
TARGETING NICOTINAMIDE ADENINE DINUCLEOTIDE METABOLISM 

FOR THE TREATMENT OF CHRONIC LYMPHOCYTIC LEUKEMIA 

 

BY 

ERIC DAVID JOSEPH BOUCHARD 

 

A Thesis Submitted to the Faculty of Graduate Studies of  

The University of Manitoba 

in Partial Fulfillment of the Requirements for the Degree of 

 

MASTER OF SCIENCE 

 

 

 

Department of Biochemistry and Medical Genetics 

University of Manitoba 

Winnipeg, Manitoba 

Canada 

Copyright © 2016 by Eric David Joseph Bouchard  



ii 
 

ABSTRACT 

The nicotinamide adenine dinucleotide (NAD) biosynthetic enzyme nicotinamide 

phosphoribosyltransferase (NAMPT) has emerged as a promising new target for the treatment of 

multiple malignancies, including chronic lymphocytic leukemia (CLL). However, results of early 

phase clinical trials suggest that effective use of NAMPT inhibitors will require the dose 

reduction and improved treatment efficacy afforded by combination therapy. In this study, we 

assessed the downstream effects of NAMPT inhibition on NAD-dependent pathways in primary 

CLL cells in vitro in order to identify promising targets for novel combinations therapies. We 

then investigated drug-drug interactions between the NAMPT inhibitors FK866 and GMX-1778, 

and chemotherapeutics and targeted agents in current clinical use, as well as agents targeting 

mitochondrial metabolism, glycolysis and oxidative stress. We identified several promising 

novel drug combinations for further investigation and development for CLL treatment.  
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1. INTRODUCTION 

1.1. Chronic Lymphocytic Leukemia 

1.1.1. Epidemiology and Diagnosis 

Chronic lymphocytic leukemia (CLL) is the most common blood cancer among adults in 

Western countries.1,2 It is characterised by the abnormal accumulation, in the peripheral blood, 

bone marrow and secondary lymphatic tissues (lymph nodes, spleen), of clonal, morphologically 

mature B-lymphocytes (B-cells), co-expressing antigens CD19, CD20 and CD23, and the T-

lymphocyte antigen CD5.1,3 Available treatments often induce remission; however, as almost all 

patients eventually relapse, CLL remains incurable.1,2,4 CLL and the related small lymphocytic 

lymphoma (SLL), where CLL cells are present primarily in the lymph nodes and spleen, are 

most frequently seen in North America where they represent one quarter of all adult leukemias.3 

Their reported age-adjusted, combined incidence is 5.13/100,000 with a median age at diagnosis 

between 67 and 72 years, and a slight predominance in males (1.3:1 to 1.7:1).1,2,5 However, as 

many patients are now diagnosed by flow cytometry and these may not be included in cancer 

registries, their true incidence has been placed as high as 7.99/100,000 and continues to rise.1,2 

While this may be attributable, in part, to improved diagnostics, incidence also increases with 

age and is therefore expected to continue to rise as the populations of western countries age.1,2,6 

As most patients are asymptomatic in the early stages of CLL, the first evidence of the 

disease is often lymphocytosis detected as part of routine blood tests.3,7 When patients do present 

with symptoms, these may include anemia or thrombocytopenia due to bone marrow failure or 

autoimmunity, splenomegaly and/or hepatomegaly, unintended weight loss, fatigue, fever, night 

sweats, or frequent or severe infections due to immune disfunction.1,3,7 In either case, 
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confirmation of CLL diagnosis requires a monoclonal B-lymphocyte count greater than 5000 per 

µL in the peripheral blood, which persists for a minimum of 3 months, along with flow 

cytometric confirmation of the restricted expression of either the immunoglobulin kappa or 

lambda light chain and co-expression of CD19, CD20, CD23 and CD5.1  

1.1.2. CLL Biology 

1.1.2.1. Cell-Cell Interactions 

CLL has historically been viewed as an accumulative disease where malignant cells 

proliferate slowly and accumulate in the body due to aberrantly long lifespans.8–10 This was 

largely based on the study of CLL cells isolated from the peripheral blood and supported by a 

low number of proliferating CLL cells in this compartment and their appearance, which is 

indistinguishable from resting B-lymphocytes. In addition, some CLL patients exhibit stable 

disease and do not require treatment for a decade or more.11–13 It was therefore believed that CLL 

resulted primarily from defects in these cells’ apoptotic machinery.8–10  

While many of the most common genetic aberrations seen in CLL do impart a relative 

resistance to apoptosis, recent studies have also demonstrated a high turnover of CLL cells in 

vivo, indicating that they both proliferate and die at appreciable rates.11,12,14 These cells are now 

known to depend on complex interactions with non-malignant cells, matrix and soluble factors in 

the bone marrow and lymph nodes for their survival and proliferation.15 In vitro and even in 

circulation, these cells become increasingly fragile and prone to apoptosis without these 

supporting factors.15,16 The bone marrow and lymph node microenvironments and the signalling 

pathways they activate in CLL cells are therefore attractive targets for new treatment strategies 

and several novel agents aimed at them have shown promise in recent years. 
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1.1.2.1.1. Microenvironment in Lymphopoiesis 

In normal biology, B-lymphocytes arise from hematopoietic stem cells (HSCs) in the bone 

marrow. There, their proliferation and differentiation into CD19-, CD20- and CD38-expressing 

immature B-cells is regulated and directed by interactions with bone marrow stromal cells 

(BMSCs).17–19 Much of this early maturation process concerns somatic recombination of the 

immunoglobulin (Ig) genes, which encode both secreted antibodies and the surface membrane 

immunoglobulin (smIg) component of the B-cell antigen receptor (BCR). By nearly random 

rearrangement of variable (V), diversity (D), and joining (J) gene segments, each maturing B-

lymphocyte acquires the ability to produce immunoglubulins with a unique complementarity 

determining region, allowing them to bind a wide variety of target epitopes and protect the 

organism from diverse pathogens; however, this introduces the risk of producing lymphocytes 

reactive to “autoantigens” produced by the organism’s own cells.15,19 BMSCs also play an 

important role in eliminating these potentially harmful B-cells by protecting clones destined to 

progress to maturity while allowing damaged and self-reactive precursor B-cells to undergo 

apoptosis or macrophage mediated cell death.18,20 Surviving B-cells then enter a transitional 

stage, characterised by CD5 expression, leave the bone marrow and enter into circulation where 

most mature into IgM and IgD producing, CD5 negative, CD38 low, CD19, CD20, and CD23 

positive follicular B-cells, which circulate through the lymph nodes and spleen.19,21 There, 

binding of the BCR to soluble antigens or those presented by follicular dendritic cells (FDCs) 

and co-stimulation from activated T cells leads to the CXC-chemokine receptor 5 (CXCR5) and 

CC-chemokine receptor 7 (CCR7) dependent formation of “germinal center” structures where 

their antigen specificity is fine-tuned by class-switch recombination and somatic hypermutation 

of their Ig genes.21,22 B-cells proliferate and differentiate into CD38 high, CD20 negative 
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plasmablasts (precursors to antibody producing plasma cells) or long lived, CD38 negative, 

CD20 positive memory cells which maintain the plasmablast pool, ensuring the persistence of 

acquired immunity.19,21 A small subset of CXCR4 expressing plasmablasts home to CXC-

chemokine ligand 12 (CXCL12) –rich survival niches in the bone marrow, where they become 

long lived plasma cells which do not proliferate but can survive and produce antibodies for the 

lifetime of the individual.21 Others differentiate in the periphery and produce large quantities of 

antibodies but die shortly after removal of their target antigen.19,21 In either case, the ongoing 

survival of mature B-cells is dependent on a combination of “tonic” antigen-independent, and 

antigen-dependent BCR signalling.23–25 

1.1.2.1.2. The CLL Microenvironments 

Similarly, CLL cells are arrested in the G0-G1 phase of the cell cycle and relatively fragile 

in the peripheral blood, but become highly resistant to chemotherapy and proliferate rapidly 

within the bone marrow and lymph nodes.13 As much as 1% of the total CLL cell population dies 

each day in vivo, however this is offset and often exceeded by the number CLL cells newly 

generated, primarily within specialized structures resembling germinal centres in the lymph 

nodes and spleen.12,26 These “proliferation centres” are populated by large, proliferating CLL 

cells, BMSC-like mesenchymal stromal cells (MSCs), FDCs, CD4 positive T-lymphocytes and  

monocyte derived nurse-like cells.17,27–29 Through chemokine receptors such as CXCR4 and 

CXCR5, integrins such as very late antigen-4, and tumor necrosis factor (TNF) receptor family 

members, these neighboring cells attract CLL cells, act as attachment points to retain them in the 

microenvironment and initiate survival signals.17,18 However, comparative gene expression 

analyses have identified BCR signalling as the most prominent pathway activated in the bone 
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marrow and lymph nodes, leading to prolonged cell survival, proliferation and the metabolic 

adaptation required to support them.13 

1.1.2.1.3. BCR Signalling  

The BCR is composed of four proteins; the immunoglobulin heavy and light chains, which 

compose the antigen-specific smIg, and the signal transducing CD79A and CD79B.23 Binding of 

the smIg to its target epitope leads to the activation of cytoplasmic members of the SRC family 

of kinases, such as tyrosine-protein kinases LYN, FYN, or BLK.23 These kinases then 

phosphorylate spleen tyrosine kinase (SYK), Bruton’s tyrosine kinase (BTK), and 

phosphatidylinositide 3-kinases (PI3Ks), leading to the activation of the phospholipase Cγ, 

