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Abstract 
Acute myeloid leukaemia (AML) is a malignancy caused by a block in differentiation in which 

aberrant leukemic stem cells drive the production of undifferentiated or partially differentiated 

leukemic blast cell clones. Between 10-40% of patients, however, have refractory disease or 

undergo relapse. The impact of the bone marrow microenvironment (BMM) is increasingly 

recognised as a reason for this. Hence, this thesis is aimed at understanding the interactions 

between leukemic cells and the BMM and to devise a therapeutic strategy to target these 

interactions. We have developed a functional, drug testing system that can incorporate the 

impact of BMM while rapidly and faithfully predicting the clinical response of the patient to 

cytarabine+daunorubicin (AraC+Dnr) therapy. We have developed and characterised a 

layered co-culture system consisting of primary AML blasts with immortalised bone marrow 

stromal cells (BMSCs). This BMSC-AML co-culture can predict the clinical response of 

AraC+Dnr therapy with very high accuracy [area under the curve (AUC=0.94)]. The advantage 

of this model over more complex pre-clinical AML models is its suitability to be developed into 

a laboratory diagnostic tool, which could greatly advance the clinical decision on treatment 

choice. Having established the model that mimics the BMM, we have studied its role in 

protecting the AML cells against cytotoxic agents such as BH3-mimetics, cytarabine and 

daunorubicin. We found that BMSCs induce Mcl-1 expression over Bcl-2 and/or Bcl-XL in AML 

cells and that inhibition of Mcl-1 with a small-molecule inhibitor, A1210477, or through 

repression of its expression with the cell division cycle-7 kinase/ cyclin dependent kinase 9 

(CDC7/CDK9) dual-inhibitor, PHA-767491, restores sensitivity to chemotherapeutics. 

Importantly, the CD34+/CD38− leukemic stem cell-encompassing population was equally 

sensitive to this combination. These results highlight the potential of Mcl-1-repression to revert 

BMM-mediated drug resistance thus preventing disease relapse and ultimately improving 

patient survival. Next, we investigated the mechanism through which the BMM protects the 

FLT3-ITD mutated AML cells against tyrosine kinase inhibitors (TKIs). We found that FLT3-

ITD cells do not depend on intrinsic, FLT3-driven survival signalling pathways in BMM. We 

also observed that exposure of BMSCs to a mild, proteostatic stress revert its ability to protect 

AML cells against chemotherapeutics. Importantly, we also found that proteostatic stress-

conditioned BMSCs themselves trigger an anti-leukemic effect, which is mediated through 

secreted lipids or non-protein moieties. In summary, the results presented in this thesis 

illustrate the role of microenvironment interactions in providing chemoresistance to 

malignantly transformed cells. We have also presented strategies to target these interactions 

for effective and novel therapies that could improve patient outcome. 
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1.1 Overview of Leukaemia 

Leukaemia (from Greek word leukos- white, and haima- blood) is widely known as cancer of 

blood-forming cells, usually white blood cells in the bone marrow. In leukaemia, there is a 

block in the differentiation of early progenitor cells leading to an accumulation of abnormal and 

undifferentiated cells [1]. Bone marrow (BM) is a thick, spongy tissue present inside the bones; 

it is also the place where haematopoiesis occurs [2]. In 1845, Rudolf Virchow was the first to 

describe white blood cells in blood cancer and called the disease “leukemiahe”. 

There are four types of leukaemia depending on the type of cells involved: acute lymphoblastic 

leukaemia (ALL), acute myeloid leukaemia (AML), chronic lymphocytic leukaemia (CLL) and 

chronic myeloid leukaemia (CML). Lymphocytic or lymphoblastic leukaemia can occur when 

lymphoid stem cells are involved and leads to accumulation of B-cells or T-cells and myeloid 

leukaemia occurs when myeloid stem cells are involved. Leukaemia can be further sub-

classified into two categories: acute leukaemia when the disease progresses aggressively and 

chronic leukaemia when the disease progresses slowly. However, the genetic aberrations, 

disease progression and therapies used for treatment of leukaemia is different for each type.  

Haematopoiesis is a process of formation of blood cells, which occurs in the bone marrow. It 

is a hierarchical and steady state process of production of nearly 10x108 cells/day. Pluripotent 

hematopoietic stem cells (HSCs) give rise to all the lineages of blood cells. They possess the 

self-renewal ability and can differentiate into multiple hematopoietic lineages throughout life 

[3,4]. HSCs can differentiate into two progenitor cells- common lymphoid progenitors (CLPs) 

or common myeloid progenitors (CMPs). CLPs can differentiate further into pro-B, pro-T, pro-

NK and dendritic cells, which can then give rise to mature T-cells, B-cells and natural killer 

(NK) cells. CMPs can differentiate into granulocyte-macrophage progenitors (GMPs) or 

megakaryocytes-erythrocytes progenitors (MEPs). GMPs give rise to granulocytes, 

macrophages and dendritic cells whereas MEPs give rise to mature erythroid lineage forming 

red blood cells (RBCs), and platelets (Figure 1.1). 

 

1.2 Acute myeloid leukaemia  

Acute myeloid leukaemia (AML) is characterised as an aggressive form of cancer consisting 

of partially or undifferentiated myeloid progenitor cells [5,6]. To date many different aberrations 

have been described in AML [7]. Therapy related AML or AML arising from myelodysplastic 

syndrome (MDS) or myeloproliferative syndrome are more resistant to treatment as compared 

to de novo malignancy arising in healthy individual. Pathogenesis of AML involves block in the 

myeloid differentiation, characterised by rapid clonal proliferation of immature myeloid cells in 

the bone marrow that impairs the normal haematopoiesis. Signs and symptoms of AML 

include fever, bone pain, fatigue, frequent infection, easy bruising, unusual bleeding, pale skin 

and shortness of breath. If left untreated, death ensues within months of diagnosis. AML is 

diagnosed by presence of 20% or more blast cells in the bone marrow or peripheral blood [7]. 
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AML is further diagnosed by testing for myeloperoxidase activity, immunophenotyping or 

presence of Auer rods (needle shaped cytoplasmic inclusion bodies). 

 
 
 

 

Figure 1.1: Haematopoietic hierarchy 
Haematopoiesis is organised in a hierarchical order showing multiple lineages of the haematopoietic 
system, with rare long-term pluripotent HSCs at the top that give rise to myeloid and lymphoid progenitor 
cells through various intermediate stages. Which then proliferates extensively, generating mature blood 
cells. Multipotent progenitor cell (MPP) lacks self-renewal capacity and has vigorous replication power. 
Common myeloid progenitors (CMPs) are the first committed myeloid progenitor cells and differentiate 
into mature cells through megakaryoblast/erythroblast and myeloblast. Common lymphoid progenitors 
(CLPs) differentiate into lymphoblasts, which then segregate into B cell, T cell, dendritic cell and Natural 
Killer (NK) cell. French American British classification of AML is used to define the stage of AML based 
upon level of maturity and blast cells from which leukaemia developed. AML is subtyped into eight 
classifications; M0 to M5 starts in the precursor of white blood cells while M6-M7 developed from early 
forms of red blood cells and platelets. 

 

AML is the second most common leukaemia in adults with approximately 21,000 new cases 

in USA alone in 2019 [8,9] and accounts for approximately 30% of all adult leukaemia, 

affecting mostly elderly people and its incidence increases with age [10]. Treatment of AML 

consists of 2 types of chemotherapy- induction and consolidation therapy. The current 5-year 

survival rate in patients under the age of 60 is 35-40% and 5-15% in patients over the age of 

60. Patients who are not suitable for intensive chemotherapy have a much poorer outcome, 

with the median overall survival of 5-10 months [11]. Older patients who receive intensive 

chemotherapy have a worse prognosis with 5-year survival rate at 15%. The reasons for this 

poor outcome in older patients are chemotherapy related toxicity, poor risk cytogenetic 

abnormalities and overexpression of drug resistance associated genes (Table 1.2) [12]. Aside 

from all these factors, age itself is an independent prognostic factor in AML [12]. Patients who 
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had relapse undergo hematopoietic stem cell transplantation (HSCT). Recent advances in 

AML therapies now include a combination therapy (e.g. non-cytotoxic agent and standard 

chemotherapy) [13]. 

Classification of AML has changed a lot over years, it has moved from a system based on the 

cellular morphology to a system based on the molecular genetic data, clinical features and 

immunophenotyping. The original, French-American-British (FAB) classification is based upon 

the morphology to define immunotypes [14]  and divides AML into 8 subtypes from M0-M7 

based upon the type of cells from which leukaemia develops – as it is indicated in Figure 1.1. 

FAB classification system is useful but does not consider factors known to affect prognosis. 

World Health Organisation (WHO) classification (2016) is based upon chromosomal 

translocations and molecular profile [15] and includes factors affecting prognosis to better 

classify AML (Table 1.1). 

 

Table 1.1: WHO classification of acute myeloid leukemia 

 Inversion and/or 

translocation 

Gene 

AML with genetic abnormalities 

AML with t(8;21)(q22;q22.1) RUNX1-RUNX1T1 

AML with inv(16)(p13.1q22) or 

t(16;16)(p13.1;q22) 

CBFB-MYH11 

APL with t(15;17) PML-RARA 

AML with t(9;11)(p21.3;q23.3) MLLT3-KMT2A 

AML with t(6;9)(p23;q34.1) or 

t(3;3)(q21.3;q26.2) 

GATA2, MECOM 

AML with t(6;9)(p23;q34.1) DEK-NUP214 

AML with inv(3)(q21.3q26.2) or 

t(3;3)(q21.3;q26.2) 

GATA2, MECOM 

AML (megakaryoblastic) t(1;22)(p13.3;q13.3) RBM15-MKL1 

AML with  BCR-ABL1 

AML with  mutated NPM1 

AML with  Biallelic mutations of 

CEBPA 

AML with  Mutated RUNX1 
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AML with myelodysplasia-related changes 

Therapy related myeloid neoplasms 

AML, not otherwise specified (NOS) 

    AML with minimal differentiation 

    AML without maturation 

    AML with maturation 

   Acute myelomonocytic leukaemia 

   Acute monoblastic/monocytic leukaemia 

   Pure erythroid leukaemia 

   Acute megakaryoblastic leukaemia 

   Acute basophilic leukaemia 

   Acute panmyelosis with myelofibrosis 

Myeloid Sarcoma 

Myeloid proliferation related to Down syndrome 

Blastic plasmacytoid dendritic cell neoplasm 

Acute leukaemia of ambiguous lineage 

   Acute undifferentiated leukaemia 

 Mixed phenotype acute    

leukemia (MPAL) with 

t(9;22)(q34.1;q11.2) BCR-ABL1 

   MPAL with t(v;11q23.3) KMT2A rearranged 

   MPAL, B/myeloid, NOS 

   MPAL, T/myeloid, NOS 

 

The modern advances in the next-generation sequencing technology has revealed marked 

heterogeneity and genomic complexity within AML, based upon the presence or absence of 

cooperating mutations within functional categories such as epigenetic regulators, cell 

signalling and proliferation pathways, and master hematopoietic transcription factors [16]. 

With the current knowledge of mutations in AML patients it is important to understand their 

role as a driver and passenger mutations. Driver mutations directly affect the cells by providing 

the fitness advantage to the mutated AML cell while passenger mutations have no effect on 
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these cells. Mutations that are in isolation have a no effect or even negative effect on long-

term clonogenicity of cancer cells (passengers). These mutations might be ‘selected’ if they 

co-occur with a fitness-conferring mutation (drivers) or are advantageous in the context of 

other mutations (epistatic effect) [17]. The resolution of passenger mutations in tumour cells 

is similar to genetic draft or the ‘hitchhiking’ effect seen in population genetics. These 

mutations are only detected in the final tumour because they exist in a cell at the time of 

acquisition of the first or subsequent driver mutations [18]. The highly variable number of 

passenger lesions both between and within subtypes of cancer affects the dynamics of clonal 

evolution [19,20]. Initiation mutations exist within the founding clone and are found in all AML 

cells. Progression mutations which emerge later in leukaemia evolution tree, can be found in 

sub clones, and exist in only a fraction of AML blast cells. Selection pressure, in the form of 

chemotherapy treatment, can eliminate or outgrow different branches within the AML clonal 

evolutionary tree. Sub clonal mutations can be gained or lost over time, whereas founding 

mutations exist in all leukemic cells at all-time [21]. Thus, paired sample analysis taken at the 

time of diagnosis and at relapse may help identify mutations that were present at diagnosis 

and lost at relapse, and these must have existed in a sub clone that was eliminated. Similarly, 

mutations that are not present at diagnosis and were present at relapse must have existed in 

a resistant sub clone. It may have been acquired by the leukemic cell that escaped 

chemotherapy treatment, thus forming a new sub clone which can eventually lead to disease 

relapse [22]. 

The current hypothesis for the development of AML is a multi-step model, which means that 

multiple mutations need to occur for the onset of AML. This current model has recently been 

expanded from an older version of 2-hit model proposed by Gilliland and Griffin in 2002 (Figure 

1.2) [23]. Firstly, chromosomal translocations or mutations (loss of function mutation) (class II 

mutations) in transcription factors required for differentiation of normal haematopoietic stem 

cells or myeloid precursor cells take place, causing impaired or halted differentiation. 

Mutations of such transcription factors commonly include promyelocytic leukaemia/retinoic 

acid receptor alpha (PML-RARα), Runt related transcription factor 1/Runt related X1 

transcription factor 1 fusion protein (AML1/ETO [t(8;21)]), Breakpoint cluster region protein-

Abelson murine leukaemia viral oncogene homolog 1 (BCR-ABL1) gene fusion. In addition, 

mutations in the transcription factors like CCAAT enhancer binding protein alpha (CEBPA), 

GATA Binding Protein 1 (GATA-1), PU.1, Runt-related transcription factor 1 (RUNX1) is 

strongly associated with AML. These types of mutations will result in a differentiation block, 

leading to the production of immature, non-functional blasts [24,25]. The second mutation, or 

second hit is a gain of function mutation (class I mutations), which leads to activation of pro-

proliferative pathways. These mutations usually occur in the kinases like Fms-like tyrosine 

kinase 3 (FLT3), KIT proto-oncogene receptor tyrosine kinase (c-KIT), Kirsten RAt Sarcoma 

virus (KRAS) and Neuroblastoma Rat Sarcoma virus oncogene (NRAS) (Table 1.2). This type 

of mutation will confer a proliferation advantage for the AML blasts [26]. A gain of function 

mutations works in conjunction with loss of function mutation leading to development of AML 
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phenotype. Alterations in genes involved in epigenetic regulation are now considered as third 

hit mutations (class III mutations), which affects both the cellular proliferation and 

differentiation. These include mutations in DNA methyl transferase 3A (DNMT3A), Additional 

sex combs like 1 (ASXL1), Enhancer of zeste homolog 2 (EZH2), Tet methylcytosine 

dioxygenase 2 (TET2), Isocitrate dehydrogenase 1 (IDH1) and Isocitrate dehydrogenase 2 

(IDH2). Class III mutations have been associated with worse patient outcome and is most 

frequently present in older AML patients [27]. Supporting this multistep development, AML is 

characterised by clonal heterogeneity at the time of diagnosis with the existence of at least 

one subclone in addition to the founding clone [26]. Other studies have shown the existence 

of pre-leukemic stem cells and the pattern of mutation acquisition. Mutations in the epigenetic 

regulator genes like IDH1, IDH2, DNMT3A, ASXL1 and TET2 (Table 1.2) are present in pre-

leukemic HSCs and occur early in the evolution of AML. These mutations alone do not lead 

to AML development, demonstrating the need for subsequent mutations. These mutations in 

epigenetic regulators are also found in relapse samples, indicating that they are resistant to 

chemotherapeutics [28,29].  

 

 

Figure 1.2: Two hit model of leukemogenesis.  
The development of acute myeloid leukemia depends on at least two mutations to occur as proposed by 
Gilliland and Griffin (2002). Class II mutations (loss of function) involving transcription factors occurs 
early in HSCs leading to block in differentiation and class I mutations (gain of function) promotes 
proliferation and survival of these undifferentiated myeloid cells. 
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Table 1.2: Recurrent gene mutation frequency and its clinical significance in AML. 

Gene Frequency Clinical significance References 

Cell signalling  

c-KIT <5%  25-30% in core-binding factor AML, 
unfavourable prognosis with t(8;21) 

[30-33] 

FLT3-ITD 20-25 % 30-35% in cytogenetically normal AML. High 
blast count, Poor prognosis in cases with high 
mutant to WT allelic ratio 

[34-38] 

FLT3-TKD 5-7%  10-14% in normal karyotype, Prognostic impact 
unknown 

[37,39] 

NRAS 15% Enriched for core-binding factor AML, AML with 
inv(16)/t(16;16) and inv(3)/t(3;3), Prognosis 
unknown 

[40-43] 

PTEN <2% Prognosis unknown 
 

[44,45] 

Transcription factors  

CEBPA 5-10% 10-19% in normal karyotype, favourable 
prognosis with biallelic mutation 

[25,46,47] 

NPM1 25-35% 40-65% in normal karyotype, M4 FAB 
morphology, Hox upregulated, favourable 
prognosis in presence of FLT3 

[48-52] 

RUNX1 5-15% Increased incidence with older age, enriched for 
trisomy 13, M0 FAB, poor prognosis 
 

[53-57] 

WT1 10% Associated with M0 FAB, poor prognosis [58-60] 
 

TP53 4-8%  Predominant in complex karyotype AML, 
associated with -5 or del(5q), -7 or del(7q), 
monosomy karyotype and genomic complexity, 
very poor prognosis 

[25,61-63] 

Epigenetic modifiers  

DNMT3A 20-25% Early events in leukemogenesis, incidence 
increases with older age, associated with normal 
karyotype, NPM1 and FLT3-ITD mutations. Poor 
prognosis in normal karyotype AML 

[25,54] 

IDH1/IDH2 12-22% Mutant IDH1/IDH2 are mutually exclusive, IDH1 
mutations are enriched with patients with NPM1 
mutation. IDH1R132 and IDH2R172 are associated 
with adverse effect and IDH2R140 with a 
favourable effect 

[54,64-66] 

TET2 10-15% Mutually exclusive to IDH1/IDH2 mutations, 
More common in secondary AML-MPN. 
Associated with the inferior outcome with 
cytogenetically normal karyotype AML 

[25,54,67] 

ASXL1 3% Poor prognosis [54,68] 

EZH2 <2% Enriched for MDS/MPN, prognosis unknown [16,69,70] 

KMT2A 
(MLL)-PTD 

<2% 2-5% in Normal karyotype AML, enriched in 
trisomy 11 

[25,34,71] 

Overexpress  

EVI-1  Deregulated in inv(3)(q21q26); Poor prognosis [72,73] 

MN1  Correlated with WT-NPM1 and high BAALC 
expression, poor prognosis 

[74,75] 

BAALC  High expression in NK and +8, poor prognosis [76,77] 

ERG  Occurs with complex karyotype and normal 
karyotype AML, poor prognosis 

[76,78] 

miR-181  Increased in FAB M1/M2, CEBPAmut, 
favourable prognosis 

[76,79,80] 
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Pre-leukemic clones contain the leukemogenic mutations arise in multipotent hematopoietic 

stem cells (HSCs). First mutation must occur either in a cell with self-renewal capacity or 

confer self-renewal upon the cell [81]. These initial observations were enabled by the 

identification of cell surface markers T-cell immunoglobulin and mucin-domain containing-3 

(TIM3) and CD99 molecule (Xg blood group) (CD99) which allows separation of normal HSCs 

from leukemic HSCs [82-84]. Targeted deep sequencing studies on HSCs were able to identify 

some but not all the leukaemia specific mutations suggesting the existence of pre-leukemic 

HSCs in AML [85]. Earliest mutation that occurs predominantly in genes that regulate the 

epigenome, while the latest mutation occurs in genes that lead to activated signal transduction 

and proliferation pathways [86]. The common pre-leukemic mutation occurs in DNA 

methyltransferase 3A (DNMT3A) and ten- eleven translocated 2 (TET2) genes [29] [87]. 

Additional mutation that is known to exist in pre-leukemic clones is IDH1/IDH2 [29] [88]. These 

pre-leukemic clones present at diagnosis in AML patient can develop the entire hematopoietic 

hierarchy while possessing repopulation advantage over non-leukemic HSCs leading to clonal 

expansion. Unlike AML blast cells, pre-leukemic clone survives induction chemotherapy and 

persists in bone marrow at remission, providing a reservoir for leukaemia relapse and 

progression [89]. 

In a large study, the existence of clonal haematopoiesis harbouring mutations in epigenetic 

modifiers was discovered in group with no history of haematological malignancies [90,91]. 

Clonal haematopoiesis of indetermined potential (CHIP) was associated with increased risk 

of progression to haematological malignancy [92]. The prevalence of CHIP increases with age 

of the population. This age-dependent clonal haematopoiesis is driven by the accumulation of 

mutations throughout an individual’s lifetime [93]. The term age related clonal haematopoiesis 

(ARCH) was proposed [91] and is associated with poor outcome. Patients with CHIP are at high 

risk of developing leukaemia, atherosclerosis and related cardiovascular disorders, however 

in subset of patients with CHIP/ARCH no malignancy or disease develops [91]. In AML, CHIP 

like mutations are indicative of a good prognosis regarding clonal stability [94]. However, CHIP 

like mutations with multiple mutations are expressed or CHIP like mutations are accompanied 

by clonal haematopoiesis of oncogenic potential (CHOP) or loss of tumour suppressor gene 

leading to poor prognosis [94-97]. CHOP-related mutants have also been accepted as 

promising targets of therapy in acute myeloid leukaemia. However, for complete suppression 

and eradication of leukaemia requires the elimination of all pre-leukemic and leukemic stem 

cells. 

 

1.3 AML prognosis and risk stratification 

Accurate assessment of AML prognosis is the key to disease management. Based on the 

prognostic factors, patient stratification is done, and the treatment regime is designed. 

Morphological assessment of bone marrow blasts, cell surface marker expression, identifying 

chromosomal abnormalities and genetic lesions are used to determine the AML subtype 



 

12 
 

[11,98]. AML is then stratified into favourable, intermediate and poor/adverse prognostic risk 

groups (Table 1.3 [98]). Cytogenetic abnormalities are the single strongest prognostic factor 

in determining complete remission (CR) and overall survival (OS) in AML [99]. Gene mutations 

have further helped in refining the prognostic risk stratification [98]. Conventional cytogenetics 

along with mutational screening for NPM1, FLT3, RUNX1 and CEBPA is routinely used in the 

clinic. While genetic markers are good prognostic markers, they show limited power in 

predicting treatment outcome and relapse [100]. Thus, monitoring of minimal residual disease 

(MRD) by quantitative reverse-transcriptase-polymerase chain reaction (qRT-PCR) assay as 

well as multiparametric flow cytometry to detect leukaemia-specific gene signatures or cell 

surface markers/phenotypes is the current best practice to monitor treatment outcome and 

predict relapse [101]. MRD monitoring in AML with core-binding factor (CBF) or with NPM1 

mutation is already being integrated to monitor AML. Among clinical factor, age and poor 

performance status are associated with lower rate of complete remission (CR) and decreased 

overall survival (OS).  

 

Table 1.3: AML prognostic groups according to ELN2017 risk stratification by genetics. 

Prognostic risk category Genetic abnormality 

Favourable  t(8;21)(q22;q22.1);RUNX1-RUNX1T1 

Inv(16)(p13.1q220 or t(16;16)(p13.1;q22);CBFB-MYH11 

Mutated NPM1 without FLT3-ITD 

Mutated NPM1 with FLT3-ITD low allelic ratio <0.5 

Biallelic mutated C/EBPα 

Intermediate  
Mutated NPM1 with FLT3-ITD high allelic ratio>0.5 

WT NPM1 without FLT3-ITD 

WT-NPM1 with FLT3-ITDlow (without adverse risk genetic 
lesions) 

t(9;11)(p21.3;q23.3); MLLT3-KMT2A 

Cytogenetic abnormalities not classified as favourable or 
adverse 

Unfavourable/Adverse 
t(6;9)(p23;q34.1); DEK‐NUP214 

t(v;11q23.3); KMT2A rearranged 

t(9;22)(q34.1;q11.2); BCR‐ABL1 

Inv(3)(q21.3q26.2)or 
t(3;3)(q21.3;q26.2); GATA2,MECOM(EVI1) 

−5 or del(5q); −7; −17/abn(17p) 

Complex karyotype monosomal karyotype 
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WT-NPM1 and FLT3‐ITDhigh 

Mutated RUNX1, ASXL1, TP53 

 

1.4 Current treatment/therapeutics for AML 

Over recent years, new diagnostic techniques have contributed to better disease prognosis; 

however, the treatment strategies have not improved [98]. Regardless of better understanding 

and recent advances in AML, therapies for most patients have remained unchanged. Patients 

first receive induction chemotherapy to achieve CR, AML patients usually show 

heterogeneous response with standard of care therapy due to minimal residual disease (MRD) 

which eventually leads to relapse. Therefore, to achieve a longer remission, induction therapy 

is followed by consolidation therapy to eradicate any residual disease [24]. Initial remission 

can be achieved in 50-70% of patients using a 7+3 regimen of cytarabine (AraC) and 

anthracyclines (daunorubicin or idarubicin) [102]. Cytarabine (100-200 mg/m2) is infused 

continuously for 7 days while daunorubicin (60 or 90 mg/m2) is administered for 3 days. 

Patients with favourable to intermediate-risk group are generally treated with this combination 

[102]. High dose daunorubicin is usually administered to patients with poor prognosis group 

[54]. Combination of fludarabine, cytarabine, granulocyte-colony stimulating factor (G-CSF) 

and Idarubicin (FLAG-IDA) is administered in treating relapse patients [103]. Elderly patients 

(over 65 years of age) do not respond to induction chemotherapy and represent the adverse 

cytogenetic risk group. However, induction therapy is superior and leads to higher overall 

survival (OS) in comparison to supportive care and palliative chemotherapy [104]. Patients 

that achieve remission then undergo consolidation therapy to eradicate residual disease to 

reduce the chance of relapse [24]. Standard post-remission consolidation therapy includes 

high dose chemotherapy and allogeneic hematopoietic stem cell transplant (allo-HSCT) [105]. 

Intensive chemotherapy is the first-line choice for the patients with favourable prognosis and 

consists of intermediate doses of cytarabine at 1-3 mg/m2 for two to four cycles and is found 

to be as effective as high dose cytarabine [103,106]. Intermediate risk prognosis group is 

difficult to treat with consolidation therapy and only beneficial option they have is allo-HSCT; 

high-risk group has shown prolonged OS with this treatment option and thus should be offered 

as first-line consolidation therapy to these patients [105,107,108]. 

A relapse in AML is a major challenge. Factors responsible for relapse are the cytogenetic 

characteristics of the AML and detection of residual leukaemia. Factors increasing the risk of 

relapse in AML patients are high-risk cytogenetics, therapy-related AML, AML after 

myelodysplastic syndrome (MDS) or myeloproliferative neoplasm (MPN). Presence of 

residual leukaemia before transplantation also increases the risk of relapse in AML patients 

[109]. The survival rate after relapse is poor with no standard treatment for relapsed or primary 

refractory AML. Limiting the risk of relapse and newer treatment options are being explored 

including targeting mutated genes like FLT3 inhibitors, post-transplantation maintenance 
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therapy like azacytidine, therapy targeting immunotoxins such as gemtuzumab ozogamicin 

(GO), chimeric antigen receptor T-cells (CAR-T cells), bispecific T-cell engagers or vaccines 

targeting leukaemia-associated antigens like Wilms’ tumour 1 (WT1) or HLA-A2 restricted 

peptide of proteinase 3 and neutrophil elastase (PR1) [11]. 

 

1.5 New therapies targeting AML 

New therapies for the treatment of AML include a variety of targets of cellular processes like 

cell cycle and signalling through kinases or other pathways, epigenetic regulations of 

chromatin, anti-apoptotic proteins, nuclear export of proteins and antigens expressed on the 

leukemic cells or leukemic stem cells [110,111]. 

1.5.1 FLT3 inhibitors 

Feline McDonough Sarcoma (fms)-like tyrosine kinase 3 (FLT3) is a class III receptor tyrosine 

kinase [112,113]. It plays a role in the development of early hematopoietic stem and progenitor 

cells and its expression diminishes during maturation [112]. There are two modes of FLT3 

receptor activation that can cause changes in its signalling. Overexpression of FLT3 (wild 

type) can promote constitutive activation of receptor in malignant cells and is associated with 

worse prognosis [114,115]. Second reason for abnormal activation of FLT3 signalling is 

mutations (internal tandem duplication-ITD or tyrosine kinase domain mutation-TKD) in this 

receptor, which also leads to constitutive activation of receptor and is associated with worse 

prognosis. When FLT3 ligand binds to the extracellular immunoglobulin-like domains of FLT3, 

the receptor dimerises, leading to autophosphorylation of tyrosine residues and receptor 

activation [112]. The activated receptor triggers three main downstream signalling pathways: 

phosphoinositide 3-kinase/AKT serine/threonine kinase (PI3K/AKT), mitogen activated protein 

kinase/extracellular signal-regulated kinase (MAPK/ERK) and signal transducer and activator 

of transcription-3 and 5 (STAT3/STAT5) signalling [112]. Activation of FLT3 signalling 

promotes cell survival, proliferation and differentiation (Figure 1.3) [26,40].  

FLT3 is one of the most frequently mutated genes in AML (30% in adult and 15% in paediatric 

AML patients) [5,11,24]. There are two types of mutations in FLT3 associated with AML: 

internal tandem duplication (ITD), which occurs due to a replicated sequence within the juxta-

membrane domain and tyrosine kinase domain (TKD) mutations, which are typically point 

mutations [26,40]. The size of insert in ITD mutation varies from 3 to 400 base pairs. ITDs are 

in-frame mutations caused by duplication of various in length fragments of juxta-membrane 

domain of FLT3 receptor [116]. Different size of ITDs leads to variation in length duplication 

within juxta-membrane domain of receptor thereby determining which downstream effectors 

can bind to the receptor [116,117]. Arginine 595 (R595) is the most frequently duplicated 

amino acid in ITD and plays a critical role in activation of FLT3-ITD mutants and ligand 

dependent activation of WT-FLT3 [114]. In long ITD forms, tyrosine phosphorylation sites such 

as Y589 and Y591 which serves as a docking site for Src family kinases. This leads to stronger 



 

15 
 

activation of Ras/ERK pathway and PI3K/AKT pathway. ITD mutation leads to constitutive 

activation of receptor in a ligand-independent manner [118-120].  

 

Figure 1.3: FLT3 signalling pathway in AML.  
Activation of FLT3 occurs when FLT3 ligand (FL) bind to extracellular Immunoglobulin-like domains and 
dimerises FLT3 receptors in proximity. It then trans-phosphorylate the tyrosine residues of the juxta 
membrane domain allowing activation of the kinase domain by unfolding the activation loop into open 
conformation. This open conformation then allows the binding of ATP and phosphorylation of the kinase 
domain and subsequently the downstream pathways. Type I FLT3 inhibitors (Crenolanib, Midostaurin) 
binds the receptor near the activation loop or the ATP binding site in active conformation and can target 
ITD and TKD mutations. Type II FLT3 inhibitors (Quizartinib, Sorafenib) bind to the region adjacent to 
ATP binding domain in inactive conformation and can only target the ITD mutations (Modified from 

Grafone T. and colleagues, [112]. 
 

A point mutation in FLT3 receptor at aspartate 835 (D835) position is most frequent, where 

aspartate is exchanged with tyrosine (Y) or histidine (H) [121,122]. TKD point mutation at D835 
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is found in nearly 7% of AML patients [122]. Other FLT3 mutations include deletion or 

substitution at I836 and insertion of glycine and serine at S840 and N841 [123]. These 

mutations can also lead to constitutive and ligand–independent activation of FLT3 without 

receptor dimerization by phosphorylation of receptor. TKD and ITD mutations interrupt the 

auto-inhibitory mechanism of FLT3 receptor [124]. So far, no AML patient has been reported 

which carries both the ITD and TKD (D835) mutations, suggesting different underlying 

mechanism and downstream signalling [122]. 

Depending upon the ITD location, FLT3 can activate different signalling pathways. It has been 

shown that FLT3-ITD can activate STAT3 and STAT5 signalling by upregulating proto-

oncogenic serine /threonine kinases (Pim1 and Pim2), but not the PI3K and MAPK signalling 

when localised to endoplasmic reticulum (ER) [125,126]. FLT3-ITD when localised to the 

membrane can strongly activate the PI3K and MAPK signalling pathways but not the STAT3/5 

[126]. Activation of STAT5 signalling by mutated FLT3 receptor differentiates it from the wild 

type FLT3 receptor [120,127]. Activation of STAT5 leads to higher expression of downstream 

targets such as Pim-1, cell division cycle 25A (Cdc25A), Bcl-2 associated agonist of cell death 

(BAD) and B-cell lymphoma 2 (Bcl-2) [128]. This activation of anti-apoptotic proteins by FLT3-

ITD mutation is associated with worse outcome. FLT3-ITD can also activate AKT signalling, 

which in turn blocks the Forkhead box O (FOXO) transcription activity leading to increased 

cell proliferation, survival and leukemic transformation [129]. Activation of FLT3 receptor has 

been associated with upregulation of suppressors of cytokine signalling (SOCS2 and SOCS3), 

myeloid cell leukaemia sequence -1 (MCL-1), V-Myc avian myelocytomatosis viral oncogene 

homolog (MYC) and cyclin D3 (CCND3) providing activation of cell proliferation, survival, cell 

cycle regulation and inhibits apoptosis [130-133]. 

Given the high rate of FLT3 mutations and its prognostic impact, FLT3 emerged as a potential 

therapeutic target. FLT3-ITD mutation is strongly associated with high leukemic burden, poor 

prognosis and has negative impact on the maintenance of AML patients [134-136].  

This has generated a lot of interest in developing inhibitors against it. Small molecule inhibitors 

can vary in selectivity, competitive with ATP binding site or non-competitive leading to cell 

cycle arrest and differentiation [137]. Additionally, FLT3 inhibitors also target other tyrosine 

kinases influencing the tolerability and efficacy of these agents. First-generation inhibitors like 

sorafenib, lestaurtinib and midostaurin are less specific for FLT3, target broad range of 

kinases, and have more off target toxicity. Whereas second-generation agents such as 

quizartinib, gilteritinib and crenolanib are more specific and potent inhibitors of FLT3 with little 

off target toxicity (Table 1.4). FLT3 inhibitors can be further divided into type I or type II 

depending upon the mechanism of FLT3 inhibition. Type I inhibitors bind the active form of 

the kinase that is associated with ‘DFG-in’ conformation (Asp-Phe-Gly-DFG motif at the N-

terminus of activation loop) either near the activation loop or near ATP binding site. These 

inhibitors are active against both the ITD and TKD mutations. On the other hand type II 

inhibitors bind the ‘DFG-out’ conformation (accessible only when the kinase is inactive) near 
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ATP-binding domain. As a result, type II inhibitors prevent the activity of ITD mutations but not 

the TKD mutations [138,139]. 

Table 1.4: First and second generation FLT3 inhibitors 

Inhibitor Type Targeted tyrosine kinases 

                                                  First-generation FLT3 inhibitors 

Sunitinib I VEGFR2, PDGFRβ, KIT, RET 

Sorafenib II RAF, VEGFR1/2/3, PDGFRβ, KIT, 
RET Midostaurin I PKC, SYK, FLK-1, AKT, PKA, KIT, 
FGR, SRC, PDGFRα/β, VEGFR1/2 Lestaurtinib I JAK2/3, TrkA/B/C 

Ponatinib II LYN, ABL, PDGFRα, VEGFR2, 
FGFR1, SRC, KIT, TEK, RET Tandutinib II KIT, PDGFRβ 

KW-2449 I FGFR1, BCR-ABL, aurora kinase 

                                                 Second-generation FLT3 inhibitors 

Crenolanib I PDGFRβ 

Quizartinib II KIT, PDGFR 

Gilteritinib I LTK, ALK, AXL 

 

First generation of FLT3 inhibitors, such as lestaurtinib, sunitinib, sorafenib and midostaurin 

have activity against FLT3 and are investigated in clinic [139-143]. Studies evaluating these 

inhibitors as a monotherapy have shown limited anti-leukemic activity, some benefit when 

combined with chemotherapy and is usually associated with severe toxicity [144,145]. 

Lestaurtinib when combined with salvage therapy offers no improvement in OS when 

compared to salvage therapy alone in FLT3-ITD relapse AML patients [146]. Limited single 

agent activity was reported for sunitinib in phase-I studies with only partial response in relapse 

or refractory AML patients [147]. Sorafenib has also shown similar efficacy as a single agent 

in relapse/refractory FLT3-ITD AML with only 10% of patients achieved CR [148]. Conversely, 

in younger patients (age <60) with newly diagnosed AML when treated with sorafenib and 

standard of care induction chemotherapy offers significant event free survival (EFS) and 

relapse free survival (RFS) but not overall survival (OS) when compared to control in phase 2 

study [145]. It has also been observed that patients with ITD received no benefit from sorafenib 

treatment whereas patients with WT-FLT3 had improved EFS and RFS [145]. Similarly, when 

sorafenib was combined with 7+3 (AraC+Dnr) in elderly patients over 60 years did not show 

significantly improved survival [149]. Sorafenib when combined with cytarabine and idarubicin 

has shown higher response rate with CR at 95% in patients with FLT3-ITD mutation and DFS 

and OS at 13.8 and 29 months respectively [150]. Midostaurin has been approved as first-line 

treatment of FLT3-ITD patients in combination with induction chemotherapy (cytarabine + 

daunorubicin) by US food and drug administration (USFDA) for younger patients with newly 

diagnosed FLT3-ITD AML patients [151]. Overall, these first-generation tyrosine kinase 

inhibitors (TKIs) lack specificity for FLT3-ITD and this explains their transient activity when 

used as a monotherapy and may contribute to adverse effects due to targeting of multiple 

other kinases [152]. 
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To overcome these challenges, second-generation inhibitors, like quizartinib (AC-220), 

crenolanib (CP-868596) and, gilteritinib have shown higher potency, efficacy and specificity 

for FLT3. Gilteritinib and crenolanib are type I inhibitors targeting both the active and inactive 

conformations of FLT3 receptor where as quizartinib is type II inhibitor targeting only inactive 

conformation [138]. These inhibitors have shown promising single agent activity in early 

clinical trials. Gilteritinib as a monotherapy has shown response in younger patients with 

relapsed/refractory AML overall response rate (ORR) at 49% for FLT3-ITD patients and 

complete remission (CR) at 37% with median duration of response at 17 weeks [153]. 

Crenolanib has also shown activity against relapse/refractory FLT3-ITD AML as a 

monotherapy with complete remission with incomplete hematologic recovery (CRi) of 39% 

and partial response (PR) at 11% for relapse patients with median overall survival (OS) at 

33.4 weeks for treatment of naïve patients and 34 weeks for patients with FLT3-ITD mutation 

[154]. Quizartinib as a monotherapy when compared with salvage therapy has comparable 

effect on relapse/refractory FLT3-ITD patients [155]. In phase 2 studies, quizartinib has shown 

composite complete response (CRc) at 46-56% and overall response rate (ORRs) at 74-77% 

in relapse/refractory disease [156]. Quizartinib in combination with chemotherapy in younger 

patients and older patients with newly diagnosed AML appears effective [157]. Quizartinib is 

well tolerated as single agent post allo-HSCT therapy in ITD mutated patients who are in 

remission [158]. These findings suggest that the targeting FLT3-ITD mutations with highly 

selective and potent inhibitor is a promising clinical strategy which can help improve clinical 

outcome in patients. 

Gilteritinib has also been recently approved for relapsed or refractory AML with FLT3-ITD 

mutations [159], while quizartinib was not approved due to the only marginal benefit in overall 

survival in comparison to choice of traditional chemotherapy [160].  

Despite advances in the development of efficient FLT3 inhibitors, emergence of resistance to 

them poses a significant challenge [138]. It has been shown by Piloto and colleagues that 

FLT3 inhibitor-resistant cells become independent of FLT3 signalling due to FLT3-

independent activation of survival signalling pathways, such as the PI3K/AKT, RAS/ERK and 

the STAT3/STAT5 pathway, which compensate for the loss of the FLT3-mediated survival 

signalling [161]. Both inherent and acquired mutations contribute to drug resistance. WT-FLT 

is sensitive to FLT3 ligand and is usually resistant to FLT3 inhibitors. Therefore, presence of 

WT-FLT3 in patients with FLT3-ITD mutation contribute to resistance against TKIs. High level 

of FLT3 ligand (FL) present in bone marrow microenvironment can activate FLT3 signalling 

leading to survival of leukemic blast even in the presence of FLT3 inhibitors [162,163]. It has 

to be mentioned that while FLT3 alone does not drive a robust proliferative signal, it strongly 

synergises with other bone marrow-typical trophic factors, such as interleukin-3 (IL-3) and 

stem cell factor-V (SCF-V) [164]. Unfortunately, none of these FLT3 targeting tyrosine kinase 

inhibitors has shown promising results in AML patients [141]. Generally, FLT3-inhibitors 

effectively kill FLT3-mutant AML cells in the periphery but only cause a transient reduction of 

AML blasts in the bone marrow [139,165]. It is predicted that the limited clinical efficacy of the 
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FLT3 inhibitors may be due their inability to elicit the complete and sustained response in the 

AML patients. The preclinical studies for FLT3 inhibitors did not take into consideration the 

effect of the bone marrow microenvironment and the synergistic interaction between FLT3, IL-

3, SCF and other trophic factors [166]. Inadequate efficacy of FLT3 inhibitors may arise due 

to suboptimal drug concentration in plasma due to rapid metabolism by cytochrome P450 A4 

(CYP3A4) enzymes in the liver [167]. Chang and colleagues have also shown that bone 

marrow stroma cells express elevated levels of CYP3A, which provides resistance to FLT3-

ITD AML cells against sorafenib, quizartinib and gilteritinib. When combined with CYP3A 

inhibitor clarithromycin, FLT3 inhibitors overcomes the bone marrow microenvironment 

mediated drug resistance and shows higher efficacy [168].  Yang and colleagues have shown 

that bone marrow stroma secreted cytokines activate the extracellular regulated kinases 

(ERK) in AML blasts which mediated the drug resistance against the FLT3 inhibitors [163]. 

Sung and colleagues have shown that bone marrow secreted cytokines such as granulocyte-

macrophage colony-stimulating factor (GM-CSF) and interleukin-3 (IL-3) activates the JAK 

kinase, STAT5 and proviral integration of moloney murine leukemia virus (PIM) which help to 

provide the survival signal to FLT3-ITD mutated AML cells. Combining FLT3 inhibitor with JAK 

inhibitor or PIM kinase inhibitor block the GM-CSF and IL-3 mediated cell survival [169]. In 

addition, activation of FLT3 signalling in the presence of FLT3 inhibitors by downstream 

mediators like NRAS through acquisition of mutations may lead to relapse [161,165].  Sexauer 

and colleagues have shown that quizartinib induces terminal differentiation and cell cycle 

arrest of myeloid cells in bone marrow rather than apoptosis and C/EBPα mutation prevents 

the cell from differentiation offering a mechanism of resistance against FLT3 inhibitors [137]. 

Acquired FLT3 mutations such as TKD mutations can arise from type I and type II inhibitors 

that can confer resistance [170,171]. These secondary acquired mutations represent a 

complex mechanism to targeted therapies [172]. 

A important strategy to overcome the drug resistance to chemotherapy is the use of 

combination therapy [138]. In current clinical trials, combining FLT3 inhibitors with 

conventional chemotherapy is an attempt to increase the cytotoxic effect against FLT3-ITD 

mutated leukaemia cells. Future therapies focusing on the divergent pathways linked to FLT3 

signalling will provide improved combination therapy to treat and improve the response rate 

along with sustained remission in FLT3-mutant AML patients. 

