediated killing has been 

discussed at length within this thesis. Therefore, in our studies testing the killing 

potential of the MDR1 inhibitor plus birinapant treatment in human CD34+ 

HSPCs, incorporating analysis of whether addition of TNF would enhance 

combination-mediated cell death would be very interesting. These findings would 
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help predict the tolerability and safety of the combination treatment in a human 

setting. 

 

Experiments in Chapter 3 demonstrate the efficacy of the tariquidar plus 

birinapant combination to extend survival in the aggressive MDR1H MLL-AF9 

AML model (Chapter 3 Figure 3.2). Although tariquidar plus birinapant therapy 

extended survival of AML burdened mice, pre-treatment with the chemotherapy 

Ara-c prior to Smac-mimetic combination therapy, had a greater efficacy, 

suggesting a therapeutic opportunity following standard-of-care treatments 

(Figure 6F). As we have shown here, and previously reported (Brumatti et al., 

2016), Ara-c is very effective at killing AML cells, leading to a reduction in the bulk 

blast population. Our data shows that de-bulking the tumour burden initially, 

followed by birinapant combination treatment, can double the median survival 

(Ara-c + 3xCombo = 40 days vs Ara-c alone = 22 days). We hypothesise that the 

extension of survival may be due to the ability of the tariquidar plus birinapant 

treatment to potently target LSCs, reducing this aggressive leukaemia cell 

population, resulting in improved survival. Furthermore, it is important to notice 

that despite the efficacy of Ara-c to kill blast cells, the Ara-c single-agent 

treatment does not lead to a prolongation of survival in this aggressive model. 

MDR1 inhibitor plus birinapant treatment is the only one that was able to 

significantly extend survival (Chapter 3 Figure 6F and 3.2). These findings not 

only highlight the toxicity and lack of long-term benefit with the chemotherapy 

Ara-c as a single-agent, but also demonstrate the potential clinical impact of the 

birinapant plus MDR1 inhibitor combination therapy.  
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As described in the introduction of this thesis, Smac-mimetics have been used in 

a diverse range of combinations in an effort to potentiate efficacy. As we have 

identified that birinapant, and other Smac-mimetics, are substrates for MDR1, 

and addition of an inhibitor of this drug-pump can potentate their efficacy, it is 

natural to wonder whether addition of these inhibitors could increase the potency 

of previously described combination therapies. Due to the toxicities previously 

observed with MDR1 inhibitors combined with chemotherapies, testing the 

potential of a triple birinapant plus MDR1 inhibitor plus etoposide or daunorubicin 

combination is not practicable (CALGB 9720) (Baer et al., 2002). In contrast, 

combination of birinapant with p38 inhibitors (Lalaoui et al., 2016), or the caspase 

8 inhibitor Emricasan (IDN-6556) (Brumatti et al., 2016), have shown efficacy and 

tolerability in a range of AML models in vitro and in vivo. Thus, testing the ability 

of a MDR1 inhibitor to increase the already promising results achieved with these 

therapies in MDR1H leukaemias is plausible and appealing. Moreover, clinical 

trials are currently in progress combining Smac-mimetics with immunotherapy 

and radiation (Table 2). Investigation of the potential of MDR1 inhibitors to 

increase the efficacy of these treatments in MDR1H cancer, such as ovarian 

cancer, could have an immediate clinical impact. 

6.6 LSC Killing Potential 

Similar to HSPCs, it is known that LSCs have a high expression of MDR1 and 

targeting these cells is required to cure AML (Ho et al., 2016; Leith et al., 1999). 

Yet these cells are highly resistant to many currently used anti-cancer therapies 

and therefore are often responsible for disease relapse (Costello et al., 2000; 

Ishikawa et al., 2007; Shlush et al., 2017; van Rhenen et al., 2005). Our 
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experiments using previously generated MLL-AF9 blasts and matching LSCs 

(Fong et al., 2015), have established that MDR1 expression is an Achilles heel of 

LSCs and that birinapant is able to exploit this weakness when combined with 

MDR1 inhibitors. Comparison of the birinapant/tariquidar combination and the 

VP16/tariquidar combination indicated that, besides being a safer therapy, 

birinapant/tariquidar is more potent and efficacious at killing LSCs compared to 

VP16/tariquidar. Altogether these results show that birinapant plus MDR1 

inhibitor therapy can effectively kill LSCs and thereby prolong survival and 

prevent disease relapse. Future experiments investigating the ability of the MDR1 

inhibitor plus Smac-mimetic treatment to target LSCs includes quantifying the 

elimination of LSCs in murine in vivo treatment experiments and the efficacy of 

the treatment to kill primary patient LSCs ex vivo. 