MAPK, protein kinase Cβ and NF-κB signaling pathways, culminating in cell survival and 

proliferation, and the expression of chemokines, such as CCL3 and CCL4 that attract T-

lymphocytes and monocytes.17,23,30  

Unlike some B-cell malignancies, CLL cells lack recurrent activating mutations in the BCR 

pathway.23,31,32 Instead, antigen-dependant BCR signalling, selection and clonal expansion are 

thought to be the major driving forces behind CLL initiation and progression.23,33,34 While there 

is no evidence that oncogenic transformation precedes the follicular B-cell stage, certain V(D)J 

combinations seem to be selected during CLL initiation. As many as 1/3 of CLL patients express 

“stereotyped” BCRs that correlate with poor prognosis, suggesting that a common antigen may 

be involved in the initial expansion of the CLL clone.35–38 Additionally, in only 60% of CLL 

cases, termed mutated CLL (M-CLL), CLL cells’ Ig genes have undergone somatic 

hypermutation while the remaining unmutated (U-CLL) cases retain 98% homology or more 

between the variable region of their immunoglobulin heavy chain gene (IgVH) and the germline 

sequence;35 however, it is the U-CLL group that caries the worse prognosis, with a median 
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survival for early-stage patients of only 8 years, compared to 24 years for M-CLL patients.39 

This may be explained by evidence that M-CLL cells are selected based on their high affinity for 

relatively few antigens while U-CLL cells express polyreactive Ig, which bind weakly to 

multiple ubiquitous antigens including bacterial, fungal and a variety of autoantigens, potentially 

leading to more frequent BCR activation and increased expression of active B-lymphocyte 

markers.23,40–48 

One such marker, the non-receptor tyrosine kinase Zeta-chain-associated protein of 70 kD 

(Zap-70), was long thought to be uniquely expressed in T-lymphocytes but is now known to also 

be expressed by activated B-lymphocytes.49–51 While it plays a central role in T-cell antigen 

receptor (TCR) signalling, the role of Zap-70 in B-lymphocytes is not yet fully understood. It is 

structurally similar to SYK and its expression in a subset of CLL cases it associated with 

increased BCR signalling, enhanced cell survival and migration in response to chemokines 

present in the lymph nodes, and increased binding to stromal cells.52–56 Due to similar findings 

involving unmutated IgVH and CD38 expression, and a strong correlation between the three, 

these prognostic markers are all thought to identify a subset of CLL clones, which are more 

responsive to their microenvironment, leading to increased cell survival and proliferation and a 

more aggressive disease course.23,57 

Some evidence also suggests a role for tonic BCR signalling in CLL pathogenesis, such as 

persistent LYN, SYK, MAPK and NF-κB phosphorylation in CLL cells in the peripheral blood 

and in vitro;58–61 however, this remains controversial as it may simply reflect recent antigen-

dependent BCR activation, as CLL cells circulate between lymph nodes and the peripheral 

blood.23 The question is further complicated by the discovery that CLL BCRs are capable of 

binding and being activated by epitopes located in framework regions of smIg and secreted 
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antibodies. This form of cell-autonomous signalling is thought to be unique to CLL but 

independent of IgVH stereotypy or mutational status, and may represent the common antigen 

driving CLL initiation.62,63 While this mechanism is not sufficient to induce cell proliferation 

alone, it is thought to contribute indirectly to clonal selection and tumour initiation by prolonging 

the survival of CLL cells until stronger activating signals are received.34 

In addition to proliferation and survival, BCR signalling also regulates the metabolic 

pathways required to meet the energy demands of proliferating cells.64 For instance, the 

expression of nicotinamide phosphoribosyltransferase (NAMPT) is upregulated by the NF-κB 

pathway, and the gene encoding this enzyme is among those most upregulated in the lymph node 

microenvironment.13 NAMPT catalyses the rate limiting step in generating nicotinamide adenine 

dinucleotide (NAD), a cofactor for reductive and oxidative (redox) reactions involved in energy 

metabolism by both glycolysis and mitochondrial respiration,65–67 and a substrate for signalling 

events involved in regulating other metabolic enzymes, immune response, DNA damage repair, 

cell survival and proliferation.68–75 High expression of the intracellular isoform of NAMPT 

(iNAMPT) is linked to increased cell survival, proliferation, and resistance to chemotherapy and 

oxidative stress. 76–81 In addition, its extracellular isoform, eNAMPT, acts as a cytokine to 

promote inflammation, and drives the differentiation of monocytes into supportive NLCs, 

completing a feed-forward loop where CLL cells promote the formation of microenvironments 

that, in turn, promote their own survival and proliferation.82 

1.1.2.2. Reactive Oxygen Species 

Cellular peroxides, superoxides and hydroxyl radicals, collectively termed reactive oxygen 

species (ROS), are a class of highly reactive oxidants capable of causing damage to lipids, 

proteins and nucleic acids; leading to impaired metabolism and cell death.83–85 Their primary 
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source is the partial reduction of oxygen to superoxide anions by electron transport chain (ETC) 

complexes I and III, involved in mitochondrial respiration.84,86 While this process is mitigated by 

the assembly of ETC complexes I, III and IV into larger, supramolecular structures called 

respirasomes or supercomplexes in response to increases in cellular energy demands, these 

supercomplexes continue to produce considerable quantities of superoxide anions.87,88 The 

cellular defense against superoxides consists of their conversion to peroxides by enzymes of the 

superoxide dismutase (SOD) family. By reaction with cuprous (Cu+) or ferrous (Fe2+) ions, these 

peroxides also give rise to hydroxyl radicals. Alternately, peroxides can be further reduced by 

direct reaction with the tripeptide glutathione, or through the enzymatic activity of glutathione 

peroxidases, peroxiredoxins, thioredoxin and catalase.83–85,89 While the interplay between ROS 

and apoptosis is complex and not fully understood, it is clear that apoptotic signalling pathways 

can both be activated by ROS and induce mitochondrial ROS production, and that ROS is 

necessary for apoptotic cell death in many contexts.85,90,91 Additionally, ROS play important 

roles in cell signalling pathways, notably involved in regulating metabolism and cell survival in 

response to environmental stress. These include the activation of receptor tyrosine kinases,92 the 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signalling pathway93 and 

macroautophagy; a process by which long-lived proteins and organelles are degraded.83,84,94 The 

latter serves both as a mechanism to dispose of damaged or unnecessary cellular components, 

and as a source of macromolecules for energy metabolism, but can lead to cell death if 

unchecked.95–97 

In B-lymphocytes ROS are also produced by nicotinamide adenine dinucleotide phosphate 

(NADP) oxidase (NOX), notably allowing rapid activation of mitogen-activated protein kinase 

(MAPK) and cell proliferation upon B-cell antigen receptor (BCR) engagement.98,99 Though 
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CLL cells exhibit low NOX expression and activity consistent with sustained BCR activation, 

high levels of cellular ROS are observed, likely due to increased mitochondrial respiration in 

these cells.100–102 This may contribute to the accumulation of oncogenic mutations in cells 

resistant to DNA damage induced apoptosis; however, as excessive MAPK activation can also 

signal for the initiation of apoptosis, it is unsurprising that ROS levels are tightly regulated in 

CLL by high expression of the antioxidant peptide glutathione and the rate limiting enzyme for 

its synthesis, glutamate-cysteine ligase.100,103,104 Finally, elevated ROS are also thought to 

contribute to the formation and maintenance of the CLL microenvironments by inducing natural 

killer (NK) cell and T-lymphocyte dysfunction.98,105–107 

1.1.2.3. Metabolism in CLL 

The prevalence of metabolic dysregulation in cancer and its importance for meeting the 

energy demands of tumour growth were recognized as early as the 1920s;108 however, study of 

this metabolic adaptation has been focussed on a process known as the Warburg effect, where 

malignant cells show increased glucose uptake and propensity for anaerobic glycolysis and 

lactate production, even in normoxic conditions. This process has been identified in several 

lymphoproliferative disorders and is predictive of patient outcome in diffuse large B-cell 

lymphoma (DLBCL).109,110 Conversely, despite having a functional glycolytic pathway, CLL 

cells absorb glucose at a reduced rate in vitro and in vivo and high glucose uptake in secondary 

lymphatic tissues is highly suggestive of CLL transformation to DLBCL or the development of 

an aggressive secondary lymphoma.64,111–115 Instead, evidence suggests that CLL cells are reliant 

primarily on lipid metabolism to meet their energy demands. Constitutive and CXCR4-mediated 

activation of signal transducer and activator of transcription 3 (STAT3) leads these cells to 

aberrantly express lipoprotein lipase, the master regulator of cellular lipoprotein uptake and 
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triglyceride hydrolysis into free fatty acids (FFA), the levels of which correlate with disease 

agressivity.107,116–120 Low-density lipoprotein drives the formation of cytoplasmic lipid vacuoles 

and preferential use of FFA as an energy source.107 Accordingly, CLL cells exhibit increased 

mitochondrial biogenesis, mitochondrial number and overall ETC activity and capacity, 

supporting a reliance on mitochondrial lipid oxidation for ATP synthesis.100  

1.1.3. Prognosis and Treatment 

1.1.3.1. Prognosis  

Two widely accepted staging systems are used to stratify patients at diagnosis and throughout the 

disease course. Binet Staging, which is based on the number of involved areas of the body, is 

primarily use in Europe (Table 1).121 Rai Staging, based on signs of CLL cell infiltration into the 

bone marrow and lymphatic tissues, is the preferred system in North America and was used in 

this study (Table 2).122 Both systems have seen some evolution since their inception and now 

define low (Rai stage 0, Binet A), intermediate (Rai I-II, Binet B), and highrisk categories (Rai 