 

1.5.2 IDH1/IDH2  

Genes involved in chromatin modifications and DNA methylation are identified in AML in 

mutated forms. A gain of function mutation in the mutant metabolic enzymes isocitrate 

dehydrogenases, IDH1 and IDH2, are found in 20% of AML cases [26]. Mutations were found 

in catalytically active arginine residues at R132 on IDH1, and R140 and R172 on IDH2. Instead 

of catalysing the conversion of isocitrate to alpha-ketoglutarate (α-KG) [173,174], these 

mutated enzymes catalyse the conversion of alpha-ketoglutarate (α-KG) to 2-hydroxyglutarate 
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(2-HG) [175,176]. Intracellular levels of oncometabolite 2-HG lead to hypermethylation of 

target genes, which causes a block in cellular differentiation [177]. Small molecule inhibitors 

of mutant IDH1/IDH2 were developed to reduce the levels of 2-HG and to unblock the cellular 

differentiation. AG-120 and AG-221 are currently in clinical trials against IDH1/IDH2 mutation 

respectively [178,179]. These inhibitors have shown encouraging results by triggering 

differentiation of leukemic blasts with IDH mutation. Chan and colleagues have also shown 

that IDH1/IDH2 mutated blasts are highly dependent upon anti-apoptotic B-cell CLL-

lymphoma 2 protein (BCL2) expression. Inhibition of BCL2 with venetoclax (ABT-199), a 

second-generation BH3 mimetic, induces cell death, thus suggesting a potential combination 

therapy of IDH1/2 inhibitors with venetoclax in AML [180]. FDA has recently approved the 

IDH2 inhibitor enasidenib for relapsed/refractory IDH2 mutated AML. Combination of these 

inhibitors along with induction therapy in the frontline treatment setting is currently ongoing 

[181].  

 

1.5.3 STAT inhibitors 

Signal transducer and activator of transcription (STAT) signalling pathway is shown to be 

upregulated in AML cases and confers with poor prognosis [182]. Activation of aberrant 

STAT3 or STAT5 signalling is due to a variety of upstream regulators in leukaemia (FLT3 

signalling) [183]. STAT3/STAT5 are activated by paracrine factors such as epidermal growth 

factor (EGF), transforming growth factor-alpha (TGFα), colony-stimulating factor-1 (CSF-1), 

and interleukin-6 (IL-6). In addition, epigenetic suppression of suppressor of cytokine 

signalling (SOCS), protein tyrosine phosphatases or chromosomal translocations like BCR-

ABL results in activation of STATs [182,184]. FLT3-ITD activating mutation causes aberrant 

activation of multiple downstream pathways such as PI3K/AKT, RAS/ERK, STAT3/STAT5. 

Activation of STAT5 signalling pathway by constitutively active FLT3 leads to development of 

resistance to FLT3 tyrosine kinase inhibitors [182]. Zhou and colleagues have shown that 

upregulation of FLT3 ligand and the silencing of SOCS merge to enhance the STAT signalling 

pathway [183]. Several small-molecule inhibitors to target STATs are currently being tested in 

pre-clinical studies. STAT3 inhibitors C188-9 or MM-206 have shown to induce cell death in 

FLT3-ITD AML cells. OPB-31121, small-molecule inhibitor of STAT3 and STAT5 

phosphorylation has shown activity against FLT3-ITD AML cell and overcoming the FLT3 

mediated resistance to TKI [24,184]. Combination of STAT5 inhibitor AC-4-130 (SH2 domain 

inhibitor) with JAK1/2 inhibitor ruxolitinib eradicates the primary FLT3-ITD AML blasts both in 

in vitro and in vivo studies [185]. These data support the use of combination therapy of FLT3 

inhibitors with agents targeting the STAT pathway as treatment for AML patients with FLT3 

mutations. 
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1.5.4 Cytotoxic agents 

Cytotoxic drugs like clofarabine, vosaroxin and CPX-351 are developed and approved to treat 

AML. Clofarabine is a purine nucleoside analogue and administered as a single agent with an 

overall response rate of 40% [186]. Combination of clofarabine with low dose cytarabine is 

administered as first line of therapy. Vosaroxin is a quinolone derivative, inhibits DNA 

topoisomerase II, and induces double-strand breaks in DNA. Enhanced overall survival (OS) 

and complete remission (CR) rate in vosaroxin plus cytarabine combination trial was observed 

for relapsed or refractory AML [187]. CPX-351 is a liposomal formulation of cytarabine and 

daunorubicin at 5:1 molar ratio and has shown better OS, event-free survival (EFS) and CR 

against cytarabine (100mg/m2) plus daunorubicin (60mg/m2) in older patients [188]. 

Hypomethylating agents targeting DNA-methyltransferase (DNMT) enzymes are also in clinic. 

In AML epigenetic silencing of genes by DNA methylation leads to leukemogenesis, especially 

in older patients [111,189]. Hypomethylating agents (HMA) have similar outcome as 

chemotherapy in older patients with lower toxicity. 5-azacitidine and decitabine (5-aza-2’-

deoxycytidine) are DNMT inhibitors which are recommended for low dose therapy for elderly 

patients. The activity of hypomethylating agents (Decitabine or 5-Aza) is enhanced in 

combination with histone deacetylase (HDAC) inhibitors like vorinostat, panobinostat, HDACs 

causes gene silencing by histone deacetylation thus disrupting the gene expression in 

leukemic cells [111,190]. 

 

1.5.5 Immunotherapy 

Although chemotherapy with induction and remission phases is the first treatment option, this 

is usually associated with high toxicity and high risk of relapse [191] because leukemic stem 

cell (LSC) are resistant to chemotherapy [192-194]. Cancer cells express stress proteins, 

which is recognised by the immune system through immunosurveillance and are eliminated. 

Therefore, for AML the best therapeutic option is immunotherapy, where immune cells (T-

cells, NK cells) are activated to re-establish the immunosurveillance activity against these 

cancer cells. Immunotherapy has an activity that is more specific and is well tolerated due to 

low toxicity [195]. Many AML associated antigens were identified that can be targeted by 

immunotherapy such as CD33, CD123, CD44, CD30, CD96 and TIM-3 [196]. Treatment of 

AML using immunotherapy employs various techniques that engage specific immune cells 

such as monoclonal antibody therapy, T-cell therapy, alloreactive natural killer (NK) cells and 

therapeutic vaccines [197]. Novel therapies based on antibodies are new in AML treatment 

[198]. CD33 antigen is expressed on about 80% of AML blasts; this makes it an attractive 

target for therapy. Gemtuzumab ozogamicin (GO) or Mylotarg is anti-CD33 monoclonal 

antibody which is expressed during myeloid differentiation. The antibody is conjugated with 

calicheamicin (DNA cleaving cytotoxic agent) as antibody-drug conjugate [199]. GO has been 

approved for older AML patients in combination with fludarabine, cytarabine and G-CSF 

(FLAG) [200]. Bispecific T-cell engager (BiTE) antibody construct targeting tumour antigen 
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and the T-cell receptor leading to recruitment of T-cell. First BiTE developed in AML is against 

CD33 (AMG330, CD33/CD3) [201]. CD123 (also known IL-3 receptor alpha) is expressed on 

leukemic stem cells (LSCs) and blasts. CD123 overexpression drives the cell proliferation and 

is associated with poor outcome [202,203]. Monoclonal antibodies targeting CD123 have 

shown poor response in clinical trials and new CD123 antibodies conjugated with drugs 

(ADCs) are currently being tested, such as SGN-CD123, Anti-CD123-PBD conjugate and SL-

401 with diphtheria toxin conjugated with IL-3 ligand [204,205]. Chimeric antigen receptor T-

cells (CAR-T cells) are also developed to target CD123 [206]. CAR-T cells developed against 

FLT3 have also shown good efficacy, both CD4+ T-cells and CD8+ T-cells show potency 

against WT-FLT3 or FLT3-ITD [207]. CAR-T cell therapy is growing and can provide an 

alternative therapy to treat patients with relapsed or refractory leukaemia. Immune checkpoint 

inhibitors against AML appears promising. Cytotoxic T-lymphocytes associated protein 4 

(CTLA-4) and programmed cell death protein 1 (PD-1), T-cell immunoglobulin mucin-3 (TIM-

3) and lymphocyte activating gene-3 (LAG-3) are investigating targets in AML [208].  

Understanding of molecular pathogenesis of AML has not yet been translated into clinical 

practice. New therapies hold promise to improve treatment outcomes, however, it is 

improbable that any of these drugs, when used as single agents, will cure the AML patient. 

Designing of combinatorial therapies based upon the response of specific agents can solve 

the problem. Although the challenge remains to specifically, target the leukemic cells while 

sparing the healthy cells. Understanding the reason for AML relapse or refractory disease 

along with new improved targeted drug development may help in overcoming the 

shortcomings of the present treatment regimen. 

 

1.6 Causes of drug resistance in AML 

Despite the availability of newer treatment options, the first line of therapy in AML is still a 

combination of cytarabine and daunorubicin or cytarabine with idarubicin. Resistance to 

intensive chemotherapy is the major obstacle in the treatment of AML. Firstly, in the main, 

elderly population, intensive chemotherapy can achieve complete remission in 40% of 

patients, but in over 60% of patients the CR is temporary, and they relapse. Approximately in 

85% of these patients the relapsed disease is chemoresistant [7,209], which means that in 

only 10% of the patients, long-term cure can be achieved.  

The primary reason for treatment failure is the existence of blast subpopulations that are 

resistant to the therapeutic drug. Cells that survive the treatment or are resistant to drugs 

eventually cause disease relapse. These resistant clones then evolve to become a prominent 

clone in the relapsed disease, making it even more difficult to treat [134]. Although the low-

differentiation-status leukemic stem cells (LSCs) have intrinsic mechanisms which makes 

them resistant to drugs, such as expression of drug resistance-related proteins (Multidrug 

resistance-associated protein 1 (MRP1), Protein kinase C (PKC), Topoisomerase II), genetic 
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alternations (FLT3, WT1, NRAS) driving cell survival signalling pathways (PI3K, autophagy) 

[210]. It has been proposed that leukemic stem cells (LSCs) preferentially resist chemotherapy 

treatment, providing a cellular reservoir that is thought to form the basis for relapse [211]. 

However, this prediction is primarily due to the dormant/quiescent cell-cycle status of LSCs 

[212], and these ideas have not been rigorously tested by analysing leukemic populations that 

selectively persist post-therapy. However, the concept of bone marrow microenvironment, 

where LSCs reside, as a driver of drug resistance has attracted the most attention in recent 

times. It has been shown that microenvironmental factors contribute to the selection and 

expansion of malignant LSC clones. Ding and colleagues have shown that dominant clones 

or less abundant subclones can drive AML relapse [134]. Shlush and colleagues have shown 

that relapse can originate from rare LSCs with a hematopoietic stem/progenitor cell 

phenotype, while subclones with immunophenotypically committed LSCs with a strong 

stemness like transcriptional signature can also initiate relapse in AML [28]. Defining and 

characterising the cells responsible for relapse is difficult from patients, as the number of 

residual leukemic cells reduces drastically post-treatment. This is further enhanced by the 

difficulty to resolve rare primitive AML cells from endogenous normal hematopoietic 

stem/progenitors within patient bone marrow (BM), due to overlapping molecular and 

phenotypic properties [213,214]. LSCs, much like HSCs, reside in the bone marrow niche that 

supports their clonal expansion, survival and subsequently, leading to relapse of leukaemia 

[215]. Boyd and colleagues have shown that the post chemotherapy the onset of relapse is 

due to leukemic-regenerating cells (LRCs) [216]. LRCs have a unique molecular profile, are 

transient, exists only in in vivo and are different from therapy resistant LSCs. Molecular profile 

of LRCs is conserved across various genetically diverse AML patients and identifies a 

reservoirs of minimal residual disease (MRD) in clinically treated patients who ultimately 

progress to relapse. LRCs can be therapeutically targeted given the uniquely nature of LRC 

signatures to inhibit leukaemia relapse and can also act as markers of AML disease 

recurrence. Despite recent advances, our current understanding of LSCs has been rendered 

in the absence of chemotherapy treatment, and thus represents properties of “therapy-naive” 

LSCs/therapy resistant LSCs [213]. This leaves the acute response of AML LSCs to 

chemotherapy in vivo largely unknown. These observations complement recent insights from 

Ebinger and colleagues and Passaro and colleagues that the bone marrow microenvironment 

(BMM) contributes to the dynamics of therapy response in human leukaemia [217,218], and 

mirror previous findings where leukemic cell proliferation could be stimulated in vitro by 

exposure to serum from patients who were recovering from chemotherapy treatment [219]. 

AML LSCs were shown to reside at the apex of a cellular hierarchy that initiates and maintains 

the disease, exhibiting properties of self-renewal, cell cycle quiescence, and 

chemoresistance. This cancer stem cell model offers an explanation for chemotherapy 

resistance, disease relapse and implies that approaches to treatment must eradicate LSCs 

for long term disease free survival. Therefore, identifying factors released by bone marrow 

microenvironment that confers resistance to leukemic cells is crucial to prevent relapse. Thus, 
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developing the understanding and therapeutic strategies targeting the interactions of leukemic 

cells and niche cells may lead to improved therapy. 

 

1.7 Bone marrow microenvironment  

Hematopoietic stem cells (HSCs) interact with an intricate network of cells in the bone marrow 

microenvironment (BMM) or niche facilitating their differentiation and expansion into blood cell 

lineages [215,220]. In the bone marrow (BM), HSCs are tightly regulated in their local 

microenvironment or niche, which regulates self-renewal, quiescence, proliferation and 

differentiation of HSCs through mechanisms such as cell-cell interaction or cell-paracrine 

interactions [221]. Cell types of the BM that are involved in promoting HSC maintenance, 

including osteoblasts, perivascular stromal cells, macrophages, endothelial cells, adipocytes, 

CXCL12-abundant reticular cells (CAR cells), non-myelinating schwann cells and sympathetic 

neurons. Additionally, several paracrine factors relevant to HSCs maintenance like C-X-C 

motif chemokine ligand 12 (CXCL12), transforming growth factor-beta (TGF-β), angiopoietin 

1 (ANGPT1), Notch and Wnt ligand [221,222]. BM niche maintains the HSCs primarily in 

quiescent state by providing signals to inhibit its proliferation and only upon activating signals 

these stem cells undergo proliferation [223,224]. Despite the complexity of BMM, bone marrow 

niche can be divided into two compartments- endosteal niche (near to the trabecular bone 

region or osteoblasts) and perivascular niche (near to the sinusoidal or arteriolar vascular 

endothelium) [225,226]. Arterioles run in close proximity to endosteal surface, sympathetic 

nerve fibres accompanied by non-myelinating Schwann cells, and quiescent HSCs are 

associated with periarteriolar niche in endosteal BM niche [227]. Sinusoids lines with reticular 

shaped sinusoidal cells are associated with active HSCs relocating to perisinusoidal niches 

[227,228]. Hypoxia maintain HSCs in a quiescent and pluripotent state [229]. HSCs residing 

near vascular niche are actively cycling and regularly replenish the circulating cells (Figure 

1.4). 

 

1.7.1. The Endosteal niche  

Endosteal niche is localised in the internal bone shell surface [230]. The organisation of BM 

niche in endosteal niche has been identified through imaging technologies along with 

functional assays. Endosteal niche consists of bone-forming cells osteoblasts (OB), bone-

resorbing cells osteoclasts (OC), fibroblasts, macrophages endothelial cells and adipocytes. 

Osteoblast (OB) lineage cells line the surface of the endosteum and play an important role in 

normal haematopoiesis. Osteoblasts produce extracellular matrix proteins (ECM) and form 

bone while osteoclasts resorb bone and help in bone remodelling [97]. These cells secrete 

variety of cytokines like C-X-C motif chemokine ligand 12 (CXCL12), angiopoietin-1 and 

granulocyte colony-stimulating factor (G-CSF) [231-233]. In endosteal niche HSCs interacts 

with N-cadherin+ osteoblasts and are kept in a quiescent state regulating their self-renewal 
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and protect them from chemotherapeutics [234,235]. It has been shown that HSC number can 

be expanded by increasing the osteoblast cell in endosteal niche through Jagged-1 dependent 

activation of Notch-1 [236,237]. HSCs retention and quiescence in the endosteal niche is also 

regulated by notch-1 and Jagged-1 or δ-like ligand 4 (Dll4) [238]. Osteoblast deficiency 

reduces the HSC pool by loss of quiescence and self-renewal capacity [239]. Nakamura and 

colleagues have shown that immature osteoblastic cells express high level of CXCL12 and 

stem cell factor (SCF) that maintain the HSC pool [240]. HSCs adhere to osteoblasts through 

angiopoietin receptor-2 (Tie-2), this interaction of Tie-2 with angiopoietin-1 (Angpt-1) promotes 

quiescence, enhances their survival and protects them from cellular stresses [224]. Endosteal 

niche also regulates the levels of extra cellular matrix component- osteopontin (OPN) or 

calcium ions secreted through sympathetic neurons, which were shown to negatively regulate 

the HSC number [241]. OPN interacts with CD44 and α4 integrins, which are expressed by 

HSCs, and plays a role in their localization. A defect in calcium-sensing receptor in HSC 

affects their homing in endosteal niche and reduce their long-term repopulation capacity [241]. 

Osteoblasts also play a role in regulating the endosteal niche and stem cell mobilization. There 

is evidence that HSCs regulate the differentiation of mesenchymal stromal cells into osteoid 

lineage cells, providing a bidirectional control to the endosteal niche. Bone marrow stromal 

cells (BMSC) are known to constitutively produce CXCL12, which regulates the HSCs 

mobilization, cell adhesion, survival and proliferation in BM niche [242,243]. CXCL12 

expression is negatively regulated by granulocyte-colony stimulating factor (G-CSF) 

[244,245]. Stem cell factor (SCF) induces differentiation and proliferation in HSCs and its 

receptor c-kit is essential for maintenance of quiescent HSCs in endosteal niche [4,246,247]. 

Regulatory signals in the endosteal niche in the form of paracrine factors, bound factors and 

oxygen gradient (hypoxia) control the HSC quiescence and activation, while in the vascular 

niche signalling molecules are important to sustain HSC self-renewal and maintenance 

[221,231,244]. 

 

1.7.2 The Perivascular Niche 

Perivascular niche is close to sinusoidal endothelium supported by stromal cells. Moreover, 

HSCs are associated with the vascular structure and around 60% of them are present in this 

niche. Sinusoids are distributed around draining central sinus and haematopoiesis occurs in 

the extravascular spaces between them [248,249]. Vascular sinuses are lined with endothelial 

cells and CXCL12 abundant reticular (CAR) cells. CAR cells along with mesenchymal stromal 

cells form reticular network that supports the HSC formation [250,251]. Notch signalling by 

endothelial cells is a critical regulator of HSC niche, by increasing the expression of platelet-

derived growth factor receptor beta (PDGFR-β)+ perivascular cells, CD31+ vessels, production 

of SCF thus maintaining the niche forming vessels [249]. Kunisaki and colleagues 

demonstrated that quiescent HSC localises to arteriolar region in endosteal niche, which 

consists of NestinhighNG2+LEPR- pericytes, CXCL12 abundant reticular (CAR) cells, 
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endothelial cells, nonmyelinated Schwann cells (SC) and sympathetic nerves (SN) [227]. In 

the sinusoidal niche, NG2- mesenchymal stromal cells (MSC) support the actively cycling 

HSCs [252].  

CAR cells play a role in regulation of HSC proliferation and provide resistance against the 

chemotherapeutics [253]. In a study conducted by Itkins and colleagues, it was shown that 

lower permeability of arterial vessels along with close proximity of megakaryocytes (MK) 

provides a metabolically inactive microenvironment, which helps in maintaining the quiescent 

HSC along with low levels of reactive oxygen species (ROS) [254]. Interaction between 

CXCR4 and CXCL12 are important for HSC retention and localization. CXCL12 plays an 

important role in colonization of HSCs in early development [255]. Bone marrow niche, in part, 

is mediated by circadian rhythms in sympathetic nervous system. During daytime adrenergic 

inputs downregulates the CXCL12 effecting the stem cell mobilization and up-regulates the 

CXCR4 in HSCs at night [256].  

Megakaryocytes (MKs) regulate osteoblast development in endosteal niche. MKs interact with 

the sinusoidal endothelial cells through CXCL12 and fibroblast growth factor 4 (FGF4), 

resulting in higher expression of adhesion molecules like vascular cell adhesion molecule-1 

(VCAM-1) and very late antigen-4 (VLA-4) [244,255]. These adhesion molecules retain and 

localise the HSCs in bone marrow niche. In case of depletion of blood cells or exhaustion of 

HSC, osteoblastic cells secrete Dickkopf-1 inhibitor of Wnt signalling which leads to loss of 

stem cell quiescence[257] [257]. The notch ligand, Jagged-1, expressed by endosteal cells 

leads to clonal expansion of HSCs, increasing their pool size [258] (Figure 1.4). Transforming 

growth factor-beta (TGF-β) is a negative regulator of HSC proliferation and induces 

quiescence [259]. Bone morphogenetic proteins (BMPs)-2 and -7 at high concentration inhibits 

proliferation, while BMP-4 negatively affects their survival whereas at lower concentration they 

stimulate proliferation and differentiation of HSCs [260]. Endothelial cells and bone marrow 

stromal cells express CXCL12 while HSCs express CXCR4, which regulates their mobilization 

and homing. Endothelial cells express P-selectin and E-selectin while HSCs express 

glycoprotein-1 which helps in transmigration of HSCs into the niche [261]. Migration of HSCs 

to endosteal niche after transplantation occurs with the help of hyaluronic acid (HA) [262]. 

Thus, perivascular niche regulates the haematopoiesis and support the self-renewal of HSCs 

as well as their regulation between two niches deciding the HSCs fate. 

 

1.8 Leukemic niche in haematological malignancies 

Leukaemia stem cells (LSCs) give rise to leukemic cells leading to propagation of leukaemia. 

It has been postulated the normal HSCs are expelled from the bone marrow niche by LSCs 

and the resulting microenvironment favours leukemogenesis [220]. During leukemogenesis, 

malignant clones become independent of bone marrow niche mediated physiological control 

mechanisms. In early disease onset, bone marrow homing and localisation of LSCs or pre-
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LSCs is similar to that of normal HSCs [221]. There is also increasing evidence that the 

microenvironment protects the LSCs from chemotherapeutics [263-265]. Xenograft 

transplantation assay in mice has revealed the role of microenvironmental factors in LSC 

engraftment, cell-cycle regulation and chemoresistance. CD34+/CD38- leukemic stem cells 

engraft to endosteal niche of NOD-SCID mice, these cells were found to be quiescent and 

resistant to therapy [266-269].  

Homing to microenvironment is the most important factor in sustaining AML by LSC survival. 

Several studies have shown the mounting evidence that LSC hijacks the microenvironment 

and dictates to its advantage [270,271]. It has been shown that AML generated by MLL-AF9 

chromosomal translocation depends on microenvironmental signals or cue for 

immunophenotypic differentiation.  In a study conducted by Wei J and colleagues, it was found 

that cord blood cells transformed with MLL-AF9 when transplanted into NOD/SCID mice 

transgenic for cytokine production of SCF, GM-CSF and IL-3 develops into AML [272]. This 

indicates the role of host microenvironment in determining the lineage fate and 

immunophenotypic difference [220]. Alteration in phenotype and functional properties were 

found in the mesenchymal stromal cells (MSCs) derived from AML patient and healthy donor. 

This corrupted component of leukemic niche co-operates with leukemic initiating cells (LICs) 

to maintain their dormancy and survival. Mutations in stromal cells have a primary role in AML 

initiation. Blau and colleagues has found the cytogenetic abnormalities in the stromal cells of 

AML patients [273]. BMSC from AML and MDS patient’s shows chromosomal abnormalities 

which are not clonal and differ from haematopoietic cells. Suggesting that for leukaemia 

development genetic alterations are accumulated in BMSC [274]. Despite heterogeneity in 

AML, BMSCs heterogeneity has been found to be minimal across subtypes, suggesting that 

BMSCs could be a universal target in AML therapy [275]. Deletion of Dicer 1 (RNA processor 

and miRNA synthesizer) in osterix expressing osteoprogenitor cells in mouse model causes 

MDS or occasionally secondary AML [276] suggesting that dysfunctional osteoblast 

precursors could mediate clonal evolution. Similarly, activation of beta-catenin in osteoblasts 

results in dysregulated haematopoiesis similar to that in human AML. Suggesting that the 

altered osteogenic niche could induce damage to long-term haematopoietic stem cells (LT-

HSCs) and transform them to pre-leukemic or leukemic cells [277]. Mutant allele of protein 

tyrosine phosphatase SHP2 (Ptpn11) in osteoprogenitor cells or Nestin+ MSC can develop 

myeloproliferative neoplasm (MPN) which lead to development of AML in animal studies [278]. 

Collectively it is increasing recognised that genetic aberrations in endosteal compartment 

could be a key event in AML initiation and disease progression [279]. Bone marrow-derived 

MSCs from AML patients have altered exosome micro-RNA profiles [280]. Mitochondrial 

transfer also occur between BMSCs and AML blasts protecting them against 

chemotherapeutics [281,282]. These modes of cellular or soluble mediator communication 

between BMSC and AML could alter BMSCs in AML. 

Huang and colleagues have shown higher expression of CD146 and CD105 in MSCs found 

derived from AML patients as compared to healthy control [274]. CD146 is a cell adhesion 
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molecule and its increased expression helps bone marrow support the cell renewal of LSC. 

AML derived MSCs have also shown higher expression of  CD271, which can help in 

expansion of leukemic blasts through CXCL12 [283]. It has been shown that bone marrow 

mesenchymal stromal cells from newly diagnosed AML patients have upregulated cytokine 

related genes and downregulated cell cycle-related genes [284]. Leukaemia cells remodelled 

the niche by regulating the cross-talk molecules CXCL12 and Jagged-1 to favour 

leukemogenesis [284]. Endothelial cells communicate with AML cells through paracrine 

signalling via Vascular endothelial growth factor (VEGF) leading to AML development and 

progression [285].  

Battula and colleagues illustrated that AML cells induce osteoblastic differentiation of 

mesenchymal stromal cells through BMP signalling [286] thus favouring the osteoblastic niche 

to help in AML expansion. IDH1/IDH2 mutated AML produce high levels of oncometabolite 2-

hydroxyglutarate (2-HG) which can alter the differentiation of AML cells but also affects the 

bone marrow stromal cells by upregulating the NF-kB pathway. This higher NF-kB gene 

signature leads to enhanced proliferation and chemoresistance in AML cells [180,287]. In a 

study by Ye and colleagues, it was shown that LSCs interact with adipose tissue leading to 

lipolysis in them, which in turn promote the fatty acid metabolism and chemoresistance in LSC 

[263].  Differences in BMSCs isolated from AML patients as compared with their healthy 

donors have highlighted differences in their morphology [288], growth rate [289], altered 

osteogenic or adipogenic differentiation capacity [286,289,290] [291], altered methylation 

signatures [289], and altered ability to support normal hematopoietic stem and progenitor cells 

[288,289]. 

AML derived exosomes have been indicated to regulate the bone marrow niche by interfering 

with the function of bone marrow stromal cells by altering the secretion of cytokines [292]. 

Exosomes are the critical mediators of intercellular signalling by reprogramming the stromal 

cells to support the leukaemia promoting microenvironment by enhancing the cell proliferation, 

promoting angiogenesis and secreting cytokines [293]. Lagadinou and colleagues found that 

AML cells depend on oxidative phosphorylation for survival while normal HSC utilises 

glycolysis. Therefore, targeting oxidative phosphorylation can selectively affect the leukaemic 

blasts [294].  

The above discussion suggests that leukemic cells create their malignant niche, which favours 

the LSC over normal HSCs. Leukaemia cells compete with normal HSCs for the niche and 

inhibit haematopoiesis by deregulating the HSC functions. Targeting these interactions 

represents a novel and promising therapeutic avenue in treating AML. 

  

1.9 Targeting AML-bone marrow microenvironment interaction 

Although there are a large number of targeted therapies to treat AML, yet patient outcome 

remains poor. This indicates a clear and urgent need for better treatment strategies. 
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Understanding of the niche-mediated drug resistance is growing which in turn benefits the 

identification of the interactions within BMM that influences the AML survival and progression 

to identify novel druggable targets. Translating the knowledge and biological insights into 

meaningful clinical insights for AML patients is challenging.  

One of the major challenges encountered is targeting the interactions between the leukemic 

cells and their niche to selectively target the LSC as opposed to normal HSCs. Potential 

targets include cytokine signalling, self-renewal pathways like Notch or Wnt signalling, homing 

mechanisms, or cell adhesion molecules. Niche regulation of LSC quiescence to allow long-

term self-renewal potential indicates the importance of quiescence. Ito and colleagues have 

shown that targeting the promyelocytic leukaemia protein (PML) by arsenic trioxide (As2O3) 

leads to loss of self-renewal capacity of CML-LSCs by breaking their dormancy [295]. This 

suggests that uncoupling the LSC from their protective niche can make LSC enter the cell 

cycle and thus, make them responsive to chemotherapeutics. CXCL12-CXCR4 signalling 

promotes the localization of LSC into bone marrow niche. Targeting CXCL12-CXCR4 axis can 

effectively mobilise leukemic cells out of their niche [296] and effectively target them by 

CXCR4 antagonist, plerixafor (AMD3100) or LY2510924 [297,298]. CD44 (Hyaluronic acid 

receptor) can mediate localization of LSC in BM niche, making it a promising target [299,300]. 

Jacamo and colleagues found that interaction between leukemic cells and BMM, mediated 

through VCAM-1/VLA-4, induces NF-κB activation [301]. Therefore, targeting NF-kB by small 

molecule inhibitor [302] and VCAM-1 [303] may be useful in targeting the leukemic cells. 

Proteasome inhibitors are also attractive due to their diverse effect in inhibiting cytokine-

signalling pathways. Liesveld and colleagues illustrate the role of bortezomib in inhibiting the 

migration of leukemic blasts to CXCL12 derived from stromal cells [304]. Epigenetic chromatin 

modifiers such as histone deacetylase (HDAC) inhibitors have strong effect on leukemic blasts 

including repression of self-renewal pathway [305].  

Although it remains unclear whether these niche targeting therapies mediate their effect 

through synergistic cytotoxicity, overcoming stromal cell-derived chemoprotection or specific 

targeting of LSCs by enforced cell cycling and loss of quiescence/dormancy. These therapies 

must also maintain the homeostasis for HSCs and promotes HSC regeneration. Niche residing 

leukemic cells may lead to relapse of the disease after the withdrawal of treatment. The role 

of bone marrow niche in conferring protection to leukemic cells against any type of therapy 

either through paracrine soluble factors or through direct cell-cell contact has been well 

established. The BMM is a critical regulatory component in the development and survival of 

AML in vivo. Standard cell line-based assays for cell viability and cell death are not enough to 

identify the compounds that are able to target LSCs seeded in their soil (BMM). Therefore, a 

well-designed high-through in vitro co-culture system mimicking the BMM is required to better 

target the bidirectional crosstalk between them and to identify new targets [306]. These 

systems will enable modelling of the complex BMM consisting of leukemic cells and their 

counterpart cells (stromal cells, endothelial cells etc), so that potent and efficient molecule can 

be identified in a high-throughput manner.  
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Challenges will remain in knowing the effect of targeting the BMM interaction selectively and 

how it will affect the LSCs or normal HSCs. It should also be noted that perhaps the LSCs 

might migrate to other niches in the body like spleen if they were mobilised from the bone 

marrow. Combination with chemotherapy will remain critical in order to target them efficiently 

along with the sequence of treatment. Therefore, it is important to model the bone marrow 

microenvironment in vitro to study the effect of its components on AML cell survival, 

differentiation and to develop better drug screens that considers and targets AML in this 

complexity so that new improved therapeutics will come out to better target leukaemia. 

 

1.10 Experimental tools to model the bone marrow microenvironment 

AML is characterised by a hierarchical structure, where a small population of leukemic stem 

cells or leukemia-initiating cells (LSCs) give rise to the abnormal, partially differentiated AML 

blast population [6]. LSCs, although malignantly transformed, share many properties with 

normal hematopoietic stem cells (HSCs): they reside in the bone marrow (BM) and depending 

on the signals received from their microenvironment, they either lay dormant or actively 

proliferate, but most importantly, they depend on BM-derived signals for survival 

[225,307,308](Figure 1.4).  

The bone marrow is one of the most complex and dynamic tissue microenvironments in the 

human body. It co-ordinates the production and fate of over 500 billion blood cells daily by 

instructing the processes of HSC pool maintenance, HSC clonal expansion and production of 

all red and white blood cell populations [309]. These processes are regulated by the co-

ordinated action of the various cell constituents of the hematopoietic microenvironment (or 

hematopoietic niche), including arteriolar and sinusoidal endothelial cells, osteoblasts (OB), 

adipocytes, sympathetic neurons, Schwann cells, mesenchymal stromal cells (MSC) and 

reticular cells [310]. Modelling this complex microenvironment has been a challenge and thus 

up to very recently in vivo models dominated the pre-clinical stage of drug discovery studies 

(Figure 1.5A). 
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Figure 1.4: The bone marrow hematopoietic niche and its molecular interactions driving 
quiescence, trafficking and clonal expansion of hematopoietic stem cells (HSC). Trafficking of 
HSCs involves their homing to the niche and their mobilisation. HSCs traffic in and out of the niche 
rhythmically, following the circadian cycle signalled by sympathetic neurons (SN). To home to the bone 
marrow, they follow chemokine gradients, such as that of CXCL-12 secreted by Nestin-expressing (Nes+) 
and other bone marrow (BM) stromal cells and bind to the vessel walls by recognising glycan structures, 
such as E-Selectin on BM-endothelial cells followed by extravasation. Mobilisation of HSCs and their 
differentiated progeny is triggered by reduced CXCL-12 and other chemokine expression and by 
increased levels of granulocyte colony stimulating factor (G-CSF). G-CSF triggers mobilisation through 
a monocyte/macrophage (MØ)-dependent and independent manner, the latter being much less 
characterised. MØ promote CXCL-12 expression by perivascular stromal cells and endothelial cells 
(EC). G-CSF depletes MØ and thus reduces CXCL-12 expression. HSCs are retained in the BM niche 
by multiple signals, including CXCL-12, interaction with ECM components, such as vascular cell 
adhesion molecule-1 (VCAM-1), fibronectin (Fn), collagen-1 (Col-1) and hyaluronic acid (HA). Long term 
HSCs are maintained in a quiescent state in the BM by transforming growth factor beta (TGFβ), 
angiopoietin (Angp), stem cell factor (SCF), thrombopoietin (TPO). TGFβ is produced systemically, 
mostly by the liver in an inactive form and activated by proteases produced by Schwann cells (SC). SCF 
is produced by EC, Nes+ mesenchymal stroma cells (MSC) and leptin receptor expressing (LEPR+) 
MSCs located in the perivascular region, while TPO is produced by osteoblasts (OB) of the endosteal 
region. HSCs proliferate in specific pockets of the BM to regenerate the blood cell populations, which is 
mediated by canonical and non-canonical Wnt signalling, Notch ligands, Jagged-1 (Jag-1) and Jagged-
2 (Jag-2) and the cytokine, pleiotropin (pltrp) expressed by BM stromal cells depending on the progeny 
(erythroid, lymphoid, myeloid etc.). OC: osteoclasts. 

 

1.10.1 In vivo models 

Zebrafish models of AML: Identification and dissection of normal haematopoiesis and the 

realisation that its molecular pathways are evolutionarily conserved have paved the way for 

the development of leukemia models in zebrafish [311]. Of particular importance is that most 

genes involved in the cancer-relevant cellular signal transduction pathways, such as apoptosis 

and cell cycle regulation, oncogenes and tumour suppressors as well as critical transcription 

factors controlling cellular differentiation (e.g. Hox and Pu.1) are conserved between zebrafish 

and humans [312]. The ability to generate transgenic zebrafish lines and to manipulate single-
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cell stage embryos ex vivo using morpholinos to introduce mutations or knock genes down 

has provided a robust platform for generating clinically-relevant models of AML (e.g. AML 

bearing cytoplasmic nucleophosmin (NPMc+ AML) [313], NUP98-HOXA9 transgenic 

zebrafish modelling HOXA9 overexpressing AML [314] as well as MYC and FLT3-driven AML 

[315,316] ). These models have been used for high-throughput genetic and chemical screens 

to identify suppressors and inhibitors of leukemia [317]. The main limitations of the zebrafish 

models are that the site of haematopoiesis is the kidneys as opposed to the BM, and how the 

cellular constituents of the zebrafish hematopoietic niche compare to the human 

hematopoietic system is not well characterised [318,319].  

Mouse models of AML: Rodents are the most used in vivo study organisms of AML. Similar to 

humans, adult haematopoiesis in the mouse takes place in the BM and currently the mouse 

is the best-characterised animal model of the BM niche. Inbred strains of mice have been 

used to study leukaemia since the 1930’s using either inoculation of human leukemic cells 

[320,321] or mutagene [322] treatment. Several mouse strains, such as the AKR mice 

[323,324] develop spontaneous leukaemia over time caused by the murine retrovirus MCF 

247 they carry in their genome [325]. Although these spontaneous models resemble the 

human disease and contributed to our understanding of the biology of AML, the inconsistency 

in time required to disease onset, the low or variable penetrance and overall poor response to 

therapy meant they were unsuitable for drug discovery studies. Mouse models generated by 

insertional mutagenesis, primarily using murine leukemia viruses (MuLV) produced more 

consistent disease onset and more predictable disease progression [326]. Indeed, these 

models helped to identify over 90 AML-associated genes, including hoxa9 and meis1 and 

significantly contributed to the current view of the genetic lesions that drive AML.  

The landmark technology of genetic engineering (transgenetics) using homologous 

recombination [327] provided the platform for the design, development and application of a 

vast array of mouse models of AML. The genetically engineered mouse models (GEMM) of 

AML include gene knock-in, translocator and invertor-based methods using conditional alleles 

to investigate chromosomal translocations associated with AML, such as MLL and Ews-ERG 

gene fusions [328]. Although streamlined, the generation of germline GEMMs is labour 

intensive and slow process ultimately producing only a small number of offspring with the 

required genotype. In addition, germline GEMMs often demonstrate heterogeneity in disease 

penetrance and burden making the interpretation of pre-clinical drug testing difficult.  

The increasing demand for in vivo models due to the growing number of identified oncogenic 

mutations led to the development of non-germline GEMMs (nGEMMs), where the genetic 

modification is introduced only in the HSC population ex vivo, which is then transplanted into 

the mice. Importantly, the first nGEMMs carrying the AML-specific AML1-ETO or the MLL-AF9 

fusion protein in mice closely replicated the human risk profile of these mutations [329].  

The very recent advance in the nGEMM technology [330] has used CRISPR-Cas9 gene 

editing to introduce a combination of multiple leukemogenic mutations. A combination of 
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mutations could be introduced in mouse HSCs by transducing them ex vivo with a pool of 

Cas9 and small guide RNA (sgRNA)-expressing lentiviruses that target AML-associated 

genes and then re-injecting the HSCs into the mice. It must be noted that the resulting HSC 

pool is not homogeneous, the individual cells carry mutations in a subset of the targeted 

genes. Accordingly, not all animals develop AML and it cannot be controlled which mutation 

combination is present in a given animal, making this approach more an investigational tool 

for the study of leukemogenesis than a translational tool. 

An alternative to genetic models is xenograft models where patient-derived AML cells are 

transplanted into recipient animals, predominantly zebrafish [331,332] or mouse [333,334]. 

Whilst the zebrafish is relatively immunologically naïve and thus does not reject the 

xenotransplant, to achieve AML cell engraftment in mice, immunodeficient recipient mice, 

such as the Non-obese diabetic mice with severe combined immunodeficiency (NOD/SCID) 

or NSG mice (NOD-SCID/interleukin-2 receptor γ null (IL2rγ)) have to be used [335]. Even in 

these mice, engraftment of the AML cells is still partial. Thus, the ability of the engrafted 

fraction of the AML cells to fully replicate the human disease is debated. To study the 

chromosomal translocations involving chromosome 17 associated acute promyelocytic 

leukemia (APML), classical transgenic mouse model was developed to study the myeloid 

compartment. Expression of exogenous cDNA under the regulation of myeloid-specific 

sequences using human cathepsin-G (hCG) expression vector for murine models of PML-

RARα (t15;17) [336],NPM/RARα (t5;17) [337] were generated. 

An alternative xenotransplantation approach that is currently gaining space is the 

establishment of subcutaneous, extramedullar bone marrow [338]. In these models, bone 

marrow-derived mesenchymal stromal cells (MSC) are implanted subcutaneously in a 

scaffold, such as matrigel [339], or calcium phosphate particles [340]. The implanted cells 

differentiate into a small bone (ossicle) harbouring a trabecular region and marrow with an 

apparently complete hematopoietic machinery. The advantages of this model are that (1) it is 

nearly fully human that enhances the engraftment efficacy of human leukemic cells (2) and 

the fact that both the stromal and the leukemic component can be genetically modified prior 

to implantation. 

One of the well-characterised humanised bone marrow models has been described by Chen 

and colleagues [339]. They transplanted human MSCs and endothelial colony forming cells in 

a matrigel scaffold subcutaneously into NSG mice. After 8 weeks, the transplanted cells have 

differentiated and formed a human bone-like tissue with trabecular structure and marrow 

providing a fully functional hematopoietic niche into which human AML cells could effectively 

engraft and developed extensive hypoxic regions, characteristic of the human leukemic bone 

marrow.  

Human immune system and the BMM are the most difficult to be replicate in mouse models 

because of the differences in the signalling molecules responsible for the maturation of various 

hematopoietic cell populations [341]. As a result, many malignant hematopoietic disorders do 
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not successfully engraft in conventional mice models. AML is one of these malignancies that 

fail to properly graft into the existing strains of mice due to the lack of a proper BMM, homing 

elements, absence of specific human growth factors and supporting stromal cells [342]. As a 

result, efforts were made to develop murine models that can faithfully reproduce human 

haematopoiesis. 

Early attempts to increase the support for myelopoiesis involved the use of mice injected with 

IL-3, GM-CSF, SCF [343], mice producing human thrombopoietin (TPO) [344] or MISTRG 

mice strain which produces human tumour necrosis factor (TNF) and interleukin-6 (IL-6) [345]. 

These confirmed that the introduction of human genes into mice led to the production of 

functional proteins capable of supporting engraftment and proliferation of human grafts. 

McIntosh and colleagues have developed a mouse model that can support the human AML 

cells in mouse bone marrow niches via depletion of mouse stroma cells through mutations in 

c-kit gene. SCF plays an important role in maintenance and differentiation of HSCs [346]. The 

c-kit mutated mice strain, known as NODB6.SCID Il2rγ-/- Kit (W41/W41) (NBSGW) mice, 

supports engraftment studies with human HSCs without prior irradiation. W41-NBSGW has 

higher level of CD45+ in bone marrow than non-irradiated NSG mice. 

The need for the supporting cytokines for the human myeloid cells was overcome by 

transgenic expression of hSCF, hGM-SCF and hIL-3 in NOD SCID mice resulting in NSG-

SGM3 mouse strain or NOD.Cg-PrkdcscidIl2rgtm1Wj1Tg(CMV-IL3,CSF2,KITLG)/1Eav) [342]. 

NSG-SGM3 mouse model can engraft CD34+ cells from normal and AML xenografts and has 

higher rate of engraftment as compared to NSG mice [347]. Klco and colleagues has shown 

higher rate of bone marrow engraftment and CD34+ expression levels in NSG-SGM3 mice as 

compared to NSG mice [348]. 