6.7 Birinapant is well Tolerated  

We speculate that the specificity of birinapant towards cancerous LSCs and not 

healthy HSPCs may be explained by the fact that birinapant is not inherently toxic 

and therefore, increasing the dose of birinapant in healthy cells has no discernible 

effect on their viability. The results in HBV infected and uninfected mice also 

underlines that, despite MDR1-expressing healthy cells being able to undergo 

birinapant-mediated degradation of cIAPs, these cells are far less susceptible to 

the cytotoxic effects of birinapant. The reason why birinapant preferentially kills 

transformed cells while leaving normal cells intact remains unclear. One 

explanation put forward is that, contrary to chemotherapeutic drugs that alter 

multiple cellular pathways (Adams, 2004; Bywater et al., 2012; Hannan et al., 

2013; Silke et al., 2008), Smac-mimetics are targeted drugs and therefore 
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specifically affect IAP signalling pathways. Another explanation might be that 

abnormal expression of IAPs and/or TNF by the tumour or stromal cells in its 

environment, leads to addiction to the NF-κB and/or the TNFR1 signalling 

pathways. Consistent with the latter idea, the findings from our in vitro assays 

with AML and ovarian cancer revealed that tumours must be able to produce TNF 

in response to birinapant to be killed efficiently by Smac-mimetics. This is most 

likely not exclusive to cancer, as mouse models of HBV highlighted the 

importance of TNF for the Smac-mimetic-mediated clearance of virus from 

infected liver cells (Ebert et al., 2015a; Ebert et al., 2015b). Collectively, these 

results suggest that repurposing of MDR1 inhibitors in combination with Smac-

mimetics might be a safe and efficacious new approach for cancer and HBV 

therapy.  

6.8 Combination Efficacy in HBV 

The strength of the combination therapy is emphasised by its universal efficacy 

in multiple cancer models, both haematological and solid, as well as its potency 

in HBV disease. Predominately, Smac-mimetics are very safe and well tolerated 

drugs, however, as mentioned in the introduction, in-human clinical trials 

observed AEs and dose limiting toxicities when Smac-mimetics were 

administered at high doses. One intriguing AE was the presence of Bell’s palsy 

with higher concentrations of birinapant (63 mg/m2) and APG-1387 (60 mg) 

(Amaravadi et al., 2015; Rasco et al., 2019; Xu et al., 2018). This effect is 

reversible upon decrease or cessation of treatment and has not significantly 

limited the progression of Smac-mimetics for the treatment of cancer. Not 

unexpectedly, similar dose limiting toxicities were observed in a clinical trial of 
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birinapant for HBV, prompting early termination of the trial (NCT02288208). Our 

results indicate that a lower dose of birinapant can be used in combination with a 

MDR1 inhibitor to effectively clear HBV-DNA in vivo. The 3rd generation specific 

MDR1 inhibitor zosuquidar was used predominantly in the HBV studies, in place 

of tariquidar, due to the polyethylene glycol (PEG) vehicle used to prepare 

tariquidar interfering with HBV-DNA clearance (data not shown). These studies 

indicate a MDR1 inhibitor can increase the amount of Smac-mimetic-mediated 

HBV-infected liver-cell death, resulting in higher detectable levels of ALT. 

However, due to inherent limitations with measuring sensitive changes in protein 

expression in whole organ lysates, further studies are required to investigate the 

molecular mechanism induced by the combination treatment. That is, an increase 

in cIAP degradation, and consequent activation of apoptotic machinery. Although 

the median clearance of HBV-DNA was the same (3.5 weeks) with high-dose 

birinapant (30 mg/kg) single-agent and low-dose birinapant (10 mg/kg) plus 

zosuquidar, analysis of side effects of these different treatment regimens would 

be necessary to draw conclusions about the eligibility of the combination 

treatment. These findings may provide a safer alternative to high-dose birinapant 

therapy for the treatment of chronic HBV. Furthermore, these findings are of 

interest due to the ongoing analysis of Smac-mimetics for the treatment of chronic 

HBV (NCT03585322). 

6.9 Benefit of Biomarkers 

Moving forward in the fight against cancer, understanding biomarkers of 

response that can predict sensitive patient populations is important to ensure 

novel therapies are successful. Upregulation of MDR1 has been identified in at 
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least 30% of AML patients, with the incidence increasing to 50% in relapsed and 

secondary AML (Leith et al., 1999). Therefore, this makes MDR1 an important 

consideration when developing novel AML therapies. Screening tools for MDR1 

activity are readily available and inexpensive. Our findings show that MDR1 

expression in AML and ovarian cancer cells can be used as a biomarker for 

Smac-mimetic-related therapies to improve patient stratification. Moreover, TNF 

is an essential aspect of Smac-mimetic mediated killing, and AML and MDS 

patients were selected for clinical trials with birinapant because myeloid cells, 

generally, produce TNF in response to Smac-mimetics (Wong et al., 2014). The 

importance of TNF production and signalling for birinapant-mediated combination 

therapies was confirmed by analysing the killing potential of LP-44 or tariquidar 

plus birinapant, with and without addition of TNF, in MLL-AF9 sub-groups which 

lack functional TNF signalling (Chapters 3 and 5). However, practically it is very 

difficult to measure the TNF levels in patient samples through ELISA assays. To 

overcome this limitation, we have established an assay where cells are treated 

with birinapant alone or in combination with a MDR1 inhibitor, in the presence or 

absence of exogenous TNF. If patient samples require the addition of TNF to be 

killed, it would be expected that the patient is unlikely to respond to birinapant 

plus MDR1 inhibitor combination treatment. This assay is quick and can give a 

response 48 hours after patient samples are obtained, making it attractive for 

patient treatment screening. From the limited primary patient samples we have 

tested to date, there was no correlation between a patients’ cytogenetic or 

molecular status and their response to Smac-mimetic combination therapies. 