III-IV, Binet C);1,123 however, as the disease course varies greatly, with some patients exhibiting 

stable, asymptomatic disease for extended periods while others progress rapidly to aggressive 

disease requiring treatment, staging alone is not sufficient for prognosis and several other factors 

are used to predict disease progression (Table 3).1,6,7 

After staging, lymphocyte doubling time (LDT) represents the most important prognostic 

factor. Both an early requirement for treatment and shortened survival are predicted for patients 

with LDT of less than 12 months.3,7 Shorter relative survival times are also predicted for males 

and patients aged 70 years or more.3,124–126 Furthermore, routine clinical blood test provide 

additional information as low vitamin D levels predict a more aggressive disease course 

including shorter time to treatment and survival, and elevated β2-microglobulin serves as a  
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Table 1: Rai Staging1,7,122 
Rai 

Stage Modified Stage Description 
0 Low Risk Lymphocytosis only 

I Intermediate 
Risk Lymphocytosis + Lymphadenopathy 

II Intermediate 
Risk Lymphocytosis + Splenomegaly 

III High Risk Lymphocytosis + Hemoglobin < 110 g/L 
IV High Risk Lymphocytosis + Platelets < 100 x 109/L 

 

Table 2: Binet Staging1,121 
Binet 
Stage Modified Stage Description 

A Low Risk 
Hb ≥ 10 g/dL + Platelets ≥ 100 x 109/L + 
≤ 2 Areas of nodal or organ 
enlargement 

B Intermediate 
Risk 

Hb ≥ 10 g/dL + Platelets ≥ 100 x 109/L + 
> 2 Areas of nodal or organ 
enlargement 

C High Risk Hb ≤ 10 g/dL and/or Platelets < 100 x 
109/L 

  

Table 3: Routinely Measured Prognostic Markers7 
Prognostic Marker Better Prognosis Worse Prognosis 

Sex Female Male 
Age < 70 years ≥ 70 years 
Plasma vitamin D level Sufficient Insufficient 
Lymphocyte count < 12 x 109/L ≥ 12 x 109/L 
Lymphocyte doubling time > 12 months < 12 months 
Number of “Smudge cells” ≥ 30% < 30% 
β2-microglobulin level Low High 
B cell count < 11 x 109/L ≥ 11 x 109/L 

CD38 < 20% cells 
positive 

≥ 20% cells 
positive 

ZAP-70 < 20% cells 
positive 

≥ 20% cells 
positive 

FISH del13q del11q or del17p 
IgVH gene Mutated Unmutated 
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general marker for high tumour burden, low renal function and increased production of 

inflammatory cytokines, interleukin 6 and interleukin 8.7,125,127–129 The latter is also predictive of 

shorter time to treatment, progression-free survival  (PFS, Table 4), overall survival (OS, Table 

4), and the development of second malignancies.3,7,124 

Each patient’s CLL cells are typically identical with respect to IgVH mutation and IgVH 

mutational status remains stable throughout the course of the disease.39 Roughly 40% of CLL 

patients present with IgVH unmutated U-CLL and these have a more aggressive disease course 

than M-CLL patients. They respond more poorly to chemotherapy, and have shorter remissions 

and survival.130 Though IgVH mutational status is not yet routinely tested in many centers, it is 

often determined in the context of research and clinical trials.7 Two surrogate markers, Zap-70 

and CD38 expression, are more commonly tested in the course of prognosis. Both have negative 

prognostic value and are correlated with U-CLL, but can vary during the disease course.131–133 

CLL cases where no less than 20% of circulating CLL cells express these proteins, as determined 

by flow cytometry, are considered Zap-70 or CD38 positive and typically have shorter time to 

treatment and survival.132,133 

Finally, fluorescence in-situ hybridization (FISH) analysis of the CLL clone is used to 

identify the presence of recurrent large chromosomal aberrations including deletions involving 

the 14th cytogenetic band of the long arm of chromosome 13 (del13q14, del13q), del11q22-23 

(del11q) and del17p13 (del17p).1,3,6,7 Due to the duration and cost of this assay, FISH data is 

often unavailable at the time of first treatment and primarily informs second line therapy.7 While 

isolated del13q indicates a good prognosis, del11q predicts an aggressive disease course, early 

requirement for treatment and early relapse from chemotherapy, and patients with del17p 

respond poorly to nucleoside analogs.35  
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Table 4: Measures of Clinical Response7,134 
Response Abbreviation Description 

Complete Remission CR 

No symptoms, hepatosplenomegaly or 
lymphadenopathy. Normal complete blood cell 
count. < 30% lymphocytes and no lymphoid nodules 
in the bone marrow. 

Partial Remission PR 

> 50% decrease in peripheral blood lymphocyte 
count and > 50% decrease in lymphadenopathy or 
hepatosplenomegaly, with normal or improved 
hemoglobin, neutrophil or platelet count. 

Partial Remission with 
Lymphocytosis PR-L As above, with < 50% decrease in peripheral blood 

lymphocyte count. 

Overall Response  OR Combined rate of complete, and partial remission. 

Progression-Free Survival   PFS The length of time between the start of treatment, 
and disease progression or death. 

Overall Survival OS The length of time between the start of treatment, 
and the patient's death from any cause. 

Time to Next Treatment TTNT The length of time between the end of treatment 
and start of the next therapy. 

Minimal Residual Disease  MRD Measure of remaining CLL cells in the bone marrow 
or peripheral blood following treatment. 
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1.1.3.2. Indication to treat 

Patients with early-stage, asymptomatic disease are typically monitored but not treated as 

evidence suggests that treatment at this stage is not beneficial and may even be harmful.1,3,7 

Asymptomatic patients in the intermediate risk category may also be monitored without 

treatment until the apparition of symptoms. Treatment is indicated for patients with high risk 

disease as well as those with signs of disease progression, as evidenced by doubling of 

lymphocyte count, lymph node or spleen size within six month, a 50% increase in any of these 

within two months, or progressive anemia, neutropenia or thrombocytopenia. Treatment is also 

indicated for patients with symptomatic disease regardless of stage or progression.1,3,6,7 

1.1.3.3. Treatment Components 

1.1.3.3.1. Alkylating Agents 

Nitrogen mustards such as 4-[bis(2-chlorethyl)amino]benzenebutanoic acid (chlorambucil, 

Fig. 1A) and N,N-bis(2-chloroethyl)-1,3,2-oxazaphosphinan-2-amine 2-oxide 

(cyclophosphamide, Fig. 1B) have formed the backbone of CLL therapy for several decades and 

chlorambucil remains the treatment of choice for patients unable to tolerate more aggressive 

regimens.1,3,6,7 As a single agent, the latter achieves overall response (OR, Table 4) rates around 

50%, but very low complete remission (CR, Table 4) rates, as measured by the absence of 

symptoms, hepatosplenomegaly and lymphadenopathy, and normal complete blood cell 

count.135–137 Cyclophosphamide produces similar results.137 These agents also carry strong 

myelosupressive effects and increase the risk of secondary acute leukemia.1,3 They exert their 

antitumour activity primarily through the transfer of alkyl groups to DNA at the N7 positions of 

guanine forming N7-guaninyl and N7-bis-guaninyl products, the latter of which is capable of 

crosslinking DNA strands.138–140 While this DNA damage can be directly repaired by O6- 
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Figure 1: Agents commonly used in CLL treatment. Common chemotherapeutics used in CLL 
treatment include the alkylating agents chlorambucil (A), cyclophosphamide (B) and 
bendamustine (C), and the adenosine monophosphate analogue fludarabine (D). The novel 
tyrosine kinase inhibitors ibrutinib (E) and idelalisib (F) are also seeing increasing clinical use. 
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alkylguanine-DNA alkyltransferase (AGAT), or removed by either non-homologous end joining 

or homologous recombination repair, accumulation of DNA damage results in activation of P53 

and apoptosis as described above.138,141 Though the mechanism is unknown, alkylating agents 

also induce ROS production, which contributes to their cytotoxic activity.92,95  Finally, these 

agents are able to alkylate thiol groups in peptides and proteins, most notably glutathione.142 This 

may cooperate with ROS production in the induction of apoptosis. Nevertheless, CLL cases 

harboring del17p or TP53 mutations are resistant to these agents.143 

4-[5-[Bis(2-chloroethyl)amino]-1-methylbenzimidazol-2-yl]butanoic acid (bendamustine, 

Fig. 1C) was designed to combine alkylating and antimetabolite activity. In addition to a 2-

chloroethylamine alkylating group and a butyric acid side chain it shares with chlorambucil, it 

contains a unique a benzimidazole ring.141 Unlike other alkylating agents, it does not activate 

AGAT and is active in P53 deficient cells.141,144 It is thought to act through apoptosis and mitotic 

catastrophe, a caspase independent mechanism of cell death following errors in mitosis caused 

by persistent DNA damage.141,144,145 As a single agent, bendamustine produces higher CR rates, 

progression-free survival (PFS) and time to next treatment (TTNT, Table 4) than chlorambucil, 

but with a higher incidence of serious side effects.146 

1.1.3.3.2. Nucleoside Analogs 

Multiple deoxynucleoside analogs, including 2’-deoxyadenosine, 2-chloro-2’-

deoxyadenosine (cladribine), 9-β-D-arabinofuranosyl-2-fluoroadenine monophosphate (F-ara-