NSG-S mice strain developed by Krevvata and colleagues has a knock-in for human stem cell 

factor (hSCF), human granulocyte-macrophage colony-stimulating factor (hGM-CSF) and 

human interleukin-3 (hIL-3) in NSG background mice. 82% of primary AML samples engrafted 

with higher leukemic burden and shorted survival as compared to NSG mice [349].  

Another humanised mice developed by Flavell’s team where mice is repopulated with human 

immune system. MISTRG are immunodeficient mice lacking T and B lymphocytes and NK 

cells, preventing rejection of human grafts. These mice express human SIRPa protein which 

protects the human cells phagocytosis. MISTRG has 4 genes encoding human cytokines M-

CSFh/h IL-3/GM-CSFh/h hSIRPAtg TPOh/h Rag2−/− Il2rg−/−. MISTRG supports the engraftment of 

HSPCs and supports the maintenance of these cells in serial transplantation assay. This 

model is unique in supporting the development of functional monocytes and macrophages 

and natural killer cells [345,350]. 

AML xenotransplantation into immunodeficient murine models is a valuable tool for the 

expansion and study of some aspects of the biology of human AML. Xenotransplantation 

models are still limited by their inability to address the interplay of leukemic blasts with different 

cells of the immune system and to dissect the cell autonomous from cell non-cell autonomous 
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aspect of the disease as they tend to develop other spontaneous malignancies. To overcome 

these limitations, new advances in the fields of bioengineering and synthetic material 

development to create biological inserts or scaffolds [351]. These scaffolds help in creating a 

humanised microenvironment in mouse that can efficiently support graft cell expansion and 

differentiation. Ceramic scaffolds coated with human mesenchymal stromal cells (hMSCs) 

when implanted subcutaneously in NSG mice were able to support the non-engrafting AML 

samples. The scaffold supported their proliferation, maintained clonal heterogeneity and LSC 

self-renewal capacity [352]. To study the AML heterogeneous sub-clones detection patient 

samples, Chao and colleagues developed an induced pluripotent stem cells (iPSC) techniques 

to establish AML-iPSC. AML-iPSC do not possess a transformed phenotype; however, these 

cells retain their leukemic potential upon induced hematopoietic differentiation and are able to 

induce disease in NSG mice [353]. Interestingly, when stimulated to differentiate towards non-

hematopoietic lineage, AML-derived iPSC are able to form non-malignant cells from all three 

embryonic germ layers. 

Extramedullar, humanised or chimeric bone marrow systems are currently being tested for 

translational models of not only AML, but also for ALL and MM [340,354,355]. While mouse 

models can recapitulate multiple features of the BMM, they are time and labour intensive 

requiring several weeks for the establishment of the leukaemia even in the fastest, 

extramedullar bone marrow models due to which they are not well suited for high throughput 

drug screens or detailed mechanistic studies. To address this gap, sophisticated ex vivo AML 

culture models are being developed (Figure 1.5A and Table 1.5).  

 

Table 1.5: Cytokine combinations used in ex vivo HSC and AML cultures. 

Cytokine cocktail Cell type 
Culture media/Stromal 
support 

References 

SCF, IL-3, IL-6, FLT-
3L, TPO 

Cord blood CD34+ cells 
IMDM+ FCS/Stroma 
free culture 

[356] 

IL-3, G-CSF, TPO 
Peripheral blood and 
bone marrow derived 
CD34+ cells 

LTC medium (Alpha 
MEM, FCS, Horse 
serum, 
β-mercaptoethanol, 
hydrocortisone/ MS-5 
stromal cell support 

[357] 

FLT-3L, SCF, IL-3 
Peripheral blood CD34+ 
cells 

RPMI1640/ BM-MSC 
stromal cell support 

[358] 

IL3, TPO, G-CSF Leukemic stem cells 
Myelocult H5100 
medium/ MS-5 stromal 
support 

[359] 

SCF, TPO, FLT-3L,  
IL-6 

Umbilical cord blood 
CD34+ cells 

Stemspan serum free 
medium/ BM-MSC or 
UC-MSC stromal 
support 

[360] 

SCF, IL-3, GM-CSF, 
G-CSF 

Cord blood 
mononuclear cells 

IMDM, 10% FBS/ stroma 
free culture 

[361] 

SCF, GM-CSF, IL3, 
TPO, FLT-3L 

Cord blood CD34+ cells 
IMDM, FCS /Stroma free 
culture 

[362] 
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SCF, GM-CSF, IL-3, 
TPO, IL-6 

Cord blood CD34+ cells 
IMDM, FCS /Stroma free 
culture 

[362] 

SCF, TPO, FLT-
3L,IL-3, G-CSF, IL-
6, GM-CSF, SCGF, 
IL-11 

Cord blood 
mononuclear cells 
(CD34+CD38-, CFC, 
LTC-IC) 

IMDM, BSA, Insulin, 
Transferrin/ Stroma free 
culture 

[363] 

SCF, TPO, FGF1, 
Angptl-5, IGFBP2 

Cord blood CD34+ cells 
Stem span serum free 
medium/ Umbilical cord 
MSC stromal support 

[364] 

SCF, TPO, FLT-3L, 
IL-3, IL-6, GM-CSF, 
G-CSF, EPO 

Cord blood CD34+ cells 
Myelocult medium/ BM-
MSC stromal support 

[365] 

SCF, FLT-3L, TPO 
Cord blood CD34+ 
CD38- cells 

BIT 9500 medium/ 
Stroma free culture 

[366] 

SCF, FLT-3L, TPO, 
IL-3, IL-6, G-CSF,  
GM-CSF 

Umbilical cord blood 
CD34+ cells 

Stemspan serum free 
medium/ Stroma free 
culture 

[367] 

 
SCF- Stem cell factor, GM-CSF- Granulocyte-macrophage colony stimulating factor, G-CSF- 
Granulocyte colony stimulating factor, FLT-3L- Fms-like tyrosine kinase 3 ligand, TPO- Thrombopoetin, 
IL-3- Interleukin-3, IL-6- Interleukin-6, EPO- Erythropoetin, FGF-1- Fibroblast growth factor-1, Angptl-5- 
Angiopoietin like-5, IGFBP2- Insulin-like growth factor binding protein-2. 

 

1.10.2 Layered stroma-AML co-culture models 

The first BM stroma-AML culture models were based on ex vivo culture models of healthy 

hematopoietic stem cells developed to study the process of HSC differentiation. One of the 

first of these models was the Dexter culture model [369] (Figure 1.5 B). The basal cell layer in 

the Dexter culture consisted of mixed BM stromal cells obtained by flushing out the marrow 

from mouse femurs and sub-culturing the adherent cell fraction. After establishing the stromal 

cell layer, HSCs - also isolated from mouse BM - were seeded onto it. The feeder stromal cell 

layer could maintain prolonged HSC viability and stemness (over 7-12 weeks), especially 

when the culture medium was supplemented with cytokines [370,371], which could not be 

achieved in pure HSC cultures. This advantage could be due to the direct cell-cell interaction 

between HSC and BM stromal cells in addition to the stromal-secreted paracrine factors. The 

Dexter model still forms the basis of many HSC and AML ex vivo culture models. These 

models vary in the subset of BM cellular components and paracrine factors incorporated and 

the incorporation of a 3D scaffold or not.  

Cytokine-supplemented culture system: A major mechanism by which the BM niche supports 

HSC function is the secretion of cytokines and chemokines. Soluble factors like CXC motif 

chemokine ligand 12 (CXCL12, also known as stromal derived factor 1α, SDF1α), interleukin-

1 (IL-1), IL-6, IL-8, thrombopoietin (TPO) and Flt3 ligand (FL) are known BM-derived trophic 

factors that control the survival and expansion of hematopoietic stem cells [356,372-374]. The 



 

37 
 

  
 
Figure 1.5: In vivo and ex vivo culture models. (A) The history of in vivo and ex vivo experimental 
AML model development. The boxes show the year when each model has been developed and the first 
example published. (B-F) The configuration of the different ex vivo culture models. (B) Dexter culture 
system where primary HSC cells are co-cultured with the adherent cell fraction of primary bone marrow 
aspirates. (C) Long-term AML-MSC co-culture developed by Gosliga and colleagues [357]. (D, E) 
Scaffold-supported 3D culture models. (D) Microspheroid HSC-bone marrow stroma culture developed 
by the Wu laboratory [368] where a collage scaffold is used to mimic the 3D bone marrow structure. (E) 
Non –microsphere scaffold culture. The 3D scaffold can derive from decellularised extracellular matrix, 
collagen, hydrogels, hydroxyapaptite-collagen combinations, synthetic scaffolds etc. (F) Hybrid in vivo-
ex vivo models. Bone on a chip recently developed where bone marrow is formed in vivo in a PDMS 
capsule containing bone-inducing material (BMP: bone morphogenic protein) subcutaneously implanted 
into mouse. This engineered bone marrow (eBM) implant can then be explanted and maintained ex vivo 
in using a microfluidic system.  
 

increasing understanding of the paracrine regulation of HSC function and the opportunity to 

gain a highly reproducible and tightly controllable model, pure HSC cultures have been tested 

where instead of a stromal feeder layer, the culture medium was supplemented with 

recombinant cytokines only (for a summary of the cytokine use of the various ex vivo models, 

please refer to Table 1.5). In comparison to the Dexter model, the cytokine cocktail alone could 

3D spheroid 

Cytokines Cobblestone 

area

3D scaffold
HSC
Stromal cells

Bone inducing material

(Collagen I, BMP2, 4) 

PDMS device 
Subcutaneous

implantation 

Chip insertion into 

microfluidic system

Stromal cells
HSC

Medium

Medium 

scaffold
MSC HSC

In vivo generation of

a bone marrow chip

MS5 stromal cells

explantation 

eBM

B C

D E

F

201420122007199719911977197619691938

In
 v

iv
o

 m
o

d
el

s
E

x 
vi

vo
 m

o
d

el
s

Disseminated xenograft 
models: Human AML BM 

engrafted in SCID mouse [335]

Extramedullar models:
Humanised AML-bearing ossicle 

[339]

Spontaneous models:
AKR mouse model  [324]

Layered co-culture: 
models:  Dex ter HSC co-

culture [369]

Scaffold-supported co-
cultures: Collagen 

microsphere HSC culture [368]

Hybrid ex vivo-in vivo 
models: Bone on a chip 

(eBM)[387]

Chemical-induced models
Transmissable AML models [321]

Virus-induced models:
Rauscher-v irus-induced AML [326]

Genetically engineered 
models: PML-RAR transgenic 

mouse [336]

Long-term AML co-
culture: CD34+-AML-MS5 

culture model [357]

A



 

38 
 

support HSC viability only for a shorter period of time. Additionally, the increasing recognition 

of the impact of the direct interactions between the stroma and HSCs on HSC functionality 

and AML drug resistance deemed this model unsuitable for drug testing studies.  

Based on the Dexter culture system, Gosliga and colleagues developed and extensively 

tested the first long-term co-culture system for the ex vivo maintenance of primary AML cells 

[357,375] (Figure 1.5C). The culture was based on an immortalised mouse BM mesenchymal 

stromal cell line (MS5) as the feeder layer onto which primary, patient-derived AML cells were 

seeded. The great advantage of the MS5 cells is that the confluent cell layers can be stably 

maintained for prolonged periods of time. Many other immortalised MSC cell lines lack this 

feature (e.g. HS5) that makes them unsuited for long-term cultures. While irradiation can be 

applied to gain a non-proliferating MSC culture, the irradiation-induced DNA damage and 

cellular senescence can have unpredictable effects on the AML cells. For example, HS5 cells 

show variable, inconsistent responsiveness to irradiation with regards to cell cycle arrest and 

the irradiated cell culture deteriorates within a 3-5 day period (unpublished observations, ES 

lab). Other modification that the Gosliga culture system included was 12.5% horse serum (in 

addition to 12.5% foetal calf serum) and exogenous supplement of the cytokines IL-3, 

granulocyte colony-stimulating factor (G-CSF) and thrombopoietin (TPO).  

In this co-culture the CD34+ immature cell population - that includes LSCs - penetrated 

beneath the MS5 feeder layer and formed little clusters. These clusters appeared as so-called 

cobblestone areas, which are non-reflectile regions when the culture is visualised by light 

microscopy (Figure 1.5C). The cobblestone areas of the CD34+ population maintained self-

renewal capacity and the ability to generate the more differentiated AML blast progeny, which 

appeared as the cell fraction floating above or loosely attached to the upper surface of the 

MS5 feeder layer. The cobblestone-forming cells could be serially re-plated on MS5 feeder for 

several weeks without losing this hierarchical organisation (LSCs generating more 

differentiated blast cells). Unfortunately, the feeder-layer generated ECM or the drug 

responsiveness properties of the AML cells in this culture have not been tested or compared 

to that of in vivo models. A shortcoming of this model is the mouse-origin of the feeder layer 

that may not mimic the human stromal cell features sufficiently. Finally, the co-culture can only 

model the BM MSC-AML interactions as no osteoblasts, endothelial cells or other BM stromal 

cell types are incorporated.  

In order to address the species incompatibility, Ito and colleagues have tested a co-culture 

model where primary human BM stroma was used as a feeder layer [358]. For the co-culture, 

the feeder layer was generated from the adherent cell fraction of BM aspirates taken from 

healthy volunteers. Proliferation of the feeder cells was blocked by exposing them to a high 

dose (50 Gy) of irradiation. This feeder layer could support AML survival between 4-6 weeks. 

Interestingly, supplementation of the culture with recombinant IL-3, FLT3 ligand and stem cell 

factor (SCF) led to a rapid and very substantial drop in the CD34+/CD38- LSC-harbouring 
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population, which could be due to the quiescence-promoting effect of SCF highlighting the 

need for comprehensive testing of the correct cytokine cocktail supplementation.  

The Bonnet laboratory further developed the layered co-culture system and compared the 

drug response of AML cells maintained ex vivo to that of in vivo using immunodeficient mouse 

models in a small AML sample cohort [359]. The study found that BM-MSCs had a higher 

potency to support AML cell survival than HUVEC endothelial cells or the osteoblast-derived 

SAOS2 osteosarcoma cells and in transplantation assays they found that low O2 (3%) 

concentration supports LSC self-renewal over normoxic conditions. The niche-like conditions 

consisted of MS5 stromal layer supplemented with IL-3, G-CSF and TPO in hypoxic 

conditions. Importantly, in this ex vivo culture primary AML cells displayed a comparable 

sensitivity profile to cytarabine as in vivo in mice, emphasizing that even a relatively simple 

and easy to control ex vivo model system may be sufficient to mimic the effect of the leukemic 

BMM on drug resistance. 

The layered co-culture system has also been applied for specialised high-throughput drug 

screening [376]. The Golub laboratory screened over 14,700 compounds to identify drugs that 

could selectively kill LSCs receiving stromal support using layered co-culture. The screen 

allowed the identification of drugs that eradicated LSCs via a non-cell-autonomous manner by 

impacting stromal function as well as drugs that directly targeted LSCs. The findings were 

corroborated with primary AML samples and by in vivo transplantation assays.  

Overall, the layered co-culture models hold promise because they are cheap, allow tight 

control over the system components, easy to manipulate and perfectly scalable for both high-

throughput testing and mechanistic studies. To determine their true potential, their ability to 

replicate the in vivo drug response of AML cells is essential. These studies would need to 

comprehensively characterise the culture models with regards the actual cellular composition 

of the used stromal feeder layer, the stroma-produced ECM and paracrine factors and finally 

the differences between the different sources of stromal feeders, such as healthy versus 

leukemic and between individual AML patients.  

 

1.10.3 Scaffold-supported AML-stroma co-culture models 

A major question about the layered co-culture models is how faithfully they can represent the 

spatial, 3-dimensional trabecular bone microenvironment. In the layered co-culture the stromal 

cells are likely to be polarised as the basal surface of the cells (the one adhering to the culture 

dish surface) receives a very different set of signals from the apical side (exposed to the 

culture medium). To overcome these limitations, numerous biomimetic 3D models of HSC 

expansion and differentiation have been developed [377,378] using a broad range of 

biomimetic materials as scaffolds, such as collagen microspheres, hydrogels of natural or 

artificial origin, de-cellularised ECM extracts and synthetic polyacrylates with varying success. 

It is important that in order to model the 3D BMM the scaffolds need to be designed with 

properties comparable to that of the in vivo BM including pore size, surface area to volume 
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ratio and surface cell-adhesive features to allow free penetration of cells and establishment of 

cell-cell and cell-niche associations. 

The first well characterised scaffold-supported HSC differentiation model has been described 

over 20 years ago by the Wu laboratory [368] where mouse BM-MSC and human BM-

mononuclear cells (including HSCs) were seeded on microspheres generated from bovine 

collagen (Figure 1.5D). To simulate blood flow and increase nutrient supply within the 

microspheres the culture was perfused with Dexter’s growth medium. This 3D collagen 

scaffold model was superior to the layered Dexter culture as it supported the differentiation of 

multiple blood cell lineages, which also confirms that inclusion of the 3D bone matrix creates 

a closer model of the BMM. Efforts were made to add more complexity to these models by 

addition of further ECM components [360], such as fibronectin, laminin and 

glucoseaminoglycans (heparin sulphate, hyaluronic acid). This avenue however is too 

complicated with questionable advantages when considering that the ECM is a supra-

molecular structure, which is difficult to be replicated by mixing purified ECM components. 

Currently it is not clear to what level of complexity the BM ECM would need to be replicated 

in ex vivo models although increasing number of BM ECM components are being reported to 

contribute to AML cell homing, engraftment and consequent drug resistance. Thus, de-

cellularised BM matrix or BM-MSC and osteoblast-produced ECM may be better sources of 

scaffolds [379,380]. 

Synthetic materials, such as polyethylene glycol derivatives (PEG), poly(glycolic acid), 

polyurethane (PU) and ploy(dimethylsiloxane) (PDMS) are also gaining attention for their easy 

to modulate properties and broad range of possible formulations (Figure1.5E). Since to date 

none of these models have been explored for AML, due to space restrictions, the details of 

these HSC culture models are not covered here (a summary and references provided in Table 

1.6) [381,382]. 

Table 1.6: Scaffold-supported ex vivo AML-stroma culture models. 

PEG- Polyethylene glycol, PGA- Poly (glycolic acid), PLLA- Poly (L-lactic acid),  
PLGA-Poly (L-lactic-co-glycolic acid), PU- Polyurethane, PET-Polyethylene terephythlate,  
PVF- Polyvinyl formal, PMMA- Poly (methyl-methacrylate), PDMS- Poly (dimethylsiloxane). 

Source of 
biomaterial 

Culture system 
Bone marrow 
Components 

Screened for 
drug 
sensitivity 

References 

Natural Collagen scaffold 
Isolated MSCs, 
CD34+ HSCs 

No [360,368,383] 

 
Bone derived/ 
Decellularised scaffold 

Mouse isolated 
MSCs and 
MS5 stromal 
cell 
derived ECM, 
CD34+ HSCs 

No [383-385] 

Synthetic PEG hydrogels 
Isolated MSCs, 
CD34+ HSCs 

No [379,386] 

 
PGA/PLLA/PLGA/ 
PU/PET/PVF/PMMA 

Isolated MSCs, 
Leukemic cell 
lines 

No [364,381,382] 

Chip 
Bone inducing 
biomaterial 

Whole bone 
marrow 

No [387,388] 
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1.10.4 Hybrid in vivo-ex vivo models 

While ex vivo models are increasingly used (Figure 1.5A), until the in vivo leukemic BMM 

features are better characterised, there will be an uncertainty to what level and exactly what 

features of the in vivo BMM can be replicated in ex vivo conditions. To bridge this gap, the 

best BMM models incorporate an in vivo implantation stage, typically into mice. This allows 

population of a biomimetic scaffold by mouse MSCs and circulating HSCs and consequent 

establishment of a self-regulated hematopoietic niche. This niche has close resemblance to 

the natural BMM, with well-developed/distinguished endosteal and perivascular niches, 

multiple stromal cell types and ECM [339,387,388].   

The first example of the hybrid models - developed by the Martin laboratory [387] - used a 

bioreactor to create the core unit ex vivo by perfusing a hydroxyapatite scaffold first with BM 

stromal cells to establish a stromal fraction followed by perfusion with HSCs. This core unit 

was then implanted subcutaneously into nude mice for 8 weeks. The implantation fostered not 

only haematopoiesis, but also ECM deposition, as well as vessel- and sinusoid formation.   

The approach of the second hybrid model (engineered bone marrow; eBM), developed by the 

Ingber laboratory [388], was opposite to the above bioreactor model in the sense that 

establishment of the BMM occurred in vivo in an implanted scaffold-capsule, which was then 

removed and maintained ex vivo by connecting it to a microfluidic pump (Figure 1.5F). To 

establish the BMM, demineralised bone powder and bone morphogenetic proteins (BMP2 and 

BMP4), embedded in a cylindrical hole within a poly(dimethylsiloxane) (PDMS) disc was 

implanted subcutaneously in mice with the opening of the capsule facing towards the 

subcutaneous muscle layer. In the implanted unit a BM with blood supply and an outer shell 

of compact bone developed. Histological comparison of the eBM and bones confirmed that its 

morphology and cellular composition was nearly identical to that of the natural BM. After a 6-

8 week implantation period, the chip could be removed and maintained ex vivo for several 

weeks with steady-state haematopoiesis. This model serves as a proof of concept for the 

creation of the hematopoietic BM tissue on a chip. This model was able to perform the complex 

functionalities of the hematopoietic niche and proved to be superior to the solely ex vivo 

models. 

Unfortunately, none of the hybrid models have been tested for their ability to harbour and 

support AML cells, retain LSC functionality and replicate chemotherapy-resistance mediated 

by the leukemic BMM. 

 

1.10.5 Concluding remarks 

Therapeutic outcomes for AML patients have not improved significantly over the past twenty 

years. With the advance of genomics, new, promising drug targets have been identified. 

However, inhibitors against these targets have shown limited clinical efficacy. This disparity is 

a consequence of the current lack of high throughput assays able to model the protective 
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effect of the BMM. While a broad range of ex vivo systems have been developed to model the 

healthy hematopoietic bone marrow, this capability has not been translated for the 

development of urgently needed ex vivo models of AML. Reasons for this may include 

scepticism about the feasibility of such models given the complex and dynamic nature of the 

BMM, the currently limited understanding how AML cells shape this microenvironment and the 

heterogeneous nature of this microenvironment across AML patients and AML subtypes. 

While undoubtedly technically challenging, the success of ex vivo HSC differentiation models 

provides proof that complex features of the BMM can be replicated ex vivo. Emerging, 

although small-scale studies that applied HSC co-culture settings to AML cells and tested the 

drug response profile ex vivo found that it could replicate the in vivo response. While these 

results are promising, the number of studies that tested primary AML cells; cells that truly 

depend on the BMM (as opposed to secondary cell lines) were small-scale studies and tested 

only one model system. Without doubt the HSC/AML ex vivo models have numerous 

components, ranging from the presence and type of 3D scaffolds, the source and type of 

stroma cells, the addition of exogenous cytokines and the applied oxygen concentration, all of 

which makes comparative testing and identification of the best model a real challenge. 

However, as demonstrated by the Bonnet laboratory [359] a relatively simple, layered co-

culture model, can successfully mimic in vivo BMM-mediated drug resistance. This suggests 

that not all features of the BMM may need to be incorporated into ex vivo models to suit drug 

discovery purposes and more widely to AML translational research.  

Over the past number of years our understanding of the BMM and its influence on AML 

development and therapy has exponentially increased. While the field undoubtedly faces 

technical challenges, this is an exciting time in AML research.  

 

1.11 Aims and Objectives 

The overall aim of this thesis is to understand the interactions between leukaemic cells and 

bone marrow microenvironment and to design novel therapies to target these interactions. 

This thesis comprises of three studies, which collectively investigate the role of bone marrow 

microenvironment in protecting the malignant cells against the chemotherapeutics. 

Objective 1: To develop an ex-vivo co-culture model system that mimics the bone marrow 

microenvironment for the functional drug testing and to predict the clinical response of AML 

patient to chemotherapeutic treatment. 

Objective 2: To identify a therapeutic strategy that can overcome the drug resistance the 

bone marrow niche mediates against chemotherapeutics or BH3 mimetics. 

Objective 3: To identify the mechanism through which the bone marrow microenvironment 

mediates resistance against FLT3-targeting tyrosine kinase inhibitors (TKIs) and to identify a 

therapeutic strategy that can sensitise the niche residing FLT3-ITD AML cells.  
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Preamble to Chapter 2: Statement of Contribution 

 

This chapter includes work which is currently under review. This work has also been presented 

and published as an American Society of Haematology (ASH) 2018 conference abstract in 

Blood Supplementary 2018 (Dhami et al, Blood suppl. 2018). I have performed the wet lab 

experiments except for the ECM studies, which were carried out by Andrea Tirincsi in 

collaboration with Dr. Dimitrios Zeugolis. I have also generated all the figures, performed 

statistical analysis, analysed the data and wrote the manuscript along with my supervisor Dr. 

Eva Szegezdi. Our clinical collaborator from University Hospital Galway, Dr Janusz Krawcyzk 

and Beaumont Hospital Dublin, Dr John Quinn provided the clinical information on the patient 

samples. All other authors contributed to editing of the manuscript. 
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2.1 Abstract  

Between 10-40% of acute myeloid leukaemia (AML) patients are resistant to induction therapy 

with cytarabine (AraC) and anthracycline. While the patient outcome could be improved by 

selecting the right induction therapy, reliable prediction of treatment failure based on 

cytogenetics, molecular profile or gene expression signatures is still a challenge. The impact 

of the bone marrow microenvironment (BMM) is increasingly recognised as a reason for this. 

Thus, the aim of this study was to develop a functional drug test which incorporates the impact 

of the BMM to predict the clinical response to AraC+daunorubicin (Dnr). We have developed 

and characterised a 3D co-culture of primary AML blasts with matched bone marrow stromal 

cells (BMSCs isolated from the same patient) or with immortalised BMSCs. Immortalised 

BMSCs could closely replicate effect of the patients’ own BMSCs with regards to maintaining 

AML blast viability and driving chemotherapy resistance. With kinome and secretome studies, 

we show the complex signalling networks triggered by BMSCs driving AML survival and drug 

resistance. By monitoring the percentage of surviving AML blasts and the CD34+/CD38- sub-

population, we show that the BMSC-AML co-culture is superior to AML blast single cultures in 

predicting clinical response. By calculating a drug efficacy score, we found that the developed 

BMSC-AML co-culture can predict the clinical response to AraC+Dnr therapy with very high 

accuracy [area under curve (AUC=0.94)]. The advantage of this model over more complex 

pre-clinical AML models is its suitability to be developed into a laboratory diagnostic tool to 

advance the clinical decision on treatment choice.  
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2.2 Introduction 

Acute myeloid leukaemia (AML) is the second most common form of adult leukaemia [73]. 

The mainstream therapy, which 60-70% of patients receive is intensive chemotherapy based 

on the nucleoside analogue, cytarabine (AraC) and anthracyclines (typically daunorubicin 

(Dnr) or idarubicin) [389]. Between 10-40% of patients, however, fail to respond to induction 

therapy (primary refractory disease defined by not achieving complete remission (CR) after 1 

to 2 cycles of treatment) [11]. Treatment of these patients is difficult; they are typically referred 

to as haematopoietic stem cell transplantation (HSCT) [390]. 

Currently, the decision to use intensive chemotherapy is based on physical fitness and 

prognostic markers as no biomarkers or functional test exists to reliably predict treatment 

failure [391]. It is increasingly accepted that patient outcome would improve if better ways of 

selecting the induction therapy existed [392]. Early death is also a major concern, affecting 

between 35-47% of patients, with the rate being the highest in the main, elderly population 

(age over 65) and in patients with weaker physical fitness [393,394]. Thus, there is a pressing 

need for a method to predict primary refractory disease to spare patients from the toxic effects 

of an ineffective treatment. If a patient was predicted to be refractory to AraC+Dnr, alternative 

therapies such as etoposide, mitoxantrone, CD33-targeting antibodies, isocitrate 

dehydrogenase (IDH) inhibitors or BH3 mimetics [395] could be considered. Additionally, an 

accurate tool to identify primary refractory disease could be an important aid in the selection 

of this high-risk patient group for clinical trials. 

While it is routine clinical practice to isolate mononuclear cells from bone marrow aspirates 

and there are a number of sophisticated methods to culture AML blasts enabling ex vivo drug 

efficacy testing [381,388,396-398], how closely these systems replicate the actual clinical 

response of the patient, i.e. the in vivo efficacy of the chemotherapy is not known.  

The aim of this study was to develop a theranostic drug testing system that can accurately 

predict the clinical response of the patient. To achieve this aim, we have established and 

characterised an ex vivo 3D, layered co-culture of patient-derived AML cells with bone marrow 

mesenchymal stromal cells, where the cell-cell, cell-extracellular matrix and paracrine 

interactions, typical of the bone marrow microenvironment (BMM) could be recapitulated. Here 

we report that this ex vivo co-culture system can be utilised to reliably predict the clinical 

response of AML patients to induction chemotherapy. 

 

2.3 Materials and Methods 

2.3.1 Cell culture 

Molm13 AML cells (ATCC) were cultured in RPMI1640 (Gibco), HS-5 human bone marrow 

stromal cells (ATCC) in DMEM (high glucose, Gibco), healthy donor primary bone marrow 

stromal cells (HD-pBMSCs) and human telomerase (hTERT) immortalised healthy donor 
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primary bone marrow stromal cells (iMSC) in MEM (Sigma). For each cell type the medium 

was supplemented with 10% Hyclone FBS (Fisher), penicillin (100 U/ml, Sigma), streptomycin 

(100 µg/ml, Sigma), sodium pyruvate (1 mM, Sigma) and GlutaMAX (2 mM, Gibco).  

 

2.3.2 Patient samples 

Mononuclear cells and bone marrow stromal cells (BMSC) isolated from marrow aspirates of 

newly diagnosed AML patients were provided by Blood Cancer Biobank Ireland (BCBI). 

BMSCs were isolated and expanded ex vivo in αMEM medium. Primary AML mononuclear 

cells were cultured in RPMI1640 medium (Gibco) containing 10% Hyclone FBS, penicillin (100 

U/ml), streptomycin (100 µg/ml) and GlutaMAX (2 mM, Gibco) and sodium pyruvate (1 mM, 

Sigma). Cell viability was assessed at the time of thawing the cells and only samples that 

showed a minimum of 75% viability were used for experiments. 

 

2.3.3 Ethical approval 

All patients and healthy donors provided written informed consent, in accordance with 

Research Ethics Board-approved protocols of each BCBI collection sites: University College 

Hospital, Galway and Beaumont Hospital, Dublin. This study was fully compliant with all 

relevant ethical regulations regarding human participants.  

 

2.3.4 Ex vivo culture of AML mononuclear cells with bone marrow stromal cells  

BMSCs were fluorescently labelled either by stable expression of green fluorescent protein 

(GFP, HS-5 cells) or by loading the cells with the long-term cell tracker, CFSE (5-(and 6)-

Carboxyfluorescein diacetate succinimidyl ester) (Biolegend) (HD-pBMSC, iMSC). BMSCs 

were then seeded in 24 well plates at the density of 50,000 cells/ml and cultured for 48 h in 

αMEM medium after which the medium was removed and replaced with primary AML cells 

seeded at the density of 500,000 cells/ml in RPMI-1640 medium. After 24 h of co-culture, the 

cells were treated with a 3:1 molar ratio of AraC (Sigma) and Dnr (Sigma) for 24 h and 48 h.  

 

2.3.5 AML cell viability and phenotyping 

MNCs were pipetted off the stromal cell layer and were blocked with 1%BSA/PBS for 20 min 

on ice prior to incubation with anti-CD34-PE and anti-CD38-APC-H7 antibodies (BD 

Bioscience, San Diego, USA) in 1% BSA/PBS (Sigma) for 30 min on ice in the dark. After 

washing off unbound antibodies, the cells were stained with the viability dye, To-Pro3 

(Molecular Probes) by adding it in a final concentration of 1 µM for 15 min on ice in the dark. 

Stained samples were analysed using BD FACS Canto II flow cytometer (BD Bioscience, San 
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Diego, USA). A minimum 30,000 events were collected in the AML blast gate (GFP/CFSE 

negative cells). Detached BMSCs were excluded from the analysis based on their green 

fluorescence FSChigh/GFP+ (GFP expression of HS-5 cells and CFSE-labelling of pBMSCs 

and iMSCs) (Supplementary figure 2.8). 

Cell death in the Molm13 AML cell line was quantified with Annexin V-APC staining. Cells 

were collected and stained with Annexin V-APC in Annexin V buffer (10 mM HEPES/NaOH, 

pH 7.5, 140 mM NaCl, 2.5 mM CaCl2) for 15 min on ice in the dark. Samples were analysed 

on a FACS Canto II flow cytometer. 

 

2.3.6 Cytokine secretome analysis  

Soluble factors (chemokines and cytokines) secreted by BMSCs were determined with 

proteome profiling using the Human XL Cytokine Array kit (R&D Systems). Culture medium 

from BMSCs was collected after 48 h of culture. The medium was cleared by centrifugation at 

4000 x rpm for 5 min at 4ºC and then incubated with the antibody array as described in the 

manufacturer’s protocol and developed using X-ray film (Agfa-CP-BU). The X-ray images 

were analysed using the HLImage++ software (Western Vision Software, USA). 

 

2.3.7 Kinome analysis of AML cells 

Activation of intracellular kinases (by phosphorylation), receptor tyrosine kinases and mitogen-

activated protein kinases (MAPKs) in Molm13 cells were determined using the Human 

Proteome Profiler Antibody array from R&D systems (43 phospho-kinases, 49 receptor 

tyrosine kinases and 26 MAPKs). Molm13 cells were cultured in the presence or absence of 

the immortalised bone marrow stromal cells (iMSC) for 48 h after which the Molm13 cells were 

harvested, lysed and the arrays probed according to the manufacturer’s protocol and 

developed using X-ray film (Agfa-CP-BU). The X-ray images were analysed using the 

HLImage++ software (Western Vision Software, USA). 

 

2.3.8 Network and pathway analysis 

The activated kinases (receptor tyrosine kinases, intracellular kinases and MAPKs) in the 

Molm13 cells upon co-culturing with bone marrow stromal cells underwent pathway and 

network analysis using the phospho-proteomic analysis tool of the Ingenuity pathway analysis 

software (Qiagen). 

 

2.3.9 Immunocytochemistry 

iMSCs and primary human bone marrow mesenchymal stromal cells (pMSCs) were cultured 

in 8-well chamber slides (Lab-tek® II Chamber Slide System) at a density of 50,000 cells/ml 
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for 7 days. At the end of the culture period, the cells were washed with Hanks’ balanced salt 

solution (Sigma) and fixed with 2% paraformaldehyde (Sigma) for 15 min at room temperature 

(RT). Unspecific antibody binding sites were blocked with 3% bovine serum albumin (Sigma) 

in PBS for 30 min at room temperature (RT) followed by incubation of the slides with primary 

antibodies against collagen I (Abcam, ab34710), IV (Abcam, ab 21295), VI (Abcam, ab6588) 

and fibronectin (Sigma, F0791) for 90 min at 1:200 dilution, at RT. The signal was developed 

by adding Alexa Fluor 488-labelled secondary antibodies for 30 min at 1:500 dilution, at RT in 

the dark (goat anti-mouse IgG (A32723, Thermofisher) for anti-collagen IV, VI, and fibronectin 

antibodies or anti-rabbit IgG (A-11034, Thermofisher) for anti-collagen I antibody). After 

washing off excess antibodies, slides were fixed with 2% PFA for 15 mins at RT, the nuclei of 

the cells were counterstained with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI, 

Sigma) and slides were mounted with Fluorosave mounting media (Calbiochem). Images were 

taken with an Olympus IX-51 inverted fluorescence microscope. Images were analysed with 

ImageJ software. 

 

2.3.10 Decellularisation and Immunostaining 

BMSCs were cultured in 8 well chamber slides (Lab-tek® II Chamber Slide System) for 7 days. 

After 7 days of ECM deposition, cells were washed with HBSS and de-cellularisation was done 

by treating cells with 0.5% sodium-deoxycholate (Sigma) containing protease inhibitors 

(Sigma) for 10 min. To remove DNA, 1000U/ml of deoxyribonuclease I (Sigma) was added to 

chambers for 20 min at 37°C. The slides were gently washed with PBS to remove any cellular 

debris. Immunostaining of ECM was performed against collagen I (Abcam, ab34710), III 

(Abcam, ab23746), VI (Abcam, ab6588) and fibronectin (Sigma Aldrich, F0791). Images were 

taken with Olympus IX-51 inverted fluorescence microscope (Olympus, Waltham, US) and 

image analysis was performed with ImageJ.   

 

2.3.11 Statistical Analysis 

FACS data visualization was performed using FCSExpress (DeNovo Software Inc, USA) and 

statistical analysis performed using GraphPad Prism (GraphPad Software Inc., La Jolla, USA) 

software packages. Pearson correlation analysis (two-tail) was performed using GraphPad 

Prism correlation analysis package (GraphPad Software Inc., La Jolla, USA). Area Under the 

Curve (AUC) - Receiver Operating Characteristics (ROC) curve for measuring the model’s 

performance was calculated using MedCalc (MedCalc software v18, Ostend, Belgium). 

 

2.4 Results 

To develop a functional drug efficacy test that can recapitulate the key features of the BM 

microenvironment we have established a co-culture model where primary, patient-derived 
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AML cells were cultured in direct contact on a layer of BMSCs providing ECM, cell-cell contact 

and paracrine trophic signals, replicating multiple features of the BMM.  

Because MSCs in the bone marrow of AML patients have reduced clonogenic potential and 

proliferative capacity and they also rapidly undergo senescence under in vitro/ex vivo culture 

conditions [284,289,399], we tested whether immortalised BMSCs can be used. Immortalised 

MSC were immunophenotypically tested for mesenchymal stem cell surface markers as 

described by International society for cellular therapy (ISCT) [400] and were found to be 

CD11b-, CD34-, CD45-, CD73+, CD90+, CD105+. iMSCs were also tested for their 

differentiation potential as shown by Kassem’ group [401] into osteoblasts, adipocytes and 

chondrocytes. To test the suitability of immortalised BMSCs (healthy donor-derived BMSCs 

immortalised with HPV-16 E6/E7 (HS-5), or with human telomerase (iMSC)) to model primary 

BMSCs, we compared them to primary (non-immortalised) BMSCs derived from healthy 

donors (HD-pBMSC) and the patients’ own BMSCs (AML-pBMSC). Three main characteristics 

of the BMSCs were studied: cytokine/chemokine secretion, formation of ECM-BMSC proteo-

cellular scaffold and ability to support ex vivo AML blast survival.  

 

2.4.1 Immortalised BMSCs have a bone marrow-typical secretome 

The secretome of HS-5 cells, iMSCs and HD-pMSCs were determined using the Human XL 

cytokine array detecting 102 cytokines and chemokines. HS-5 cells, iMSCs and HD-pBMSC 

secreted 39, 44 and 51 paracrine factors, respectively (Table 2.1, Supplementary Table 2.1) 

including all key BMM-typical factors reported to contribute to BMM-mediated drug resistance, 

such as angiopoietin 1, granulocyte-colony stimulating factor (G-CSF), C-X-C motif chemokine 

12 (CXCL12), CXCL10, vascular endothelial growth factor (VEGF), fibroblast growth factor, 

interleukin-6, interleukin-8 (IL-8) etc. 51% of cytokines/chemokines were common between 

iMSCs and HD-pBMSC, while the HS-5 secretome shared 43% commonality with HD-pBMSC 

(Supplementary Figure 2.1, Supplementary Table 2.1).  

 

2.4.2 Support for AML survival and drug resistance 

To determine the ability of the different BMSC types to support AML blast survival, BM-derived 

AML blasts from 6 patients were cultured on HS-5 cells, iMSCs or the patient’s own BMSCs 

(matching AML-pBMSCs) over 5 days. Immortalised BMSCs supported the survival of the 

blast cells to similar extent as the patient’s own BMSCs, except in Patient 2, where the AML 

cells showed better viability in the absence of BMSCs, including the patient’s own BMSCs, 

indicating that these cells may depend on a factor produced by other BMM constituent cells 

(Figure 2.1) (Supplementary table 2.3). 
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Table 2.1: Cytokines/chemokines commonly secreted by pBMSC, HS-5 cells and iMSCs. 

Gene ID 
Gene 
Symbol 

UniProt Protein Name 

283 ANG Angiogenin 

285 ANGPT2 Angiopoietin-2 

627 BDNF Brain-derived neurotrophic factor 

682 BSG Basigin 

1116 CHI3L1 Chitinase-3-like protein 1 

1435 CSF1 Macrophage colony-stimulating factor 1 

2022 ENG Endoglin 

2919 CXCL1 Growth-regulated alpha protein 

3569 IL6 Interleukin-6 

3576 CXCL8 Interleukin-8; Multifunctional fusion protein 

3605 IL17A Interleukin-17A 

3627 CXCL10 
C-X-C motif chemokine 10; C-X-C motif 
chemokine 

3976 LIF Leukemia inhibitory factor 

4282 MIF Macrophage migration inhibitory factor 

5054 SERPINE1 Plasminogen activator inhibitor 1 

5329 PLAUR 
Urokinase plasminogen activator surface 
receptor 

5806 PTX3 Pentraxin-related protein PTX3 

6347 CCL2 C-C motif chemokine 2 

6387 CXCL12 Stromal cell-derived factor 1 

6696 SPP1 Osteopontin 

7057 THBS1 Thrombospondin-1 

7422 VEGFA Vascular endothelial growth factor A 

9518 GDF15 Growth/differentiation factor 15 

9965 FGF19 Fibroblast growth factor 19 

22943 DKK1 Dickkopf-related protein 1 

Bold indicates cyto/chemokines known to present in the bone marrow 
microenvironment. 
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Figure 2.1: BMSCs promote the survival of AML blasts. Bone marrow-derived primary AML cells 
from 6 patients were cultured on 3 different BMSC layers: HS-5 cells, iMSCs and the patient’s 
own BMSCs (matching AML-pBMSCs). Viability of the AML blasts was followed over 5 days 
using To-Pro3 cell viability staining by flow cytometry (BMSCs excluded based on their 
GFP/CFSE positivity).   

 

After confirming that both HS-5 cells and iMSCs were able to give resistance to AML cell lines 

against chemotherapeutics and targeted agents (cytarabine, sorafenib, quizartinib, 

(Supplementary Figure 2.2), their ability to protect primary AML blasts against drugs was 

compared. AML blasts were cultured with HS-5 cells, iMSCs or the patients’ own BMSCs 

(AML-pBMSCs) and treated with BH3 mimetics (ABT-737 and ABT-199) or with the 

combination of AraC+Dnr. BMSCs, regardless of their type, gave protection against all drugs 

and the effect of the immortalised BMSCs was comparable to the matched AML-pBMSCs, 

except for AraC+Dnr treatment for patient 5 (Figure 2.2). This overall trend was retained after 

48 h of treatment (Supplementary Figure 2.3). iMSCs showed a stronger cytoprotective effect 

compared to HS-5 cells and in some cases higher than the matched AML-pBMSCs, especially 

after 48 h of treatment (Supplementary Figure 2.3).  
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Figure 2.2: Comparison of drug resistance mediated by different BMSCs. AML blasts from 6 
patients were cultured alone or with HS-5, iMSC or matched pBMSC feeder layers for 24 h. Cells were 
then treated with the combination of AraC+Dnr (A-F) or with the BH3 mimetics, ABT-737 (G, I, K, M) and 
ABT-199 (H, J, L, N). After 24 h of treatment the mononuclear cells were gently removed from the co-
culture and induction of cell death in the AML blasts was determined with flow cytometry in the GFP-

/CFSE- population with To-Pro-3 staining. 