More extensive studies investigating this would be of interest. Altogether, our 
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findings using primary human AML samples, suggest that in the presence of 

adequate TNF production, MDR1 function is able to predict whether a leukaemia 

will respond to birinapant treatment. For example, a patient with MDR1L 

leukaemia will be sensitive to birinapant alone treatment, whilst a patient with 

MDR1H leukaemia can receive an MDR1 inhibitor to overcome Smac-mimetic 

resistance. This observation combined with the safety and efficacy of the 

birinapant plus MDR1 inhibitor drug combination in primary AML patient samples 

and in vivo models of AML, provides the rationale for conducting clinical trials with 

this drug combination in AML patients. 

6.10 Conclusions 

This thesis examined novel mechanisms by which cancer cells use to evade 

Smac-mimetic therapy. The experiments described within, clearly show that 

birinapant is a substrate for MDR1 and that combination of birinapant with 3rd 

generation MDR1-specific inhibitors is well tolerated, efficiently killing LSCs and 

prolonging survival in MDR1H leukaemia models. Thus, as MDR1 may be an 

Achilles heel for cancer cells, screening for MDR1 expression and activity would 

enable Smac-mimetic single-agent therapy to be targeted to MDR1L cancers, 

while combination treatment would be directed to MDR1H patients. My findings 

advocate the potential therapeutic benefit of MDR1 inhibitors and prompt a re-

evaluation of the status of this class of drugs. Collectively, these results suggest 

that repurposing of MDR1 inhibitors in combination with Smac-mimetics might be 

a safe and efficacious new approach to treat both malignant and infectious 

disease.  
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Appendices 

Appendix 1 Antibody Details for Western Blotting 

Table 5 Antibodies used in Western blotting experiments  

 

 
 
 
 

Antibody Clone Ab Company Cata # Ref/Lot # 

Full length 

Caspase-8 
polyclonal pAb 

Cell Signaling 

Technology 
AF1650 #JJF01 

Cleaved  

Caspase-8 

Asp387 

D5B2 
mAb 

Cell Signaling 

Technology 
8592 04/2019 

Cleaved  

Caspase-3 
D175 mAb 

Cell Signaling 

Technology 
9661L 06/2018 

PARP polyclonal pAb 
Cell Signaling 

Technology 
9542S #15 

RIPK1 38/RIP mAb BD Transduction Labs 610459 #4073772 

RIPK3 polyclonal pAb ProSci 2283 8337-1003 

cIAP1 1E1-1-12 mAb WEHI n/a n/a 

cIAP2 15C8-12 mAb WEHI n/a n/a 

MDR1 
EPR10364-

57 
mAb Abcam Ab170904 

#GR217576-

34 

XIAP 2F1 mAb 
Medical & Biological 

Labs 
M044-3 #063 

5-HT7 R polyclonal pAb Abcam Ab61562 multiple 

ERK polyclonal pAb 
Cell Signaling 

Technology 
9102S #26 

Phospho-

ERK 
T202/Y204 mAb 

Cell Signaling 

Technology 
9101S #30 

Actin AC-15 mAb Sigma A-1978 multiple 

Tubulin polyclonal pAb 
Cell Signaling 

Technology 
21485 #4 
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Appendix 2 Antibody Details for LSK Isolation 

Table 6 Antibodies used to isolate LSK (HSPC) cells 

 
 

   

Antibody Clone Signal Company Cata # Lot # 

CD3 14-2C11 biotin WEHI n/a n/a 

CD4 GK1.5 biotin WEHI n/a n/a 

CD4 H129 biotin WEHI n/a n/a 

CD8 53-6.7 biotin WEHI n/a n/a 

CD8 YTS.169 biotin WEHI n/a n/a 

TER119 TER119 biotin WEHI n/a n/a 

B220 RA3-6B2 biotin WEHI n/a n/a 

Ly6G 1A8 biotin Biolegend 127604 B254531 

CD11b M1/7 biotin WEHI n/a n/a 

cKIT 2B8 BV711 BD Horizon 563160 7299976 

Sca-1 E13-161.7 A594 WEHI n/a n/a 

CD34 RAM34 APC BD Biosciences 560230 7355686 

CD16/32 2.4G2 PerCP BD Biosciences 560540 8171841 

CD150 TC15-12F12.2 BV421 Biolegend 115926 B240681 

CD48 HM48-1 FITC Invitrogen 17-0481-82 1921469 

Biotinylated n/a A700 BD Biosciences S32356 1504500 
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Appendix 3 Flow cytometry gating Strategy for LSK Isolation  
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