AMP, fludarabine, Fig. 1D), and 2-chloro-2’-fluorodeoxyadenosine, have been investigated for 

CLL treatment.147,148  Due to its more favorable toxicity profile and efficacy in CLL, fludarabine 

has been the backbone of standard care for many years.1,139,148 After being taken up into 

lymphocytes, this agent is phosphorylated to F-ara-ATP which can be incorporated into 
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elongating nucleic acids, terminating DNA or RNA synthesis and leading to DNA single strand 

breaks and P53 dependent apoptosis. 90,139,149,150 Additionally, F-ara-ATP inhibits several 

enzymes involved in DNA synthesis and repair, including DNA polymerases and DNA 

ligase.151,152 Accordingly, fludarabine is thought to act primarily on actively proliferating cells.153 

It was therefore proposed that, by combining fludarabine with a DNA damaging alkylating 

agent, DNA repair mechanisms involving DNA synthesis could be activated and increase 

fludarabine’s efficacy in quiescent CLL cells.153 This lead to the development of synergistic 

combination chemotherapy regimens.139,148,149,153–155 

As a single agent, fludarabine produced varied results ranging from no benefit over previous 

regimens, to improved OR, PFS, response duration or overall survival (OS).135,136,156–158 But, the 

introduction of combination chemotherapy with fludarabine and cyclophosphamide (FC) 

increased OR and CR rates to 74.3% and 23.4% respectively in previously untreated patients and 

significantly increased the duration of remission.155 However, fludarabine is not effective in P53 

mutated or deleted CLL cases and is poorly tolerated by many patients due significant toxicities 

including neurotoxicity, severe immunosuppression, and increased risk of developing acute 

myeloid leukemia (AML), especially in combination with alkylators.143,150,159,160 

1.1.3.3.3. Immunotherapy 

Rituximab is a chimeric monoclonal antibody composed of a human IgG1 constant region 

and a murine variable region.3 Its target, the CD20 surface antigen, is expressed by B-cells from 

the pro-B-cell stage to maturity, including CLL cells.161 While this antibody has been shown to 

activate complement mediated cell lysis and to directly induce apoptosis as a result of CD20 

binding, the importance of these mechanisms in vivo remain controvercial.162 Instead, the in vivo 

activity of rituximab is likely reliant on antibody-dependent cell-mediated cytotoxicity affected 
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by monocytes, macrophages, natural killer cells and neutrophils.162 As a single agent rituximab is 

effective against CLL cells in the peripheral blood, but fails to effectively clear these cells from 

the lymph nodes.163,164 This has been attributed to lower levels of CD20 expression on CLL cells 

in the tissue microenvironments,165 but may also relate to rituximab-induced increases in 

interleukin-6 expression by CLL cell, leading to increased CLL cell adhesion and expression of 

proinflammatory interleukin-8 and TNFα in the tissue microenvironments.15,125,166 Additionally, 

high dose rituximab treatment is characterised by sudden and severe side effects related to 

chemokine release, including fever, chills, nausea, vomiting, hypotension, and dyspnea.164 This 

led to the exclusion of patients with high tumour burden from later trials.163 The true impact of 

anti-CD20 antibodies came with the addition of rituximab to the existing FC regimen (FCR), 

which produced unprecedented OR and CR rates of 95% and 70% respectively, leading to its 

adoption as the preferred regimen for clinically fit patients.1,6,7,167 Though this synergy is poorly 

understood, it may be due, in part, to rituximab induced alterations in cytokine expression, and 

subsequent downregulation of anti-apoptotic BCL-2 family proteins in CLL cells.3,168 

Novel humanized anti-CD20 antibodies have also been developed, including ofatumumab 

and obinutuzumab, and are currently in clinical trials.169 Notably, the combination of 

obinutuzumab and chlorambucil has demonstrated improved response rates, PFS and OS over 

rituximab and chlorambucil for unfit, previously untreated patients.170 Other antibody targets 

have also been explored, including CD52, present on B- and T-lymphocytes, monocytes and 

natural killer cells. The humanized anti-CD52 antibody alemtuzumab is active on CLL cells in 

the bone marrow, spleen and peripheral blood, but less effective in CLL cells in lymph nodes, 

and induces cytokine related side effects as seen with rituximab.171 It is typically used in the 
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treatment of patients resistant to conventional therapy, whether due to acquired resistance to 

previous courses of treatment, 17p deletion or TP53 mutation.7,171 

1.1.3.3.4. Tyrosine Kinase Inhibitors 

Due to the fundamental importance of the microenvironment in CLL pathology, several 

agents targeting key cell-cell interactions have been proposed for CLL treatment.17,23,172 

However it is a class of tyrosine kinase inhibitors targeting the protein kinases of the BCR 

signalling cascade that have taken center stage in recent years.23,35 Agents such as ibrutinib (Fig. 

1E), targeting Bruton’s tyrosine kinase (BTK), and idelalisib (Fig. 1F), targeting 

phosphatidylinositide 3-kinases δ (PI3Kδ), benefit from selectivity due to relatively restricted 

expression of these enzymes in B-lymphocytes.23 In addition, their target enzymes also play roles 

in other signalling cascades such as those initiated by integrins and chemokine receptors. As a 

result, one of the early effects of treatment with these agents is redistribution of CLL cells from 

the tissue microenvironments to the peripheral blood, which is thought to contribute to treatment 

efficacy and may make CLL cells more susceptible to other agents.173–176 Results from clinical 

trials investigating these agents in relapsed, refractory or high risk CLL cases, have been 

promising.177–180 In short, both ibrutinib and idelalisib produce very high response rates and 

durable remission with continuous treatment, but patients relapse quickly with aggressive disease 

when treatment is discontinued. Some CLL cases have also progressed during clinical trials with 

these agents.181  While the risk of progression is highest in patients with high risk features, 

including U-CLL, del17p and del11q, this has raised concerns as these patients are difficult to 

treat and effective options for salvage therapy have not yet been determined.178,181,182 Additional 

concerns include off target effects on platelets and cardiac tissue leading to high incidence of 

bleeding-related adverse events and atrial fibrillation.183–185 Nevertheless, idelalisib has been 
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approved for the treatment of relapsed, treatment refractory CLL, and ibrutinib has been 

approved for the treatment of relapsed, refractory, and 17p deleted CLL by Health Canada.186,187 

Clinical trials are ongoing in other patient groups.188–196 

1.1.3.3.5. Hematopoietic Stem Cell Transplantation 

Allogeneic hematopoietic cell transplantation (alloHCT) represents the only curative 

treatment available for CLL.1,6,7 Due to the benefit of graft-versus-leukemia (GVL) activity 

where, following graft-versus-host disease, residual CLL cells are abolished, persistent absence 

of detectable disease is achieved in up to 50% of allografted patients;197 however, its use is 

limited by the requirement for a related, matched donor and treatment related mortality rates are 

as high as 15-30%, two years after transplantation.3,7,197 While autologous hematopoietic stem 

cell transplantation (ASCT) has also been studied in CLL, it does not benefit from GVL and was 

not found to be curative. In recent studies ASCT offered no survival advantage in comparison to 

FCR or when used as consolidation therapy following modern chemotherapeutic regimens.198–200 

In light of a risk as high as 12.4% of treatment related AML or myelodysplasia 5 years after 

transplantation, ASCT has been discontinued in some centres and alloHCT is offered only to 

young, clinically fit, relapsed or refractory patients.3,7,201 

1.1.3.4. Treatment Strategy 

As CLL remains incurable, the goal of treatment is to achieve the best possible initial 

response.7 To this end, some centres now measure minimal residual disease (MRD, Table 4) by 

flow cytometric detection of circulating CLL cells following treatment when complete clinical 

remission has been achieved.1,7,202 This is predictive of longer PFS and OS.202,203 At the time of 

relapse, patients are reassessed and may continue to be treated with the same intent, provided 



21 
 

they remain clinically fit. In unfit patients, however, symptoms are typically treated with 

palliative intent.7 

1.1.3.4.1. First-Line Treatment 

Given the wide range in patient age and coincident or pre-existing medical conditions, 

treatment received is dependent on patient fitness.1,3,6,7 Patients with normal rates of creatinine 

clearance, good performance status and low numbers of co-morbidities are considered fit and 

typically receive aggressive chemoimmunotherapy with fludarabine, cyclophosphamide and 

rituximab (FCR).1,6,7 While this strategy achieves high response rates and overcomes the poor 

prognosis associated with del11q, strong myelosuppression and risk of secondary AML and 

myelodysplasia are limiting factors.204 Even in this clinically fit group, dose reduction due to 

treatment toxicity is required for 50%, and early cessation of treatment for 25% of patients.7 For 

frail elderly or unfit patients, the high toxicity of these combinations is considered to outweigh 

their benefits and these patients usually receive milder regimens such as the chlorambucil or 

bendamustine with or without rituximab or obinutuzumab.1,6,7 Progression free survival with 

these regimens is also shortened in del17p and TP53 mutated CLL cases.1,6 In the absence of 

more effective treatments, however, FCR still offers improved quality of life.7 

1.1.3.4.2. Second-Line Treatment 

Patients who relapse two years or more after FCR treatment or one year after other regimens 

are considered drug sensitive and may receive the same treatment.1,6,7 Those who relapse early or 

do not respond to initial therapy, are considered treatment refractory and treated with alternate 

regimens.1,6,7 Patients who develop resistance to alkylating agents may be treated with FCR, 

however most patients who remain clinically fit are treated with alemtuzumab-containing 
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regimens, followed by alloHCT when possible.1,6,7 Unfit patients may also be treated with 

alemtuzumab, or with ibrutinib or idelalisib. 