 

In order to characterise the potential survival signalling pathways driving drug resistance, 

BMSC-mediated activation of receptor tyrosine kinases and intracellular kinases in AML cells 

was determined. Contact with iMSCs drove a profound change in kinase activation in AML 

cells, with 43 kinases activated and 8 inhibited  at cutoff of FDR <0.05 and log2 fold change 

of 1.5 (Figure 2.3A, Supplementary Table 2.2, Supplementary figure 2.5A). Ingenuity signal 
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transduction network analysis (Qiagen) showed that the activated kinases drive several 

converging BM-typical pro-survival signalling pathways demonstrating the substantial effect 

BMSCs have on how AML cells are equipped against cytotoxic drugs (Figure 2.3B, 2.3C, 

Supplementary figure 2.5).  

 

Figure 2.3: Contact with BMSCs drives BM-typical receptor tyrosine kinase activation and 
survival signalling in AML cells. (A) Volcano plot of BMSC-driven kinase activation. Molm-13 AML 
cells were cultured with iMSCs for 24 h after which the activation status of receptor tyrosine kinases and 
intracellular signalling kinases were determined with proteome arrays. Grey: kinases with unchanged 
activity, red: activated kinases, green: downregulated kinases, orange: kinases with a significant change 
in activity but below the 2-fold change cut-off. (B) Kinase pathways regulated by BMSCs driving cell 
survival signalling. Red shading of kinase nodes shows activated kinases, green: inhibited kinases, 
orange edges: change in activity driving cell survival, yellow edges: changed activity inhibiting survival. 
(C) Cascade of pro-survival cell signalling pathways activated by BMSCs in residing AML cells. 
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2.4.3 Characterisation of the extracellular matrix 

The core infrastructure of the BM is formed by a proteo-cellular scaffold of ECM fibres and 

BMSCs [402]. To characterise whether such an ECM-BMSC scaffold is formed ex vivo, 

deposition of key BM ECM proteins by BMSCs was determined using fluorescent 

immunocytochemistry. Deposition of core ECM microfibers, namely fibronectin, collagen I, IV 

and VI showed a similar structure between pBMSC and iMSC cultures with a tight association 

between the ECM fibres and BMSCs, confirming the in vitro formation of the BM-like proteo-

cellular scaffold (Figure 2.4). Of note, we found that the ECM deposited by iMSCs 

(Supplementary Figure 2.4A) alone was not sufficient to potentiate drug resistance 

(Supplementary Figure 2.4B&C). Although, a positive control was required for this experiment 

showing the effect of iMSC-Molm13 co-culture in protecting the cells against AraC and 

quizartinib treatment.  

 

Figure 2.4: Deposition of extracellular matrix proteins is similar in both pBMSCs and iMSCs. 
pBMSCs and iMSCs were cultured in chamber slides and immunostained for key bone marrow ECM 
proteins. Representative fluorescent microscopy images for fibronectin, collagen I, IV, and VI shown 
(BMSC nuclei: blue, deposited ECM proteins: green). 
 

2.4.4 The layered bone marrow stroma-AML co-culture can accurately predict the 

clinical response to induction chemotherapy  

The ex vivo co-culture system, while able to replicate key features of the BMM, is a highly 

simplified model of the BM with many components of the hematopoietic niche missing. To 

determine how faithfully the BMSC-based co-culture can replicate BMM-mediated drug 

resistance and the consequent clinical response of patients, primary AML blasts were cultured 

alone or on an iMSC layer and AraC+Dnr-induced AML cytotoxicity was determined 

(Supplementary figure 2.6).  

A total of 20 patient samples were screened all of whom received 3+10 AraC+Dnr therapy in 

the clinic. The median age of the patients was 67 years. All patients were analysed by 
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conventional G-band karyotyping, FISH as part of the clinical routine to identify the AML 

cytogenetics (Table 2.2).  

First, we determined how well AraC+Dnr-induced cytotoxicity correlated between the single 

culture of AML blasts to AML-BMSC co-culture based on the percentage of surviving AML 

blasts at the highest drug dose (parallel to the clinical assessment of CR) by calculating 

Pearson’s correlation. The percentage of surviving blasts showed a moderate positive 

correlation between single and co-cultures (r = 0.615, p = 0.0039; Supplementary figure 2.7A), 

with a noticeably weakening correlation with increasing drug resistance. We then compared 

the drug response determined in the ex vivo co-culture (% surviving AML blasts at highest 

drug dose) to the clinical response of the patients. The single culture showed a poor correlation 

with the clinical response (r = 0.399, p = 0.0809; Supplementary figure 2.7B). On the other 

hand, the co-culture system showed a significant, moderate correlation with clinical response 

(r = 0.635, p = 0.0026; Supplementary figure 2.7C).  

In order to better capture the variable kinetics of drug sensitivity of individual patient samples, 

we also quantitated drug response by calculating the area under the curve (AUC) from the 

plotted cell death – drug dosage graphs using the trapezoid model.  

Based on the AUC values calculated from the 48 h viability measurements the samples were 

segregated into 2 groups, the first where the drug response value was under 35% (drug-

resistant sample), and the second above 35% (drug-sensitive, Figure 2.5A). By comparing the 

ex vivo measured drug response to the clinical response, the ex vivo tests predicted primary 

refractory disease in 6 out of the 7 cases tested and complete remission (responders) in 10 

out of 11 samples (Table 2.2). Using the drug efficacy score and calculating the area under 

the ROC curve our model predicted the clinical response of patients with AUC=0.94 (p-value 

= <0.001, Figure 2.5B). While the assay could not predict the 2 partial responses, the overall 

accuracy of the ex vivo test is still very high (Supplementary figure 2.7D).  

The clinical follow-up of the patients showed that 54.4% (6/11) of the CR patients relapsed. 

Relapse has been correlated to the leukaemia-initiating cells [266,403-405], broadly identified 

as the CD34+/CD38- population. Accordingly, we also found that the CD34+/CD38- population 

showed much higher resistance against AraC+Dnr than the bulk blast population shown by 

their substantial accumulation in the live fraction post-treatment (median frequency of 1.335% 

and 54.34% in the control vs highest dose AraC+Dnr treatment, respectively, Figure 2.5C), 

however we found no correlation between either pre-treatment CD34+/CD38- cell frequency 

or their accumulation in the surviving cell fraction after treatment with relapse (p-value = 0.795, 

r = 0.0885) (Supplementary figure 2.7E).  
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Figure 2.5: Ex vivo layered co-culture assay of the bone marrow stromal cells (BMSC) and bone 
marrow derived AML cells. Immortalised bone marrow stromal cells (iMSC) were cultured for 48 h 
followed by the seeding of primary bone marrow derived AML cells on to the layered BMSC. After 24 h 
of co-culturing the cells were treated with the cytarabine and daunorubicin (AraC+Dnr) to 3:1 molar ratio 
at three different clinically relevant doses. The cell viability and phenotyping for CD34+/CD38- was 
conducted after 24 h and 48 h of treatment using flow cytometry.  (A) Drug efficiency (%) was calculated 
using area under curve (AUC) for each time point and doses using trapezoid model showing the 
statistically significant difference (p-value = 0.0001) among the cohort of resistant and responder to the 
AraC/Dnr treatment. (B) Area under the ROC curve analysis of the drug efficacy values was calculated 
for the samples screened in the ex vivo co-culture and compared to that of clinical response-resistant or 
responder. AUC value for prediction model is 0.94 (p-value= <0.001). (C) The percentage of surviving 
CD34+/38- population in AML patients was monitored before and after 48 h of treatment with AraC/Dnr. 
There is an enrichment of CD34+/38- population with increase in treatment dosage in the surviving 
population. 
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Table 2.2: Clinical characteristics and disease history of primary samples used for drug efficacy testing. 
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2.5 Discussion 

Cytarabine and anthracycline-based treatment is the standard induction therapy for AML 

patients [406,407]. Once the patients achieve remission, depending on their prognosis, they 

undergo either chemotherapy-based consolidation therapy or for poor-risk patients, 

hematopoietic stem cell transplantation [408]. Between 20-55% of patients are however 

refractory to AraC+anthracycline based induction chemotherapy [409]. The current best 

practice to predict refractory disease is the prognostic classification by ELN, based on 

cytogenetics and molecular profiling, however, it is not designed to predict treatment 

response, but overall prognosis [16,410,411]. The current best model to predict induction 

treatment failure incorporates aspects of cytogenetics, mutational profile, physical status and 

gene expression signatures [392,412]. However, the accuracy of these studies could still not 

reach that of a robust clinic diagnostic tool (AUC above 0.9). Studies conducted by Herold 

and colleagues [413], Walter and colleagues [100] and Krug and colleagues [414] had AUC 

values of 0.76, 0.78 and 0.68, respectively. The genetic, epigenetic and biological 

heterogeneity of AML indicates that a functional drug testing may predict treatment response 

with higher efficacy than that of gene expression signatures. Our study highlights that a 

relatively simple, layered co-culture consisting of healthy donor-derived BMSCs and AML 

blasts isolated from BM aspirates can replicate the in vivo drug response and thus can be 

used as a theranostic test to predict a patient’s response to AraC+Dnr induction therapy.  

Layered co-cultures to model normal haematopoiesis and to culture AML blasts are broadly 

used since Dexter and colleagues [415] have first described it in 1977. It is also well 

established that BMSCs can provide survival signals to AML cells and protect them from 

cytotoxic drugs[416-419]. However, to our knowledge, this is the first report to show that an 

ex vivo co-culture can predict the patient’s clinical response. Supporting our results, the 

Bonnet laboratory has also shown that a layered co-culture (where the mouse BMSC cell 

line, MS-5 was used as the feeder layer) could replicate in vivo drug sensitivity by comparing 

the ex vivo drug response to that of xenotransplanted AML cells into NSG/SCID IL-2Rγ 

common chain null mice [359]. Our results show that a similar layered co-culture, although 

based on human, not mouse immortalised BMSCs, could reliably predict patient response. 

The model had equally high accuracy in predicting both refractory disease and complete 

remission. Out of the 20 patient samples tested, we found a mismatch in 2 patients. Patient 

12, which appeared to be resistant in the ex vivo assay however achieved CR in the clinic, 

although later relapsed. Patient 18 was a responder in the ex vivo assay but was resistant 

to treatment in the clinic. There are a few possible explanations for why these patients may 

have a mismatch with the clinical response. Firstly, it is possible that in some cases the ex 

vivo co-culture cannot fully capture the cross-talk between the AML blasts and the BMM and 

secondly, as it is a short-term assay, it may not capture the knock-on effect of the 

chemotherapy on the BMM itself. Additionally, further studies to understand the clonal 
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heterogeneity and evolution of the AML blasts in these patients via single-cell transcriptomics 

could help to identify the drug-resistant clones and thus better predict treatment outcome. 

BMSCs provide an environment to AML blasts, which contains essential factors for their 

survival. In their absence, the sensitivity of AML blasts to chemotherapeutics and targeted 

agents is enhanced. BMSCs secreted a large number of trophic factors typical of the bone 

marrow and deposited an ECM, which formed a proteo-cellular network typical of the bone 

marrow. Of note, we found that the deposited ECM alone could not provide drug resistance, 

as a decellularized BMSC-generated ECM could not give any protection against AraC or 

quizartinib to AML cells (Supplementary Figure 4B&C). We believe that the deposited ECM 

plays a crucial role in two aspects of the BMM, firstly, in the organisation of the BMSC 

network required for its optimal functioning and secondly for binding cytokines and 

chemokines thus creating their concentration gradients and presenting them to the 

hematopoietic lineage cells [420-422].  

While BMSCs are the most abundant cell type in the BMM [310,423,424], the BMM is 

considerably more complex, containing endothelial cells, sympathetic neurons, osteoblast, 

adipocytes, all of which have been reported to have an impact on stem cell quiescence, 

hematopoietic differentiation, clonal expansion, processes interlinked with AML 

pathogenesis and drug resistance [222,399,417]. Furthermore, there is increasing evidence 

that the AML cells can reshape the BMM to serve their own advantage. BMSCs isolated from 

AML patients were found to have impaired functionality and clonogenic potential [284], 

questioning how faithfully, healthy donor-derived BMSCs can replicate patient-specific 

BMSC or BMM functions. Importantly, we found that HD-derived BMSCs and the patients’ 

own BMSCs provided a similar level of survival support and drug resistance to AML blasts.  

One considerable limitation of layered ex vivo co-cultures is their ability to support long-term 

hematopoietic/leukemic stem cells (LT-HSC). LT-HSCs/LSCs can lay dormant in specialised 

pockets of the BMM with low metabolic activity making them more resistant to drugs than the 

more differentiated and proliferating blasts. Selective survival of LSCs is a key driver of 

relapse [270,425]. Using this model, we found that in all patients, the CD34+/CD38- cell 

population, encompassing the LSC population was more resistant to AraC+Dnr than the bulk 

blast population leading to their enrichment in the surviving cell fraction. While we could not 

find a correlation between the frequency of the CD34+/CD38- population and clinical 

response or relapse, it is potentially due to the small number of relapsed patients. To be able 

to assess the contribution of LSCs to relapse, other factors may also need to be taken into 

consideration, such as the effect of consolidation therapy on LSC survival, and the effects of 

the treatment on the BMM. AML cells are also known to reshape the bone marrow 

microenvironment according to their need [222,426,427]. A study by Ding and colleagues 

[134] has shown that relapse in AML is associated with the acquisitions of specific mutations 

during the therapy. Thus, predicting relapse may require genetic characterisation of the LSC 

encompassing CD34+/CD38- sub-populations [403,412]. 
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This study focused on AraC+Dnr treatment as most patients receive this therapy. However, 

the results warrant further studies whether this assay could be used to predict the efficacy of 

other drugs and drug combinations, such as FLT3 inhibitors, or BH3-mimetics.  

Ability to predict drug response within days would allow clinicians to consider alternative 

treatment options for refractory patients. Foreseeing that the patient is resistant to AraC+Dnr 

can prevent exposure of the patient to a treatment which is not effective and may lead to 

early death or weakening the patient that they become unfit for alternative chemotherapy. 

Instead, alternative treatments, such as high dose AraC, myeloablative therapy, or based on 

molecular profiling, targeted therapeutics, such as IDH1/2 inhibitors, FLT3 inhibitors could 

be used to achieve CR and prepare the patient for hematopoietic stem cell transplantation. 
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2.6 Supplementary figures 

 

 
 
 
Supplementary Figure 2.1: BMSC secrete a plethora of cytokines and chemokines. 

(A) Representative antibody arrays of BMSC culture supernatants.  
The identity of the spots on the array can be found here: 
https://resources.rndsystems.com/pdfs/datasheets/ary022b.pdf  (B) Venn diagram showing 
the commonality in secreted cytokines/chemokines across BMSCs types.  
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Supplementary Figure 2.2: Bone marrow stromal cell-mediated drug resistance in AML cell 
lines. 

Molm-13 AML cells were seeded on established layers of HS-5 cells and iMSCs. After 24 h 
of culturing, cells were treated with cytarabine (AraC) (A-B), sorafenib (C-D) and quizartinib 
(E-F). Molm-13 cell viability was measured after 24 h and 48 h of treatment using Annexin V 
staining and flow cytometry.  
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Supplementary Figure 2.3: Comparison of drug resistance against cytarabine and daunorubicin 
mediated by different BMSCs. 

AML blasts from 6 patients were cultured alone or with HS-5, iMSC or matched pBMSC 
feeder layers for 24 h. Cells were then treated with the combination of AraC+Dnr for 48 h. 
Induction of cell death in the AML blasts was determined with flow cytometry in the GFP-
/CFSE- population using ToPro-3 staining. 
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Supplementary Figure 2.4: ECM proteins do not offer drug resistance to AML cells against 
chemotherapeutics. 

For generation of decellularised ECM, iMSCs were cultured in chamber slides for 7 days 
after which the cells were removed from the ECM as described in Materials and Methods. 
(A) Immunofluorescence images confirming the removal of cells and retained ECM matrix 
after decellularization by detecting collagen I, III, VI and fibronectin with 
immunofluorescence. The top row shows the composite images of the fluorescence 
channels followed by the images of the individual channels: Hoechst (nuclei, blue), TRITC 
(red, cell membrane), FITC (ECM protein, green). (B-C) Effect of iMSC-deposited ECM on 
AML drug resistance. Molm-13 AML cells were cultured alone or on decellularized ECM for 
24 h prior to treatment with (B) cytarabine (AraC) and (C) quizartinib. Cell viability was 
measured with Annexin V staining after 24 h of treatment with flow cytometry.  
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Supplementary Figure 2.5: Phospho-proteomic analysis of FLT3-ITD AML cells in contact with 
BMSC in the bone marrow microenvironment.  

Molm13 cells were cultured with BMSCs for 24 h in a layered co-culture system. Activation 
of receptor tyrosine kinases (RTK), cytosolic kinases and mitogen activated protein kinases 
(MAPK) were analysed using antibody array. (A) Examples of the BMM regulated kinases in 
AML cells as identified in the dot plot. (B) Network analysis was performed to find out the 
significant and unique interactions. Key targets of the BMM induced kinase signalling in 
category of cell proliferation and apoptosis. 
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Supplementary Figure 2.6: Ex vivo co-culture of AML blasts with BMSCs can faithfully replicate 
the patient response in the clinic to AraC+Dnr treatment. 

Bone marrow derived AML blasts were cultured with or without the iMSC stromal feeder layer 
for 24 h followed by treatment with 3:1 molar ratio of cytarabine (AraC) and daunorubicin 
(Dnr) combination. Cell viability was measured after 24 h and 48 h of treatment using ToPro3 
dead cell staining. Graphs on left hand side (A, C, E, G, I, K, M, O, Q, R, S and T) show the 
percentage of live blasts cells in the bulk population surviving the treatment for the responder 
patients, while the graphs on the right-hand side (B, D, F, H, J, L, N and P) shows the dose 
response of the resistant patients. 
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Supplementary Figure 2.7: Pearson correlation plots among different variables showing their 
association. 
(A) Different variables like % surviving population is single culture was compared to that of co-culture, 
shows a strong association. (B) % surviving population in single culture compared to that of clinical 
response group (1= responder and 2= resistant to treatment) shows a moderate but non-significant 
association. (C) % surviving population in co-culture system compared to clinical response shows a 
moderate and significant association. (D) Pearson correlation of drug efficacy of co-culture system in 
predicting the clinical response (1= responders and 2= resistant to treatment) shows a strong and 
significant association. (E) Correlation between % surviving CD34+/CD38- cells in the surviving 
population in predicting the relapse and complete remission (1= samples which achieved complete 
remission and 2= samples which had relapse) shows no correlation. 

 

 

% surviving blasts-single culture

%
s
u

r v
i v

i n
g

b
l a

s
t s

-

A
M

L
- B

M
S

C
c
o

- c
u

l t
u

re

0 20 40 60 80 100
0

20

40

60

80

100

Pearson coefficient (r) = 0.6150
p-value (two-tailed) = 0.0039

% surviving blasts-single culture

C
li
n

i c
a
l
re

s
p

o
n

s
e

0 20 40 60 80 100
0

1

2

3

1
=

R
e

s
p

o
n

d
e

r

2
=

R
e

s
i s

ta
n

t

Pearson coefficient (r) = 0.3996
p-value (two-tailed) = 0.0809

% surviving blasts-AML-BMSC co-culture

C
li
n

i c
a
l
re

s
p

o
n

s
e

0 20 40 60 80 100
0

1

2

3

1
=

R
e

s
p

o
n

d
e

r

2
=

R
e

s
i s

ta
n

t

Pearson coefficient (r) = 0.635
p-value (two-tailed) = 0.0026

Drug efficacy-co-culture

C
li

n
i c

a
l

r e
s

p
o

n
s

e

0 20 40 60 80 100
0

1

2

3

1
=

R
e

s
p

o
n

d
e

r

2
=

R
e

s
i s

ta
n

t

Pearson coefficient (r) = -0.6484

p-v alue (two-tailed) = 0.0020

A B

C D

% surviving CD34
+
/CD38

-
post treatment

R
e
s
p

o
n

s
e

0 20 40 60 80 100
0

1

2

3

1
=

C
o

m
p

l e
te

re
m

i s
i o

n

2
=

R
e

l a
p

s
e

Pearson coefficient (r) = 0.0885
p-value (two-tail) = 0.7957

E



 

73 
 

 

Supplementary Figure 2.8: Flow cytometry gating strategy. 

(A) Forward scatter (FSC) Vs side scatter (SSC) plot showing all the events recorded (B) 
FSC Vs GFP or CFSE dot plot to gate out the detached HS-5 cells (GFP+) or iMSC/pBMSC 
(CFSE+). (C) Gating the viable cells with To-Pro3 dead cell stain in the bulk AML cell 
population. (D) CD38 (APC-H7) vs CD34 (PE) dot plot to gate and determine the CD34+ 
population in single stained sample using anti-CD34 (PE) antibody. (E) CD38 (APC-H7) vs 
CD34 (PE) dot plot to gate and determine the CD38+ population in single stained sample 
using anti-CD38 (APC-H7) antibody. (F) CD38 (APC-H7) Vs CD34 (PE) dot plot showing the 
gating strategy for the CD34+ /CD38- population in the viable AML bulk population. 
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2.7 Supplementary Tables 

Supplementary Table 2.1: List of cytokines/chemokines secreted by HS-5, iMSC and 
primary BMSC as determined by antibody-based arrays in the conditioned medium. 

Table showing the unique cytokines/chemokines for each of the three stromal cell types and 
common among at least two the stromal cell types. 
 

Gene ID Gene Symbol Protein Name 

Unique for pBMSC 

176 ACAN Aggrecan core protein 

1401 CRP C-reactive protein 

2638 GC Vitamin D-binding protein 

3082 HGF Hepatocyte growth factor 

3567 IL5 Interleukin-5 

3673 ITGA2 Integrin alpha-2 

3934 LCN2 Neutrophil gelatinase-associated lipocalin 

4353 MPO Myeloperoxidase 

6363 CCL19 C-C motif chemokine; C-C motif chemokine 19 

6462 SHBG Sex hormone-binding globulin 

7037 TFRC Transferrin receptor protein 1 

7412 VCAM1 Vascular cell adhesion protein 1 

56729 RETN Resistin 

Unique for HS-5 

943 TNFRSF8 Tumor necrosis factor receptor superfamily member 8 

2683 B4GALT1 Beta-1,4-galactosyltransferase 1 

3553 IL1B Interleukin-1 beta 

Unique for iMSC 

727 C5 Complement C5 

2247 FGF2 Fibroblast growth factor 2; Fibroblast growth factor 

3383 ICAM1 Intercellular adhesion molecule 1 

3485 IGFBP2 Insulin-like growth factor-binding protein 2 

6364 CCL20 C-C motif chemokine 20 

29949 IL19 Interleukin-19 

Common between pBMSC and HS5 

354 KLK3 Prostate-specific antigen 

959 CD40LG CD40 ligand 

1803 DPP4 Dipeptidyl peptidase 4 

3458 IFNG Interferon gamma 

3552 IL1A Interleukin-1 alpha 

Common between pBMSC and iMSC 

284 ANGPT1 Angiopoietin-1 

929 CD14 Monocyte differentiation antigen CD14 

1471 CST3 Cystatin-C 

2323 FLT3LG Fms-related tyrosine kinase 3 ligand 

3486 IGFBP3 Insulin-like growth factor-binding protein 3 
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4318 MMP9 Matrix metalloproteinase-9 

5154 PDGFA Platelet-derived growth factor subunit A 

6374 CXCL5 C-X-C motif chemokine; C-X-C motif chemokine 5 

Common between HS-5 and iMSC 

1437 CSF2 Granulocyte-macrophage colony-stimulating factor 

1440 CSF3 Granulocyte colony-stimulating factor  

3589 IL11  Interleukin-11 

6352 CCL5 C-C motif chemokine; C-C motif chemokine 5 

6354 CCL7 C-C motif chemokine 7 

 
 

 

Supplementary Table 2.2: List of receptor tyrosine kinases, intracellular phospho 
kinases and mitogen-activated protein kinases activated in the Molm13 cells upon co-
culturing with bone marrow stromal cells (iMSC). 

Phosphorylated/activated kinases were identified as a dot plot on antibody array and image 
analysis was performed using HLImage++ tool. Fold change was calculated by comparing 
the signal to that of the Molm13 cells cultured alone. Kinases with FDR<0.05 with fold change 
of 2 were used for analysis and shown below. 
 

Symbol  Gene name  Phosphorylation site  Fold change  

 Receptor tyrosine kinase   

5979  RET   8.91  

5156  PDGFRA   8.62  

2066  ERBB4   7.47  

6259  RYK   6.94  

4916  NTRK3   6.08  

2263  FGFR2   5.22  

1956  EGFR   5.18  

4914  NTRK1   4.65  

3815  c-KIT   4.61  

2050  EPHB4   4.59  

285220  EPHA6   4.52  

5159  PDGFRB   4.51  

4485  MST1   4.41  

2321  FLT1   3.99  

7010  TEK   3.97  

2048  EPHB2   3.73  

1436  CSF1R   3.66  

2051  EPHB6   3.56  

2047  EPHB1   3.54  

4915  NTRKK2   3.48  

2045  EPHA7   3.45  

3791  VEGFR2   3.42  

4233  MET   3.35  

2260  FGFR1   3.24  

2049  EPHB3   2.99  

2065  ERBB3   2.85  
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2064  ERBB2   2.65  

4593  MUSK   2.23  

2261  FGFR3   2.00  

 Intracellular Phospho kinases   

6774  STAT3  S727  3.302  

3329  HSPD1   2.977  

6774  STAT3  Y705  2.904  

4846  NOS3  S1177  2.746  

65125  WNK1  T60  2.541  

5335  PLCG1  Y783  2.504  

6198  RPS6KB1  T421/S424  2.371  

2185  PTK2B  Y402  2.275  

 Mitogen activated protein kinase   

6300  MAPK12  T183/Y185  6.34  

5600  MAPK11  T180/Y183  4.27  

1432  MAPK14  T180/Y182  4.25  

207  AKT1  S473  3.74  

1000  AKT3  S472  3.50  

5601  MAPK9  T183/Y185  3.47  

5602  MAPK10  T221/Y223  3.30  

5603  MAPK13  T180/Y184  3.07  

3315  HSP27  S78/S82  2.28  

 

Supplementary table 2.3: Clinical information of the patient cytogenetics, age, treatment and 

clinical response. 

Patient 
ID 

Age Type Cytogenetics 
Clinical 

drug 
Clinical 

response 

1 46 AML t(8;21) (good risk) DA3+10 CR 

2 75 
secondary 

AML 
Complex cytogenetics (poor 

risk) 
Azacytidine RD 

3 52 AML Monosomy 7 (poor risk) DA3+10 RD 

4 42 AML-M2 NK, FLT3-, NPM- 
3+10 ; 3+8, 

hdac x 2 
CR 

5 39 AML 
Intermediate risk 

cytogenetics 
DA3+10 CR 

6 69 
secondary 

AML 
NK, FLT3-, NPM- 

1 cycle of 
clofarabine 

RD 

7 71 AML-M1 NK, FLT3-, NPM- DA3+10 CR 

8 82 AML 
Complex cytogenetics (poor 

risk) 
Azacytidine 

RIP before  
assessment 

9 44 AML FLT3-, NPM- DA3+10 RD 

10 67 AML NK, FLT3+, NPM+ DA3+10 PR  

11 76 AML Normal karyotype (NK) DA3+10 RD 

12 71 AML NK, FLT3-, NPM+ DA3+10 CR 

13 67 AML NK, FLT3+, NPM+ Da 3+10 CR 

14 71 AML NK, FLT3-, NPM+ DA3+10 CR 

15 60 AML NK, FLT3+, NPM- DA3+10 CR 

16 53 
AML with 
Fibrosis 

Complex cytogenetics (poor 
risk) 

DA3+11 CR 

17 41 AML 
Intermediate risk 

cytogenetics 
DA3+12 CR 

18 67 AML NK, FLT3-, NPM- DA3+10  RD 
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19 69 AML AML-NPM1+, trisomy 8 DA3+10  RD 

20 69 
secondary 

AML 
AML with MDS DA3+10 PR 

21 63 AML 
AML with MPAL 

t(v;11q23.3); KMT2A 
rearranged 

DA3+10 CR 

22 39 AML AML with Inv(16)p13,1q22 DA3+10 RD 

23 70 AML AML with NPM+ DA3+10 RD 

 

 

 

 

 

  



 

78 
 

 

 

 

 

 

CHAPTER 3: Repression of Mcl-1 expression by 

the CDC7/CDK9 inhibitor PHA-767491 overcomes 

bone marrow stroma-mediated drug resistance 

in AML 
 

 

 

 

  



 

79 
 

Preamble to Chapter 3: Statement of Contribution 

 

This chapter consists of work published in Scientific Reports (O’Reilly et al., 2018). I am the 

equal contributing author along with Eimear O’Reilly. I performed the experiments 

corresponding to Figure 3.1 A-D, 3.3 B-C, Figure 3.6 A-B, Figure 3.7, Figure 3.8. 

Supplementary Figure 3.1, Supplementary Figure 3.2 B-C, Supplementary Figure 3.5, 

Supplementary Figure 3.6, Supplementary Figure 3.7 and Supplementary Table 3.1. I also 

contributed to analysing data, performing statistical analysis, writing and editing manuscript.  

 

 

 

  



 

80 
 

Repression of Mcl-1 expression by the CDC7/CDK9 inhibitor PHA-767491 overcomes 

bone marrow stroma-mediated drug resistance in AML  

 

Eimear O’ Reilly1*
, Sukhraj Pal S. Dhami1

*
, Denis V. Baev1, Csaba Ortutay5, Anna Halpin-

McCormick1, Ruth Morrell1, Corrado Santocanale2, Afshin Samali1, John Quinn3, ME 

O’Dwyer1,4, Eva Szegezdi1,  

 

1Apoptosis Research Centre, School of Natural Sciences, National University of Ireland 

Galway, Galway, Ireland  

2Centre for Chromosome Biology, School of Natural Sciences, National University of Ireland 

Galway, Galway, Ireland  

3Hematology, Beaumont Hospital, Dublin, Ireland.  

4Apoptosis Research Centre, School of Medicine, National University of Ireland Galway, 

Galway, Ireland.  

5HiDucator Ltd, Kangasala, Finland  

 

* These authors contributed equally.  

 

Scientific Reports 2018 Oct 25;8(1):15752. 

 

 

  



 

81 
 

3.1 Abstract 

Acute myeloid leukaemia (AML) is an aggressive cancer with 50-75% of patients relapsing 

even after successful chemotherapy. The role of the bone marrow microenvironment (BMM) 

in protecting AML cells from chemotherapeutics and causing consequent relapse is 

increasingly recognised. However, the role that the anti-apoptotic Bcl-2 proteins play as 

effectors of BMM-mediated drug resistance are less understood. 

Here we show that bone marrow mesenchymal stromal cells (BMSC) provide resistance to 

AML cells against BH3-mimetics, cytarabine and daunorubicin, but this is not mediated by 

Bcl-2 and/or Bcl-XL as previously thought. Instead, BMSCs induced Mcl-1 expression over 

Bcl-2 and/or Bcl-XL in AML cells and inhibition of Mcl-1 with a small-molecule inhibitor, 

A1210477, or repressing its expression with the CDC7/CDK9 dual-inhibitor, PHA-767491, 

restored sensitivity to BH3-mimetics. Furthermore, combined inhibition of Bcl-2/Bcl-XL and 

Mcl-1 could revert BMSC-mediated resistance against cytarabine+daunorubicin. Importantly, 

the CD34+/CD38- leukemic stem cell-encompassing population was equally sensitive to the 

combination of PHA-767491 and ABT-737. 

These results indicate that Bcl-2/Bcl-XL and Mcl-1 act in a redundant fashion as effectors of 

BMM-mediated AML drug resistance and highlight the potential of Mcl-1-repression to revert 

BMM-mediated drug resistance in the leukemic stem cell population, thus, prevent disease 

relapse and ultimately improve patient survival. 

  



 

82 
 

3.2 Introduction 

Acute myeloid leukemia (AML) is a complex disease driven by a combination of genetic and 

epigenetic alterations in the hematopoietic stem or progenitor cells. Despite our increasing 

understanding of the molecular aberrancies that drive AML, up to 20-30% of young and 40-

50% of older AML patients are refractory to treatment. Furthermore, the risk of relapse is 

high between 50-75%, depending on age [428]. The prognosis following relapse is poor and 

at this stage, no good treatment strategies available [429]. As our understanding of the 

molecular aberrations driving AML increases, a number of targeted therapeutics, such as 

protein kinase inhibitors (FLT3, PI3K, Akt, Erk or Pim inhibitors), inhibitors of DNA 

methylating- and acetylating enzymes, such as DNMT1, DNMT3, DOT1L and HDACs or 

BH3-mimetics against anti-apoptotic Bcl-2 proteins are being developed [430,431]. While the 

development of these inhibitors is progressing rapidly, understanding the role of the bone 

marrow microenvironment (BMM) in controlling the epigenetic landscape and driving survival 

signalling in AML cells is lagging behind. Underlining its importance, bone marrow-mediated 

protection was found to be the major cause of low FLT3-inhibitor efficacy [417,432]. 

The most studied mechanism by which bone marrow stromal cells (BMSCs) induce drug 

resistance is the activation of pro-survival signal transduction, typically culminating in the 

upregulation of Bcl-2 (BCL2) and/or Bcl-XL (BCL2L1) [433,434]. Induction of anti-apoptotic 

Bcl-2 proteins is an inherent feature of normal differentiation of leukocytes as Bcl-2 proteins 

provide survival advantage to the properly formed mature cells. For example, Mcl-1 (MCL1) 

is required for the survival of hematopoietic stem cells (HSC) [435], common myeloid 

progenitors (CMP) and common lymphoid progenitors (CLP), Bcl-2 is induced during the 

selection of T and B lymphocytes while Bcl-XL (BCL2L1) is critical for erythrocyte- [436,437], 

megakaryocyte-[438] and platelet survival [439], and A1 (BCL2A1)  supports neutrophil 

survival [440].  

Increased Bcl-2 expression is also a characteristic of several haematological malignancies, 

including chronic lymphocytic leukemia (CLL) and AML. The notion that leukemic cells 

become dependent on anti-apoptotic Bcl-2 protein expression for survival is proven by the 

potent effect of the Bcl-2/Bcl-XL/Bcl-W inhibitor, ABT-737 and its Bcl-2-selective variant, 

ABT-199 [441]. The ability of anti-apoptotic Bcl-2 proteins to drive drug resistance is also 

well established. Accordingly, ABT-737 and/or ABT-199 have been shown to sensitise 

isolated AML cells to 5-azacytidine [442], FLT3 inhibitors [443] as well as docetaxel [444].  

Here we determined the role of anti-apoptotic Bcl-2 proteins as effectors of bone marrow 

stroma-mediated drug resistance in AML blasts and the CD34+/CD38- cells representing a 

population enriched for leukemic stem cells (LSC) [445]. We show that bone marrow stromal 

cells (BMSCs) provide resistance against BH3-mimetics, cytarabine (AraC) and daunorubicin 

(DnR) and that this protection is also pronounced in the CD34+/CD38- cell population. We 

show that inhibition of Bcl-2 and Bcl-XL with ABT-737 is not sufficient to revert BMSC-

mediated drug resistance against AraC+DnR. On the other hand, BMSC-mediated drug 
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resistance was associated with increased Mcl-1 expression. Furthermore, Mcl-1 inhibition 

with A1210477 or repression with PHA-767491 could revert drug resistance mediated by 

BMSCs. Importantly, repression of Mcl-1 expression with the dual CDC7/CDK9 inhibitor 

PHA-767491 equally sensitized the CD34+/CD38- cell population offering a strategy to 

eradicate the main cell population responsible for disease relapse. 

 

3.3 Materials and Methods 

3.3.1 Reagents 

All reagents were purchased from Sigma, unless stated otherwise. ABT-737 and A1210477 

from Selleck Chemicals, ABT-199 from Active Biochem and PHA-767491 (provided by 

Corrado Santocanale, NUI Galway) were dissolved in dimethyl sulfoxide (DMSO). AraC and 

DnR (Sigma) were dissolved in water. Carboxyfluorescein succinimidyl ester (CFSE) 

(Biolegend) was dissolved in DMSO.  

 

3.3.2 Cell culture 

OCI-AML2, OCI-AML3, HL-60, ML-1 and Molm-13 cell lines were cultured in RPMI-1640 

medium (Gibco) containing 10% heat-inactivated HyClone fetal bovine serum (HI-FBS, 

ThermoFisher), penicillin (100 U/ml), streptomycin (100 mg /ml) and 2 mg/ml L-glutamine. 

HS-5 cells were cultured in DMEM supplemented with 10% HI-FBS, penicillin (100 U/ml), 

streptomycin (100 mg/ml). iMSCs (hTERT immortalized primary BMSCs from a healthy 

donor) and primary BMSCs were cultured in alpha-MEM (Sigma) containing 10% HI-FBS, 

penicillin (100 U/ml) and streptomycin (100 mg /ml). To enable identification of BMSCs in 

analyses, HS-5 cells were transfected with GFP, while iMSCs and primary BMSCs were 

stained with the green fluorescent cell-tracker CFSE by incubating the 1x106 cells/ml with 5 

µM CFSE for 30 min prior to seeding.  

Primary AML samples were generated from bone marrow aspirates by isolating the 

mononuclear cell (MNC) fraction with Ficoll gradient-centrifugation as described before [446]. 

MNCs were stored in liquid nitrogen until use. Upon revival of the cells, viability was 

determined with trypan blue staining. Only samples with viability above 60% were used. 

Primary AML blasts were grown in MEM (Sigma) containing 10% HI-FBS, penicillin (100 

U/ml), streptomycin (100 mg /ml), L-glutamine (2 mg/ml) and sodium pyruvate (1 mM). 

 

3.3.3 Ethics Statement 

Ethical approval was obtained from the Research Ethics Committee of University College 

Hospital, Galway and NUI Galway. The ethical approval confirmed that all methods were 

carried out according to the regulation of NUI Galway and all applied protocols have been 
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approved by the research ethics committees. Informed consent was obtained from all 

participants. 

 

3.3.4 Immunophenotyping and viability assay 

MNCs were incubated with fluorochrome-conjugated anti-CD34 (phycoerythrin, PE) and anti-

CD38 (allophycocyanine (APC)-H7) antibodies (BD Bioscience, San Diego, USA) in PBS/1% 

BSA (Sigma) for 30 minutes on ice in the dark. After washing off unbound antibodies, cells 

were stained with ToPro-3 (Molecular Probes) according to the manufacturers’ protocol. The 

samples were analysed using BD FACS Canto II flow cytometer (BD Bioscience, San Diego, 

USA) by collecting 100,000 events AML blast gate. HS-5 cells were excluded by gating out 

GFP+/FSСhigh events. The detailed gating strategy is shown in Supplementary Figure 3.8.  

In the AML cell lines cell death was quantified with Annexin V-FITC or propidium iodide (PI) 

staining. Cells were collected and stained with Annexin V-FITC in Annexin V buffer (10 mM 

HEPES/NaOH, pH 7.5, 140 mM NaCl, 2.5 mM CaCl2) or propidium iodide (1 µg/ml) for 15 

min on ice in the dark. Samples were analyzed on a FACS Canto II flow cytometer. Statistical 

analysis was performed using FCSExpress (DeNovo Software Inc., USA) and GraphPad 

Prism (GraphPad Software Inc., La Jolla, USA) software packages. 

 

3.3.5 Western blotting  

Cells were lysed in whole cell lysis buffer (1% Igepal-630, 20 mM HEPES pH 7.5, 350 mM 

NaCl, 1 mM MgCl2, 0.5 mM EDTA, 0.1 mM EGTA, 0.5 mM DTT, and protease inhibitor 

cocktail). Proteins (30 µg) were electrophoresed and transferred onto nitrocellulose 

membrane (Protran). After blocking the blots were incubated with rabbit polyclonal antibodies 

against Mcl-1 (Cell Signaling Technologies (CST), actin (Sigma) and mouse monoclonal 

antibodies against Bcl-XL (Santa Cruz) and Bcl-2 (Santa Cruz). For detection, horseradish 

peroxidase-conjugated goat secondary antibodies were used. Protein bands were visualized 

with SuperSignal® West Pico Chemiluminescent Substrate (Pierce) or Immobilon western 

HRP substrate (Millipore) on X-ray film (Agfa). Quantification of the Western blots by 

densitometry was conducted using Image Studio Lite (Li-Cor). Statistical analysis was 

performed on normalised band intensities using paired Student’s t-test. 

 

3.3.6 Gene expression analysis 

Gene expression profiles were investigated in an open-access dataset of 64 samples (Gene 

Expression Omnibus : GDS3057) [447]. GDS3057 contained 26 AML samples (7 bone 

marrow (BM) and 19 peripheral blood (PB)) and 38 healthy donors (18 BM and 20 PB). The 

BM and PB samples were not matched (not from the same patients). Shapiro test was used 
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to see normality of data groups. Two-tailed t-test was used to estimate significance of 

difference of mean gene expressions using the R statistical environment.  

 

3.3.7 siRNA transfection 

Primary AML mononuclear cells (1x106) were pelleted and resuspended in 100 µl of 

Nucleofector solution T (Amaxa, Lonza) containing 50 nM siRNA against Mcl-1 (5’-

GUGUUAAGAGAAGCA CUAA-3’) or GFP (as a non-specific, control siRNA, 5’ -

GGCUACGUCCAGGAGCGCAC C-3’, Ambion). Cells were transfected by nucleofection 

using the U-15 program, as per manufacturer’s protocol (Amaxa) [448]. 

 

3.3.8 Statistical Analysis 

Drug combination index (CI) was calculated using the Chou-Talalay median effect equation 

using the CompuSyn software package. CI values below 1 (CI<1) indicated potent synergy. 

Statistical analyses applied for specific methods are detailed under each corresponding 

method subheading. 

 

3.4 Results 

3.4.1 Bone marrow mesenchymal stromal cells protect AML cells from therapeutic 

drugs 

In order to determine the effect of anti-apoptotic Bcl-2 proteins in drug resistance mediated 

by the BMM, a layered stroma-AML co-culture system has been set up. AML cell lines or 

primary AML blasts were cultured on a monolayer of BMSCs in direct contact.  As a model 

of BMSCs, HS-5 cells, an immortalised healthy donor-derived BMSC cell line, were used. 

HS-5 cells were chosen over primary BMSCs of AML patients, as the latter were found to be 

prone to senescence under ex vivo culture [284]. As HS-5 cells are only a clone of 

immortalised BMSCs, they may not represent the full spectrum of function that primary 

BMSCs have. Thus, we tested how faithfully they could replicate the effect of patients’ own 

BMSCs. To this end, primary AML cells were cultured alone, on the patients’ own BMSCs or 

on two different immortalised BMSC lines; the commercially available HS-5 cells and a non-

commercially available hTERT immortalised BMSC cell line that we named iMSC. After 24 

h, the cultures were treated with ABT-737 or ABT-199 and induction of cell death was 

quantified. Both HS-5 cells and iMSCs could both replicate the effect of the patients’ own 

BMSCs in providing a comparable level of resistance to AML cells against both drugs (Figure 

3.1 A-D, Supplementary Figure 3.1). 
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Figure 3.1: Bone marrow mesenchymal cells reduce AML sensitivity to ABT- 737 and cytarabine. 
(A-D) Immortalised, healthy-donor derived BMSCs can replicate the protective effect of the patients’ 
own BMSCs against BH3-mimetics. Bone marrow-derived mononuclear cells from AML patients were 
culture alone (A) or over 3 different bone marrow stromal cell layers; HS-5 cells (B), iMSCs (C) and the 
patients’ own BMSCs (D) for 24 h after which the cells were treated with ABT-737 or ABT-199 for 
another 24 h. Induction of cell death in the AML population was determined with ToPro-3 staining using 
flow cytometry. The graphs show % live blasts from 4 different patients normalised to the untreated 
control. (E-J) HS-5 BMSCs provide protection against cytarabine (AraC) and ABT-737 in AML cell lines. 
OCI-AML2, ML-1 and Molm-13 cells were cultured in direct contact with HS-5 BMSCs for 24 h followed 
by treatment with a dosage of AraC (E, F, G) or ABT-737 (H, I, J) for another 24 h and induction of cell 
death was quantified by flow cytometry using Annexin V. The graphs show the average percentage of 
dead cells ± stdev from at least three independent repeats.  
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Cytokine expression as a measure of their ability to model features of the BMM has also 

been determined using a cytokine proteome array (Bio-Techne, Supplementary. Table 3.1). 

HS-5 cells secreted the cytokines and chemokines characteristic of the bone marrow [449], 

including granulocyte-colony stimulating factor (G-CSF), angiopoietin 1 (ANGPT1), 

angiopoietin 2 (ANGPT2), growth differentiation factor 15 (GDF15), osteopontin, interleukin 

1β (IL-1β), fibroblast growth factor 2 (FGF2), C-C motif chemokine ligand 5 (CCL5), CCL7, 

C-X-C motif chemokine ligand 10 (CXCL10), CXCL12 (SDF1α) (for the complete list of 

secreted cyto/chemokines, see Supplementary Table 3.1.  

The broader effect of BMSCs on AML drug sensitivity was next tested using AraC, DnR and 

ABT-737 in both AML cell lines and primary AML cells. OCI-AML2, ML-1 and Molm-13 cells 

were co-cultured with HS-5 cells for 24 h followed by treatment with a dosage of AraC or 

ABT-737 for 24 h and cell viability was determined with Annexin V staining. With the 

exception of ABT-737 treatment of OCI-AML2 cells, all co-cultures showed a significantly 

reduced sensitivity (Figure 3.1E-J).  

Similar effects were found using AML blasts. The mononuclear cell fraction isolated from 

bone marrow aspirates of AML patients (AML blasts) were cultured on HS-5 cells for 24 h 

followed by exposure to a 3:1 molar ratio of AraC and DnR (corresponding to the molar ratio 

of the two drugs used in the clinic (7+3 therapy [450]) or a dosage of ABT-737 for 24 h. 

Induction of cell death in the AML blasts was determined using the viability dye, ToPro-3. 

Similar to the cell lines, AML blasts gained resistance against both AraC+DnR and ABT-737 

when cultured with BMSCs (Figure 3.2A-F). Of note, the resistance against DnR+AraC 

provided by HS-5 BMSCs was also pronounced in the CD34+/CD38- population shown by 

their enrichment in the surviving cell fraction (Figure 3.2G and H).  
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Figure 3.2: Primary AML blasts gain resistance against cytotoxic therapeutics when cultured in 
contact with BMSCs.  
Bone marrow-derived mononuclear cells from AML patients were cultured either alone or with HS-5 
BMSCs for 24 h followed by exposure to a 3:1 molar ratio of AraC and DnR (A, B, C) or to a dosage of 
ABT-737 (D, E, F) for 24 h. Induction of cell death in the AML blasts was determined with ToPro-3 
staining using flow cytometry. The graphs show percentage live blasts normalised to the untreated 
control (G and H). HS-5 BMSCs provide resistance to the LSC-encompassing CD34+/CD38- population 
against AraC+DnR. BM-derived AML blasts from 4 patients were cultured with HS-5 BMSCs and 
treated with AraC+DnR as in sections A-C. The graph shows the percentage of CD34+/CD38- cells 
within the surviving cell fraction as a measure of their relative enrichment.  

 

3.4.2 AML cells residing in the bone marrow microenvironment have increased Mcl-1 

expression 

To determine the contribution of anti-apoptotic Bcl-2 proteins to BMM-driven drug resistance, 

we determined the effect of HS-5 BMSCs on the expression of anti-apoptotic Bcl-2 proteins. 

A panel of AML cell lines (OCI-AML2, OCI-AML3, HL60, ML-1, Molm-13) was cultured with 

HS-5 cells for 24 h and changes in the expression of Bcl-2, Bcl-XL and Mcl-1 were determined 
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with western blotting. Interestingly, while HS-5 BMSCs did not induce significant change in 

the expression of Bcl-2 and Bcl-XL, in 4 out of the 5 cell lines tested, Mcl-1 induction was 

detected (Figure 3.3A).  

To gain insight whether the BMM exerts the same effect in vivo, we compared the mRNA 

expression of Bcl-2, Bcl-XL and Mcl-1 between bone marrow (BM)-residing and peripheral 

blood (PB)-circulating AML blasts. To this end, mRNA expression data from the Gene 

Expression Omnibus dataset, GDS3057 was extracted [451]. The housekeeping genes, GPI 

(Glucose-6-Phosphate Isomerase), PSMB2 (Proteasome Subunit Beta 2) and EMC (ER 

Membrane Protein Complex Subunit) were used for normalisation. Bcl-2 and Bcl-XL 

expression was comparable between BM and PB. Mcl-1 expression on the other hand 

showed the opposite trend, it appeared to be lower in PB than in BM (Supplementary Figure 

3.2A), however, it did now each a level of significance.  

Because there are no gene expression datasets with matched BM and PB samples (i.e. BM 

and PB sample were not from the same patient) and because mRNA expression may not 

mirror the actual protein expression, we have tested Mcl-1 protein expression in paired BM 

and PB samples of 12 AML patient samples. Mcl-1 was expressed in 7 out of the 12 samples, 

out of which 5 have shown higher expression of Mcl-1 in the BM in comparison to the PB 

(Figure 3.3B and Supplementary Figure 3.2B). Statistical testing showed no significant 

difference in Mcl-1 expression between BM and PB with all samples included. After excluding 

the samples that showed no detectable Mcl-1 expression, a significant difference was 

apparent between Mcl-1 expression in BM versus PB (p= 0.033). This difference in the 

altered levels of Mcl-1 among patients cannot be explained by their cytogenetics 

(Supplementary Table 3.3). Though mutation profiling for the Bcl-2 family proteins will shed 

light into this altered Mcl-1 expression. We then tested whether AML blasts also show Mcl-1 

induction upon contact with BMSCs, similar to AML cell lines. For this, BM-derived versus 

PB-derived AML blasts were cultured in contact with BMSCs (iMSC) for 24 h and Mcl-1 

protein expression was determined with Western blotting. Contact with iMSCs induced Mcl-

1 expression all 4 samples tested (Figure 3.3C, Supplementary Figure 3.2C and 3.2D). 

Taken together, these experiments show that in a subset, but not in all patients, the BMM 

drives MCl-1 expression in the residing AML blasts. 
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Figure 3.3: Bone marrow stromal cells induce Mcl-1 expression in AML cells.  
(A) Expression of anti-apoptotic Bcl-2 family proteins in AML cells cultured on HS-5 BMSCs. OCI-
AML2, OCI-AML3, HL60, ML-1, Molm-13 cells were cultured alone or in direct contact with HS-5 cells 
for 24 h and changes in the expression of Bcl-2, Bcl-XL and Mcl-1 were determined with Western 
blotting. Levels of actin were measured as loading control. (B) Expression of Mcl-1 protein in the bone 
marrow- and peripheral blood-derived AML blasts. Whole cell lysates of mononuclear cells isolated 
from paired bone marrow aspirates and peripheral blood from 12 AML patients were analysed for the 
expression of Mcl-1 by Western blotting and quantified with densitometry. The left-hand graph shows 
the expression values of individual patients and the right-hand graph shows the value distribution as a 
box-plot. The p-value was determined using a paired t-test. (C) Mcl-1 expression in AML blasts cultured 
alone or with BMSCs. Mcl-1 protein expression was detected in bone marrow- and peripheral blood-
derived MNCs from 4 AML patient cultured alone or on iMSC BMSCs for 24 h. Levels of β-actin were 
measured as a loading control. 

 

To assess the contribution of anti-apoptotic Bcl-2 proteins to BMM-mediated AML drug 

resistance, we tested if inhibition of Bcl-2/Bcl-XL can revert BMSC-mediated resistance to 

chemotherapeutics. To this end, AML cell lines were cultured with HS-5 BMSCs for 24 h 

before exposing the cells to AraC for an additional 24 h in the presence or absence of ABT-

737. The doses of ABT-737 for each cell line has been selected based on their sensitivity 

profile (Supplementary Figure 3.3). All cell lines, except OCI-AML3 (Figure 3.4B), showed 

sensitivity to ABT-737 administered as a single agent, indicating that AML cells depend on 
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Bcl-2/Bcl-XL expression for survival even in the BM environment. At the same time, ABT-737 

could not revert BMSC-mediated resistance to AraC , indicating that Bcl-2 and Bcl-XL are not 

the sole effectors of BMSC-mediated drug resistance (Figure 3.4).  

 
Figure 3.4: Inhibition of Bcl-2 and Bcl-XL fails to revert BMSC-driven drug resistance.  
OCI-AML2 (A), OCI-AML3 (B), ML-1 (C) and Molm-13 (D) cells were cultured on a HS-5 BMSC layer 
for 24 h before exposing the cells to a combination of AraC and ABT-737 for an additional 24 h. The 
graphs show the average percentage of live cells ± stdev quantified with Annexin V staining from three 
independent experiments.  

 

3.4.3 Combined ABT-737 and PHA-767491 treatment targets both the bulk AML blasts 

and the CD34+/CD38- cell population 

Given that expression of Mcl-1 consistently increased in AML cells following co-culture with 

BMSCs as well as reports showing that elevated levels of Mcl-1 are associated with leukemia 

relapse [452], we tested whether Mcl-1 contributes to reduced ABT-737 sensitivity mediated 

by HS-5 BMSCs. As the first approach, we have used the CDC7/CDK9 inhibitor PHA-767491 

as inhibition of CDK9 represses transcription leading to reduced expression of short half-life 

time proteins, including Mcl-1 [453,454]. 

The ABT-737-resistant OCI-AML3 cells (characterised by high Mcl-1 expression) were 

cultured alone or on a HS-5 BMSC-layer for 24 h. The cultures were pre-treated with PHA-

767491 for 4 h followed by a dosage of ABT-737 for an additional 20 h. Repression of Mcl-1 

expression was monitored by Western blotting (Figure 3.5A) and induction of cell death was 
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quantified with Annexin V staining. Treatment with 2 µM of PHA-767491 alone triggered a 

modest induction of apoptosis but, it potently sensitised the cells to ABT-737 (Figure 3.5B 

and 3.5C). Importantly, the drug combination retained full efficacy in the presence of HS-5 

BMSCs (Figure 3.5C). At this concentration, PHA-767491 downregulated Mcl-1 expression 

after 3 h of exposure onward (Figure 3.5A). Using the Chou-Talalay median effect equation, 

the combination index (CI) was calculated (table under the graphs in Figure 3.5B and 3.5C). 

At each drug concentration, the CI index was well below 1.0, indicating a potent synergy 

between ABT-737 and PHA-767491.  

To confirm that the mechanism of PHA-767491-mediated sensitization involved Mcl-1, a 

small molecule Mcl-1 inhibitor, A1210477 was employed. A1210477 is a selective, small-

molecule inhibitor of Mcl-1 developed by the Soeurs lab [455] shown to have a high selectivity 

to Mcl-1 over other Bcl-2 family members, multiple kinases and G-protein coupled receptors. 

Similarly, to treatment with PHA-767491, A1201477 was able to sensitise OCI-AML3 cells to 

ABT-737 (Figure 3.5D). 
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Figure 3.5: AML cells supported by BMSCs display high sensitivity to ABT-737 upon repression 
of Mcl-1 expression.  
(A) Repression of Mcl-1 expression in response to treatment with the dual CDC7/CDK9 inhibitor PHA-
767491. OCI-AML3 cells were treated with 2 µM PHA-767491 and whole cell lysates were harvested 
over an 8 h time course and Mcl-1 expression was monitored by Western blotting. Expression of actin 
was detected to normalise for protein loading. (B and C) OCI-AML3 cells were cultured alone (B) or 
over a HS-5 feeder layer (C) and were treated with doses of PHA-767491 for 4 h followed by a dosage 
of ABT-737 for an additional 20 h. Cell death was quantified using Annexin V staining and flow 
cytometry. The table under the graphs show the calculated combination index (CI) for the PHA+ABT-
treated samples. (D) OCI-AML3 cells were treated with the Mcl-1 inhibitor, A1210477 at the 
concentrations indicated for 4 h followed by treatment with ABT-737 for a further 20 h. Cell death was 
quantified using Annexin V and flow cytometry. The graphs show average percentage live cells ± stdev 
from three independent experiments. 



 

94 
 

In order to corroborate the above result, the role of Mcl-1 in BMSC-mediated drug resistance 

was tested in a second AML cell line, with lower Mcl-1 expression. As opposed to OCI-AML3 

cells, Molm-13 cells have a low baseline Mcl-1 expression but, they show Mcl-1 induction 

upon contact with BMSCs (Figure 3.3A) and increased resistance to ABT-737 and AraC 

(Figure 3.1G and J). Molm-13 cells were cultured alone or in contact with HS-5 BMSCs as 

before and exposed to ABT-737, with or without a 4 h pre-treatment with A1210477, for 20 

h and induction of cell death was determined with Annexin V staining (Figure 3.6A). Co-

culture with BMSCs induced a moderate, but consistent protection against both ABT-737 

and A1210477. At the same time, A1210477 pre-treatment sensitised Molm-13 cells to ABT-

737 both in single culture and in co-culture with HS-5 cells (Figure 3.6A, CI values are under 

the graph). Notably, the effect of the Mcl-1 inhibitor was more pronounced under the co-

culture conditions, reflected also by lower CI indices, indicating that Mcl-1 is an effector of 

BMSC-mediated ABT-737 resistance (Figure 3.6A).  

Similar results were found when the effect of Mcl-1 inhibition on BMSC-mediated AraC-

resistance was tested. While ABT-737 could not revert BMSC-mediated AraC resistance, 

additional inhibition of Mcl-1 fully restored AraC-sensitivity (Figure 3.6B). Of note, inhibition 

of Mcl-1 in the absence of Bcl-2 inhibition could not revert AraC-sensitivity either, indicating 

a redundant function between Bcl-2 and Mcl-1 in BMSC-mediated drug resistance. 

The finding that AML cells have enhanced sensitivity to the combined inhibition of Bcl-2/Bcl-

XL and Mcl-1 when they are in contact with BMSCs was further explored using AML blasts 

(Figure 3.7). Samples from 10 patients were cultured on a HS-5 BMSC monolayer for 24 h, 

followed by treatment with ABT-737 for 24 h (30 nM and 300 nM) with or without a 4 h pre-

treatment with PHA-767491 (1-4 µM). Except for one patient (Patient 2), whose cells 

displayed a high sensitivity for ABT-737, the combination of ABT-737 and PHA-767491 

showed a synergistic effect (Figure 3.7A-D, Supplementary Figure 3.4, CI indices in 

Supplementary Table 3.2). We also carried out these experiments using the patients’ own 

BMSCs and found a similar synergistic effect (Supplementary Figure 3.5A, C, E and G), 

corroborating the findings. Because the LSC population often has higher drug resistance 

driving relapse, the sensitivity of the CD34+/CD38- LSC-encompassing population was also 

determined (Supplementary Figure 3.4). 
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Figure 3.6: Mcl-1 is an effector of bone marrow stroma-driven drug resistance.  
(A) Effect of Mcl-1 inhibition on BMSC-mediated resistance against ABT-737. Molm-13 cells were 
cultured alone, or in contact with HS-5 BMSCs for 24 h followed by treatment with ABT-737 (ABT) and 
the small molecule Mcl-1 inhibitor, A1210477 (MCLinh) for 24 h. For the combination treatment, Molm-
13 cells were pre-treated with MCLinh for 4 h, followed by treatment with ABT for 24 h. Cell viability was 
determined with Annexin V staining. The table under the graphs shows the CI values of the combination 
treatment. * indicates significant difference determined with student t-test (p<0.05). (B) Bcl-2 and       
Mcl-1 act in a redundant manner as effectors of BMSC-driven resistance against cytarabine (AraC). 
Molm-13 cells cultured as described above were treated with AraC (2.5 µM) in the presence of ABT-
737 (ABT, 30 nM), A1210477 (MCLinh, 2.5 µM) or both for 24 h and Molm-13 cell death was quantified 
with Annexin V staining. The graphs show the average percentage of live cells ± stdev from three 
independent experiments (stars indicate significant differences with * meaning p<0.05 and ** meaning 
p<0.005, determined with student’s t-test). 

 

Looking at the effect of the two drugs individually, the CD34+/CD38- population showed 

higher resistance to ABT-737 in 3 out of the 10 samples (Patient 24, 25 and 6) and in 2 

samples, they were more resistant to PHA-767491 (Patient 24 and 5). Importantly, the 

combination treatments showed that PHA-767491 could sensitise the ABT-737 resistant 

cells and the drug combination had a potent cytotoxic effect. The clinical data 

(Supplementary Table 3.3) of the tested samples shows that patients with refractory AML 

are also sensitive to the combination of ABT-737 and PHA-767491, highlighting a potential 

patient cohort that could benefit from this drug combination.  
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Because PHA-767491 is likely to repress the expression of a number of genes, not only Mcl-

1, Mcl-1 was also inhibited using A1210577 to prove that sensitisation to ABT-737 required 

Mcl-1 repression. 4 patient samples were treated as before, only replacing PHA-767491 with 

A1210577 (5 µM, Figure 3.7 E-H). As a single agent, A1210477 had a much lower cytotoxic 

effect than PHA-767491 in line with its expected, lower non-specific (Mcl-1 independent) 

effects. A1210477 sensitised 2 out of the 4 samples to ABT-737 (patient 20 and 26), 

confirming that repression of Mcl-1 is a key mechanism through which PHA-767491 

sensitises AML cells under BMSC support to ABT-737. The combination of ABT-737 with 

A1210477 was also tested using matched BMSCs. Inhibition of Mcl-1 was equally efficient 

in sensitizing the AML blast cultured with their matched BMSCs, giving an indication for 

similar potency in vivo (Supplementary Figure 3.5 B, D, F and H). To confirm that repression 

or inhibition of Mcl-1 sensitizes AML blasts under stromal support, a knockdown of Mcl-1 

was carried out on primary AML blasts. AML blasts from 2 patients, whose blasts showed 

resistance to ABT-737 were transfected with siRNA against Mcl-1 using nucleofection 

(Supplementary Figure 3.6A) and co-cultured with iMSCs for 24 h. Cells were then treated 

with ABT-737 (30 and 300 nM) for 24 h. While we noticed that the transfection itself stressed 

the cells and reduced Mcl-1 expression, knockdown of Mcl-1 enhanced sensitivity to ABT-

737 (Supplementary Figure 3.6B).  

As ABT-737 is only a proof-of-concept drug, we also tested the clinically relevant variant, 

ABT-199 (Bcl-2 selective inhibitor). In the 4 patient samples tested, pre-treatment with both 

PHA-767491 or A1210477 enhanced sensitivity to ABT-199. Of note, the sensitisation 

appears to be lower than to ABT-737, indication that Bcl-XL may also contribute to drug 

resistance (Supplementary Figure 3.7).  

Since Bcl-2 proteins, including Mcl-1, play fundamental roles in hematopoietic lineage cells, 

the potential toxic effect of the combined treatment on normal HSCs was measured. For this 

purpose, we obtained CD34+ HSCs from patients with a disease not associated with aberrant 

HSCs (the disease profile of these samples is listed in Supplementary Table 3.3, patient 27-

30).  The samples were analysed in the same co-culture settings as before. Non-malignant 

HSC-1 and -3 showed a partial sensitivity to high dose PHA767491 (Figure 3.8A, 3.8C) and 

non-malignant HSC-2 and -4 showed a partial sensitivity to ABT-737 (Figure 3.8B, 3.8D). 

However, the drug combination failed to induce a synergistic effect, except in non-malignant 

HSC-1. Of note, both HSC-1 and HSC-3 samples were from multiple myeloma patients, and 

the disease background might have had an impact on the behaviour of the HSCs.  Overall, 

these results indicate a possible therapeutic window for the targeting of LSCs with the ABT-

737 and PHA-767491 drug combination. 
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Figure 3.7: Repression of Mcl-1 expression with PHA-767491 or pharmacological inhibition with 
A1210477 reverts BMSC-driven drug resistance of AML blasts.  
(A-D) Repression of Mcl-1 with PHA-767491 enhances sensitivity to ABT-737. AML blasts from 10 
patients were cultured on an HS5-BMSC monolayer for 24 h and then treated with ABT-737 with or 
without a 4 h pre-treatment with the CDC7/CDK9 inhibitor, PHA-767491 (30 nM ABT + 1µM PHA (A); 
30 nM ABT + 2 µM PHA (B); 300 nM ABT + 1 µM PHA (C); 300 nM ABT +2 µM PHA (D)) . Induction 
of cell death was quantified with ToPro-3 viability staining in the bulk AML population. Graphs (A-D) 
show the percentage of live blasts as a dot plot with the line indicating the median response. (E-H) 
AML blasts from 4 patients were co-cultured with HS-5 BMSCs for 24 h followed by treatment with 
ABT-737 (30 and 300 nM) alone or in combination and with the Mcl-1 inhibitor, A1210477  (5 µM) for 
24 h. Induction of cell death was measured with ToPro-3 staining for the bulk AML population. The 
graphs show the percentage of live blasts normalised to the untreated control. 
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Figure 3.8: PHA-767491 does not sensitise non-AML HSCs to ABT-737.  
CD34+ non-malignant HSCs were isolated from four patients with non-AML disorders. These cells were 
cultured on an HS5-BMSC monolayer for 24 h and then treated with ABT-737 (30 and 300 nM) with or 
without a 4 h pre-treatment with the CDC7/CDK9 inhibitor, PHA-767491 (1-4 µM). Induction of cell 
death was quantified with To-Pro-3 staining and flow cytometry. The graphs show the percentage of 
live blasts. The effect of PHA-767491 alone is shown by the points on the Y axis (zero ABT-737 
concentration) and the effect of ABT-737 alone is shown by the PHA 0 µM line (open circles). 

 

3.5 Discussion 

Hematopoietic lineage cells are dependent on the expression anti-apoptotic Bcl-2 proteins 

for survival. Individual Bcl-2 family members are upregulated at different stages of 

hematopoietic differentiation as well as by cytokine signals, which allows the survival of the 

properly formed or antigen-reactive cells.  

Malignantly transformed leukemic cells appear to have a tighter dependency on anti-

apoptotic Bcl-2 proteins than normal leukocytes. The reason for this is that oncogenic and 

other cellular stresses associated with malignant transformation lead to the induction of pro-

apoptotic BH3-only proteins - such as Bim in lymphoma development - and unless these are 

neutralised by anti-apoptotic family members the transformed leukemic cells may not survive 

[456]. In line with this notion, BH3-mimetic drugs, such as the mainstream Bcl-2/Bcl-XL/Bcl-

W inhibitors ABT-737 and ABT-263 and their Bcl-2-selective derivative, ABT-199 showed 

remarkable efficacy in clinical trials [457].  
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High anti-apoptotic Bcl-2 protein expression does not only promote survival of leukemic cells, 

but it is also associated with treatment-resistance. High percentage of Bcl-2 positive AML 

cells correlate with low complete remission rates after intensive chemotherapy [458] and high 

Bcl-2 expression levels in AML cells were found to drive resistance against cytarabine [459]. 

Bcl-XL expression has also been associated with chemoresistance, for example against 5-

azacytidine in AML or the topoisomerase inhibitor, etoposide in B cell leukemia [442,460].  

The effect of the bone marrow microenvironment on drug resistance is well established. 

However, its effect on the expression of anti-apoptotic Bcl-2 proteins and the impact of BMM-

mediated anti-apoptotic Bcl-2 protein expression on resistance against classical 

chemotherapeutics or BH3-mimetics is much less understood. Equally, the effect of the BMM 

on anti-apoptotic Bcl-2 protein expression in the most resistant LSC population and drug 

resistance conveyed by them is also poorly investigated.  

Here we show that BMSCs drive resistance against the mainstream chemotherapeutics 

AraC+Dnr with the CD34+/CD38- cells, representative of an LSC-enriched population, 

displaying higher resistance than the AML blasts. We found that inhibition of Bcl-2/Bcl-XL/Bcl-

W with ABT-737 could not reverse this resistance. We also found that the BMM induced Mcl-

1 expression both in vitro in AML cell lines and in vivo in a subset of primary samples, while 

BMM-mediated Bcl-2 and Bcl-XL induction was less consistent. In line with these findings, 

Garrido and colleagues have also reported inconsistent or low-level induction of Bcl-2 in 

primary patient AML cells in ex vivo BMSC co-cultures [461].  

Normal HSCs are known to depend on Mcl-1 expression for long-term survival. Furthermore, 

Mcl-1 gene deficiency results in loss of mature B and T lymphocytes over time, 

demonstrating a central role for Mcl-1 in the long-term maintenance of the mature immune 

system [462]. Based on these results, Mcl-1 inhibitors were predicted to be toxic. However, 

while ABT-199 potently kills primary AML blasts, a trend of a negative correlation between 

Mcl-1 expression and the efficacy of ABT-199 exists [441]. Also, induction of Mcl-1 is 

frequently observed in relapsed AML [463] and Mcl-1 induction is recognised as the main 

mechanism of resistance against ABT-263 and ABT-199 [464,465]. 

Our finding that the bone marrow stroma drives selective upregulation of Mcl-1 identifies a 

potential mechanism how ABT-263 and ABT-199 resistance may develop in vivo. In line with 

our findings, the study of Glaser and colleagues showed higher dependency of AML cells on 

Mcl-1 over healthy HSCs, giving grounds for a possible therapeutic window for Mcl-1 

targeting [452]. Recent studies also support the potential of Mcl-1-targeting to overcome drug 

resistance in AML as well as in other leukaemia types [466], with selective Mcl-1 inhibitors 

showing promise in pre-clinical studies [467]. 

Mcl-1 has a number of distinguishing features that separates it from Bcl-2 and Bcl-XL. It lacks 

a conserved BH4 domain and it has a very short half-life time due to a P-E-S-T motif in its 

N-terminal portion (resulting a half-life time of only 2-4 h in most cells) [468,469]. This, 

combined with the multiple pathways that control its (1) transcription (such as the 
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transcription factors ATF5, E2F1, STAT3, PU.1 and NF-kB), (2) regulate its translation (3) 

as well as protein stability, create a very dynamic control of Mcl-1 protein levels in response 

to a wide variety of cellular stresses and signals [469,470]. 

To date, there was little focus on the role of Mcl-1 in BMM-driven AML drug resistance. Here 

we found that Bcl-2 and Mcl-1 are both effectors of bone marrow stroma-mediated drug 

resistance and they act in a redundant manner, i.e. the presence of either Bcl-2 or Mcl-1 was 

sufficient to provide resistance since simultaneous inhibition of both proteins was required to 

restore drug-sensitivity.  

The CDC7/CDK9 inhibitor, PHA-767491 represses Mcl-1 expression [471]. CDK9 forms the 

catalytic core of the positive transcription elongation factor b (P-TEFb). P-TEFb 

phosphorylates RNA polymerase II and thus initiates the elongation phase of transcription 

[472]. Inhibition of CDK9 thus leads to the depletion of proteins with short half-life times, such 

as Mcl-1 [453]. Previous studies have shown that combining CDK9 inhibitors with Bcl-2 

inhibitors, such as ABT-737 and ABT-199, can overcome drug resistance in a synergistic 

manner [473-475]. We found that PHA-767491-mediated downregulation of Mcl-1 was very 

potent in sensitising both AML cell lines and primary AML blasts to ABT-737 and to the 

recently FDA-approved ABT-199. It has to be noted, that ABT-199 appeared to be inferior in 

inducing AML cell death compared to ABT-737 in our studies, indicating a possible role of 

Bcl-XL as well.  

As shown by Jilg and colleagues, the CD34+ population showed sensitivity to ABT-737 [476]. 

Our studies confirm these findings, but also show that in some patients the CD34+/CD38- 

population is resistant to ABT-737. Importantly, PHA-767491 restored the sensitivity of 

resistant CD34+/CD38- cells to ABT-737. These results highlight the role of Mcl-1 in addition 

to Bcl-2 as a key effector of BMM-mediated pro-survival signalling and consequent drug 

resistance. At the same time, non-malignant CD34+ HSCs were not sensitised to ABT-737 

by PHA-767491, indicating that Mcl-1 has a differential role in CD34+ cells of AML versus 

non-malignant HSCs thus offering a therapeutic window to target LSCs.  Chemoresistant 

AML may be a potential patient cohort who could benefit from treatment with ABT-737 and 

PHA-767491 or other CDK9 inhibitors, as samples from refractory AML patients showed 

equally high sensitivity to the ABT-737+PHA-767491 treatment. In this regard, a recent report 

highlighted that feedback activation of STAT3, a key transcriptional regulator of Mcl-1 was 

induced by the BMM and drove chemotherapy-resistance [477].  

Mcl-1 has been shown to play a central role in emergency haematopoiesis, i.e. the 

regeneration of hematopoietic lineage cells after stress. It is likely that chemotherapy triggers 

the same effect [478]. This emphasizes the need to consider pharmaceutical inhibition of 

Mcl-1 to target LSCs and reduce the occurrence of relapse. However, the potential toxic 

effect of Mcl-1 inhibitors cannot be neglected.  

Therapies that target pathways that upregulate Mcl-1 expression in neoplastic cells as 

opposed to direct inhibition of Mcl-1 may be less toxic. In this regard, CDK9 has been shown 
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to be aberrantly activated by oncogenic fusion proteins (such as MLL-fusion proteins) driving 

lymphoid and myeloid leukemia [479-481]. NF-κB (p65) also requires P-TEFb for 

transcription elongation [482]. As NF-κB signalling is often elevated in AML and it can drive 

Mcl-1 expression, this represents another mechanism how inhibition of CDK9 can repress 

abnormal Mcl-1 expression [482]. Finally the Gandhi laboratory reported, although in CLL 

not AML, that stroma-driven resistance to apoptosis of CLL cells was associated with a 

cascade of transcriptional events that included increased phosphorylation of RNA Pol II on 

serine residues at positions 2 and 5 (the phosphorylation site of CDK9), leading to increased 

rate of global RNA synthesis, and amplification of Mcl-1 transcript levels [483]. These reports 

provide a strong rationale for targeting Mcl-1 gene expression as opposed to direct inhibition 

of the Mcl-1 protein (like a BH3-mimetic)  

In conclusion, the results presented here indicate that Bcl-2/Bcl-XL and Mcl-1 act in a 

redundant fashion as effectors of BMM-mediated AML drug resistance and indicate that for 

BH3-mimetic-based treatment of AML the focus must be broadened from sole targeting of 

Bcl-2 to the additional inhibition or repression of Mcl-1.   
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3.6 Supplementary Figures 

 

Supplementary Figure 3.1: HS-5 cells can model bone marrow-mediated AML drug resistance. 
Primary AML cells from 4 patients were cultured for 24 hours alone (A), on matched primary bone 
marrow mesenchymal stromal cells (BMSC, B), iMSCs (C) or HS-5 cells (D) for 24 h and treated with   
the indicated doses of ABT-737 (A, C, E, G) or  ABT-199 (B, D, F, H). Induction of cell death was 
measured with ToPro-3 viability staining and flow cytometry.  
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Supplementary Figure 3.2: Mcl-1 protein expression in bone marrow- and peripheral blood-
residing AML blasts.  
(A) Box plot representation of Bc-2, Bcl-XL and Mcl-1 mRNA expression in AML blasts isolated from 
either bone marrow (BM) or peripheral blood (PB). Note: the plotted expression data was extracted 
from the Gene Expression Omnibus dataset (GDS3057) of non-matched BM and PB samples. (B) Mcl-
1 protein expression in matched BM- and PB-derived AML blasts. Whole cell lysates from matched 
BM- and PB-derived AML blasts were analysed for Mcl-1 expression using Western blotting. β-actin 
expression is shown as loading control. (C and D) BMSCs drive Mcl-1 expression in co-residing AML 
blasts. The graphs show densitometric quantitation of Mcl-1 expression in AML blasts isolated from 
BM (C) or PB (D) cultured alone or on BMSCs (iMSCs) for 24 h. Mcl-1 expression determined from 
whole cell lysates with Western blotting normalised to β-actin is shown as a dot plot. The original 
Western blot is shown in Fig. 3D. 
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Supplementary Figure 3.3: ABT-737 dose response of AML cell lines.  
AML cell lines (ML-1, HL60, Molm-13, OCI-AML2 and OCI-AML-3) were treated with the indicated 
doses of ABT-737 for 24 h and induction of cell death was quantified by determining the sub-G1 
population using propidium iodide staining and flow cytometry.  
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Supplementary Figure 3.4: Inhibition of Mcl-1 expression with PHA-767491 reverts BMSC-driven 
drug resistance of both AML blasts and CD34+/CD38- population.  
AML blasts from 10 patients were cultured on HS5-BMSC monolayer for 24 hours and then treated 
with ABT-737 (30 and 300 nM) with or without a 4 h pre-treatment with the CDC7/CDK9 inhibitor, PHA-
767491 (1-4 µM). Induction of cell death was quantified with ToPro-3 viability staining both in the bulk 
AML population and the CD34+/CD38- LSC-encompassing population. Graphs on the left-hand side 
(A, C, E, G, I, K, M, O, Q and S) show the percentage of live cells in the bulk blast population, while 
the graphs on the right-hand side (B, D, F, H, J, L,N, P, R and T) show the number of CD34+/CD38– 
cells within the surviving population. The effect of PHA-767491 alone is shown by the points on the Y 
axis (zero ABT-737 concentration) and the effect of ABT-737 alone is shown by the PHA 0 µM line 
(open circles). 
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Supplementary Figure 3.5: Repression or inhibition of Mcl-1 sensitises AML blasts cultured on 
matched BMSCs to ABT-737.  
Viability of AML blasts in matched BMSC co-culture treated with ABT-737 plus PHA-767491 or 
A1210477. BM-derived MNCs from 4 AML patients were cultured with their matched BMSCs for 24 h. 
Cells were pre-treated with PHA-767491 (1-2 µM) (A, C, E, G) or A1210477 (B, D, F, H) for 4 h followed 
by ABT-737 (30 and 300 nM) for 24 h. Induction of cell death was measured by ToPro-3 viability 
staining. 
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Supplementary Figure 3.6: Knockdown of Mcl-1 sensitises AML blasts to ABT-737.  
(A) Efficiency of siRNA-mediated Mcl-1 knockdown in primary AML blasts. Mcl-1 was transfected into 
primary AML blasts using nucleofection as described in Materials and Methods and Mcl-1 protein 
expression was quantified 48 h post-transfection using Western blotting. The graphs show 
densitometric quantification of Mcl-1 expression normalised to β-actin. (B) Effect of Mcl-1 knockdown 
on ABT-737 sensitivity on AML blasts. Mcl-1 was knocked down in two primary AML samples which 
showed resistance to ABT-737 and the AML blasts in co-culture with iMSC feeder layer were treated 
with ABT-737 for an additional 24 h. The graphs show induction of cell death determined with Topro-3 
staining and flow cytometry. 
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Supplementary Figure 3.7: Repression or inhibition of Mcl-1 sensitises AML blasts cultured in 
contact with BMSCs (iMSC) to ABT-199.  
Viability of AML blasts treated with ABT-199 plus PHA-767491 or A1210477. BM-derived MNCs from 
4 AML patients were cultured with iMSC BMSCs for 24 h after which the cultures were pre-treated with 
the indicated doses of PHA-767491 (A, C, E, G) or A1210477 (B, D, F, H) for 4 h followed by ABT-737 
for 24 h. Induction of cell death was measured by ToPro-3 viability staining. The graphs show 
percentage viability normalised to the untreated control. 
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Supplementary Figure 3.8: Flow cytometry gating strategy.  
(A) Forward scatter (FSC) vs. side scatter (SSC) plot showing all events and gating of all cells. (B) FSC 
vs. GFP fluorescence dot plot and the gating to exclude detached GFP-positive HS-5 cells or CFSE-
loaded iMSCs and primary BMSCs. (C) FSC vs. ToPro-3 fluorescence intensity dot plot used for 
determining the percentage of dead AML blasts (in the bulk blasts population). (D) FSC vs. CD34 (PE) 
dot plot in a sample stained only with anti-CD34 to determine the CD34 gate. (E) FSC vs. CD38 (APC-
H7) dot plot in a sample stained only with anti-CD34 to determine the CD34 gate. (F) CD34 vs. CD38 
fluorescence intensity dot plot showing the gating strategy for the CD34+ and CD38- population.  
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3.7 Supplementary Tables 

Supplementary Table 3.1: Cytokines and chemokines secreted by HS-5 BMSCs. 

Note: cyto/chemokines with bold typing are factors known to be present in the BMM. 

 

 

 

Cytokines Gene ID   Cytokines ctnd Gene ID 

Angiogenin 283 
 

LIF 3976 

Angiopoietin-1 284  M-CSF 1435 

Angiopoietin-2 285 
 

MIF 4282 

BDNF 627 
 

MMP-9/Gelatinase B 4318 

CD30/TNFRSF8 943 
 

Osteopontin 6696 

CD40L 959 
 

PDGF-AA 5154 

YKL-40/CHITINASE-3 LIKE 1 1116 
 

Pentraxin-3 5806 

Dkk1/Dickkopf-1 22943 
 

Serpin E1 5054 

CD26/Dipeptidyl-peptidase IV 1803 
 

Thrombospondin-1 7057 

CD147/EMMPRIN 682 
 

PLAUR 5329 

Endoglin/CD105 2022 
 

VEGF 7422 

FGFbasic 2247 
 

Vitamin D BP 2683 

FGF-19 9965 
 

Chemokines Gene ID 

G-CSF 1440 
 

CXCL5/ENA-78 6374 

GDF-15 9518 
 

CXCL1/GRO-α 2919 

GM-CSF 1437 
 

CXCL10/IP-10 3627 

ICAM-1 3383 
 

CCL2/MCP-1 6347 

IFNγ 3458 
 

MCP-3/CCL7 6354 

IL-1α 3552 
 

CCL20/MIP3α 6364 

IL-1β 3553 
 

RANTES/CCL5 6352 

IL-6 3569 
 

SDF1α/CXCL12 6387 

IL-11 3589 
 

IL-8/CXCL8 3576 

IL-17A 3605 
   

KLK3/Kallikrein-3 354     
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Supplementary Table 3.2: Chow-Talalay’s Combination Indexes (CIs) for primary AML 
samples treated with the combination of PHA-767491 and ABT-737 

Patient 2 

 PHA-767491, 1.0µM PHA-767491, 2.0µM PHA-767491, 4.0µM 

ABT-737, 30.0nM 0.01356 0.00819 0.00414 

ABT-737, 300.0nM 0.06914 0.02862 0.01146 

 
Patient 23 

 PHA-767491, 1.0µM PHA-767491, 2.0µM PHA-767491, 4.0µM 

ABT-737, 30.0nM 0.52014 0.10794 0.06534 

ABT-737, 300.0nM 0.40607 0.51382 0.17972 

 
Patient 18 

 PHA-767491, 1.0µM PHA-767491, 2.0µM PHA-767491, 4.0µM 

ABT-737, 30.0nM 2.04139 0.8538 0.18457 

ABT-737, 300.0nM 0.91403 0.67958 0.17622 

 
Patient 24 

 PHA-767491, 1.0µM PHA-767491, 2.0µM PHA-767491, 4.0µM 

ABT-737, 30.0nM 0.63256 0.28856 0.38192 

ABT-737, 300.0nM 0.22168 0.21843 0.11431 

 
Patient 25 

 PHA-767491, 1.0µM PHA-767491, 2.0µM PHA-767491, 4.0µM 

ABT-737, 30.0nM 0.53429 0.30939 0.44438 

ABT-737, 300.0nM 0.27690 0.27372 0.35501 

 
Patient 6 

 PHA-767491, 1.0µM PHA-767491, 2.0µM PHA-767491, 4.0µM 

ABT-737, 30.0nM 0.86787 0.51221 0.57917 

ABT-737, 300.0nM 0.53954 0.24697 0.32821 

 
Patient 20 

 PHA-767491, 1.0µM PHA-767491, 2.0µM  

ABT-737, 30.0nM 0.60271 0.61593  

ABT-737, 300.0nM 0.42895 0.5483  

 
Patient 26 

 PHA-767491, 1.0µM PHA-767491, 2.0µM  

ABT-737, 30.0nM 0.56897 0.76301  

ABT-737, 300.0nM 0.49271 0.7228  

 
Patient 15 

 PHA-767491, 1.0µM PHA-767491, 2.0µM  

ABT-737, 30.0nM 0.47218 0.49642  

ABT-737, 300.0nM 0.27142 0.27859  

 
Patient 5 

 PHA-767491, 1.0µM PHA-767491, 2.0µM  

ABT-737, 30.0nM 0.51069 0.7748  

ABT-737, 300.0nM 0.36243 0.57367  
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Supplementary Table 3.3: Clinical data of patient samples 

Sample 

New 

diagnosis or 

relapsed 

Age AML subtype 

Cytogenetics 

(normal vs 

complex karyotype 

(NK, CK), etc) 

Response to 

treatment 

1 New diagnosis 57 AML w/o maturation NK, FLT3-ITD- Refractory 

2 New diagnosis 71 RAEB2 NK, FLT3-ITD- Responder 

3 New diagnosis 70 
AML w. MDS-related 

changes 
CK Refractory 

4 Relapsed 68 AML 
NK, FLT3-ITD-, 

NPM1+ 
Refractory 

5 New diagnosis 91 N/A N/A Supportive care 

6 New diagnosis 64 AMML NK, FLT3-ITD+ 
Initial responder, 

then relapse 

7 New diagnosis 68 RAEB2 NK, FLT3-ITD+ Refractory 

8 New diagnosis 53 AML CK, FLT3-ITD- Refractory 

9 New diagnosis 62 AML NK, FLT3-ITD+ Responder 

10 New diagnosis 71 AML-M1 NK, FLT3-ITD- Refractory 

11 New diagnosis 45 AML  t(8:21), good risk Responder 

12 New diagnosis 47 MDS N/A Responder 

13 Relapsed 52 t-AML NK Refractory 

14 New diagnosis 85 MDS N/A Refractory 

15 New diagnosis 39 AML NK, FLT3-ITD+  Responder 

16 New diagnosis 66 AML CK, Poor risk Refractory 

17 New diagnosis 50 AML 
NK, Intermediate 

risk  
Responder 

18 New diagnosis 73 AML-M1 N/A Refractory 

19 Relapsed 63 sAML NK Responder 

20 New diagnosis 70 AML-M1 
NK, FLT3-ITD-, 

NPM1- 
Responder 

21 Relapsed 77 sAML CK Refractory 

22 Relapsed 76 AML CK, FLT3-ITD+ Refractory 

23 New diagnosis 73 AML NK Responder 

24 New diagnosis 68 AML 
NK, FLT3-ITD-, 

NPM1+ 
Refractory 

25 New diagnosis 91 AML N/A Supportive care 

26 New diagnosis 69 sAML NK Refractory 

27 New diagnosis N/A Multiple myeloma N/A NA 

28 New diagnosis N/A Hodgkins lymphoma N/A NA 

29 New diagnosis N/A Multiple myeloma N/A NA 

30 New diagnosis N/A Ewing’s Sarcoma N/A NA 

 
Abbreviations: AML, acute myeloid leukemia; RAEB2, refractory anemia with excess blasts-2; MDS, 

myelodysplastic syndromes; AMML, acute myelomonocytic leukemia; FLT3, Fms-like tyrosine kinase-

3; ITD, internal tandem duplication; NPM1, nucleophosmin-1, sAML, secondary AML and tAML, 

therapy-related AML. 
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Preamble to Chapter 4: Statement of Contribution 

 

For the work presented in this chapter, I performed all the wet lab experiments except for the 

generating RNA sequencing libraries and running samples on sequencer. This was done in 

collaboration with Dr Vladimir Benes, EMBL, Heidelberg. I have also generated all the 

figures, performed statistical analysis, analysed the data and wrote the chapter under 

guidance of my supervisor. 
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4.1 Abstract  

Acute myeloid leukaemia (AML) is an aggressive form of leukaemia caused by mutations 

that block hematopoietic differentiation and drive the uncontrolled proliferation of the 

differentiation-arrested myeloid progenitor cells. Activating mutations in FMS-like tyrosine 

kinase 3 (FLT3) receptor occur in 30% of AML patients and are associated with poor 

prognosis and disease relapse. Several tyrosine kinase inhibitors (TKIs) against FLT3 have 

been developed, but in clinical trials, they showed only limited efficacy. FLT3 inhibitors 

effectively eliminate the AML blasts circulating in the blood, but they are less effective 

in eliminating the bone marrow-residing AML cells, indicating a protective effect of the bone 

marrow microenvironment (BMM). We found that bone marrow stromal 

cells (BMSC) provide near-complete protection against FLT3-targeting TKIs. This protective 

effect is largely mediated through paracrine/soluble factors secreted by the BMSCs, 

which reduce the dependency of AML cells on FLT3-driven survival signalling pathways in 

the BMM. BMSC also activates several receptor tyrosine kinase, which converge on to 

STAT3 and PI3K signalling. These survival pathways are also the downstream of FLT3 

signalling pathway, indicating how the FLT3-ITD cells do not depend on FLT3 signalling in 

BMM. To target the BMM interactions with AML cells, mild proteostatic stress by inhibition of 

neddylation with MLN4924/pevonedistat, is induced in bone marrow stromal cells. This 

transient stress blocked the ability of the stroma to support AML cell viability and abolishes 

the stroma-mediated resistance against TKIs and AraC/Dnr. We also observed lipid 

mediated cytotoxic effect on the co-residing AML cells exerted by the BMSCs conditioned 

with transient proteostatic stress. These results provide a rationale of using MLN4924 in 

combination with chemotherapy or FLT3 targeted therapy in targeting the bone marrow 

residing AML cells. 
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4.2 Introduction 

Acute myeloid leukaemia (AML) is a heterogeneous haematological malignancy 

characterised by a rapid accumulation of abnormal, partially differentiated myeloid cells in 

the bone marrow. AML is the 2nd most common type of adult leukaemia with approximately 

21,000 new cases in the US annually [8,9]. AML has a poor prognosis with an average 5-

year survival rate of below 20% in the elderly population [9]. The most frequent mutation in 

FLT3 is an internal tandem duplication (ITD) in its juxtamembrane domain [26,484]. The 

tyrosine kinase domain (TKD) can also be mutated resulting in similar, but not identical 

activation of FLT3 as the ITD mutation [139,485]. FLT3-ITD/TKD leukemic cells have a 

survival advantage due to FLT3- mediated activation of the three major survival pathways- 

PI3k/Akt/mTOR, Jak/STAT and RAS/MEK/ERK [112,486,487]. While FLT3 alone does not 

drive a robust proliferative signal, it strongly synergises with other trophic factors, such as 

IL-3 and stem cell factor (SCF)[164]. Small molecule inhibitors to target FLT3-ITD/TKD-

dependent AML are currently being developed (Quizartinib, Sorafenib, Midostaurin, 

Crenolalinib) and tested in clinical trials. Unfortunately, none of these FLT3 targeting drugs 

have shown promising results in AML patients as a single agent [389,488]. Generally, FLT3-

inhibitors effectively kill FLT3-mutant AML cells in the periphery but only cause a transient 

reduction in the number of AML blasts in the bone marrow [141,489]. Most preclinical studies 

of FLT3 inhibitors did not take into consideration the effect of the BMM and the synergistic 

interaction between FLT3-L, IL-3, SCF and other trophic factors within the BMM 

[139,166,490]. The role of the bone marrow niche is well established in conferring protection 

to leukemic cells against many different types of therapy, either through paracrine soluble 

factors (IL-3, IL-6, SCF) or through direct cell-cell contact (CXCR4-CXCL12) [166,491-493].  