1.1.3.5. Emergence of Resistance 

CLL cells have a documented propensity to undergo clonal evolution; acquiring new genetic 

mutations and chromosomal abnormalities throughout the disease course.3,205,206 While this often 

entails selection of subpopulations resistant to specific therapeutic agents or classes of agents, as 

is seen with tyrosine kinase inhibitor treatment,181 the acquisition of general markers of disease 

aggressivity, such as 11q and 17p deletion, are also common in both treated and untreated 

patients, particularly those with U-CLL and ZAP-70 or CD38 positive cases.3,207,208 As most 

patients undergo multiple rounds of treatment and relapse, developed multidrug resistance 

represents a significant challenge for CLL therapy. In many cases, effective treatment options for 

relapsed refectory patients are not available.7 There is, therefore, a requirement for new 

therapeutic approaches to treat these patients. 

1.2. NAD Biology 

1.2.1. Nicotinamide Phosphoribosyltransferase 

The dinucleotide NAD+ and its phosphorylated and reduced forms (NADH, NADP+ and 

NADPH) play central roles in multiple metabolic, biosynthetic and signalling pathways. As such, 

NAD synthesis has recently been recognised as an important regulatory mechanism which 

coordinates diverse cellular functions including energy metabolism, immune response, 

proliferation and survival.70,76 In mammals, NAD can be generated from tryptophan, nicotinic 

acid, or nicotinamide (Nam); however, as expression of key enzymes involved in NAD synthesis 

from tryptophan is restricted to liver and kidneys, and nicotinic acid availability is not sufficient 
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to maintain NAD levels, Nam salvage represents the main source of NAD for most mammalian 

cells.76,209 This biosynthetic pathway consists of two steps. First, Nam and phosphoribosyl 

pyrophosphate (PRPP) are condensed by nicotinamide phosphoribosyltransferase (NAMPT) to 

form nicotinamide mononucleotide (NMN). NMN is then converted to NAD by NMN adenylyl 

transferases (NMNATs). The rate limiting enzyme in this process, NAMPT is expressed as an 

intracellular isoform (iNAMPT), present in the cytosol and nucleus, and an extracellular isoform 

(eNAMPT), which is thought to result from alternate post-transcriptional modification as it 

differs by molecular weight but not by sequence.67,76,209 Both isoforms are catalytically 

active.76,77  

As NAD does not passively traverse lipid bilayers, it is maintained in three distinct pools in 

the cytosol, nucleus and mitochondria. This allows the oxidoreductive state of each of these 

compartments to be regulated independently. For example, while cytoplasmic NAD/NADH ratio 

is typically held between 60 and 700 in eukaryotic cells, mitochondrial NAD/NADH ratios are 

maintained between 7 and 8.67 Despite the absence of iNAMPT from mitochondria, maintenance 

of the mitochondrial NAD pool is also attributed to this enzyme as NMN is transported from the 

cytosol into the mitochondrial matrix to serve as the substrate for NMNAT3.67 Furthermore, 

there is debate in the literature as to whether extracellular NAD can be taken up into cytoplasm 

and mitochondria through unknown transport mechanisms.210–212 eNAMPT-mediated 

extracellular NAD synthesis may therefore also play a role in replenishing intracellular NAD 

pools. Accordingly, the rate of eNAMPT expression has been proposed as a mechanism by 

which gene regulation may influence the metabolic state of neighboring cells.211 

eNAMPT was originally described as a secreted protein with a cytokine-like function which 

increased pre-B-cell colony formation, and named pre-B-cell colony-enhancing factor. It has 
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since been shown to upregulate IL-6, IL-8 and TNFα secretion in peripheral blood mononuclear 

cells (PBMCs), and inhibit apoptosis in neutrophils during inflammation and sepsis, and 

macrophages exhibiting obesity-associated ER-stress.213–215 Evidence suggests that aberrant 

eNAMPT expression may play important roles in immune mediated conditions including 

inflammatory bowel disease, acute lung injury, rheumatoid arthritis and myocardial infarction, 

and be involved in the pathogenesis of metabolic disorders such as obesity and diabetes.76 While 

the importance of eNAMPT’s enzymatic activity has not been established in most of these 

contexts, it is known to be required for pro-inflammatory cytokine induction in rheumatoid 

arthritis and dispensable for IL-6 induction and cytoprotection in macrophages.76,214 The enzyme 

was also once described as a putative insulin mimetic hormone named visfatin, but mounting 

evidence suggests roles for signalling cross talk or increased extracellular NMN or NAD 

synthesis in insulin receptor signalling, rather than direct activation of the insulin receptor by 

eNAMPT.76,77,216,217 Conversely, eNAMPT is thought to contribute to obesity and diabetes 

associated vascular inflammation. It has been shown to activate the NF-κB signalling pathway in 

vascular endothelial cells, leading to increased expression of proteins involved in leukocyte 

adhesion to endothelium and destabilisation of atherosclerotic plaques.76,218 

1.2.2. NAD in Reductive and Oxidative Reactions 

The earliest recognised function of NAD was its role in cellular metabolism and energy 

production as a transporter of redox potential (Fig. 2A). In the cytosol, NAD+ is reduced to 

NADH by glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the rate-limiting enzyme in 

the glycolytic pathway.65–67 In anaerobic cells and in malignant cell exhibiting the Warburg 

effect, reduction of the NADH produced is coupled to the conversion of the glycolytic product, 

pyruvate, to lactate by lactate dehydrogenase (LDH, Fig. 2B).66 In aerobic cells however,  
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Figure 2: NAD and NADP in redox reactions. Nicotinamide adenine dinucleotide (NAD) and 
nicotinamide adenine dinucleotide phosphate (NADP) are essential cofactors for multiple 
cellular redox reactions. (A) The interconversion of their reduced, NAD(P)+ forms and oxidised, 
NAD(P)H forms is enzymatically coupled to reduction or oxidation of diverse target molecules. * 
= OH (NAD), PO4

2- (NADP). (B) The rate limiting step in the glycolytic pathway, conversion of 
glyceraldehyde-3-phosphate to D-glycerate-1,3-bisphosphate is coupled to the oxidation of 
NAD+ by glyceraldehyde-3-phosphate dehydrogenase (GAPDH). In anaerobic cells and in 
malignant cell exhibiting the Warburg effect, reduction of the NADH produced is coupled to the 
conversion of the glycolytic product, pyruvate, to lactate by lactate dehydrogenase (LDH). (C) In 
aerobic cells, pyruvate is preferentially oxidised in the mitochondria. In this case, the reduction 
of cytosolic NADH is couples to the conversion of aspartate and α-ketoglutarate to malate and 
glutamate. These products are then transferred to the mitochondrial matrix, where the reverse 
reaction converts mitochondrial NAD+ to NADH. 
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pyruvate is preferentially oxidised in the mitochondria. In this case, the reduction of cytosolic 

NADH is coupled to the conversion of aspartate and α-ketoglutarate to malate and glutamate. In 

a process known as the malate-aspartate shuttle, these products are then transferred to the 

mitochondrial matrix by specific transporter proteins, where the reverse reaction converts 

mitochondrial NAD+ to NADH (Fig. 2C).66 The reductive potential of cytosolic NADH is 

therefore transferred to the mitochondria, while maintaining two distinct NAD pools.67 As CLL 

cells lack the characteristic lactate production associated with the Warburg effect, this is likely 

the primary fate of cytosolic NADH in these cells.64,111,112 

Similarly, in the mitochondrial matrix, NAD+ is essential for the metabolism of pyruvate, 

amino acids and FFA. It acts as a cofactor for pyruvate dehydrogenase, tricarboxylic acid (TCA) 

cycle enzymes; isocitrate dehydrogenase, alpha-ketoglutarate dehydrogenase and malate 

dehydrogenase, and hydroxyacyl-CoA dehydrogenases in the fatty acid β-oxidation pathway.66 

Here, the NADH produced is the substrate for NADH:ubiquinone oxidoreductase (complex I) 

which catalyses the initiating event in the electron transport chain (ETC). The ETC couples a 

series of successive redox reactions to the generation of an electrochemical gradient (Fig. 3) 

across the mitochondrial inner membrane. As this gradient provides the motor force for the 

activity of ATP synthase, mitochondrial NAD is essential for the majority of ATP synthesis in 

the cell.66 

1.2.3. Nicotinamide Adenine Dinucleotide Phosphate 

NAD can also be converted to nicotinamide adenine dinucleotide phosphate (NADP) 

through the activity of cytosolic NAD kinase. Similarly to NAD, NADP is an essential cofactor 

for many redox reactions involved in macromolecule synthesis. NADP+ is primarily reduced to 

NADPH by glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase in the  
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Figure 3: The mitochondrial electron transport chain. The mitochondrial electron transport 
chain (ETC) couples a series of successive redox reactions to the movement of protons from the 
mitochondrial matrix to the intermembrane space by complexes I, III and IV, generating an 
electrochemical gradient across the mitochondrial inner membrane which provides the motor 
force for the activity of ATP-synthase. Rotenone, antimycin A and oligomycin inhibit complexes 
I and III, and ATP synthase respectively. Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 
(FCCP) is a membrane permeable ionophore and acts as an uncoupling agent by transporting 
protons across the mitochondrial inner membrane, dissipating the electrochemical gradient. 
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pentose phosphate pathway, which is also responsible for the generation of ribose-5-phosphate 

required for nucleotide synthesis.66 NADPH in turn, provides the reductive potential for reactions 

involved in lipid, cholesterol and nucleotide synthesis required for cellular proliferation. In 

addition, a very high cellular NADPH/NADP+ ratio drives these otherwise endergonic reactions. 