Malignant cells are protected from the damaging effects of both mutant proteins and altered 

cellular and organelle function through cellular stress pathways. This can maintain viability 

and contribute to drug resistance by upregulating pro-survival and/or anti-apoptotic proteins 

[210,494]. As a trade-off, however, the buffering capacity of these pathways is often 

exhausted in tumour cells, making them highly sensitive to additional stresses. The 

proteostatic network is one such example. AML cells have been found to depend on the 

ubiquitin-proteasome system, offering a potential target for therapy [495,496]. 

In this study, we investigated the effect of the NEDD8-activating enzyme (NAE) inhibitor 

pevonedistat (MLN4924, TAK-924) in AML. NEDD8 is an ubiquitin-like protein that can be 

conjugated to cullin-RING ligases (CRLs), activating them for degradative protein 

ubiquitination [497]. We found that in AML cells, inhibition of CRL function with pevonedistat 

induced a circuitry of CEBPα and p53 induction and activation, driving BH3-only Bcl-2 protein 

induction and culminating Noxa-dependent apoptosis (unpublished data).  

In addition, we observed that conditioning of bone marrow stromal cells (BMSC) with mild 

proteostatic stress reverts its ability to protect AML cells against chemotherapeutics. 

Importantly, we found that proteostatic stress to the leukaemia BMM itself triggers an anti-
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leukemic effect. The BMM nurtures AML cells by providing survival signals. However, 

exposure of the BMM to proteostatic stress diminished this capacity and reverted the BMM 

from leukaemia supporting to a leukaemia-rejecting environment. Overall, the stressor 

causing proteostatic imbalance may have the potential to disrupt the communication 

between the leukemic cells and the bone marrow niche resulting in anti-leukemic effect and 

increased drug sensitivity. 

 

4.3 Materials and methods 

4.3.1 Reagents 

Sorafenib, Quizartinib (Selleckchem, UK), MLN4924 (Active Biochem, USA), ABT-737, ABT-

199, Stattic, Idelalisib (Selleckchem, UK), MPA, 5-BPSA, 4-HNE (Cayman Chemicals, UK), 

PGJ2 and PGE2 (Enzo life sciences, UK) were dissolved in dimethyl sulfoxide (DMSO). 

Cytarabine (AraC) and daunorubicin (Dnr) (Sigma, USA) were dissolved in water. 

 

4.3.2 Cell culture 

Molm13 (ATCC), MV-4-11(DSMZ) and OCI-AML2 (ATCC) were cultured in RPMI-1640 

medium (Gibco, Invitrogen) containing 10% foetal bovine serum (FBS) (Hyclone, Corning, 

USA) penicillin (100 U/ml), streptomycin (100 µg /ml) and 2 mg/ml GlutaMAX (Gibco, 

Invitrogen, USA).   HS-5 (ATCC) cells were cultured in DMEM supplemented with 10% FBS 

(Hyclone, Corning, USA), penicillin (100 U/ml), streptomycin (100 µg/ml). iMSCs (hTERT 

immortalized primary BMSCs from healthy donor) were cultured in α-MEM (Sigma) 

containing 10% FBS, penicillin (100 U/ml) and streptomycin (100 µg /ml).  

 

4.3.3 Patient samples 

Mononuclear cells (MNCs) and bone marrow stromal cells (BMSCs) isolated from bone 

marrow aspirates of newly diagnosed AML patients were provided by Blood Cancer Biobank 

Ireland (BCBI). Primary AML mononuclear cells were cultured in RPMI1640 medium (Gibco) 

containing 10% Hyclone FBS, penicillin (100 U/ml), streptomycin (100 μg/ml) and GlutaMAX 

(2 mM, Gibco) and sodium pyruvate (1 mM, Sigma). Cell viability was assessed at the time 

of thawing the cells and only samples that showed a minimum of 75% viability were used for 

experiments. 

 

4.3.4 Ethics Statement 

All patients and healthy donors provided written informed consent, in accordance with 

Research Ethics Board-approved protocols of each BCBI collection sites: University College 

Hospital, Galway and Beaumont Hospital, Dublin. This study was fully compliant with all 
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relevant ethical regulations regarding human participants. Informed consent was obtained 

from all participants. 

 

4.3.5 Ex vivo co-culture of AML mononuclear cells with bone marrow stromal cells  

BMSCs were fluorescently labelled either by stable expression of green fluorescent protein 

(GFP, HS-5 cells) or by loading the cells with the long-term cell tracker, CFSE (5-(and 6)-

carboxyfluorescein diacetate succinimidyl ester) (Biolegend) (iMSC). BMSCs were then 

seeded in 24 well plates at the density of 50,000 cells/ml and cultured for 48 h in the αMEM 

medium after which medium was replaced with primary AML cells seeded at the density of 

500,000 cells/ml in RPMI1640 medium. After 24 h of co-culture, the cells were treated with 

a 3:1 molar ratio of AraC and Dnr (Sigma), TKIs (Sorafenib or Quizartinib) for 24 h and 48 h.  

 

4.3.6 AML cell viability and phenotyping 

Mononuclear cells (MNCs) were pipetted off the stromal cell layer and incubated with anti-

CD34-PE and anti-CD38-APC-H7 antibodies (BD Bioscience, San Diego, USA) in 1% 

BSA/PBS (Sigma) for 30 min on ice in the dark. After washing off unbound antibodies, cells 

were stained with the viability dye, To-Pro3 (Molecular Probes) by adding it in a final 

concentration of 1 µM for 15 min on ice in the dark. Stained samples were analysed using 

BD FACS Canto II flow cytometer (BD Bioscience, San Diego, USA). Minimum 50,000 events 

were collected in the AML blast gate (GFP/CFSE negative cells). Detached BMSCs were 

excluded from the analysis based on their green fluorescence FSChigh/GFP+ (GFP 

expression of HS-5 cells and CFSE-labelling of iMSCs). 

Cell death in the AML cell line was quantified with annexin V staining. Cells were collected 

and stained with annexin V-APC in annexin V buffer (10 mM HEPES/NaOH, pH 7.5, 140 mM 

NaCl, 2.5 mM CaCl2) for 15 min on ice in the dark. Samples were analysed on a FACS Canto 

II flow cytometer. 

 

4.3.7 Measurement of mitochondrial transmembrane potential (ΔΨm) 

Changes in ΔΨm were detected using the fluorescent dye tetramethylrhodamine ethyl ester 

perchlorate (TMRE) (Molecular Probes, Life Technologies, USA). Following treatment, cells 

were collected by gentle trypsinisation and TMRE was added to the cells at a final 

concentration of 100 nM. Cells were incubated for 30 min at room temperature in the dark. 

Samples were analysed on a FACS Canto II flow cytometer. 
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4.3.8 Western blotting  

Cells were lysed in whole-cell lysis buffer (1% Triton-X100, 20 mM HEPES pH 7.5, 350 mM 

NaCl, 1 mM MgCl2, 0.5 mM EDTA, 0.1 mM EGTA, 0.5 mM DTT, and protease inhibitor 

cocktail). Total proteins (30 µg) were electrophoresed and transferred onto a nitrocellulose 

membrane (Novax, Invitrogen). After blocking, the blots were incubated with rabbit 

monoclonal antibodies against XBP1s (Cell signalling technology, CST), Nrf2 (CST), ATF4 

(CST), FoXo3a (Santa Cruz Biotechnology, SCBT), p-c-jun (SCBT), c-jun (SCBT), p53 

(SCBT), p21 (SCBT), IkBα (CST), p-IkBα (CST) and β-actin (Sigma). For detection, 

horseradish peroxidase-conjugated secondary antibodies (CST) were used. Protein bands 

were visualized with SuperSignal® West Pico Chemiluminescent Substrate (Pierce) or 

Western lightening plus-ECL enhanced HRP substrate (Perkin Elmer) on X-ray film (Agfa-

CP-BU). 

 

4.3.9 Cytokine secretome analysis with an antibody array 

Soluble factors (chemokines and cytokines) secreted by BMSCs were determined with 

proteome profiling using the Human XL cytokine array kit (R&D Systems). Conditioned 

medium from BMSCs was collected after 48 h of culture. Debris from the medium was 

cleared by centrifugation at 4000 x rpm for 5 min at 4ºC. The medium was then incubated 

with the antibody array as described in the manufacturer’s protocol and developed using X-

ray film (Agfa-CP-BU). The X-ray images were analysed using the HLImage++ software 

(Western Vision Software, USA). 

 

4.3.10 Phospho kinome analysis 

Intracellular kinases, receptor tyrosine kinases (RTKs) and mitogen-activated phospho 

kinases (MAPKs) activated in the Molm13 AML cell by bone marrow stromal cells were 

determined using the Human proteome profiler antibody array from R&D systems (43 

intracellular kinases, 49 receptor tyrosine kinases and 26 mitogen-activated phospho 

kinases). Molm13 cells were co-cultured in the presence and absence of the bone marrow 

stromal cells (iMSC) for 48 h. After co-culturing, Molm13 cells were harvested, lysed and the 

arrays were probed with the whole-cell lysates according to the manufacturer’s protocol and 

developed using X-ray film (Agfa-CP-BU). The X-ray images were analysed using the 

HLImage++ software (Western Vision Software, USA). Kinases with FDR<0.05 and 

expression fold change of 2 are used for analysis. 

 

4.3.11 Gene expression profiling by RNA sequencing 

The effect of BMM on the transcriptome of BMSC and Molm13 cells was studied in a layered 

co-culture model. Single-end RNA sequencing (RNA-seq) was performed on total RNA (1µg) 
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from HS-5 bone marrow stromal cells, iMSC (hTERT immortalised BMSCs) treated with or 

without 1µM MLN4924 for 24 h. Molm13 cells are co-cultured with iMSC pre-treated with or 

without MLN4924 and in a single culture. After co-culturing with AML cells, BMSC (iMSCs) 

were also collected for sequencing in order to understand the effect of the BMSC-AML cross 

talk. RNA extraction was done using RNeasy Mini kit (Qiagen, Germany), RNA quality was 

assessed with Agilent 2100 bioanalyzer using the Agilent RNA Pico kit (Agilent 

Technologies, USA). Barcoded stranded mRNA sequencing libraries were prepared using 

Illumina TruSeq RNA sample preparation kit (Illumina, USA). Obtained libraries were pooled 

in equimolar amounts and loaded onto Illumina sequencer Hiseq 2000 and sequenced 

unidirectionally, generating ~75 million reads per sample and sequencing reads were aligned 

against the human GRCh38 (Ensemble) reference genome using STAR aligner. Raw counts 

were normalised, and transcriptomics analysis was carried out using edgeR package (R-

studio). Differential genes were selected based upon FDR cutoff <0.03 and log fold change 

of 2 were selected for further downstream analysis. 

 

4.3.12 Network and pathway analysis of the activated kinome 

The activated kinases (receptor tyrosine kinases, intracellular kinases and mitogen-activated 

protein kinases) and differential gene expression in Molm13 cells upon co-culturing with bone 

marrow stromal cells conditioned with or without proteostatic stress were analysed for 

pathway and network analysis using Ingenuity Pathway Analysis tool (Qiagen, USA). Gene 

ontology and gene set enrichment analysis was performed using WebGestalt (WEB-based 

Gene SeT Analysis Toolkit). 

 

4.3.13 Detection of reactive oxygen species (ROS) 

To detect the oxidative stress or ROS generation in the co-culture system, Molm13 cells 

were co-cultured with BMSC cells conditioned with or without proteostatic stress. After 48 h 

of co-culture, cells were incubated with the CellROX dye (Molecular Probes, Thermo Fisher 

Scientific, USA) according to the manufacturer’s protocol. Oxidation of dye in Molm13 cells 

was measured by flow cytometry (BD FACS Canto).  

 

4.3.14 Quantitative real-time PCR analysis 

Total RNA was extracted from BMSCs (iMSCs and HS-5) conditioned with or without 

proteostatic stress and Molm13 cells after co-culturing with conditioned BMSC (iMSC) with 

or without proteostatic stress or from single culture using RNeasy Mini Kit (Qiagen, 

Germany). Genomic DNA was digested with DNAse I (Qiagen), cDNA was synthesized from 

1µg of total RNA using Superscript-IV reverse transcriptase (Invitrogen, USA). Quantitative 

real-time PCR for Aldo-keto reductase family C1-4 (AKR1C1, AKR1C2, AKR1C3 and 
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AKR1C4), oxidative stress-induced growth inhibitor 1 (OSGIN1), C-X-C motif chemokine 

ligand 12 (CXCL12), 17β-Hydroxysteroid dehydrogenase (HSD17), Secretoglobin family 1A 

member 1 (SCGB1) and Hypoxanthine ribosyl transferase (HPRT) was done using 

Lighcycler 480 probes master (Roche) on Roche light cycler 480 (Roche, USA) in a 384 well 

plate with PrimeTime Mini qPCR assay primer and probe set from IDT (Integrated DNA 

Technologies, USA). All samples were run in triplicate, and experiments were repeated for 3 

biological replicates and results were averaged. Differential gene expression was calculated 

using the 2-ΔΔCt method. 

 

4.3.15 15-deoxy-Prostaglandin J2 ELISA 

15-deoxy-Δ12.14-prostaglandin J2 (15-d-PGJ2) ELISA kit (Enzo life sciences, USA) was used 

to determine the amount of 15-d-PGJ2 present in the conditioned medium from the 

proteostatic stressed stroma. iMSC were treated with 1µM of MLN4924 and DMSO for 24 h, 

followed by washout of drug and cells were cultured in a fresh complete growth medium. 

Conditioned medium was collected after 24 h and 48 h post-washout and debris was 

removed by spinning the medium at 2000rpm for 5 min at RT. ELISA was performed as per 

the manufacturer’s instructions (Enzo life sciences, ADI-900-023). Data was analysed using 

4-parameter logistic (4PL) curve fitting on Graphpad Prism. 

 

4.3.16 Lipid extraction from conditioned medium 

To assess the effect of non-protein (lipids) mediator of cell death, we extracted the lipids from 

iMSC treated with or without the MLN4924 for 24 h. Following washout of the drug, 

conditioned medium from the stromal cells was collected after 24 h and removed cellular 

debris by spinning the cells at 2000rpm for 5min at RT. Then the cell-free conditioned 

medium was subjected to Bligh and Dyer lipid extraction protocol using 1:2 ratio of 

chloroform:methanol [498]. The tubes were centrifuged at 1000 rpm for 5 min at room 

temperature to get phase separation. The bottom phase (organic layer) was collected 

carefully and dried under a stream of nitrogen. The extracted lipids were dissolved in 1:1 

ratio of chloroform and ethanol or aqueous solvent 1% BSA in PBS. To test the cytotoxic 

effect of this lipid extract, Molm13 and MV4-11 cells were treated with various volumes of 

the extract with or without the presence of BMSC. Cell viability was measured after 48 h of 

treatment using Annexin V staining. 

 

4.3.17 Statistical analysis 

Flow cytometry data analyses were performed on FCS express (DeNovo software Inc. USA) 

and FlowJo (BD Biosciences, USA). Statistical analysis and data visualization were 

performed using GraphPad Prism 6 (GraphPad Software Inc., La Jolla, USA) software 
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packages. Unless otherwise stated, p-values comparing two means were calculated using 

the two-tailed Student's t-test in Graphpad Prism 6 (GraphPad Software, Inc. La Jolla, CA). 

A p< 0.05 was considered statistically significant, all error bars represents standard 

deviation. 

 

4.4 Results  

4.4.1 Bone marrow stromal cells provide protection to FLT3-ITD AML cells against the 

cytotoxic effects of chemotherapeutics.  

To determine the role of bone marrow stromal cells (BMSC) in providing resistance against 

tyrosine kinase inhibitors (TKIs), FLT3-ITD AML cell lines (Molm-13 and MV4-11) were 

cultured either in direct contact with BMSCs (Figure 4.1A, 4.1B), in indirect contact (Figure 

4.1C, 4.1D), using transwells (1 mm pore-size) or in BMSC-conditioned medium (Figure 4.1E, 

4.1F). After 24 h of culture, the cells were treated with sorafenib and quizartinib and induction 

of cell death was measured after 48 h of treatment. Stromal cells (both HS-5 and iMSC) 

provided substantial protection against TKIs in all three-culture conditions, indicating that 

soluble factors produced by BMSCs are sufficient to mediate TKI resistance (Figure 4.1 A-

F). To determine which trophic factors mediate TKI resistance, we measured the expression 

of 102 cytokines and chemokines released by BMSCs (HS-5 and iMSCs) using proteome 

profiling array (Biotechne, R&D systems). HS-5 and iMSC BMSCs expressed 39 and 44 

different cytokines, respectively, 60% of which were common between them (Supplementary 

Figure 4.1). The majority of secreted cyto/chemokines are already known BMM-secreted 

factors, such as C-X-C motif chemokine ligand 12 (CXCL12), C-X-C motif chemokine ligand 

10 (CXCL10), fibroblast growth factor 19 (FGF-19), interleukin-6 (IL-6) and angiopoietin 2 

(ANGPT2) etc. (Supplementary Table 4.1).  A combination of 5 of the BMSC-secreted 

cyto/chemokines known to drive pro-survival signalling pathways (IL-3, IL-6, IFN, CXCL12, 

FLT3-L) provided the same level of protection as the BMSC conditioned medium (Figure 

4.1G). However, we could not find any of the cytokines alone to be able to drive full protection 

against TKIs (sorafenib and quizartinib) (Supplementary Figure 4.2 A-B) and neither absence 

of one cytokine from the mixture caused substantial loss of protection (Figure 4.1G); 

indicating that the pro-survival signal transduction pathways induced by BMM-secreted 

cytokines are partially redundant/overlapping.  

 

 



 

124 
 

 

Figure 4.1: Bone marrow stroma blocks the cytotoxic effect of FLT3 inhibitors (sorafenib and 
quizartinib). FLT3-ITD mutation-carrying Molm13 and MV4-11 AML cells were cultured alone or over 
bone marrow stromal cells (HS-5 or iMSC) (A, B), non-contact co-culture using transwell inserts (C, D) 
or in conditioned medium (E, F) for 24 h followed by treatment with indicated doses of the FLT3 
inhibitors sorafenib and quizartinib. Induction of cell death was measured after 48 h of treatment using 
To-Pro-3 staining.  To test the effect of individual cytokines Molm13 cells were cultured with 20ng/ml 
of 5 individual cytokines- IFNγ, IL-3, IL-6, FLT3-L, and CXCL12. Cells were then treated with 1µM of 
tyrosine kinase inhibitor (sorafenib and quizartinib) (G). Induction of cell death was measured using 
To-Pro-3 staining after 48 h of treatment. The graphs show the average percentage of live cells and 
error bars represent the standard deviation. Statistical significance was calculated using Student’s t-
test. * indicates the p-value <0.05. 
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4.4.2 Bone marrow stromal cells activate multiple tyrosine kinase receptors driving 

STAT3 and PI3K signalling in FLT3-ITD AML cells.  

To determine the signalling pathways BMM cyto/chemokines drive, and whether there are 

downstream components they converge on and thus could be targeted to overcome BMSC-

mediated TKI resistance, we identified the kinases activated by BMSCs using phospho-

kinase proteome assays for receptor tyrosine kinases (RTKs) (49 kinases, R&D Systems), 

intracellular kinases (43 kinases and kinase substrates, R&D Systems) and mitogen-

activated protein kinases (MAPK) (26 kinases and MAPK substrates, R&D Systems). 

BMSCs activated various kinases, many of which are known to play a role in AML such as 

vascular endothelial growth factor receptor 2 (VEGFR2), platelet-derived growth factor 

receptor (PDGFR), stem cell factor receptor (SCFR) and fibroblast growth factor receptor-2 

(FGFR2). We also found a unique set of receptor tyrosine kinases which have not been 

linked to bone marrow stroma-AML interaction (Supplementary Table 4.2), such as 

epidermal growth factor receptor 4 (ERBB4), neurotrophic receptor tyrosine kinase 3 

(NTRK3) and ephrin receptor B4 (EPHB4). Network analysis using Ingenuity Pathway 

Analysis (Qiagen) identified cell viability and inhibition of apoptosis as the two most 

significant signal transduction pathways activated by BMSCs (Figure 4.2 A-B). The signalling 

pathways activated predominantly converged on STAT3 and PI3K signalling (Supplementary 

Figure 4.3 A-B), the same two mediators as FLT3-signalling, providing an explanation why 

FLT3-ITD AML cells do not depend on FLT3 in the BMM and are thus resistant to FLT3 

inhibitors. 

To assess whether inhibition of STAT3 and PI3K can restore AML drug sensitivity, 

pharmacological inhibitors were used; STAT3 was inhibited with Stattic (binds to SH2 domain 

and inhibits its activation, dimerisation and nuclear translocation of STAT3), while PI3K was 

inhibited with idelalisib (blocks the P110δ isoform of PI3K). The inhibitors were added to the 

co-cultures at the same time when the BMSCs and AML cells (Molm-13 and MV4-11) were 

combined, incubated for 24 h followed by treatment with quizartinib for 48 h. Inhibition of both 

STAT3 or PI3K could sensitise AML cells to quizartinib with a synergistic effect (CI ≤ 0.81 for 

stattic and CI ≤ 0.15 for idelalisib) (Figure 4.2C, 4.2D, Supplementary Table 4.3). To confirm 

the potential of STAT3 and PI3K-inhibition in AML drug sensitisation, we tested these drugs 

in bone marrow-derived MNCs from 4 AML patients (Figure 4.2E). Unexpectedly, primary 

AML blasts did not show the same sensitisation as the AML cell lines, indicating that BMSC-

driven survival signalling in primary cells does not require STAT3 or PI3K activity. 
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Figure 4.2: The bone marrow stromal cells activate receptor tyrosine kinases that converge on 
to STAT3 and PI3K signalling pathway.  Molm13 cells were cultured with BMSC (iMSC) for 48 h in 
a layered co-culture system using antibody-based proteome profiling array. BMSC- driven activation of 
RTKs, MAPKs, and intracellular kinases was analysed using proteome arrays. Network analysis was 
performed to find out the unique and significant interactions. Key targets of BMM induced kinase 
signalling in the category of (A) inhibition of apoptosis and (B) cell viability. Red shading node shows 
activated kinases, green: inhibited kinases, orange node: activation function and blue node: inhibitory 
function. BMSC-AML cells were treated with STAT3 inhibitor, Stattic (4 µM), PI3K inhibitor, Idelalisib 
(10 µM), at the time of addition of (C) Molm13 and (D) MV4-11. 24 h post-co-culturing, the cells were 
treated with quizartinib (1 µM) and cell viability was measured after 48 h of treatment using annexin-V 
staining. Primary bone marrow-derived AML mononuclear cells from 4 patients were co-cultured with 
BMSC (iMSC) for 24 h followed by treatment with quizartinib (1 µM), Stattic (4 µM) and Idelalisib (10 
µM) in a single drug treatment or in combination with quizartinib. Cell viability was measured after 48 
h of treatment using ToPro-3 staining. The graphs show the mean viability of 4 patient samples. 
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4.4.3 Transient proteostatic stress of bone marrow stromal cells abolish their ability 

to support leukemic cells 

Since many of the BMSC-activated RTKs can drive AML drug resistance, we contemplated 

whether there is a mechanism that would have an impact on the functionality of multiple 

tyrosine kinase receptors. RTK-mediated signal transduction is strongly dictated by the 

dynamics of their turnover. Upon ligand binding, RTKs are rapidly internalised and degraded, 

which is normally balanced by their synthesis at the endoplasmic reticulum and 

transportation to the cell surface [499]. The expression of RTKs is also elaborately regulated 

by ubiquitinating and de-ubiquitinating enzymes [500]. Thus, we non-selectively/indirectly 

targeted RTKs by interfering with the ubiquitin-proteasomal system using the NEDD8 

activating enzyme (NAE)-inhibitor MLN4924/pavonedistat. MLN4924 showed a potent 

cytotoxic effect on AML cells even in the presence of BMSCs (Figure 4.3A).  

Given the fact that proteostatic stress may impact the stromal cells themselves, for example 

by interfering with secretion of trophic factors, we tested whether exposure of BMSCs to 

MLN4924 has any effect. Bone marrow stromal cells (HS-5 and iMSC) were treated with 

MLN4924 for 24 h after which it was washed out and Molm13 cells were layered over the 

pre-treated stroma. After 24 h, the co-culture was treated with sorafenib and quizartinib and 

AML cell viability was measured. Pre-treatment of the stromal cells with MLN4924 abolished 

their ability to support AML cells and sensitised them to TKIs (Figure 4.3C, 4.3D). 

Interestingly, we observed substantial AML cytotoxicity in the MLN-pre-treated co-cultures 

not treated with TKIs. We confirmed that this effect was not due to the death of the stromal 

cells (Figure 4.3B), instead it appeared to be a cytotoxic effect the BMSCs conditioned with 

transient proteostatic stress exerted on the co-residing AML cells. 

Corroborating these results, we found that conditioning of BMSCs with proteostatic stress 

also exerted a cytotoxic effect on primary AML blasts. We seeded bone marrow-derived AML 

blasts from 7 patients onto a layer of BMSCs which were pre-exposed to MLN4924 for 24 h. 

MLN4924 was removed from the BMSC layer by thorough washes. The AML cells were then 

cultured over the stroma for 24 h, after which they were treated with quizartinib and AML 

viability was measured after 48 h of treatment. We found that proteostatic stress-conditioned 

BMSCs were no longer able to support AML viability (Figure 4.3E) and the residing blasts 

were sensitised to quizartinib (Figure 4.3E). We also tested whether BMSC-conditioning also 

sensitises AML blasts to cytarabine+daunorubicin (AraC/Dnr) treatment (Figure 4.3F, 

Supplementary Figure 4.4A-E). As seen before, proteostatic stress-conditioned BMSCs 

failed to protect AML blasts against AraC/Dnr.  
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Figure 4.3: Proteostatic stress to BMSCs abolishes their ability to support the AML cell viability 
and drive drug resistance. Molm13 cells were co-cultured with BMSC (iMSC) for 24 h followed by 
treatment with 1 µM of MLN4924. (A) Induction of cell death was measured using annexin-V staining 
after 48 h of treatment. (B) Bone marrow stromal cells (HS-5 and iMSC) were treated with 1 µM 
MLN4924 for 24 h and induction of cell death was measured using TMRE dye by loss of mitochondrial 
membrane potential. Bone marrow stromal cells HS-5 (C) or iMSC (D) were treated with 1 µM of 
MLN4924 to induce proteostatic stress. After 24 h of treatment, the drug was washed off and Molm13 
cells were seeded over the proteostatic stress conditioned stroma and untreated stroma for 24 h 
followed by treatment with tyrosine kinase inhibitors sorafenib and quizartinib. Induction of cell death 
was measured using TMRE dye after 48 h of treatment. (E) Primary bone marrow-derived AML 
mononuclear cells (MNC) from 7 patients were co-cultured with BMSC conditioned with or without 
proteostatic stress for 24 h. (E) After 24 h of co-culturing, cells were treated with 1 µM of quizartinib. 
Cell viability was measured after 48 h of treatment using ToPro-3 staining. Primary bone marrow-
derived AML mononuclear cells (MNC) from 5 patients were co-cultured with untreated stroma and 
proteostatic stress conditioned stroma for 24 h followed by treatment with 3:1 molar ratio of cytarabine 
(AraC) and daunorubicin (Dnr). (F) Cell viability was measured after 48 h of treatment using ToPro-3 
staining. Student’s t-test was applied to determine the significant differences with * indicates p<0.05, 
** indicates p<0.005 and ns meaning non-significant. 
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4.4.4 Proteostatic stress to the bone marrow stromal cells changes the secretome and 

stress-responsive transcription factors associated with the secretion of cytokines and 

chemokines.  

To delineate the mechanism through which conditioned BMSCs induce AML cell death, first 

we determined whether AML cell death requires direct BMSC-AML cell-cell interaction or it 

is mediated by paracrine factors by using indirect, transwell cultures (BMSCs in bottom 

chamber and AML cells in the upper chamber, separated by a 1 µm pore-size membrane 

allowing only secreted soluble factors and extracellular vesicles to pass through). BMSCs 

were exposed to MLN4924 (1 mM) for 24 h followed by washout of the drug. Molm13 cells 

were then seeded over the stroma for another 24 h and then treated with quizartinib or 

sorafenib. Cell death was measured after 48 h of TKI treatment (Figure 4.4 A-D). BMSCs 

conditioned with proteostatic stress induced cell death in Molm-13 cell and sensitised the 

AML cells to TKIs, indicating that transient proteostatic stress may alter the BMSC 

secretome. We thus measured the secretion of 102 cytokines/chemokines in the conditioned 

medium collected after 24 h of MLN4924 washout using a cytokine array (Human proteome 

profiler, R&D Systems). Surprisingly, there were only a few cytokines/chemokines whose 

secretion level reduced by MLN4924 treatment, namely tumour necrosis factor receptor 

superfamily, member 8 (CD30), chitinase 3 like 1 (CHI3L1), C-X-C motif chemokine ligand 

10 (CXCL10), C-C motif chemokine ligand 5 (CCL5), -7, -20 and platelet-derived growth 

factor subunit A (PDGFα) (Figure 4.5A, Supplementary Table 4.4). On the other hand, there 

were numerous cytokines/chemokines whose secretion significantly increased after 

treatment (Figure 4.5B and Supplementary Table 4.4). Many of these are pro-survival, 

trophic factors, thus making it unlikely that proteostatic stress-induced cyto/chemokine 

secretome drives AML cell death. We have also found that BMSC proteostatic stress-driven 

AML killing did not depend on death ligand signalling (Supplementary figure 4.5). 
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Figure 4.4: Induction of mild proteostatic stress to the bone marrow stroma alters the 
microenvironment from an AML-supportive to the AML-rejecting. Bone marrow stromal cells iMSC 
(A-B) and HS-5 (C-D) were treated with 1 µM of MLN4924 for induction of mild proteostatic stress for 
24 h and drug was washed out after treatment. Molm13 cells were co-cultured directly over stroma 
(cell-contact co-culture) or in non-contact co-culture, using transwell inserts with a pore size of 1 µm 
allowing only secreted soluble factors to pass through it. After 24 h of co-culturing, Molm13 cells were 
treated with indicated doses of sorafenib (A, C) and quizartinib (B, D). Cell viability was measured after 
48 h post-treatment using annexin-V staining. The solid colour bar represents the contact co-culture 
and dashed bars non-contact transwell co-culture. Student’s t-test was applied to determine the 
significant differences with *p<0.05, **p<0.005 and ns meaning non-significant. 

 

To further understand the changes induced by proteostatic stress in  BMSCs, we determined 

what stress pathways may be activated by determining changes in the expression and/or 

activity of both the generic stress-induced factors, NF-κB, FoxO3a and JNK as well as 

transcription factors associated with specific stress conditions, namely ATF4 (integrated 

stress response), XBP1s (unfolded protein response), Nrf2 (oxidative stress), p53 and its 

target gene p21 (DNA damage, stress-induced cell cycle arrest) upon treatment with 

MLN4924 (Figure 4.5C, 4.5D). Proteostatic stress triggered FoxO3a induction and NF-B 

activation (seen by phosphorylation and negative feedback induction of IκB), confirming the 

induction of cellular stress. Of the stress-specific markers, ATF4, the marker of the integrated 

stress response and the p53 target, p21 were strongly induced. We observed that the pattern 
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of stress-induced transcription factor activation is different in AML cells cultured with BMSCs 

pre-exposed to proteostatic stress, showing that proteostatic stress-conditioned BMSCs 

exert specific stress on the AML cells (Figure 4.5D).  

 

 

 
Figure 4.5: Proteostatic stress conditioned bone marrow stroma has altered secretome and 
induces cellular stress response transcription factors. Changes in the cytokines and chemokines 
secretion profile of BMSC (HS-5 and iMSC) after induction of proteostatic stress was detected using 
proteome profiler antibody-based array. Stromal cells were treated with 1 µM of MLN4924 and drug 
was thoroughly washed out. Conditioned medium was collected after 24 h and used for the detection 
of the cytokines and chemokines. Representative dot-blot of cyto/chemokines whose expression (A) 
decreases and (B) increases after induction of proteostatic stress. Image analysis and quantification 
were done using HLImage ++ software.  Proteostatic stress has a different effect on BMSC and Oci-
AML2 cells (C) after 24 h and 48 h of treatment. Stress-responsive transcription factors protein 
expression was detected by western blotting for induction of ATF4, XBP1s, Nrf2, FoxO3a, p53, p21, 
pIκBα, IκBα, P-c-jun and β-actin as a protein loading control. Samples were collected after 0, 6, 12, 18, 
24, 36 and 48 h of treatment with MLN4924. 
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To further explore the effect of proteostatic stress on stromal cells (HS-5 and iMSC) and its 

knock-on effect on the AML cells, we performed transcriptome analysis by next-generation 

sequencing (NGS) on BMSCs treated with MLN4924 (both HS-5 and iMSC cells), as well as 

Molm13 cells cultured with conditioned BMSCs (iMSCs) for 24 h. 75x106 reads per sample 

were collected, aligned and normalized and the differentially expressed genes were identified 

using edgeR (Rstudio)[501]. 860 and 1113 genes were differentially expressed in HS-5 and 

iMSC respectively after induction of proteostatic stress and 159 genes were common among 

them cut-off of FDR<0.03 and were ranked according to fold change.  While 138, 1209, 615 

were differentially expressed in Molm13 cells upon co-culturing with BMSC, with proteostatic 

stress conditioned stroma and when compared between these two conditions 

(Supplementary table 4.5). Gene ontology analysis of the differentially expressed genes in 

Molm13 cells showed that the conditioned stroma led to enrichment for oxidoreductase 

activity (Figure 4.6A, 4.6B). We also found the enrichment for the functional effect of 

proteostatic stress conditioned BMSCs in the conversion of lipids involving Aldo-keto 

reductase family (Figure 4.6C) and generation of reactive oxygen species (ROS) (Figure 

4.6D) in Molm13 cells cultured with conditioned stroma. To detect whether proteostatic 

stress-conditioned BMSCs trigger ROS generation in Molm-13 cells, the oxidation of 

CellROX dye was measured in Molm13 cells co-cultured with conditioned stroma. A 

significantly higher level of ROS generation was found in Molm13 cells co-cultured over 

proteostatic stressed stroma to that of untreated stroma (Figure 4.6E). To rescue the cells 

from oxidative stress, co-culture was treated with the antioxidants N-acetyl cysteine (NAC) 

or Vitamin C. Antioxidant treatment partially reduced the ROS generation (Figure 4.6F) but 

could partially rescue Molm13 from proteostatic stress conditioned BMSC mediated cell 

death (Supplementary Figure 4.6).  
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Figure 4.6: Proteostatic stress-conditioned stroma and residing AML cells are enriched for 
oxidoreductase activity and oxidative stress.  Gene ontology analysis of differentially regulated 
genes in Molm13 cells upon co-culture with proteostatic stress conditioned BMSC reveals the top 
classifications (A) oxidation-reduction, steroid dehydrogenase activity. Gene set enrichment analysis 
reveals the enrichment for (B) oxidoreductase activity involving aldo-keto reductase enzymes. 
Functional analysis by Ingenuity pathway analysis reveals the key significant function like conversion 
of lipids (C) and production of reactive oxygen species (D). Oxidative stress is measured in AML cells 
(Molm13) using CellROX dye. Molm13 cells were cultured with BMSC conditioned with or without 
proteostatic stress and in a single culture. After co-culture with stroma 48 h, Molm13 cells were 
incubated with CellROX dye and oxidisation of dye was measured in live cells fraction by flow 
cytometry. (E) The graphs show the fold change of geometric mean intensity of oxidised CellROX dye 
and error bars represents the standard deviation. Statistical significance was calculated using Student’s 
t-test. * indicates the p-value <0.05, **p-value <0.005. Inhibition of oxidative stress was induced by 
treatment with antioxidants N-acetyl cysteine (NAC) and Vitamin C (Vit. C). Antioxidants were added 
to co-culture at the time of seeding Molm13 over-conditioned BMSC either alone or in combination. (F) 
Oxidative stress was measured after 48 h of co-culture using CellROX dye. Histograms showing 
representative oxidisation of CellROX dye. 
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4.4.5 Aldo-keto reductase C family enzymes are involved in driving drug resistance in 

AML cells 

Aldo-keto reductase (AKRs) are a class of enzymes that reduce reactive aldehydes to their 

corresponding alcohols. Members of the AKR1C family (AKR1C1-4) are hydroxysteroid 

dehydrogenases or oxidoreductases and are involved in the conversion of lipids or steroid 

hormones. The RNA sequencing analysis revealed that proteostatic stress-conditioned 

stroma as well as the co-residing AML cells have higher expression of AKR1C enzyme family 

genes AKR1C1-3 in BMSC and AKR1C1-4 in Molm13 cells. Oxidative stress-induced growth 

inhibitor 1 (OSGIN1) was also found to be upregulated in Molm13 cells and in conditioned 

stromal cells (HS-5 and iMSC). To confirm these findings, we performed determined the 

expression of these genes by quantitative real-time PCR (Figure 4.7 A-B). These results 

confirm the strong upregulation of AKR1C enzymes AKR1C1-3 and OSGIN1 in Molm13 cells 

co-cultured with or without proteostatic stressed conditioned stroma (Figure 4.7A). 

Conditioned BMSCs (iMSC and HS-5) also showed higher expression level of AKR1C1-C3, 

and OSGIN1 (Figure 4.7B). Additionally, MLN4924 also led to the induction of secretoglobin 

family 1A member 1 (SCGB1) and repression of C-X-C motif chemokine ligand 12 (CXCL12) 

and hydroxysteroid 17-beta dehydrogenase 17 (HSD17) (Figure 4.7B). These results 

concurred with the RNA sequencing data and highlight a possible role of AKR1C enzymes.  

To understand what role these enzymes play in AML cells; i.e. whether they were involved 

in inducing cell death or have a protective effect on AML cells, we used small molecule 

inhibitors against AKR1C1 (3-bromo-5-phenylsalicyclic acid, 5-BPSA) or against the AKR1C 

enzyme family (medroxyprogesterone acetate, MPA). Molm13 cells were treated with these 

inhibitors in a single culture or in co-culture with conditioned BMSCs. We found that treatment 

with MPA (Figure 4.7C) and 5-BPSA (Figure 4.7D) did not rescue the AML cells from cell 

death induced by conditioned BMSCs and had no cytotoxic activity against AML cells in 

cultured with stroma. This suggests that conditioned stroma does not induce cell death in 

AML cells through AKR1C enzymes. However, we found that treatment with AKR1C 

inhibitors (MPA, 5-BPSA) reverted stroma-mediated resistance to quizartinib and potentiated 

the cytotoxic effect of quizartinib. These findings indicate the role of steroid hormone 

signalling pathways in providing the resistance to FLT3-ITD cells against tyrosine kinase 

inhibitors.  

Since AKR1C enzymes are involved in lipid conversion and synthesis, we investigated 

whether lipids or oxidised lipids secreted by the conditioned BMSCs mediate cell death in 

AML cells. First, we assessed whether the cell death-inducing agent produced by BMSC-

conditioning is protein in nature. To this end, we heat-denatured the proteins in the 

conditioned medium collected from proteostatic stressed BMSC at 100oCfor 10 min after 

which the medium was cleared of the denatured protein aggregates by centrifugation. AML 

cells were then cultured in 1:1 diluted heat-denatured conditioned medium (CM) and fresh 

growth medium. Heat denatured conditioned medium from proteostatic stressed stroma 
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retained its cytotoxic ability against Molm13 cells (Figure 4.8A) and MV4-11 cells (Figure 

4.8B), indicating that the factor responsible for cell death is a heat stable molecule, most 

likely a non-protein compound. To further assess what may be the non-protein cytotoxic 

compound, we extracted the non-polar molecules from the conditioned medium using Bligh-

Dyer extraction [498]. The extracted lipids were then dissolved in an organic solvent (1:1 of 

chloroform:ethanol) (Figure 4.8 C & E) or aqueous solvent (PBS with 1%BSA) (Figure 4.8 D 

& F). The lipid extract from proteostatic stress-conditioned BMSCs had a cytotoxic effect on 

AML cells both in single culture and in co-culture with bone marrow stromal cells (Figure 4.8 

D, F), suggesting the role of secreted lipid moieties or other small metabolites. Since AKR1C 

enzymes are involved in conversion of complex lipids or steroid hormones, we tested the 

effect of prostaglandins or their oxidised product in mimicking the cytotoxic effect of 

conditioned BMSC. AML cells were treated with prostaglandin E2 (PGE2) or its 

spontaneously formed oxidation product, prostaglandin J2 (PGJ2) in the presence or 

absence of conditioned BMSC for 24 h followed by treatment with quizartinib (Figure 4.9 A-

B). PGE2 had no anti-leukemic activity, but PGJ2 killed AML cells. BMSCs however 

protected the AML cells from the cytotoxic effect of PGJ2. While both PGE2 and PGJ2 

sensitised AML cells cultured with BMSCs to quizartinib, neither PGE2 nor PGJ2 could 

replicate the AML-cytotoxic effect of conditioned BMSCs on AML cells (Figure 4.9 A-B).  

We also determined whether PGJ2 and its recognised oxidised form, 15-deoxy-Δ12,14-

prostaglandin J2 (15-d-PGJ2) is present in the medium of conditioned stroma with ELISA. A 

statistically significant increase in the concentration of 15-d-PGJ2 was found in the medium 

of conditioned BMSCs (Figure 4.9 C), but the concentration detected (1.5 ng/ml or 5 nM) 

was much lower than what was necessary to sensitise AML cells to quizartinib. This indicates 

that 15-d-PGJ2 is unlikely to be the mediator of AML cell death cultured with conditioned 

BMSC.  

We further studied the role of activation of peroxisome proliferator-activated receptor gamma 

(PPARγ) by PGJ2, which is its known agonist. Activation of PPARγ induces apoptosis in 

AML cells by ROS generation and caspase-3 activation [502]. We tested if conditioned 

stroma mediating cell death is PPARγ activation dependent. We inhibited PPARγ with GW-

9662 (PPARγ antagonist) and activate it using rosiglitazone (PPARγ agonist) in BMSC-AML 

co-cultures at the time of seeding of Molm13. Inhibiting or activating PPARγ activity does not 

rescue or mimic the effect of conditioned stroma mediated cell death in AML cells 

(Supplementary figure 4.7A). PGJ2 or 15-d-PGJ2 is also a known inducer of p53 and can 

mediate DNA damage mediated cell death [503], so we checked if p53 is involved in 

proteostatic stress-conditioned BMSC-mediated cell death in AML cells. We inhibited p53 

with pifithrin-α (inhibitor of p53 transcriptional activity) and pifithrin-µ (by blocking the binding 

of p53 to Bcl2, Bcl-XL on the mitochondrial surface, while retaining its transcriptional activity) 

in BMSC-AML co-cultures at the time of seeding of Molm13 cells. Blocking p53 activity failed 

to rescue the AML cells from conditioned-BMSC mediated cell death (Supplementary Figure 

4.7B).  
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Figure 4.7: Bone marrow stroma induces aldo-keto reductase C enzyme family in AML cells and 
drives the drug resistance against tyrosine kinase inhibitor. Transcriptome analysis indicates the 
upregulation of AKR1C1, AKR1C2, AKR1C3, AKR1C4 and OSGIN1 genes in AML cells upon co-
culturing with conditioned stroma. (A) Molm13 cells were cultured with BMSC treated with and without 
MLN4924 for 48 h in a layered co-culture system and gene expression analysis was performed by qRT-
PCR. (B) BMSCs (HS-5 and iMSC) were treated with MLN4924 for 24 h followed by washout of drug 
and cells were harvested after 24 h of culture. qRT-PCR was performed for AKR1C1-C4 enzymes, 
OSGIN1, CXCL12, HSD17 and SCGB1 genes on Roche Lightcycler 480 using Lightcycler 480 probe 
master mix. Gene expression analysis was performed using the 2-ΔΔCt method with hypoxanthine 
phosphoribosyl transferase (HPRT) as a housekeeping gene. The graphs show the mean fold change 
± SEM (n=3). Effect of inhibition of AKR1C enzymes with (C) pan-AKR1C inhibitor 
medroxyprogesterone acetate (MPA) and (D) AKR1C1 inhibition by 5-Bromo-3-phenyl salicylic acid (5-
BPSA) was determined. Small molecule inhibitors were added to the co-culture system at the time of 
seeding of Molm13 over bone marrow stroma (iMSC). After 24 h of co-culture AML cells were treated 
with 1µM of quizartinib with or without the combination with AKR1C inhibitors. Cell viability was 
measured after 48 h of treatment with annexin-V staining. Graphs showing the mean viability±std dev. 
(n=3). Student’s t-test was applied to determine the significant differences with * indicates p<0.05, ** 
indicates p<0.005 and ns indicates non-significant.   

 

Earlier results with secreted lipids (Figure 4.8 C-F) confirm their role as a mediator of cell 

death in AML cells, also there is higher ROS generation in conditioned BMSC. Based upon 

these findings we tested if lipid peroxidation plays a role in it. 4-hydroxynonenal (4-HNE) a 

lipid peroxidation product was used to treat AML -BMSC co-culture at the time of seeding 

AML cells for 24 h followed by treatment with quizartinib. We found that 4-HNE treatment 

has no effect on the AML cell viability, indicating that lipid peroxidation product 4-HNE has 

no role in conditioned BMSC mediated cell death. However, we also observed that its pre-

treatment sensitises the residing Molm13 cells to quizartinib in the presence of BMSC, thus 

abolishing the stroma mediated drug resistance (Figure 4.9D).  
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Figure 4.8: Lipids secreted by proteostatic stress conditioned stroma mediates cytotoxic 
effects on the residing AML cells. Conditioned medium (CM) from the bone marrow stroma (iMSC) 
treated with or without MLN4924 for 24 h followed by washout of drug and replaced with fresh complete 
growth medium was collected after 24 h of culture. CM is heat-denatured at 100oC for 10 minutes, 
immediately cooled on ice and centrifuged to remove protein aggregates. Molm13 cells (A) and MV4-
11 (B) were then cultured with 1:1 diluted condition medium with fresh growth medium with or without 
heat denaturation. Cell viability was measured after 48 h of culturing using annexin V staining. Graphs 
showing the mean viability±std dev. (n=3). Student’s t-test was applied to determine the significant 
differences with * p-value <0.05. A lipid extract was made by Bligh and Dyer method from the 
conditioned medium collected from proteostatic stress BMSC and untreated BMSCs. Lipid extracts 
were then dissolved in the organic solvent (CHCl3: EtOH) (C, E) and aqueous solvent (PBS+1%BSA) 
(D, F). Molm13 cells were cultured in the absence (C, D) or presence of stroma cells (iMSC) (E, F) and 
treated with varying volumes of lipid extract. Cell viability was measured after 48 h of treatment using 
annexin-V staining. Bar graphs showing the mean viability±std dev (n=3). Statistical significance was 
calculated using Student’s t-test. * indicates the p-value <0.05. 
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Figure 4.9: Prostaglandins and lipid peroxidation product, 4-HNE pre-treatment abolishes 
BMSC mediated resistance against tyrosine kinase inhibitor. Molm13-BMSC co-culture was 
treated with prostaglandin E2 (PGE2) (5 µM) and prostaglandin J2 (PGJ2) (20 µM) at the time of 
seeding AML cells over stroma. After 24 h of co-culturing cells were treated with quizartinib (1µM) with 
or without combination with (A) PGE2 and (B) PGJ2. Cell viability was measured after 48 h of treatment 
by annexin-V staining. Competitive sandwich ELISA assay (Enzo life sciences, USA) was performed 
to measure the levels of the oxidative product of PGJ2, 15-deoxy-Δ12,14-prostaglandin J2 (15-d-PGJ2). 
Proteostatic stress conditioned stroma (iMSC), conditioned medium was collected post 24 h and 48 h 
after washout of the drug.  Levels of 15-d-PGJ2 were measured using four parametric logistic (4PL) 
method and values were plotted on a standard curve.  (D) BMSC-AML co-cultures was treated with 
lipid peroxidation product 4-hydroxy-nonenal (4-HNE) at the time of seeding the Molm13 over stroma. 
Cells were then co-cultured for 24 h and followed by treatment with quizartinib in combination with or 
without 4-HNE. Cell viability was measured after 48 h of treatment using annexin-V staining. Graphs 
showing the mean viability±std dev. (n=3). Statistical significance was calculated using Student’s t-test. 
* indicates the p-value <0.05, ** indicates p<0.005 and ns meaning non-significant. 

 

From these findings, we know that the non-protein moiety or lipids/oxidised lipids are 

secreted by proteostatic stress conditioned BMSC that has a direct killing effect on the AML 

cells and synergised with chemotherapeutics to target AML cells. To understand the pathway 

through which the conditioned stroma induces cell death in AML cells, we blocked three cell 

death pathways- apoptosis with pan-caspase inhibitor Q-VD-OPH, necroptosis with RIPK1 

inhibitor Nec1s and ferroptosis (lipid-mediated cell death pathway) with Ferrostatin-1. These 

inhibitors were added to the co-cultures at the time the BMSCs and AML cells (Molm-13) 

were combined. Cell viability was measured after 24 h and 48 h of co-culture (Figure 4.10). 

Treatment with Q-VD-OPH, Nec-1s and Ferrostatin-1 does not protect the AML cells from 

cell death induced by conditioned BMSC, but the combination of pan-caspase inhibitor Q-

VD-OPH with RIPK1 inhibitor Nec-1s partially rescued the cells (Figure 4.10), suggesting the 

interplay between apoptotic and necroptosis cell death pathway. 
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Figure 4.10: Proteostatic stress-conditioned stroma induces cell death through ripoptosome-
based interface between apoptosis and necroptosis. Molm13 cells were cultured with bone marrow 
stroma (iMSC) conditioned with or without proteostatic stress. Pan-caspase inhibitor Q-VD-OPH, 
necroptosis inhibitor (RIPK1 phosphorylation), Nec1s, and Ferroptosis inhibitor, Ferrostatin-1, were 
introduced in the co-culture at the time of seeding of Molm13 cells over stroma either individually or in 
combination. Cell viability was measured using annexin-V staining after 48 h of treatment. Graphs 
showing the mean viability±std dev (n=3). Statistical significance was calculated using Student’s t-test. 
* indicates the p-value <0.05, ** indicates p<0.005 and ns meaning non-significant.  

 

4.5 Discussion 

Despite the improvements made in the treatment of AML, the prognosis remains poor, with 

a 5-year survival rate of <20% and even higher incidences of relapse [24]. FLT3-ITD mutation 

is one of the most common type of mutation, occurring in about 30% of AML patients, and is 

associated with high-risk patient groups or poor survival [484]. FLT3-ITD patients are often 

associated with refractory disease and need urgent attention or new treatment strategies to 

target the FLT3-ITD blast population [139,489]. Inhibitors targeting FLT3 are being 

developed, with Midostaurin (Rydapt) from Novartis recently approved as a targeted therapy 

for FLT3-ITD AML patients in combination with chemotherapy [151]. Recent studies have 

shown that drug resistance is the major reason for treatment failure and contributes to poor 

survival in AML patients. One of the main reasons associated with poor response to FLT3 

targeted therapies is the BMM, which provides protection to the residing AML cells against 

the cytotoxic effect of the drugs, thus, driving drug resistance [166,490]. The primary 

objective of this study was to target the AML cells in the presence of BMSCs and identify the 

novel candidates that could target the FLT3-ITD cells in combination with tyrosine kinase 

inhibitors, like sorafenib or quizartinib. Understanding the AML-BMM cross talk is essential 

to efficiently target the AML cells. We have shown that BMSCs provide protection to the 

residing FLT3-ITD AML cells against chemotherapeutics (AraC/Dnr), BH3 mimetics and 

FLT3-targeting tyrosine kinase inhibitors (sorafenib and quizartinib) [419].    
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To design the better and effective therapies against AML, it is important to identify and target 

the key molecular interactions through which the BMM drives the pathogenesis. Zeng and 

colleagues [504] have shown that BMSCs activate various pro-survival pathways in AML 

cells in a contact co-culture system. Our results are also in line with the findings of Garrido 

and colleagues [461], that BMSCs provide protection to the residing AML cells through direct 

cell-cell contact and through the secretion of soluble factors. It has also been well established 

that cytokines or chemokines such as vascular endothelial growth factor (VEGF), fibroblast 

growth factor (FGF), stem cell factor-1 (SCF-1) and cell-cell signalling like C-X-C motif 

chemokine ligand 12 (CXCL12)- C-X-C motif receptor 4 (CXCR4), vascular cell adhesion 

molecule-1 (VCAM-1), E-selectin [504-507] provide protection to AML cells against 

chemotherapy. It has been reported that FLT3-ITD leukaemia stem/progenitor cells are 

better protected by bone marrow than FLT3 wild type leukaemia cells [493]. Targeting the 

leukemic cells or sensitizing the BMM harbouring the leukemic cells with the targeted drugs 

holds the key to the treatment. The findings of this study suggest that the BMSCs provide 

resistance to FLT3-ITD AML cells against FLT3 targeting tyrosine kinase inhibitors. This 

protective effect of the BMSCs is through FLT3 independent signalling pathway. We also 

found that the FLT3-ITD AML cells, when cultured with conditioned media from BMSC, offer 

the same level of resistance to tyrosine kinase inhibitors indicating that it is the paracrine 

factor-mediated activation of survival signalling pathways in FLT3-ITD cells. It has also been 

found that FLT3-ITD AML cells, when cultured with individual cytokines (IFNγ, IL-3, IL-6), 

offer some level of resistance to the FLT3 inhibitors. Edwards and colleagues [508] have 

shown that CSF1R expressing cells secretes the cytokines and chemokines which provide 

protection to AML cells against chemotherapeutics and targeting CSF1R can eliminate the 

AML cells. Traer and colleagues [509] have shown that FGF2 from BMM promotes the 

resistance against FLT3 inhibitor quizartinib. All these results confirm the role of paracrine 

signalling by BMM in driving the resistance against the FLT3 inhibitors.  

We aimed to determine the signalling pathways in FLT3-ITD cells driven by BMM 

cytokines/chemokines and whether these pathways converge to common downstream 

components, which could be targeted to overcome BMSC-mediated TKI resistance. We 

identified the kinases in FLT3-ITD cells activated by BMSCs and found that these 

predominantly converged on STAT3 and PI3K signalling, the same two mediators for FLT3-

signalling, providing an explanation why FLT3-ITD AML cells do not depend on FLT3 in the 

BMM and thus are resistant to FLT3 inhibitors. It has been shown by Sexauer and colleagues 

[137], and Yang and colleagues [163] that stroma-AML co-culture drives the ERK-mediated 

resistance to FLT3 inhibitors, and also STAT3 and STAT5 signalling has been associated in 

providing the resistance against FLT3 inhibitors [183,510,511]. These findings are similar to 

those of Wingelhofer and colleagues’ study where the combination of the STAT5 inhibitor, 

AC-4-130, with JAK inhibitor, ruxolitinib, overcame the stroma-mediated drug resistance in 

the FLT3-ITD AML cells [185]. 
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To break the stroma-AML communication that drives the cell proliferation and survival 

through receptor tyrosine kinase, we non-selectively targeted the BMSCs by interfering with 

protein degradation pathway through inhibition of neddylation using MLN4924 (NEDD8 

activating enzyme inhibitor). Godbersen and colleagues have shown in CLL B-cells that the 

stromal cells provide resistance through activation of NF-κB pathway and Bim repression. 

Pre-treatment of stromal cells with MLN4924 disrupts the NF-κB activation by increasing the 

phospho-IκBα and induction of Bcl2 family members towards BH3 only proteins [512]. Kojima 

and colleagues have also shown that activation of p53 in BMSC by MDM2 inhibitor (Nutlin 

3a) could overcome the stroma mediated drug resistance to FLT3-ITD cells by 

downregulating the CXCL12/CXCR4 signalling [513]. Based upon these, we tested the effect 

of MLN4924 in shutting down the protective effect of the stroma mediated drug resistance. 

We found that induction of mild proteostatic stress to BMSC abolishes their ability to support 

the AML cell viability and, in turn, sensitises the FLT3-ITD cells to tyrosine kinase inhibitors 

and AraC/Dnr treatment. This effect is not mediated through altered secretome of the 

conditioned BMSC nor through expression of death ligands. Proteostatic stress induces the 

cellular stress in BMSC through induction of FoxO3a, NF-κB, ATF4 and p53 explains the 

altered secretory profile of conditioned BMSC.  

Transcriptome analysis revealed a novel set of enzymes, Aldo-keto reductases (AKRs), 

AKR1C1-C4 (hydroxysteroid dehydrogenase), which have been strongly associated with 

lipid/steroid conversion and drug resistance in cancer. Upregulation of AKRs indicates the 

role of their role in providing a drug resistance to AML cells or as a protective mechanism in 

AML cells cultured with proteostatic stress conditioned BMSC. AKR1C3 has been associated 

with blocking myeloid differentiation and promoting proliferation through PPARγ activation. 

AKR1C3 inhibition by MPA or Indomethacin induces differentiation [514,515]. We found that 

inhibition of AKR1C with MPA or 5-PBSA acts in a synergistic manner in sensitising the 

FLT3-ITD cells to quizartinib. These results are in line with findings of Verma and colleagues 

where they have shown that the inhibition of AKR1C3 by KV37 acts in a synergistic manner 

with etoposide and daunorubicin [516,517]. These findings indicate that AKR1C enzyme 

family are involved in providing drug resistance and are strongly induced in the presence of 

BMSCs. AKR1C enzymes are also involved in conversion of steroid hormones like 

prostaglandins [518]. AKR1C3 is known to catalyse the conversion of prostaglandin D2 to 

15-d-PGJ2 that can induce cell death through PPARγ dependent NF-κB inhibition and ROS 

generation [519-521]. We found that PGE2 and PGJ2 had no direct cytotoxic effect on AML 

cells in the presence of BMSC, but their pre-treatment to stroma abolishes their ability to 

protect the AML from cytotoxic effect of tyrosine kinase inhibitors. Kim and colleagues have 

shown that 15-d-PGJ2 treatment inhibits the IL-6 induced activation of STAT3 signalling by 

PPARγ independent mechanism [522]. Blocking or activating PPARγ with small molecule 

inhibitor does not mimic the effect of proteostatic conditioned BMSC.   

We further observed that the secretome of proteostatic stress conditioned stroma is the 

mediator of cell death and the candidate responsible is a heat-stable or non-protein 
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molecule. It has been shown that lipids can mediate cell death through lipid peroxidation 

products [523]. The generation of ROS can alter the lipid membrane and induce lipid 

peroxidation products like 4-hydroxynonenal (4-HNE) or malonaldehyde (MDA)[524]. This 

lipid peroxidation product can induce the apoptosis in AML cells [525]. It has been shown in 

K562 cells, a chronic myeloid leukemia CML) cell line, that low levels of 4-HNE decreases 

cell proliferation, represses the c-Myc expression and induces the differentiation [526]. 

Khanim and colleagues have reported that the combination of bezafibrate and MPA has anti-

leukemic activity and induces an increase in ROS levels and lipid peroxidation product (4-

HNE) [527]. It has been shown by Hassane and colleagues that 4-HNE can eradicate 

leukemic stem cells, progenitor or bulk population effectively by modulating the redox system 

of the AML cells [528]. All these reports provide a strong rationale that 4-HNE could be a 

mediator of proteostatic stress conditioned BMSC. Our results show that targeting the AML 

cells with 4-HNE in the presence of BMSC has no cytotoxic effect, but it abolishes the stroma 

mediated resistance against tyrosine kinase inhibitors. Proteostatic stress conditioned BMSC 

mediates cell death through programmed cell death pathways (apoptosis and necroptosis) 

in AML cells and potentially these pathways may shuffle through the ripoptosome. 

These findings suggest a strong foundation of combining the MLN4924 which is currently 

being tested in phase II clinical studies as single agent against AML, MDS and ALL 

(NCT00911066) [529]. Also, in combination with azacitidine for elderly AML patients (Phase 

Ib) leading to overall response rate of 83% after 6 cycle of dosing [530]. Combining MLN4924 

with induction chemotherapy (AraC+Dnr) or FLT3 targeting tyrosine kinase inhibitors 

(quizartinib, sorafenib or midostaurin) will benefit the AML patients. 

In conclusion, the results presented here indicate that FLT3-ITD AML cells rely on alternative 

signalling pathways when present in BMM and mediate AML drug resistance. This study 

suggests that proteostatic stress to the bone marrow stroma abrogates its ability to support 

cell viability and drive drug resistance to AML cells.  
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4.6 Supplementary Figures 

 

 

Supplementary Figure 4.1: Bone marrow stromal cells secreted cytokines and chemokines. 
Venn diagram showing the commonality in the secreted cytokines/chemokines in the conditioned 
medium of HS-5 and iMSC as detected using proteome array. 
 

 

Supplementary Figure 4.2: Individual cytokines/chemokine provide resistance against the 
tyrosine kinase inhibitor.  
Molm13 cells were cultured with 9 individual cytokines (IL-3, IL-6, IL-8, IFN-γ, FLT3-L, SDF-1α, SCF-
1, TPO and TNFα, which are known to be secreted by bone marrow stromal cells for 24 h. Cells were 
then treated with FLT3 targeting tyrosine kinase inhibitor (A) sorafenib and (B) quizartinib. Induction of 
cell death was measured by ToPro-3 staining. The graph shows the average viability±std dev (n=3). 
Statistical significance was calculated using Student’s t-test. * indicates the p-value <0.05, ** indicates 
p<0.005 and ns meaning non-significant. 

 

HS-5 iMSC

Supplementary Figure 2

Cytokines (100 ng/ml)

Control Treated IL-3 IL-6 IL-8 IFNγ FLT3-L SDF-1α SCF-1 TPO TNFα
0

20

40

60

80

100 Sorafenib

Without TKI

ns

*
*

*
*

*A

Cytokines (100 ng/ml)

Control Treated IL-3 IL-6 IL-8 IFNγ FLT3-L SDF-1α SCF-1 TPO TNFα
0

20

40

60

80

100

Without TKI

Quizartinib*

*
*

*
*

*B

%
 L

iv
e
 c

e
lls

(%
 c

e
lls

 T
o
P

ro
-3

 n
e
g
a
tiv

e
)

%
 L

iv
e
 c

e
lls

(%
 c

e
lls

 T
o
P

ro
-3

 n
e
g
a
tiv

e
)



 

144 
 

 

 

 

Supplementary Figure 4.3:  Network analysis of activated kinases in FLT3-ITD AML cells by 
bone marrow stromal cells.  
Molm13 cells were cultured with BMSC for 48 h in a layered co-culture system. Activation of receptor 
tyrosine kinases, intracellular kinases and mitogen-activated kinases were analysed using antibody 
array. (A) Bone marrow microenvironment induced kinase signalling network converge on to drive the 
STAT3 activation and (B) regulated by PI3K signalling complex.  

Supplementary Figure 3

A

B
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Supplementary Figure 4.4: Proteostatic stress conditioned stroma sensitised the residing AML 
cell to chemotherapeutics.  
Primary bone marrow-derived AML mononuclear cells (MNC) from 5 patients were co-cultured with 
untreated stroma and proteostatic stress conditioned stroma for 24 h followed by treatment with 3:1 
molar ratio of cytarabine (AraC) and daunorubicin (Dnr). Individual graphs for AML patients screened 
(A-E) showing the cell viability was measured after 48 h of treatment using ToPro-3 staining.  
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Supplementary Figure 4.5: Proteostatic stress conditioned BMSC does mediate cell death 
through death ligands.  
BMSC-AML co-culture was treated with death ligands such as (A) tumour necrosis factor associated 
apoptosis-inducing ligand (TRAIL) and (B) tumour necrosis factor-alpha (TNFα) at the time of seeding 
Molm13 cells over proteostatic stress conditioned stroma and untreated stroma. Cell viability was 
measured after 48 h of co-culturing using annexin-V staining. BMSC-AML co-culture was also treated 
with neutralising antibodies against death ligand (C) TNFα and (D) Fas-L as well as soluble Fc protein 
binding to (E) death receptor- 4 (DR4) and (F) death receptor-5 (DR5). Cell viability was measured 
after 48 h of co-culturing using annexin-V staining. Graphs showing the average cell viability±std dev 
(n=3). 
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Supplementary Figure 4.6: Treatment with antioxidants does not rescue the AML cells from 
proteostatic stress conditioned stroma mediated cell death.  
BMSC-AML co-cultures was treated with 3mM of N-acetyl cysteine (NAC) and 4 µM of vitamin C at the 
(A) time of seeding Molm13 over proteostatic stress conditioned stroma. (B) Antioxidants were also 
added daily to the BMSC-AML co-culture system.  Cell viability was measured after 48 h of co-culturing 
using annexin-V staining. Graphs showing the average cell viability±std dev (n=3). 
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Supplementary Figure 4.7: Proteostatic stress conditioned stroma does not mediate cell death 
by activation of PPARγ or inhibition of p53.  
BMSC-AML co-culture was treated (A) PPARγ agonist, rosiglitazone, and (B) antagonist, GW-9662, at 
the time of seeding Molm13 over proteostatic stress conditioned stroma for 24 h followed by treatment 
with quizartinib. Cell viability was measured after 48 h of treatment using annexin v staining. Inhibition 
of p53 activity was induced by (C) pifithrin-µ and (D) pifithrin-α in BMSC-AML co-culture at the time of 
seeding Molm13 over proteostatic stress conditioned stroma for 24 h followed by treatment with 
quizartinib. Cell viability was measured after 48 h of treatment using annexin-V staining. 
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4.7 Supplementary Tables 

Supplementary Table 4.1: List of cytokines and chemokines secreted by HS-5 stromal 
cells and iMSC whose expression changes after MLN4924 treatment in the 
conditioned medium. 

Cytokines/chemokines common between HS-5 and iMSC 

Gene ID Gene Symbol UniProt Protein Name 

4282 MIF Macrophage migration inhibitory factor 

3589 IL11  Interleukin-11 

6347 CCL2 C-C motif chemokine 2 

682 BSG  Basigin 

9518 GDF15 Growth/differentiation factor 15 

6352 CCL5 C-C motif chemokine; C-C motif chemokine 5 

9965 FGF19 Fibroblast growth factor 19 

7057 THBS1 Thrombospondin-1 

2022 ENG Endoglin 

6696 SPP1 Osteopontin  

1440 CSF3 Granulocyte colony-stimulating factor  

283 ANG Angiogenin 

5806 PTX3 Pentraxin-related protein PTX3 

6387 CXCL12 Stromal cell-derived factor 1 

285 ANGPT2 Angiopoietin-2 

6354 CCL7 C-C motif chemokine 7 

3976 LIF Leukemia inhibitory factor 

627 BDNF Brain-derived neurotrophic factor 

6364 CCL20 C-C motif chemokine 20 

5329 PLAUR Urokinase plasminogen activator surface receptor  

1437 CSF2 Granulocyte-macrophage colony-stimulating factor 

7422 VEGFA Vascular endothelial growth factor A 

22943 DKK1 Dickkopf-related protein 1 

3627 CXCL10 C-X-C motif chemokine 10; C-X-C motif chemokine 

1435 CSF1 Macrophage colony-stimulating factor 1 

3569 IL6 Interleukin-6 

3576 CXCL8 Interleukin-8; Multifunctional fusion protein 

2919 CXCL1 Growth-regulated alpha protein 

5054 SERPINE1  Plasminogen activator inhibitor 1 

3605 IL17A Interleukin-17A 

1116 CHI3L1 Chitinase-3-like protein 1 

Unique for HS-5 

29949 IL19 Interleukin-19 

727 C5 Complement C5 

1471 CST3 Cystatin; Cystatin-C 

3485 IGFBP2 Insulin-like growth factor-binding protein 2 

3486 IGFBP3  Insulin-like growth factor-binding protein 3 

929 CD14 Monocyte differentiation antigen CD14 
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2323 FLT3LG Fms-related tyrosine kinase 3 ligand 

284 ANGPT1 Angiopoietin-1 

Unique for iMSC 

1803 DPP4 Dipeptidyl peptidase 4 

6374 CXCL5 C-X-C motif chemokine; C-X-C motif chemokine 5 

354 KLK3 Prostate-specific antigen  

4318 MMP9 Matrix metalloproteinase-9 

2247 FGF2 Fibroblast growth factor 2 

3458 IFNG Interferon gamma 

5154 PDGFA Platelet-derived growth factor subunit A 

3383 ICAM1 Intercellular adhesion molecule 1 

3553 IL1B Interleukin-1 beta 

3552 IL1A Interleukin-1 alpha 

2683 B4GALT1 Beta-1,4-galactosyltransferase 1 

943 TNFRSF8 Tumor necrosis factor receptor superfamily member 8 

959 CD40LG CD40 ligand 

 

Supplementary Table 4.2: List of receptor tyrosine kinases, mitogen-activated protein 
kinases and intracellular phospho kinases activated in Molm13 cells upon co-
culturing with proteostatic stressed stroma.  

Symbol  Gene name  Phosphorylation site  Fold change  

 Receptor tyrosine kinase   

5979  RET   8.91  

5156  PDGFRA   8.62  

2066  ERBB4   7.47  

6259  RYK   6.94  

4916  NTRK3   6.08  

2263  FGFR2   5.22  

1956  EGFR   5.18  

4914  NTRK1   4.65  

3815  c-KIT   4.61  

2050  EPHB4   4.59  

285220  EPHA6   4.52  

5159  PDGFRB   4.51  

4485  MST1   4.41  

2321  FLT1   3.99  

7010  TEK   3.97  

2048  EPHB2   3.73  

1436  CSF1R   3.66  

2051  EPHB6   3.56  

2047  EPHB1   3.54  

4915  NTRKK2   3.48  

2045  EPHA7   3.45  

3791  VEGFR2   3.42  

4233  MET   3.35  

2260  FGFR1   3.24  
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2049  EPHB3   2.99  

2065  ERBB3   2.85  

2064  ERBB2   2.65  

4593  MUSK   2.23  

2261  FGFR3   2.00  

 Intracellular Phospho kinases   

6774  STAT3  S727  3.302  

3329  HSPD1   2.977  

6774  STAT3  Y705  2.904  

4846  NOS3  S1177  2.746  

65125  WNK1  T60  2.541  

5335  PLCG1  Y783  2.504  

6198  RPS6KB1  T421/S424  2.371  

2185  PTK2B  Y402  2.275  

 Mitogen activated protein kinase   

6300  MAPK12  T183/Y185  6.34  

5600  MAPK11  T180/Y183  4.27  

1432  MAPK14  T180/Y182  4.25  

207  AKT1  S473  3.74  

1000  AKT3  S472  3.50  

5601  MAPK9  T183/Y185  3.47  

5602  MAPK10  T221/Y223  3.30  

5603  MAPK13  T180/Y184  3.07  

3315  HSP27  S78/S82  2.28  

 

Supplementary Table 4.3: Combination Index calculations using Chou-Talaley 
method. 

CI  Stattic Idelalisib MPA 5-BPSA PGE2 PGJ2 4-HNE  

Quizartinib (1µM) 1.25 0.01 0.007 0.019 0.6 0.76 0.2605 

 

Supplementary Table 4.4: List of altered cytokines and chemokines secreted by HS-5 
stromal cells, iMSC in the conditioned medium after induction of proteostatic stress. 

Cytokines/chemokines with decreased level in HS-5 

Entrez Id Gene Symbol Gene Name 

943 CD30/TNFRSF8 Tumor Necrosis Factor Receptor Superfamily, Member 8 

1116 CHI3L1 Chitinase 3-Like 1 (Cartilage Glycoprotein-39) 

3627 IP10/CXCL10 Chemokine (C-X-C Motif) Ligand 10 

6354 MCP3/CCL7 Chemokine (C-C Motif) Ligand 7 

6364 MIP3α/CCL20 Chemokine (C-C Motif) Ligand 20 

5154 PDGFα Platelet-Derived Growth Factor Alpha Polypeptide 

6352 RANTES/CCL5 Chemokine (C-C Motif) Ligand 5 

5155 PDGF-BB Platelet-Derived Growth Factor subunit B 

9173 ST2 Interleukin 1 receptor like 1 

3603 IL-16 Interleukin 16 

4353 MPO Myeloperoxidase 
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Cytokines/chemokines with increased level in HS-5 

285 Ang-2/ANGTP2 Angiopoietin 2 

627 BDNF Brain Derived Neurotrophic Factor 

1471 CST3/ARMD11 Cystatin C 

1803 CD26/DPP4 Dipeptidyl-peptidase IV 

2022 ENG/CD105 Endoglin 

2247 FGF basic/FGF2 Fibroblast Growth Factor 2 (Basic) 

9965 FGF19 Fibroblast Growth Factor 19 

1440 G-CSF/CSF3 Colony Stimulating Factor 3 (Granulocyte) 

9518 GDF-15/MIC1 Growth Differentiation Factor 15 

3383 ICAM1/CD54 Intercellular Adhesion Molecule 1 

3605 IL-17A/CTLA8 Interleukin 17A 

354 KLK3/ PSA Kallikrein 

6696 OPN Osteopontin 

6019 RLN2/RLXH2 Relaxin 2 

56729 RETN/FIZZ3 Resistin 

6387 SDF1α/CXCL12 Chemokine (C-X-C Motif) Ligand 12 

7057 TSP-1/THBS1 Thrombospondin-1 

5329 uPAR/PLAUR Plasminogen activator urokinase  receptor 

284 ANGPT1 Angiopoietin-1 

3553 IL-1β Interleukin 1beta 

7124 TNF-α Tumour necrosis factor alpha 

9235 IL-32 Interleukin-32 

Cytokines/chemokines with decreased level in iMSC 

285 Ang-2 Angiopoietin-2 

 727 C5/C5α Complement component 5a 

929 CD14 Myeloid Cell-Specific Leucine-Rich Glycoprotein 

1116 CHI3L1/YKL-40 Chitinase 3-like 1 

 1471 CST3 Cystatin-c 

 3485 IGFBP2  Insulin Like Growth Factor Binding Protein 2 

 3486 IGFBP-3 Insulin Like Growth Factor Binding Protein 3  

29949 IL-19 Interleukin 19  

3627 IP-10/CXCL10 C-X-C motif chemokine ligand 10  

6354 MCP-3/CCL7 Monocyte Chemoattractant Protein 3  

3600 IL-15  Interleukin 15 

7039 TGFα Transforming Growth factor alpha  

Cytokines/chemokines with increased level in iMSC 

682 EMMPRIN CD147/Basigin 

2247 FGF basic/FGF-2 Fibroblast Growth Factor 2 

3552 IL-1α Interleukin 1 alpha 

3553 IL-1β Interleukin 1 beta 

9518 GDF-15  Growth Differentiation Factor 15 

6696 OPN Osteopontin 

3562 IL-3 Interleukin-3 
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3605 IL-17A Interleukin 17A 

146433 IL-34 Interleukin-34 

6348 MIP1alpha  Macrophage Inflammatory Protein 1 alpha 

5154 PDGF-AA  Platelet Derived Growth Factor alpha 

2252 FGF7 Fibroblast Growth Factor 7 

5329 uPAR Plasminogen Activator Urokinase  Receptor 

627 BDNF Brain Derived Neurotrophic Factor 

1437 GM-CSF Granulocyte-macrophage colony stimulating factor 

2919 CXCL1 C-X-C Motif Chemokine Ligand 1  

1440 G-CSF Colony Stimulating Factor 3 (Granulocyte) 

1471 CST3/ARMD11 Cystatin-c 

 

Supplementary Table 4.5: List of differentially expressed genes as identified by RNA 
sequencing.  

Top 10 upregulated and downregulated genes in proteostatic stress conditioned BMSC and 

Molm13 cells co-cultured with BMSC. Genes were ranked according to fold change with 

cutoff of FDR (p-adjusted value) <0.03. 

Differentially expressed genes in HS-5 after proteostatic stress 

GENE ID Gene Symbol LogFC P-value 

144809 FAM216B 4.653017 9.66E-05 

80201 HKDC1 4.269642 5.18E-32 

4602 MYB 3.55686 6.62E-05 

130497 OSR1 3.548954 1.67E-12 

388697 HRNR 3.480511 8.23E-13 

84735 CNDP1 3.4513 1.88E-06 

1646 AKR1C2 3.45021 7.4E-15 

7356 SCGB1A1 3.343094 1.09E-08 

6696 SPP1 3.292808 5.02E-12 

1645 AKR1C1 3.094433 3.64E-13 

7078 TIMP3 -3.68741 1.02E-25 

115362 GBP5 -3.86785 1.49E-13 

1437 CSF2 -4.14904 2.33E-19 

1999 ELF3 -4.45708 2.25E-13 

419 ART3 -4.49864 2.92E-45 

6354 CCL7 -4.53695 4.19E-16 

6347 CCL2 -4.63002 2.53E-24 

1440 CSF3 -4.66082 7.09E-54 

4884 NPTX1 -5.15111 3.33E-17 

3569 IL6 -5.29682 4.11E-45 

Differentially expressed genes in iMSC after proteostatic stress 

339416 ANKRD45 8.899202 3.86E-27 

80201 HKDC1 7.848848 3.18E-26 

477 ATP1A2 7.827255 6.96E-10 
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151176 ERFE 7.643063 3.11E-24 

117156 SCGB3A2 7.153899 3.26E-19 

9887 SMG7 6.878091 1.01E-24 

128414 NKAIN4 6.131983 3.52E-08 

1306 COL15A1 6.118322 2.64E-10 

340359 KLHL38 5.821234 0.000861 

2788 GNG7 5.742272 1.76E-18 

10501 SEMA6B -6.50361 0.000137 

1E+08 ZBTB42 -6.64486 8.94E-05 

6492 SIM1 -6.70431 2.16E-05 

54873 PALMD -6.87249 5.42E-06 

130497 OSR1 -6.96549 2.07E-05 

113675 SDSL -7.08598 5.63E-05 

54328 GPR173 -7.13118 5.47E-07 

114794 ELFN2 -7.16379 5.11E-06 

7412 VCAM1 -7.17181 4.49E-07 

387914 SHISA2 -8.1627 3.12E-08 

Differentially expressed genes in Molm13 after co-culture with BMSC 

7045 TGFBI 7.645583 1.16E-06 

8322 FZD4 7.262119 1.49E-15 

1410 CRYAB 7.255853 2.15E-07 

1281 COL3A1 7.04905 5.24E-06 

728137 TSPY3 6.876982 1.3E-06 

1E+08 TSPY10 6.876982 1.3E-06 

7168 TPM1 6.691327 1.08E-05 

5361 PLXNA1 5.946596 0.000118 

9832 JAKMIP2 5.67266 1.11E-13 

1278 COL1A2 5.338478 3.58E-08 

1277 COL1A1 5.337566 2.62E-10 

10631 POSTN 4.981404 9.64E-06 

7015 TERT 4.922928 9.92E-06 

6678 SPARC 4.788615 4.5E-06 

400999 FLJ42351 4.740649 6.61E-06 

727957 MROH1 -1.28161 2.42E-05 

79735 TBC1D17 -1.3216 9.18E-05 

116236 ABHD15 -1.54651 0.000129 

8111 GPR68 -1.71866 6.88E-05 

57613 FAM234B -2.62992 3.7E-14 

Differentially expressed genes in Molm13 after co-culture with proteostatic 
stressed BMSC 

6696 SPP1 8.614907 3.89E-13 

2831 NPBWR1 7.527909 7.75E-20 

29948 OSGIN1 7.016349 1.7E-07 

1410 CRYAB 6.658 6.17E-06 

1645 AKR1C1 6.616032 5.34E-81 
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100505994 LUCAT1 6.584517 7.34E-09 

1646 AKR1C2 6.496291 7.94E-71 

1807 DPYS 6.346772 7.13E-20 

9249 DHRS3 6.341793 3.49E-13 

5361 PLXNA1 6.31027 2.3E-05 

148741 ANKRD35 -3.48365 0.000808 

8323 FZD6 -3.49489 3.09E-07 

124056 NOXO1 -3.62751 2.38E-18 

7201 TRHR -3.71858 0.000817 

51108 METTL9 -4.05156 3.45E-27 

26289 AK5 -4.09717 2.93E-15 

419 ART3 -4.4757 4.71E-13 

677806 SNORA20 -5.14616 0.000893 

100423062 IGLL5 -6.30766 0.000179 

90952 ESAM -6.36891 1.79E-06 

Differentially expressed genes in Molm13 co-culture with or without proteostatic 
stressed BMSC 

6696 SPP1 6.825871 4.17E-12 

147645 VSIG10L 6.353284 1.74E-05 

1593 CYP27A1 6.251824 6.35E-06 

1807 DPYS 6.012468 7.66E-19 

1645 AKR1C1 5.982341 6.4E-71 

1646 AKR1C2 5.924542 7.06E-63 

5996 RGS1 5.645369 0.00013 

1089 CEACAM4 5.56002 0.000121 

5004 ORM1 5.54318 0.000122 

29948 OSGIN1 5.179278 1.31E-06 

130916 MTERF4 -3.16907 3.66E-09 

79870 BAALC -3.18509 2.58E-05 

286676 ILDR1 -3.23526 0.000312 

8323 FZD6 -3.37025 8.09E-07 

9832 JAKMIP2 -3.63719 6.64E-08 

4311 MME -3.65708 0.000345 

26289 AK5 -3.70836 1.47E-12 

1281 COL3A1 -5.03743 0.000164 

419 ART3 -5.17984 3.01E-17 

90952 ESAM -5.46016 0.000323 
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CHAPTER 5: Conclusion and Future Prospects 
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AML is a complex heterogeneous disease with high mortality rate. Standard treatment (7+3, 

cytarabine + daunorubicin) for the AML has not changed over last two decades. Advances 

in prognostic risk stratification of patients have helped refining the therapy, but the overall 

survival remains poor. Relapse has been a major issue in AML. After completion of 

chemotherapy, some AML cells are resistant to treatment, eventually leading to disease 

relapse or the onset of refractory disease. Understanding the reason for this relapse or drug 

resistance has strongly indicated the role of the BMM. Increasing evidence of crosstalk 

between the leukemic cells and the BMM has highlighted the importance of niche-derived 

signals which are essential for disease development. Thus, targeting these interactions may 

lead to new and improved AML therapy.  

In this thesis, we have demonstrated that an ex vivo layered co-culture model of AML blasts-

BMSCs can mimic the BMM and accurately predict the clinical response of patients to 

induction chemotherapy (AraC/Dnr). This model mimics the key features of the physiological 

BMM. This assay has capacity to be used as a theranostic tool in predicting the response of 

the patient to chemotherapy as well as finding out the suitable treatment options for which 

the patient will respond to. The current best prediction model based upon the genetic, 

epigenetic, physical status and gene expression signatures could not robustly predict the 

treatment response. Our assay can predict both the refractory and remission response with 

higher accuracy than other models. However, we could not predict the disease relapse based 

upon the surviving CD34+/CD38- population. The only limitation of this co-culture system is 

to support the long-term hematopoietic/leukemic stem cells (LT-HSCs/LSCs) population, 

which are responsible for relapse. Further studies to understand the clonal heterogeneity, 

disease evolution and acquisition of mutations upon chemotherapy in AML blasts of patients 

via single-cell transcriptomics (scRNA seq) will help to identify the drug-resistant clones. This 

will aid in efficient   treatment therapies and better help in predicting treatment outcome. Also, 

to test more AML patients’ samples for the model validation studies and to test if this ex vivo 

layered co-culture model can predict their clinical response with high accuracy. Further 

studies using this ex vivo co-culture model in predicting the efficacy of targeted drug 

therapies like FLT3 inhibitors-quizartinib or BH3 mimetics like navitoclax or venetoclax or 

drug combinations are recommended. 