The cellular concentrations of these dinucleotides are therefore tightly regulated, especially in 

proliferating cells.66 NADPH can also contribute to energy metabolism as it is required by 2,4-

dienoyl-CoA reductase, responsible for reducing problematic double bonds in unsaturated FFA 

during β-oxydation.66 Finally, NADPH is an essential coenzyme for glutathione reductase, which 

maintains the cellular pool of reduced glutathione (GSH).219 

1.2.4. Glutathione 

Glutathione is a tripeptide consisting of glycine, cysteine and glutamate, present in the 

cytosol, mitochondria and nucleus. It is the primary cellular defense against both electrophilic 

molecules and ROS, reacting directly and as a substrate for enzymes such as glutathione-S-

transferases and glutathione peroxidases to prevent these reactive molecules from interacting 

with nucleic acids and proteins.219 Glutathione is therefore important in tumour resistance to both 

alkylating agents and ROS produced as a by-product of high ETC flux.220 While reaction with 

electrophiles results in the formation of glutathione adducts which are exported from most cell 

types, the antioxidant activity of glutathione results in the oxidation of its reduced form (GSH) to 

glutathione disulfide (GSSG) and the NADPH-dependant activity of glutathione reductase is 

required to return it to its GSH form.219 As discussed in the previous section, the rate limiting 

enzyme for glutathione synthesis, glutamate-cysteine ligase is highly expressed in CLL and 

glutathione levels are similarly high.100,103,104 With the exception of consistently low expression 

of thioredoxin, no other altered antioxidant pathways have been reported in CLL.221 
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1.2.5. NAD and NADP-dependent Signaling 

In addition to their roles in redox reactions, NAD and NADP participate in intra- and 

intercellular signalling pathways with multiple and diverse functions. Unlike redox reactions, 

where a single dinucleotide molecule can undergo multiple cycles of oxidation and reduction, 

NAD and NADP-dependent signalling events, such as ADP ribosylation, NAD-dependent 

protein deacetylation and the generation of Ca2+-mobilizing second messengers, invariably 

involve the degradation of the dinucleotide involved and release of nicotinamide (Nam).70 This 

results in the continual availability of Nam and a dependence on a constant influx to maintain 

NAD stores, especially in malignant cells where these signalling pathways are often overactive.70 

1.2.5.1. ADP-ribosylation 

Mono- and poly-ADP-rybosylation are post translational protein modifications in which one 

or more ADP-rybosyl groups are transferred from NAD to glutamate or lysine residues in target 

proteins.71 They are catalysed by ADP-ribosyltransferases (ARTs) and poly-ADP-ribose 

polymerases (PARPs) respectively, and reversed by ADP-rybosyl hydrolases and 

glycohydrolases. While the functions of mono-ADP-rybosylation remain largely unknown, two 

recent discoveries point to roles for these protein modifications in tumour biology.70 First, 

deletion of the ARH1 gene encoding ADP-ribosylarginine hydrolase 1 increases the incidence of 

adeno- and hepatocellular carcinoma, and lymphoma in athymic nude mice.222 And second, 

increased activity of membrane bound ARTs, in response to high extracellular NAD 

concentrations, inhibit the SRC family kinase LCK in cytotoxic CD8+ T-lymphocytes, leading to 

reduced cell adhesion and TCR signalling.68,69 As eNAMPT is highly expressed by CLL cells, 

this may contribute to the absence of cytotoxic T-cells from the CLL tissue microenvironments.82 
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In contrast, poly-ADP-rybosylation, particularly by poly-ADP-ribose polymerase 1 (PARP1) 

has been a very active area of research in recent years. This enzyme binds to DNA single strand 

breaks and modifies nearby proteins, leading to chromatin remodelling and the recruitment of 

proteins involved in DNA single strand break repair and base excision repair.70,71 When PARP1 

is inhibited, single strand breaks persist into mitosis, cause replication fork collapse, and become 

double strand breaks. PARP1 inhibition has therefore been explored as a treatment for tumours 

deficient in double strand break repair proteins such as BRCA1 and BRCA2 in breast and 

ovarian cancers.70 As poly-ADP-ribose chains can contain up to 200 ADP-ribose units, this 

process can also rapidly consume cellular NAD reserves, forming a direct link between 

signalling events and energy metabolism.209 In cases of extensive DNA damage, the resulting 

NAD and ATP depletion lead to cell death by apoptosis or caspase independent mechanisms.71 

Though less is known about the functions of other PARPs, evidence suggests roles in Wnt 

signalling and telomere maintenance which may also have roles in tumour biology.71 

1.2.5.2. NAD+-dependent Protein Deacetylation 

Unlike other protein deacetylases, enzymes of the sirtuin family do not directly hydrolyse 

acetyl-protein bonds but transfer acetyl groups from target proteins onto the ADP-ribose moiety 

of NAD+, producing Nam and O‑ acetyl-ADP-ribose (OAADPR).70 These enzymes are sensitive 

to the relative concentrations of NAD+ and NADH, and link the cellular metabolic state to gene 

expression by deacetylating transcription factors and histones at specific sites.223 Of note, SIRT1 

is highly expressed in CLL cells and negatively regulates P53 activity, reducing its pro-apoptotic 

effects.70,72 In the mitochondria, SIRT3 upregulates superoxide dismutase 2 (SOD2) expression 

and activity, preventing ROS accumulation due to high energy demand, and precludes ROS 

mediated metabolic shift towards aerobic glycolysis.70 Additionally, sirtuins are involved in 
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regulating metabolic enzymes such as acetyl-CoA synthase, carbamoyl phosphate synthase and 

glutamate dehydrogenase, maintaining genomic integrity, and global gene expression through 

regulation of RNA-polymerase I.70 OAADPR also plays an important role in intracellular 

signalling as it and the product of its degradation, ADP-ribose (ADPR), are both ligands for Ca2+ 

channels which mediate signals for cell survival and proliferation.224 

1.2.5.3. Intercellular Signalling 

NAD can be both secreted and produced in the extracellular space, notably by eNAMPT 

activity, and is an active signalling molecule. It directly binds to cell surface receptors of the P2 

receptor family on a variety of immune cells including lymphocytes, leading to Ca2+ influx, cell 

activation and chemotaxis.73–75 Additionally, NAD+ and NADP+ are substrates for CD38, an 

ectopic NAD glycohydrolase and ADP-ribosyl cyclase expressed on B- and T-lymphocytes, 

granulocytes and NK cells. High CD38 expression in CLL is predictive of shorter time to 

treatment and survival.132,133  It is upregulated in the tissue microenvironments and its persistent 

expression by CLL cells in the periphery correlates with unmutated IgVH status and predicts a 

more aggressive disease course.132,133 This multifunctional enzyme produces ADPR or cyclic 

ADPR from NAD+, or nicotinic acid adenine dinucleotide phosphate from NADP+, all of which 

signal for calcium mobilization.70,211,225  

1.3. Targeting NAMPT 

Most cancer cells are thought to be uniquely dependant on NAMPT activity due to high 

demand for energy and metabolites for macromolecule synthesis and proliferation, and chronic 

activation of PARP1 by DNA damage and genetic instability.226,227 In fact, high NAMPT 

expression is associated with cell survival, proliferation, and resistance to chemotherapy and 

oxidative stress in several tumour types.78–81 While the regulation and potential alteration of 
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NAD homeostasis in CLL remain largely unexplored, both iNAMPT and eNAMPT are known to 

be highly expressed by these cells, particularly in response to BCR signalling,13,82  and high 

NAMPT expression has been linked to poor overall survival.228 As discussed above, eNAMPT 

may also play important roles in maintaining the supportive CLL microenvironments as it has 

been implicated in the release of pro-inflammatory cytokines, the differentiation of monocytes 

into nurse-like cells and the suppression of cytotoxic T-cells.68,69,82  With the recent description 

of two classes of specific small molecule NAMPT inhibitors, this enzyme has emerged a 

promising new target for cancer treatment.227,229 

FK866 (N-[4-(1-benzoylpiperidin-4-yl) butyl]-3-(pyridin-3-yl) acrylamide, also known as 

APO866/WK175, Fig. 4A) was originally identified as compound which inhibited proliferation 

and induced delayed cell death in lung and hepatic cancer cell lines.227 It was described as non-

competitive inhibitor of NAMPT due to its lack of influence on the enzymes Michaelis constant 

(KM) and its ability to reduce the maximum rate of NAD synthesis (Vmax) in the presence of high 

concentrations of Nam and PRPP.227 Later structural studies revealed that FK866 competitively 

binds to the Nam binding pocket of NAMPT. Its specificity is attributed to its long linker region 

which extends along a unique channel at the dimer interface to expose its distal phenyl ring on 

the surface of the enzyme.230,231 The conflicting earlier reports have been attributed to a very 

slow rate of dissociation, leading to an influence on enzyme kinetics approaching that of an 

irreversible inhibitor.230 Furthermore, some reports suggest that FK866 may be a substrate for 

NAMPT, forming a phosphorybosylated derivative with increased affinity for the enzyme.232  

FK866 has shown promising activity as a single agent in the treatment of both solid tumours 

and hematological malignancies in vitro,212,227,233–235 It induces delayed cell death in cell lines 

and primary cells of multiple lymphomas, myelomas and leukemias including CLL, but not in  
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Figure 4: Nicotinamide phosphorybosyltransferase inhibitors. FK866 (A) and GMX-1778 (B) are 
specific competitive inhibitors of nicotinamide phosphorybosyltransferase (NAMPT). Both 
agents bind the enzyme’s Nicotinamide (Nam) binding pocket by their Nam mimetic regions. 
Their specificity for NAMPT is attributed to their long linker regions which extend along a 
channel in the enzyme, unique among phosphorybosyltransferases, to expose their distal 
phenolic groups on the exterior surface of the enzyme. 
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healthy peripheral blood mononuclear cells.235–237 It also prevents tumor growth and prolongs 

survival in mouse models of human Burkitt lymphoma and acute myeloid leukemia.235 Phase I 

clinical trials established steady state blood plasma level of approximately 14 nM and described 

FK866 as generally well tolerated; however, these trials also revealed dose-limiting toxicities 

including thrombocytopenia and gastrointestinal symptoms, and very poor response rates were 

seen at attainable doses.238  

Similarly, GMX-1778 (N-4-(6-chlorophenoxy)nexyl-N''-cyano-N''-4-pyridylguanidine, 

formerly CHS-828, Fig. 4B) was originally selected for its anti-proliferative effect in multiple 

human cancer cell lines.239 It was later revealed to be a NAMPT-specific, inhibitor which binds 

the enzyme in a comparable conformation to FK866, with an estimated affinity >1000-fold 

greater than that of Nam.229,232 Like FK866, GMX-1778 showed particularly high in vitro 

activity against CLL and other hematological malignancies,240,241 but has achieved poor clinical 

results due to dose-limiting bone marrow and gastrointestinal toxicities.242–244 It is currently 

under development as the orally bioavailable prodrug GMX-1777.245 

As demonstrated by clinical trials, the optimal use of NAMPT inhibitors for cancer 

treatment may require the increased treatment efficacy and reduced toxicity afforded by 

combination therapy. Moreover, the recent investigation of several drug combinations point to a 

susceptibility of FK866 and GMX-1778 treated cancer cells to a broad range of current anti-

cancer agents including DNA damaging agents, nucleoside analogs and monoclonal 

antibodies.80,234,246 Additionally, FK866 exhibits marked synergy with other agents targeting the 

NAD metabolome, such as the PARP inhibitor olaparib in triple-negative breast cancer cells,247 

and the NAD(P)H:quinone oxidoreductase-1 activator β-lapachone in pancreatic cancer.248 

However, the development of NAMPT inhibition based combination therapies for CLL is 
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hampered by our pour understanding of CLL specific metabolic alterations and dependencies and 

of the cellular functions impacted downstream of NAMPT inhibition. 

Our laboratory has previously demonstrated the sensitivity of CLL cells to NAMPT 

inhibition; with a median lethal dose (LD50) of 7.3 nM, compared to 270.7 nM in peripheral 

blood mononuclear cells from age matched control donors. We also established that sensitivity to 

FK866 is predicted by negative CD38 status and lymphocyte doubling times greater than 12 

months, but otherwise unaffected by common prognostic factors including Rai stage, Zap-70 and 

IgVH mutational status.237 In this study, we characterized the downstream effects of NAMPT 

inhibition on NAD- and NADP-dependent biochemical pathways; glycolysis, mitochondrial 

respiration and the glutathione antioxidant pathway, in primary CLL cells. We also assessed the 

efficacy of NAMPT inhibition-based combination therapies for CLL treatment, and identified 

several synergistic drug combinations, including current chemotherapeutics and targeted agents, 

and novel targets in CLL. 

2. HYPOTHESIS 

NAMPT inhibition-induced NAD depletion reduces the capacity of NAD- and NADP-

dependent biochemical pathways in CLL cells; including glycolysis, mitochondrial respiration 

and the glutathione antioxidant pathway. The addition of NAMPT inhibitors will enhance CLL 

treatment with chemotherapeutics and targeted agents in current clinical use, and synergise with 

agents targeting these NAD- and NADP-dependent pathways. 
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3. AIMS 

1. Investigate the impact of NAMPT inhibition on NAD- and NADP-dependent biochemical 

pathways in primary CLL cells. 

2. Evaluate the efficacy of FK866 and GMX-1778 for CLL treatment, in combination with 

current chemotherapeutics and targeted agents, agents targeting glycolysis and mitochondrial 

respiration, and oxidative stressors. 

4. MATERIALS AND METHODS 

4.1. Reagents 

For flow cytometry, FITC labeled annexin V, propidium iodide (PI) and 7-amino-

actinomycin D (7-AAD) were obtained from BD Bioscience. Dihydroethidium (DHE) was 

obtained from Molecular Probes as a 5 mM solution stabilized with DMSO and stored at -30 °C, 

protected from light. Tetramethylrhodamine methyl ester (TMRM) was obtained from Molecular 

Probes, dissolved to a stock concentration of 500 mM in DMSO, stored at 4 °C, protected from 

light. 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) was purchased from Invitrogen, 

dissolved to a stock concentration in DMSO  

Oligomycin, rotenone and antimycin A were obtained from Sigma-Aldrich, dissolved to 

stock concentrations of 10 mg/ml, 50 mM and 25 mM in DMSO, respectively, and stored at -80 

°C. Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) was obtained from Sigma-

Aldrich, dissolved to a stock concentration of 50 mM in ethanol, and stored at -80 °C. D-glucose 

and 2-deoxy-D-glucose (2-DG) were obtained from Sigma-Aldrich, stored at room temperature 

and freshly dissolved before use. Nitrotetrazolium blue was obtained from ThermoFisher 

Scientific, stored at room temperature and freshly dissolved before use. 
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β-NAD+ sodium salt was obtained from Sigma-Aldrich, stored at -20 °C and freshly 

dissolved before use. β-NADH disodium salt was purchased from Sigma-Aldrich, dissolved in 

Tris-HCl buffer (pH 8.5) to a stock concentration of 10 µg/L and stored at -20°C. FK866 and 

GMX-1778 were purchased from Sigma-Aldrich, dissolved in DMSO to stock concentrations of 

10 mmol/L, and stored at -30°C. Fludarabine, chlorambucil, bendamustine, ibrutinib and 

idelalisib were purchased from Selleck Chemicals, dissolved in DMSO to stock concentrations 

of 10 mM for fludarabine, chlorambucil and bendamustine, and 100 mM for ibrutinib and 

idelalisib, and stored at -80 °C for up to 6 months. Phorbol 12-myristate 13-acetate was obtained 

from Sigma-Aldrich as a 30% aqueous solution and freshly diluted in culture media before use.  

4.2. Primary cell isolation and culture 

Peripheral blood mononuclear cells (PBMCs) were isolated from the peripheral blood of 

consenting donors by density gradient centrifugation using Ficoll-Paque PLUS density gradient 

medium (GE Healthcare Life Sciences). Where CLL patents presented with white blood cell 

counts ≤ 40 x 103/µL, and for control donors, B-lymphocytes were negatively selected using 

Rosette Sep B-Cell Enrichment Antibody Cocktail (STEMCELL Technologies). Unless 

otherwise noted, cells were cultured at a density of 4 x 106 cells/mL in RPMI-1640 medium 

containing 1% penicillin/streptomycin and 10% fetal bovine serum at 37°C, 5% CO2 in a 

humidified atmosphere. This study is approved by the human research ethics board of the 

University of Manitoba (approval number HS15746) and the CancerCare Manitoba Research 

Resource Impact committee (approval number 81-2012). 
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4.3. ATP, NAD, NADP, glutathione and caspase 3/7 assays 

CellTiter-Glo Luminescent Cell Viability Assay, NAD/NADH Glo Assay, NADP/NADPH-

Glo Assay , GSH-Glo Glutathione Assay and Caspase-3/7 Glo Assay kits (Promega Corporation) 

were used according to the manufacturer instructions to assess total cellular ATP content, NAD 

content and NADP content, reduced glutathione content, and caspase-3/7 activity, respectively. 

Luminescence was measured using a SPECTRAmax GEMINI XS luminometer (Molecular 

Devices). 

4.4. Flow cytometry 

Cells were collected by centrifugation for 10 minutes at 1200 rpm and washed in PBS. To 

assess cell viability, cells were then resuspended and incubated for 15 minutes at room 

temperature, protected from light, in Annexin V Binding Buffer (556454; BD Bioscience) 

containing annexin V- FITC and PI or 7-AAD, as indicated. Annexin V-negative/PI-negative and 

annexin V-negative/7-AAD-negative cells were considered viable. To assess mitochondrial 

membrane potential, cells were incubated for 30 minutes at room temperature in PBS containing 

25 nM TMRM. To assess cellular ROS content, cells were incubated for 30 minutes at 37 °C in 

PBS containing the superoxide specific indicator DHE at a concentration of 2.5 µM or the 

peroxide and reactive nitrogen species specific indicator DCFH-DA. Fluorescence was assessed 

using a LSRII flow cytometer and FACSDiva software (BD Biosciences) or using a NovoCyte 

flow cytometer and NovoExpress software (ACEA Biosciences). All data were normalized to 

vehicle treated controls. 
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4.5. Extracellular flux analysis 

Extracellular flux analysis was performed using a XF24 Extracellular Flux Analyzer 

(Seahorse Bioscience). Cells were pelleted by centrifugation for 10 minutes at 1200 rpm at room 

temperature and resuspended in assay media. Cells were then transferred to XF analyzer 24-well 

plates coated with 1.13 µg Cell-Tak (354240; Corning) per well, at a density of 900,000 cells per 

well. Plates were centrifuged at 1200 rpm for 10 min at room temperature, with slow 

acceleration and deceleration. Finally, cells were incubated at 37 °C, at ambient carbon dioxide 

concentration for 1 hour prior to assay. 