The role of the BMM in protecting the residing AML blasts against chemotherapeutics is well 

known. In the second study, we have also revealed that the BMM provides protection to the 

residing AML blasts against chemotherapeutics and BH3 mimetics through upregulation of 

Mcl-1, not Bcl-2 and/or Bcl-XL. BH3 mimetics against Bcl-2/Bcl-XL are known to sensitise the 

AML cells to chemotherapy. Targeting Mcl-1 with small molecule inhibitor, A1210477, or 

repression of Mcl-1 with CDC7/CDK9 inhibitor, PHA-767491, abolishes the bone marrow 

stroma mediated drug resistance. Repression of Mcl-1 expression sensitises the 

CD34+/CD38- LSC-representative population to chemotherapeutics, thus, offering a strategy 

to eliminate the population responsible for relapse. We have shown that simultaneous 

inhibition of Bcl-2 and Mcl-1 is required to restore the drug sensitivity. In summary, the study 



 

158 
 

indicates that Bcl-2/Bcl-XL and Mcl-1 act in a redundant fashion as effectors of BMM-

mediated AML drug resistance and indicates that for BH3-mimetic-based treatment of AML, 

the focus must be broadened from sole targeting of Bcl-2 to the additional inhibition or 

repression of Mcl-1. Venetoclax (ABT-199) has been approved by FDA in combination with 

azacytidine, decitabine or low dose cytarabine in newly diagnosed AML patients with age 

above 75 years. Venetoclax has also been approved for treatment of chronic lymphocytic 

leukemia (CLL) or small lymphocytic lymphoma (SLL). AML blasts and leukemic stem cells 

(LSCs) are shown to develop resistance against venetoclax via upregulation of Mcl-1 or 

alternative antiapoptotic protein like Bcl-XL. Cells can also overexpress Bcl-2 which can lead 

to insufficient inhibition with venetoclax leading to resistance against it [531]. Failing to inhibit 

Mcl-1 reduces the treatment efficacy irrespective of whether there is sufficient inhibition of 

Bcl-2 family antiapoptotic members [532,533]. Alteration in the Bcl-2 phosphorylation causes 

the conformational changes which alters the affinity of BH3 mimetics like venetoclax against 

it but does not affect its affinity for endogenous BH3 only family members [534]. Missense 

mutations in Bcl-2 has been reported to induce venetoclax resistance by altering its BH3-

binding domain [535,536]. FLT3-ITD signalling is known to causes Bcl-XL and Mcl-1 

upregulation in AML patients providing resistance against the venetoclax. FLT3-ITD 

activation mediates resistance to the BCL-2 selective antagonist, venetoclax, in FLT3-ITD 

mutant AML models [133,537]. Clinical response of venetoclax in combination with 

hypomethylating agents has shown to improve the response rate (CR/CRi) in ELN favourable 

group and intermediate risk group as compared to adverse group. Also, patients with poor 

risk cytogenetics who will not be benefited from frontline chemotherapy has shown to benefit 

from venetoclax and decitabine combination treatment. AML with ASXL1 and TET2 

mutations has shown to respond better to the venetoclax and decitabine treatment while 

AML with U2AF1 mutation were completely non-responsive to treatment [538,539]. These 

studies provide rational for targeting Mcl-1 with small molecule inhibitor for overcoming the 

venetoclax or BH3 mimetics resistance. Combination of Mcl-1 and Bcl2 inhibitors can also 

strategically enhance the duration of response in AML patients. Characterising the BH3 

mimetic dependence of AML patients prior to therapy or at the time of relapse could also 

lead to better designing of treatment strategies for AML. 

The third study presented in this thesis shows that the BMM protects the FLT3-ITD AML cells 

against the cytotoxic effect of tyrosine kinase inhibitors (TKIs) through secreted paracrine 

factors. Which reduce the dependency of AML cells on FLT3-driven survival signalling 

pathways in the BMM. BMSC also activates several receptor tyrosine kinases, which 

converge on to STAT3 and PI3K signalling. These survival pathways are also the 

downstream of FLT3 signalling pathway, indicating how the FLT3-ITD cells do not depend 

on FLT3 signalling in BMM. To target these cells, we introduced a mild proteostatic stress to 

the stroma that alters the stroma-leukaemia communication. Proteostatic stress to the 

stroma abolishes its ability to support the AML cell viability and has a direct killing effect on 

the residing AML cells. This effect is mediated through the secreted factors that are non-
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protein in nature (lipids or lipid peroxidation products or metabolites). Transcriptomics data 

has shown the up-regulation of Aldo-keto reductase C family (AKR1C) in AML cells by BMM 

and by inhibiting these enzymes with small molecule inhibitors, (Medroxyprogesterone or 3-

Bromo-5-phenylsalicyclic acid), we can sensitise the FLT3-ITD AML cells to TKIs in the 

presence of BMSCs. A similar effect was also seen with lipid peroxidation product 4-

hydroxynonenal (4-HNE). These combination treatment with quizartinib can definitely be 

beneficial for further preclinical testing in in vivo mouse models for FLT3-ITD driven leukemia. 

Quizartinib as a single drug treatment was not approved recently by FDA, but combining it 

with MLN4924, Prostaglandin J2, 5-BPSA/MPA and 4-HNE can greatly enhance its effect in 

targeting the AML cells residing in the bone marrow microenvironment. These results 

suggest the alternative ways through which the BMM protects the FLT3-ITD AML cells 

against quizartinib monotherapy. Quizartinib in combination with ADE 

(AraC/Daunorubicin/Etoposide) chemotherapy is being tested in phase 3 AML18 clinical trial 

[540]. Quizartinib in combination with azacytidine is also being tested in clinical trial [541] for 

newly diagnosed and relapse/refractory FLT3-ITD AML patients. Suggesting that 

combination of quizartinib with targeted therapy can also provide the survival benefit to AML 

patients. Development of prostaglandin J2, aldo-keto reductase inhibitor, 4-HNE for further 

pre-clinical studies in mouse models can shed a light on their further development into a 

clinical drug. 

These results offer a novel way to target the FLT3-ITD cells in a combination therapy in the 

presence of BMSC. This study shows that proteostatic stress conditioned stroma alters its 

leukaemia-supporting function to leukaemia-rejecting function. Finding out the mediator of 

this effect will help in finding a novel molecule that can disrupt the stroma-leukaemia 

crosstalk. 

Together, results from these studies highlight the role of microenvironment in disease 

development and driving the drug resistance against chemotherapeutics. Significantly, the 

work presented in this thesis indicates various strategies that can be adapted to target these 

interactions between leukemic cells and microenvironment. Pharmacological inhibition of 

these interactions by small molecules has sensitised the residing leukemic cells to 

chemotherapeutics, thus restoring drug sensitivity. Finally, the findings reported here can 

help develop novel therapeutics to efficiently target the malignantly transformed cells residing 

in microenvironment. 
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ORIGINAL ARTICLE

Decoy receptors block TRAIL sensitivity at a supracellular
level: the role of stromal cells in controlling tumour TRAIL
sensitivity
L O’Leary1,9, AM van der Sloot2,3, CR Reis4,10, S Deegan1, AE Ryan5, SPS Dhami1, LS Murillo6, RH Cool4, P Correa de Sampaio7,11,
K Thompson8, G Murphy7, WJ Quax4, L Serrano2, A Samali1 and E Szegezdi1

Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) is a death ligand cytokine known for its cytotoxic activity against
malignantly transformed cells. TRAIL induces cell death through binding to death receptors DR4 and DR5. The inhibitory decoy
receptors (DcR1 and DcR2) co-expressed with death receptor 4 (DR4)/DR5 on the same cell can block the transmission of the
apoptotic signal. Here, we show that DcRs also regulate TRAIL sensitivity at a supracellular level and thus represent a mechanism by
which the microenvironment can diminish tumour TRAIL sensitivity. Mathematical modelling and layered or spheroid stroma–
extracellular matrix–tumour cultures were used to model the tumour microenvironment. By engineering TRAIL to escape binding
by DcRs, we found that DcRs do not only act in a cell-autonomous or cis-regulatory manner, but also exert trans-cellular regulation
originating from stromal cells and affect tumour cells, highlighting the potent inhibitory effect of DcRs in the tumour tissue and the
necessity of selective targeting of the two death-inducing TRAIL receptors to maximise efficacy.

Oncogene (2016) 35, 1261–1270; doi:10.1038/onc.2015.180; published online 8 June 2015

INTRODUCTION
Tumour necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) is a key effector molecule in tumour immune surveillance.
It is expressed by natural killer cells and natural killer-T cells when
they encounter malignantly transformed cells. TRAIL kills target
cells by binding to death receptor 4 (DR4) or DR5 on their
surface.1,2 Activation of DR4 and/or DR5 by TRAIL is controlled by
two other membrane-bound TRAIL receptors, decoy receptor 1
(DcR1) and DcR23 and a soluble receptor, osteoprotegerin.4 These
receptors lack a functional death domain, thus cannot trigger
apoptosis.3,4

Recombinant soluble human TRAIL (rhTRAIL, Dulanermin)
showed very high potency against a broad range of tumours
in vitro and in pre-clinical studies. However, despite being well
tolerated, clinical trials testing rhTRAIL both as a monotherapy or
in combination with other chemotherapeutics have failed to
exhibit the same potency.5 One major shortcoming of the pre-
clinical models was the lack of assessment of the contribution of
the tumour microenvironment (TME). The TME consists of various
cell types, soluble factors and signals from the extracellular matrix,
which is in a reciprocal interaction with the tumour cells. To date,
only one study indicated that the efficacy of TRAIL could be
influenced by the TME where the sensitivity of patient

mesothelioma fragments grown ex vivo as spheroids to TRAIL-
induced apoptosis was tested.6

Interestingly, high level of TRAIL expression in the tumour
stroma (but not in tumour cells) was found to strongly correlate
with longer overall survival and relapse-free survival of prostate
cancer patients.7 TRAIL has been found to be secreted by
irradiated tumour cells to mediate the bystander effect that
propagates post-irradiation cell death throughout the treated
tissue.8,9 In addition, Ashkenazi and co-workers have recently
shown that the endothelial cells in the tumour vasculature express
DR5, the targeting of which destructs tumour vasculature and
reduces tumour growth10 indicating that the tumour stroma may
have a role in controlling TRAIL response, although currently it is
very poorly understood.
The first line of regulation of TRAIL-induced apoptosis is

provided by the TRAIL DcRs11 by either sequestering TRAIL from
the death receptors or by forming inactive, heteromeric DcR1/2–
DR4/5 complexes.12,13 TRAIL has the highest receptor promiscuity
within the TNF cytokine family with five receptors out of which
three are regulatory (decoy) receptors, indicating that activation of
DR4 and DR5 is a key regulatory point of TRAIL sensitivity. Indeed,
DcRs have been shown to be highly expressed in a number of
tumour tissues such as acute myeloid leukaemia, prostate cancer
and breast cancer and their expression is linked with poor
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prognosis.14–16 For example, DcR1 was found to be the strongest
single predictor of overall survival in AML17 and in vitro over-
expression of DcRs protected tumour cells from TRAIL-induced
apoptosis. On the contrary, DcR expression in the tumour does not
correlate with TRAIL sensitivity18,19 and non-transformed cells do
not require DcRs to be protected from TRAIL-induced apoptosis,20

suggesting that the in vivo role of the DcRs may be more complex
than originally thought. In this study, we examined the hypothesis
that DcRs exert a 'tissue-level control' of TRAIL sensitivity rather
than simply regulating TRAIL resistance at a cell autonomous level.
We used mathematical modelling in conjunction with layered

and spheroid mixed-cell type tumour plus stromal cell cultures to
assess the ability of DcRs expressed in the TME to regulate TRAIL
sensitivity of adjacent tumour cells. By mutating glycine at
position 160 to glutamate and threonine at position 261 to
leucine (G160E/T261L) in TRAIL, we generated a TRAIL mutant that
does not bind to DcRs without affecting its binding toward DR4
and DR5. Using this TRAIL variant, we present evidence here that
DcRs do not only act in a cell-autonomous or cis-regulatory
manner (that is, acting on the same cell), but are also able to exert
trans-cellular regulation by acting from stromal cells and affecting
tumour cells. These results clearly illustrate the potent inhibitory
effect DcRs can have in vivo in the tumour and its surrounding
tissue and highlight the necessity of selective targeting of the two
death-inducing TRAIL receptors for an efficient TRAIL-based
therapy.

RESULTS
DcR1 and DcR2 are commonly expressed in tissues, whereas tissue
stroma only expresses DcR1
The effect of DcR1/2 expression on TRAIL efficacy in vivo, such as
DcR expression by normal somatic cells, is poorly explored largely
due to the limited value of animal models. Rodents have one
death-inducing TRAIL receptor gene, mTRAIL-R, which is homo-
logous to human DR4/DR521 and two TRAIL DcRs, however, their
homology to human DcR1 and DcR2 is very low and their
biological function is poorly understood.21,22

In order to better understand the role of DcR1 and DcR2 in vivo,
we determined their expression in tumour cells, tumour stroma
and in non-malignant, tumour-adjacent tissues with immunohis-
tochemistry in breast, prostate, liver, urinary bladder, pancreas and
ovarian cancer (118 tissue cores in total, intensity scoring images
at Supplementary Figure 1; Figure 1). Analysis of the tumour tissue
cores showed that DcR1 and DcR2 were both expressed in all
tumour types and their expression level varied on a broad scale
(Figure 1 and Supplementary Figures 2 and 3). DcR1 was abundant
both in the tumour cells and in the tumour stroma, whereas
expression of DcR2 was restricted to the tissue cells (that is,
epithelial, glandular and so on) and it showed no expression in the
stroma (Figure 1). Tumour-adjacent normal tissues showed a
similar expression pattern and intensity scale as the tumour
tissues. We have also analysed a restricted number of normal
tissues from non-cancer patients. Although we had no access to

Figure 1. Expression of DcR1 and DcR2 in tumour tissues and tumour-adjacent normal tissues. Tissue cores of tumours and adjacent normal
tissues on tissue microarrays (59 samples each) were immunostained for DcR1 and DcR2 expression. The expression of the DcRs was evaluated
by scoring the percentage of positive cells and staining intensity within cells. The graphs show the mean expression with s.d. in the different
tissue types examined for DcR1 (a and c) and DcR2 (b and d) in stromal cells in tumour-adjacent normal tissue (normal stroma (NS)) and stromal
cells within the tumour tissue (tumour stroma (TS)) (a and b), as well as in non-transformed tissue cells (NC) and tumour cells (TC) (c and d).
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sufficient number of tissues for statistical analysis, we confirmed
that the distribution of expression of both DcRs was very similar as
in the tumours (Supplementary Figure 4). Of note, DcR1
expression in the stroma was the highest in the fibro-muscular
compartment, whereas it is typically low in the non-muscular
fibroblasts indicating a cell type-specific regulation of expression.
Significantly, DcR2 was not expressed in the stroma of any tissue
except a weak expression in a restricted number of cores,
regardless of disease status (malignant tissue, tumour adjacent
or normal).

Design and characterisation of decoy-insensitive TRAIL mutants
In order to determine the potential of stromal-expressed DcRs to
block TRAIL-induced apoptosis, we generated DcR-insensitive
TRAIL mutants. Using the FoldX protein design algorithm,23–26

amino-acid residues that form the ligand receptor-binding inter-
face of TRAIL were mutated in silico to all possible natural amino-
acid permutations and the change in the binding energy to all
four TRAIL receptors was calculated as described previously.24–27

Amino-acid substitutions that increased the energy of interaction
between TRAIL-DcR1/DcR2 (that is, reduced binding affinity,
positive ΔΔGi) and mutations that decreased the energy of
interaction between TRAIL and DR4/DR5 have been identified
(Supplementary Figure 5).
The in silico identified amino-acid substitutions were introduced

in TRAIL by site-directed mutagenesis and the rhTRAIL mutant
proteins were produced and purified.24 DR4 and/or DR5 agonistic
activity of the mutants was determined using the TRAIL-sensitive
Colo205 cell line24 by measuring the percentage of cells with
exposed phosphatidylserine after 3-h treatment using Annexin V
(Supplementary Figure 3) or measuring cell viability (MTT assay)
after 24-h treatment from which the dose inducing 50% cell death
(ED50) was determined (Table 1).

Mutants T261L (threonine at position 261 replaced with
leucine), T200H (threonine to histidine mutation at position 200),
H270D (histidine to aspartate mutation at position 270) displayed
a minimum 2-fold increased cytotoxic activity. (Table 1;
Supplementary Figure 6). Although mutation of glycine at position
160 to glutamate (G160E) did not show increased cytotoxic
activity, this mutant was retained for further analysis because of its
robust effect on DcR-binding predicted with FoldX. Based on
these mutations, combination variants containing two or more
single mutations were generated to create a more potent and
selective molecule (Table 2).
DR4/DR5 agonistic activity of the combination variants was

tested in Colo205 cells as described for the single mutants.
TRAIL45-c and TRAIL45-d showed activity similar to that of WT
TRAIL, whereas TRAIL45-a and TRAIL45-b displayed an increased
activity, with an ED50-WT TRAIL:ED50-TRAIL45 ratio of 5.2 and 3.9,
respectively (Figure 2b). Receptor binding of the combination
TRAIL variants to the four membrane-bound TRAIL receptors was
assessed in real-time by surface plasmon resonance (SPR) and
apparent dissociation constants (KD) were calculated based on
pre-steady-state response values (Table 2). TRAIL45-a and TRAIL45-
b showed a large reduction in binding to both DcR1 and DcR2,
whereas their binding to DR4 and DR5 was only slightly reduced.
TRAIL45-c and TRAIL45-d showed the largest reduction in binding
to DcR1 and DcR2, but this was accompanied by a significant
reduction in DR4 and DR5 binding (Table 2). Enzyme-linked
immunosorbent assays corroborated the SPR measurements
(Supplementary Figure 7). Importantly, the binding profile
confirms that the increased pro-apoptotic potential of the TRAIL45
mutants (Figure 2) is not due to an increased DR4/DR5 affinity, but
to increased specificity through their diminished binding to
the DcRs.
The ability of the combination mutants to activate both DR4

and DR5 was tested and confirmed in ML-1 cells (DR4-responsive
cells) and Jurkat (DR5-sensitive cells24,25; Figures 2c and d). All
mutants could induce cell death in both ML-1 and Jurkat cells with
TRAIL45-a being the most potent inducer of apoptosis. Finally, the
ability of the TRAIL45 mutants to avoid DcR-mediated inhibition
was tested. We used Colo205 cells where we have previously
shown that neutralisation of DcR1 and DcR2 enhanced WT TRAIL-
induced apoptosis.27 Colo205 cells were treated with neutralising
antibodies against DcR1 and DcR2 for 1 h before treatment with
TRAIL45 mutants for 3 h. The percentage of apoptotic cells was
determined using Annexin V. As expected, neutralisation of DcR1
and DcR2 significantly enhanced WT TRAIL-mediated apoptosis,
but it had no effect on the pro-apoptotic potency of TRAIL45-a,
TRAIL45-c and TRAIL45-d confirming that these mutants have lost
the ability to bind to the DcRs and thus provided us with a
valuable tool to test the role of DcRs in tissue-level/trans-
regulation of TRAIL sensitivity (Figure 2e).
To determine if the loss of DcR-binding enabled faster DR4/DR5

activation by TRAIL45 mutants, DR4/DR5 activation kinetics was
determined as described previously.27 Briefly, Colo205 cells were

Table 1. ED50 ratios of decoy-insensitive TRAIL single mutants to WT
TRAIL (ED50WT/ ED50mutant)

Mutants with
increased activity
(ED50 ratio⩾ 2.0)

Mutants with
unchanged activity
(ED50 ratio 2.0–0.5)

Mutants with
reduced activity
(ED50 ratio⩽ 0.5)

T200H 10.3 L147K 1.4 L147P 0.2
T261L 94.5 G160D 1.6 S159E 0.3
H270D 5.1 G160E 0.96 H161E 0.3

H161F 0.8 I220M 0.4
H161I 2.0 T261H 0.1
H161M 1.4 D267Y 0.4
Q193N 2.0
K197E 0.7

Abbreviation: TRAIL, tumour necrosis factor-related apoptosis-inducing
ligand.

Table 2. Relative binding affinity of TRAIL45 mutants to DR4, DR5, DcR1 and DcR2 measured by surface plasmon resonance

KD ratio (mutant/WT)

DR4-Fc DR5-Fc DcR1-Fc DcR2-Fc

TRAIL45-a (T261L/G160E) 1.3± 0.2 1.4± 0.1 5.0± 1.2 10.7± 4.5
TRAIL45-b (T261L/H270D) 1.9± 0.8 1.7± 0.5 4.7± 0.3 8.5± 2.8
TRAIL45-c (T261L/G160E/H270D) 6.5± 0.3 7.4± 2.0 13.3± 4.6 35.4± 13.4
TRAIL45-d (T261L/G160E/H270D/T200H) 8.1± 2.6 12.7± 1.2 15.4± 5.2 33.5± 1.6

Abbreviations: DcR1, decoy receptor 1; DR4, death receptor 4; TRAIL, tumour necrosis factor-related apoptosis-inducing ligand. KD ratios were calculated
relative to WT TRAIL.
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Figure 2. TRAIL45-a and TRAIL45-b do not bind to DcR1/2 and show strong cytotoxic activity. (a) Positions of mutations introduced in TRAIL.
The image shows two TRAIL monomers (light and dark green) binding a monomer of DR5 (purple). The positions of the mutated amino-acid
residues are indicated with red balls. (b) Biological activity of WT TRAIL and TRAIL45 mutants. Cytotoxic potency of the TRAIL45 mutants was
tested in Colo205 cells. Induction of cell death was quantified by measuring percentage annexin V positivity following a 3- h incubation
period. TRAIL45-a and TRAIL45-b mutants retain DR4 and DR5 agonistic activity and lost DcR1/2 binding. DR4 and DR5 agonistic activity of
TRAIL45 mutants was measured in (c) ML-1 cells and (d) Jurkat cells, respectively. Cells were treated with the indicated doses of WT TRAIL or
TRAIL45 mutants for 24 h and induction of cell death was determined using Annexin V staining. (e) Effect of DcRs neutralisation on the
apoptosis-inducing activity of TRAIL45 mutants. Colo205 cells were treated with 2 μg/ml of DcR1 and/or DcR2 receptor-neutralising antibodies
for 1 h before treatment with the ED50 dose of WT TRAIL or TRAIL45 mutants for 3 h after which cell death induction was quantified with
annexin V. Error bars indicate s.e.m.; *Po0.05 (f and g) Kinetics of DR4/DR5 activation by TRAIL45-a. Colo205 cells were treated with 100 ng/ml
of WT TRAIL or TRAIL45-a for increasing times after which the ligand was washed out to terminate receptor activation. The cells were
incubated for a total length of 3 h for quantification of apoptotic cells with annexin V assay (f) and 2 h for analysis of pro-caspase-8 processing
(g) with western blotting as measures of DR4/DR5 activation.
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treated with WT TRAIL or TRAIL45-a for increasing time (15–180
min), at the end of which the ligand was washed out and receptor
activation was monitored by detecting induction of cell
death and processing of pro-caspase-8. The TRAIL45-a mutant
induced DR4/DR5 activation significantly faster than WT TRAIL
(Figures 2f and g).

Stromal DcRs provide protection to tumour cells against TRAIL
Mathematical modelling was used to assess the potential of
DcR1/2 expressed by tumour-surrounding stromal cells to protect
cancer cells from TRAIL-induced apoptosis. Our previously
published model that described TRAIL receptor activation on a
single cell (cis-effect)27 was adapted to include DcR-expressing
stromal cells. Stromal cell-expressed DcRs were defined as
additional species, which in contrast to the tumour cell-
expressed DcRs, could not participate in the formation of DcR-
DR heteromeric receptor complexes with TRAIL. Diffusion of TRAIL
was modelled with a fast diffusion term within the bulk solution
(that is, culture media; diffusion coefficient D= 60 μm2 x s-1) and a
slow diffusion term from the bulk solution to the cell surface

(D= 5 μm2 x s-1). The receptor-binding affinities of TRAIL45-a
determined by SPR were used to model the decoy-insensitive
TRAIL variant (Table 2) by attributing the measured Kd values
equally to the rate constants kon and koff. When taking the number
of homotrimeric TRAIL-3DR5 or TRAIL-3DR4 complexes as a
measure of their activation in the simulation model, it could be
observed that as the proportion of stromal DcRs increased over
tumour-DRs (plotted as stromal-DcR1+2:tumour-DR4+5 ratio), the
kinetics of DR4 and DR5 activation slowed down. This suggests
that kinetic regulation of TRAIL-death receptor activation exists
not only at the level of individual tumour cells (cis-effect) as we
have reported it previously, but also at the level of the tissue
(trans-effect), which at high DcR/DR ratios completely blocks DR4/
DR5 activation (Figures 3a and d).27 The effect can be attributed to
TRAIL sequestration by stromal DcRs and to mass transport
limitations of TRAIL from the bulk solution to the cell surface. Of
note, this model incorporated DcRs on the surface of Colo205 cells
(that they normally express), however, to better assess the
potential effect of stromal DcRs, DcRs were removed from the
Colo205 cell surface in the simulation and a stronger effect of
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stromal DcRs could be seen, highlighting the importance of DcR
expression in the tumour’s milieu (Supplementary Figure 8).
The DcR-insensitive TRAIL variant was able to maintain fast DR4/

DR5 activation even at high DcR:DR ratio despite its lower affinity for
DR4 and DR5 compared to that of WT TRAIL (Figures 3b, c, e and f).
To better simulate DR4/DR5 activation in a tissue setting, a simplified
three-dimensional (3D) model consisting of transport of TRAIL from
bulk (via diffusion, D= 5 μm2 x s−1) to the cell surface of Colo205
cells through an 'interstitial' space of fibroblasts expressing DcRs has
been set up. This 3D model showed an increased effect of stromal-
expressed DcRs on TRAIL-induced DR4/DR5 activation, which again
was caused by mass transport limitations of TRAIL from the bulk
solution to the tumour interior (Supplementary Figure 9).

Reduced efficacy of TRAIL in a stromal/tumour co-culture system
To assess whether DcRs can reduce TRAIL-induced apoptosis in a
trans-acting manner by being only expressed on tumour-adjacent
non-transformed cells, primary human dermal fibroblasts (hFbs)
were labelled with a red cell tracker (CM-DiI) and transduced with
DcR1- or DcR2-expressing lentiviruses at a low MOI to achieve low,
close to in vivo-level DcR expression (Figure 4a) and cultured
together with Colo205 cells. The co-culture of cells was treated
with a dosage of WT TRAIL or TRAIL45 mutant and induction of
cell death in the tumour cells was determined by Annexin V
(Figure 4b). Expression of DcR1 reduced the efficacy of WT TRAIL
by fivefold, whereas DcR2 expression caused a twofold reduction
in the efficacy of WT TRAIL (Figure 4b). On the other hand, the
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TRAIL45 mutant retained full efficacy, confirming that the reduced
efficacy of WT TRAIL was caused by DcR expressed by tumour-
neighbouring cells. In the same culture, we measured DR4/DR5
activation kinetics by treating the cells with WT TRAIL for
increasing time (15–180 min) after which it was washed out and
pro-caspase-8 processing determined as a measure of DR4/DR5
activation (Figure 4c). Presence of either DcR1 or DcR2 on the hFb
significantly delayed TRAIL-induced pro-caspase-8 activation.
DcR expression can vary on a broad scale in the stroma. Mining

of curated published data and predicted regulatory elements on
the DECODE database (SABiosciences' Text Mining Application
and UCSC Genome Browser; Qiagene, Sussex, UK) for DcR1 and
DcR2, revealed that the promoter region of both receptors contain
nuclear factor-kB-binding sites, whereas DcR1 also contains STAT3
sites indicating that inflammatory or immunoregulatory cytokines,
such as interleukin-6 (IL-6) may control their expression. As these
cytokines are known regulators of the TME, we treated the hFb
with IL-6, IL-8, interferon gamma or TNF for 48 h and measured the
expression of DcR1 and DcR2. The surface expression of both DcRs
increased subtantially in response to TNF, but not with any of the
other cytokines, highlighting the possibility that an inflammatory
environment may induce DcR expression and tumour TRAIL
resistance (Figures 4d and e).
To further demonstrate the potential of the DcRs to regulate the

in vivo efficacy of WT TRAIL, we used a 3D mixed-cell type
spheroid tumour model.28 The spheroids comprises endothelial
cells (human umbilical vein endothelial cell, labelled with CMTPX-
red cell tracker), stromal cells (hFB, expressing red fluorescent
protein (RFP)) and MDA-MB-231 breast cancer cells, embedded in
an extracellular matrix (Figure 5a).
The spheroids were treated with either WT TRAIL or TRAIL45-a

for 24 h after which the nuclei of the cells with caspase activity or
all dying cells were labelled with a fluorescent caspase substrate
(NucView or Sytox green, respectively) (Figure 5c, Supplementary
Figure 10). The minitumours were then imaged in full depth and
the percentage of cells with caspase activity was quantified
(Figures 5b and c). Cell death induced by WT TRAIL was markedly
reduced when hFB in the spheroid expressed either DcR1 or DcR2
(Figure 5b). On the other hand, expression of DcR1 or DcR2 did
not reduce the efficacy of TRAIL45-a and efficient killing of the
tumour cells could only be achieved with the DcR-insensitive
TRAIL variant.

DISCUSSION
TRAIL is best known as a mediator of tumour immuno-
surveillance.29 Preclinical studies have found that TRAIL can
induce apoptosis in a broad range of tumour types, and
approximately 30–40% of tumour cell lines are sensitive to
TRAIL-induced apoptosis.18,30 On the other hand, healthy non-
transformed cells are typically resistant to TRAIL.20,31 In addition to
being an immune effector molecule, TRAIL is also emerging as a
paracrine factor controlling cell proliferation and differentiation.
TRAIL is induced in intestinal cells stimulated to differentiate by
inhibiting phosphatidylinositol-3 kinase. Tumour cells were also
found to induce TRAIL expression and initiate an autocrine, TRAIL-
mediated suicide programme when they lose Erk and Akt
activity.32,33

The classical view of apoptotic cell death depicts this pathway
as a 'quiet', cell-restricted suicide programme that selectively
eliminates individual cells without influencing the surrounding
cells in the tissue. This view is, however, beginning to change.
Paracrine factors released by apoptotic cells can promote tissue
recovery or remodelling by triggering cell proliferation or wide-
spread apoptosis, respectively.34,35 As an example, the report by
Boland et al.34 shows that apoptotic cells promote the survival and
proliferation of neighbouring cells by releasing pro-inflammatory
cytokines and thus promote tissue regeneration. Alternatively,

apoptotic cells can promote widespread apoptosis in tissues as it
has been detected during tissue morphogenesis.36 In a Drosophila
model studied by Perez-Garijo et al., the apoptotic cells were
found to secrete Eiger, the Drosophila homologue of TNF. Eiger
acted as a long-distance pro-apoptotic factor to propagate the
apoptotic signal through the tissue.
Widespread apoptosis has also been known to occur upon viral

infection,37 or remodelling of the breast tissue during mammary
gland involution after weaning.38 These results indicate that as
immune effectors, the effect of death ligands may not be targeted
to individual cells but rather to control the function of whole
tissues. Supporting this, a recent study by the Ashkenazi lab
showed that similar to TNF, TRAIL does not only target the tumour
cells, but is also able to disrupt the tumour vasculature by killing
the DR5-expressing endothelial cells in the tumour tissue.10

Similarly, irradiation of breast cancer cells induces death receptor
and death ligand expression (FasL, TNF as well as TRAIL) in the
cancer cells and it is responsible for the delayed cell death
observed after gamma-irradiation. The bystander effect of
irradiation on neural stem cells has also been found to be due
to TRAIL secretion. Finally, the drastic drop in surviving bystander
fibroblasts has been linked to TRAIL-mediated apoptosis due to
suppression of the IGF-1R-AKT-IL-33 signalling cascade in both
directly irradiated and bystander cells.39

Although death ligands are being assessed for cancer therapy,
their effect either alone or as part of a drug combination is
predominantly studied at the level of individual tumour cells and
not on the tissue in all its complexity. It is also becoming evident
that although induction of death of tumour cells is a key mechanism
in cancer chemotherapy, in the absence of a feed-forward
mechanism that could propel the initiated death signal throughout
the tumour tissue, it is unlikely to eradicate the tumour entirely.
Although this phenomenon may be exploitable for the

treatment of cancer, the mechanisms that limit the spread of
the apoptotic signal through the tissue has to be considered. In
the case of TRAIL, the DcRs may serve this purpose in tissues.
TRAIL is a promiscuous cytokine with three regulatory receptors.
However, despite initial indications, normal somatic cells do not
rely on DcRs to maintain TRAIL resistance.31 Instead, expression of
cFLIP and Bcl-2 and/or XIAP that act in a redundant manner block
propagation of the TRAIL-induced caspase cascade.20 DcR
expression in tumour cells does not correlate with TRAIL resistance
either19 (also unpublished observation from a study of 40 cell lines
by ES), indicating that the cell-autonomous regulation of TRAIL
sensitivity is normally achieved via intracellular regulators, such as
cFLIP or XIAP expression (for review, see Mahalingam et al.5).
Here, we showed that tissues adjacent to the tumour, as well as

the tumour stroma express DcRs. DcR1 and DcR2 are both
abundant in tumour-adjacent normal tissues, and DcR1 is typically
present within the tumour stroma. The blood vessels in the
tumours are also positive for both DcR1 and DcR2. To address the
potential effect of these DcRs, we have altered the receptor
specificity of WT TRAIL to block its binding to the DcRs. Mutating
the threonine residue at position 261 in TRAIL to leucine and the
glycine at position 160 to glutamate achieved these characteristics
(TRAIL45-a mutant). The mutations in TRAIL45-a did not increase,
rather slightly reduced the affinity toward DR4 and DR5,
highlighting that the detected increased pro-apoptotic potential
was due to a reduced binding to DcR1 and DcR2. Using this
TRAIL45 variant, we found that DcRs expressed by tumour-
surrounding fibroblasts can reduce the efficacy of TRAIL by 80%.
Utilising death ligands, such as TRAIL for cancer therapy still

holds promise, however, the signalling in the tumour has to be set
to 'tissue-destruction mode' rather than 'tissue-recovery mode',
for example, by utilising decoy-insensitive TRAIL mutants or
agonistic antibodies and by combining the treatment with
other agents, such as the TRAIL-inducing compound 10 or other
phosphatidylinositol-3 kinase/Akt and/or Erk inhibitors.32
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MATERIALS AND METHODS
Statistical analysis
Statistical analysis was carried out using the statistical software Minitab 15
(Coventry, UK). Significant differences between treatments were deter-
mined using a paired Student's t-test and Po0.05 was deemed significant.
All in vitro experiments were repeated a minimum of three times unless
otherwise stated. In the case of the minitumour experiment, this was

repeated independently four times and counting five minitumours per
treatment group. All error bars represent s.e.m.

Reagents
All reagents were of analytical grade. All chemicals were from Sigma-Aldrich
(Gillingham, UK) unless otherwise stated. All buffers used in SPR, enzyme-linked

Figure 5. TRAIL45-a retains its cytotoxic efficacy in 3D spheroids expressing empty vector (EV), DcR1 and DcR2. Spheroids expressing
either EV, DcR1 or DcR2 were treated with 250 ng/ml of either WT TRAIL or TRAIL45-a for 24 h, after which 1 μM of SYTOX green was
added for 1 h to visualise cells with compromised plasma membranes. All cells were also stained with 1 μg/ml of Hoechst33342
(blue) and non-malignant cells (endothelial cells and fibroblasts) were labelled with a red cell tracker (CMTPX). Images are representative
of four independent experiments and were generated on the Andor Revolution Spinning Disk Confocal system at x200 and x400
magnification. Z-stacks were taken to image the spheroid in its entirety, with an image captured every 2 μm. (a) Phase contrast
image of a tumour spheroid and the 3D reconstitution of the middle 10 μm section of a spheroid treated with TRAIL45-a for 24 h. Image
analysis (b) was carried out using ImageJ software (National Institutes of Health, Bethesda, MD, USA). All samples were normalised and all
three cell populations were found to be comparable between spheroid samples. % Area occupied by a particular population was
calculated, cell death was then expressed as percentage of cell death relative to WT TRAIL treated EV sample± s.e.m. from four
independent experiments. *Po0.05, **Po0.005. (c) Serial images of the tumour spheroid cross sections showing all nuclei (blue), dying
cells (green), hFb and endothelial cells (red) and merged channels.
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immunosorbent assays and biological activity assays were of physiological pH
and ionic strength.

Immunohistochemical staining for DcR1 and DcR2
Tissue microarrays (common cancers and matching normal adjacent tissue
microarrays, Imgenex, Cambridge, UK) were deparaffinized and rehydrated.
Antigen retrieval was performed at 95 °C for 20min in 0.01 M sodium
citrate (pH 6.0) and once cooled to 40 °C the slides were incubated with 3%
H2O2 in methanol for 30min at room temperature. Blocking was carried
out for 1 h at room temperature with blocking solution from ImmPRESS
HRP Universal Antibody Detection Kit (Vector Labs, Peterborough, UK).
Slides were then incubated with DcR1 (1:50) or DcR2 (1:300) antibodies
(Enzo Life Sciences, Exeter, UK) overnight at 4 °C, followed by incubation
with ImmPRESS Universal reagent anti-mouse secondary antibody for 1 h
at room temperature. Immunostaining was developed using ImmPACT
DAB (Vector Labs) as per suppliers instructions and Gills Hematoxylin no.2
was used to counterstain. Analysis of the tissues were carried out by two
people independently. The tissues were scored for the percentage of cells
expressing DcRs (score 0 or 1 for expression in less, or 450% of cells) and
for the intensity of expression (scores 0–3; Supplementary Figure 1)
separately for stromal cells and tissue cells.40

Computational design of TRAIL variants
TRAIL receptor complexes were modelled based on the known TRAIL-DR5
crystal structure as described before.24 A detailed description of the
empirical force field FoldX and the FoldX executable (version 3.0) is
available at (http://foldx.crg.es).

Cell culture
Colon carcinoma Colo205 cells, acute myeloid leukaemia cells ML-1 and
acute T-cell leukaemia Jurkat cells were maintained in RPMI1640 medium,
supplemented with 10% foetal bovine serum, 2mM glutamine, 1 mM

pyruvate, 50 U/ml penicillin and 50 ug/ml streptomycin. ML-1 cells were a
kind gift from Dr Heinz-Peter Nasheuer (National University of Ireland,
Galway, Ireland), Colo205 and Jurkat cells were obtained from ATCC
(LGC Standards, Middlesex, UK). Human umbilical vein endothelial cells
were procured from PromoCell (Heidelberg, Germany), and cultured in
endothelial cell growth medium-2 (PromoCell). hFbs were a kind gift Dr
Linda Howard (REMEDI, National University of Ireland) and cultured in low
glucose Dulbecco’s modified Eagle’s medium, with 10% foetal bovine
serum and 50 U/ml penicillin, 50 ug/ml streptomycin.

Detection of cell death with Annexin V
Cells were seeded 24 h before treatment in 24-well plates (0.5 ml per well)
at 2 × 105, 3 × 105 and 5× 105 cells/ml density for Colo205, ML-1 and Jurkat
cells, respectively, and stained with Annexin V as described before.20

MTT cell viability assay
Cell viability was determined using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) viability assay as described before.41

TRAIL receptor immunocytochemistry
Expression level of DR4, DR5, DcR1 and DcR2 on the surface of hFB were
determined using immunofluorescence coupled with flow cytometry as
described before.42

Cloning, expression and purification of TRAIL variants and
receptor-binding studies with SPR
Cloning, expression and purification of TRAIL variants, as well as the SPR
measurements have been carried out as as described previously.43

Generation of DcR-overexpressing cell lines
Full-length complementary DNA clones for DcR1 (IRCMp5012H1033D) and
DcR2 (IRAUp969C08104D; Imagene, Berlin, Germany) were cloned into the
lentiviral vector pCDH-RFP (Vector map for pCDH-RFP can be found at
Systems Biosciences, Cambridge, UK, cat # CD512A-1). Lentiviral particles
were generated by co-transfecting the pCDH-DcR1-RFP or pCDH-DcR2-RFP
lentiviral vectors with a second-generation lentivirus packaging system
(Addgene, Middlesex, UK pMD2.G cat # 12259, psPAX2 cat # 12260, pRSV-

Rev cat # 12253) using JET-PEI transfection reagent (Polyplus Transfection,
Dublin, Ireland cat # 101-01N) into HEK293T cells. Virus supernatant was
harvested at 24- and 48-h posttransfection and filtered via a 0.45 μm
nalgene filter. hFb were transduced in a six-well plate at ~ 30% confluency.
The virus was incubated with 5 μg/ml of polybrene per ml of virus at 37 °C
for 5 min, added on the hFB cells then the plates were centrifuged at
1500 r.p.m. for 90min at 37 °C. Transduction efficiency was 490%, which
was monitored by detecting lentivirus-expressed RFP using flow cytometry
(FACS-CantoII, BD BioSciences, Dublin, Ireland).

Mathematical modelling of DR4 and DR5 activation
Mathematical modelling of Receptor binding of WT TRAIL or TRAIL45-a was
performed as described before42 using SmartCell44,45 (http://software.crg.
es/smartcell/). Receptor-binding rate constants for WT TRAIL were as
described before,42 and receptor-binding rate constants for TRAIL45-a
were assigned based on the measured Kd ratios as depicted ins Table 2, by
equally decreasing the kon and increasing the koff of WT TRAIL in
accordance with the measured ratio (Supplementary Table 1). Stromal cell-
derived DcRs were defined as additional DcR species that were only able to
interact with themselves or with TRAIL, but not with tumour cell-expressed
DR4/DR5 in the same stepwise manner as the Colo205-expressed
receptors.42 The number of stromal-derived DcRs in the calculations was
expressed relative to the number of Colo205-expressed DR4 and DR5
receptors together. Diffusion reactions were used to describe diffusion of
TRAIL within the bulk solution and from bulk solution to the cell surface to
allow depletion and mass transport limitations to occur. Diffusion
coefficients were taken from the Bionumbers database for a ~ 60 kDa
protein in a dilute aqueous solution and in cytoplasm, respectively.46

Dependence of the modelling calculation results on a particular value for
the diffusion coefficient, TRAIL concentration and the number of DcRs
(Supplementary Table 2) was estimated by scanning a range of values
around the value used in the calculation.

Layered co-culture of primary hFbs with Colo205 cells
Primary hFbs containing empty vector pCDH or overexpressing DcR1 and
DcR2 were trypsinised and labelled with 5 μM CellTracker red CMTPX
(Molecular Probes, Paisley, UK) in serum-free medium for 45min and then
mixed with Colo205 cells in Colo205 growth medium in a 1:1 ratio (1*105

cells/ml each) and cultured in 24-well plates.

3D minitumour generation
Spheroid cultures were generated as described by Correa de Sampaio
et al28 with a modification for inclusion of hFb in the spheroids as
described below. hFbs and human umbilical vein endothelial cells were
trypsinized, counted and mixed in a 2:1 cell ratio. The cells were labelled
with the red cell tracker CMTPX (Invitrogen, Dublin, Ireland) at a
concentration of 5 μM for 45min at 37 °C shaking every 5–10min. In all,
7.5 × 104 human umbilical vein endothelial cell and 3.75x104 hFb
were spun down, resuspended in 12ml of endothelial cell growth
medium-2 (PromoCell) containing 7.5 × 104 MDA-MB-231, 3 ml of 1.2%
methocellulose solution in endothelial cell growth medium-2 was added to
the cell mixture and then divided by 150 μl into wells of a 96 U-shaped well
suspension plate (Greiner BioOne, Stonehouse, UK). The plate was
incubated for 24 h at 37 °C to allow for spheroid formation.
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