To assess mitochondrial respiration, assay media consisted of unbuffered DMEM media 

(102353-100; Seahorse Bioscience) supplemented with 2 g/L D-glucose and 1 mmol/L sodium 

pyruvate, at pH 7.4. Extracellular oxygen consumption rates (OCR) were measured in triplicate 

at baseline (basal respiration), and following sequential injection of oligomycin (1.25 µM, proton 

leak), FCCP (2 µmol/L, maximum respiratory capacity), and Rotenone and Antimycin A (1 

µmol/L each, non-mitochondrial oxygen consumption). Measurements were normalised to non-

mitochondrial oxygen consumption. 

To assess glycolysis, assay media consisted of unbuffered DMEM media containing 2 

mmol/L L-alanyl-L-glutamine dipeptide (35050-061; Thermo Fisher Scientific), at pH 7.4. 

Extracellular acidification rates (ECAR) served as a surrogate for production and secretion of 

lactate, the end product of anaerobic glycolysis. ECAR was measured in triplicate at baseline 

(non-glycolytic acidification), and following sequential injection of glucose (1.6 g/L, glycolysis), 

oligomycin (1 mg/L, maximum glycolytic capacity), and 2-deoxy-D-glucose (15 g/L) as negative 

control. Measurements were normalised to non-glycolytic acidification. 
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4.6. Blue-Native polyacrylamide gel electrophoresis and in-gel activity assay 

Mitochondrial enrichment was performed using the Mitochondria Isolation Kit for Cultured 

Cells (ab110170; Abcam) following the manufacturer’s instructions. Mitochondrial protein was 

then quantified using Bio-Rad Protein Assay Dye Reagent (#500-0006). For Blue-Native 

Polyacrylamide Gel Electrophoresis (BN-PAGE), mitochondria were solubilized in NativePAGE 

Sample Buffer (BN2003; ThermoFisher Scientific) containing 0.2% n-dodecyl β-D-maltoside 

(BN2005), at a concentration of 1 g/L mitochondrial protein, for 15 minutes on ice. The extract 

was centrifuged at 20,000xg for 30 minutes at 4°C. 5% v/v G-250 Sample Additive (BN2004) 

was added to the supernatant. The resulting samples were separated on 3-12% Bis-Tris precast 

gels (BN1001) at 150 V for 120 minutes using NativePAGE Running Buffer (BN2001), with 

cathode buffer containing Cathode Buffer Additive (BN2002; Thermo Fisher Scientific). 

Following electrophoresis, gels were fixed in 40% Methanol, 10% Acetic Acid for 15 minutes at 

37°C and de-stained in 8% Acetic Acid at 37°C for a minimum of 2 hours.  

For in-gel activity assay of NADH dehydrogenase, BN-PAGE was performed as described 

above except that cathode buffer was replaced with clear NativePAGE Running Buffer after 30 

minutes of electrophoresis. Following de-staining, gel was washed in water and incubated in 

Tris-HCl Buffer (pH 7.4) containing 2.5 µg/L nitrotetrazolium blue and 100ng/L NADH for 7.5 

minutes. Imaging was performed using an Expression 1680 scanner (Epson). Densitometric 

analysis was performed using Licor Image Studio Lite v.5.2. 

4.7. Drug combination analysis 

In order to account for both the full range of each drug’s effect and a broad range of drug 

ratios, drug combination experiments were designed following a full factorial approach; 
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considering all possible combinations of the selected doses of individual drugs. Additionally, 

data were analysed by two complimentary methods; each chosen to addresses the limitations of 

the other. Therefore, consideration of both predictions provides a more complete understanding 

of the dynamics of each drug combination. 

4.9.1. Loewe Additivity model 

Drug-drug interactions were first assessed according the Loewe additivity model using 

Combenefit software v2.021 (http://www.cruk.cam.ac.uk/research-groups/jodrell-

group/combenefit, University of Cambridge, UK). Briefly, median dose-response (DR) curves 

were generated for each individual agent (single-agent DR curves) based on normalised cell 

viability measures and served to predict cell viability for each combination of doses assessed, 

according to the Loewe model:249,250 

𝑑𝑎𝑎
𝐷𝑎𝑎

+
𝑑𝑏𝑎
𝐷𝑏𝑎

= 1 

Where Da and Db are doses of agents “a” and “b”, respectively, required to 
produce a given reduction in cell viability (i) in single-agent treatments, and da 
and db are doses of agents “a” and “b”, respectively, required to produce effect 
i when given in combination. 

 

Cell viability measures below and above predicted values were interpreted as synergy and 

antagonism, respectively. Significance of deviations from predicted values were evaluated using 

the one-sample t-test. Of note, the Loewe model does not provide an objective measure of the 

magnitude of drug synergy or antagonism. The degree of deviation from predicted values were 

reported to provide a rough estimate only.  
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4.9.2. Combination Index model 

The Combination Index (CI) model is an adaptation of the Loewe model which provides an 

objective measure of the magnitude of drug-drug interactions in the form of CI values, defined 

as: 251 

𝑑𝑎𝑎
𝐷𝑎𝑎

+
𝑑𝑏𝑎
𝐷𝑏𝑎

= 𝐶𝐶 

Where Da, Db, da, db and i are defined as above. CI<1, =1 and >1 are 
interpreted as synergy, additivity and antagonism, respectively. 

 

Using GraphPad Prism 6 software, four-parameter sigmoidal single-agent DR curves were 

generated for normalised cell viability measures from each patient sample assessed. For each 

dose combination assessed, single-agent DR curves served to calculate doses required to produce 

the same relative cell viability (Dai and Dbi). Individual CI values were then calculated for each 

patient sample and the mean CI for each dose combination was determined. The significance of 

CI deviation from 1 was evaluated using the one-sample t-test. The major limitation of the CI 

model is its requirement that the effect of each dose combination (i) be attainable by both 

individual drugs in the combinations.252 Therefore, as is common in studies assessing drug 

combinations in biological systems, the maximum effect of each individual agent was assumed 

to be 100% cell death, for the purpose of single-agent DR curve fitting.251,253  

4.8. Data management and statistics 

Data management and analysis were performed using Microsoft Excel 2013, and GraphPad 

Prism 6. DR surfaces and Loewe additivity matrices were generated using Combenefit v2.021. 

Other graphs and plots were generated in GraphPad Prism 6. Molecular models were generated 
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in ACD/ChemSketch 2015 (Advanced Chemistry Development). All other figures and elements 

were generated in Microsoft PowerPoint 2013. Statistical analysis was performed using 

GraphPad Prism 6. P values ≥0.05 were considered not significant (ns), *, **, ***, and **** 

denote P values <0.05, <0.01, <0.001, and <0.0001, respectively. “N” was used to denote 

biological replicates and “n” was used to denote technical replicates. Error bars on all graphs 

represent standard error of the mean. 

5. RESULTS 

5.1. NAMPT inhibition leads to ATP depletion and cell death mediated by NAD 

depletion 

NAMPT catalyses the rate-limiting step in generating NAD, which is essential for ATP 

synthesis by both glycolysis and mitochondrial respiration. In order to assess the effect of 

NAMPT inhibition on energy metabolism in CLL, cells were treated with FK866 at 

concentrations ranging from 1 nM to 100 nM, or DMSO as vehicle control, and total cellular 

NAD and ATP content (N=6), and cell viability (N=3) were assessed daily for three days. A 5-

fold or greater decrease in cellular NAD was observed within one day of treatment with FK866 

doses of 10 nM or more. As previously reported in CLL and other cancer types,227–229,235 cellular 

ATP was reduced 2-fold or more by day two and cell viability was reduced 0.6-fold or more by 

day three at these doses (Fig. 5), suggesting that cellular energy metabolism is supressed 

following NAMPT inhibition and may contribute to CLL cell death. In contrast, 1 nM FK866 did 

not significantly reduce cellular NAD, and a trend toward increased ATP and cell viability was 

noted on day two of treatment with this dose. Data were contributed by Dr. Iris Gehrke. 
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Figure 5: NAMPT inhibition leads to NAD and ATP depletion and loss of CLL cell viability. CLL 
cells were treated with FK866 at concentrations of 1, 10, 25, 50 and 100 nM, or DMSO as 
vehicle control (Ctrl). (A) Total cellular NAD and (B) ATP content (N=6, n=3) were assessed daily 
for three days following treatment by NAD/NADH-Glo and CellTiter-Glo assays, respectively. (C) 
Cell viability was assessed daily for three days following treatment by flow cytometry with 
annexin V-FITC and PI staining. Annexin V-FITC negative, PI negative cells were considered 
viable (N=3). All data were normalized to vehicle controls at each time point. Statistical analysis 
was performed using the one-sample t-test (* P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001). 
(N= biological replicates, n= technical replicates) 
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In order to confirm that ATP depletion and loss of cellular viability are on-target effects 

downstream of NAMPT inhibition, CLL cells were then pre-treated with exogenous NAD 

(exNAD) for one day. As the majority of cellular NAD degradation is thought to be mediated by 

PARP1, cells were alternatively pretreated with olaparib, an NAD-mimetic inhibitor of PARP1, 

PARP2 and PARP3. Cells were then treated with 25 nM FK866 or DMSO as vehicle control. 

This dose was chosen as it was the lowest concentration evaluated which produced significant 

cell death within three days of treatment (Fig. 5C). On the third day following FK866 treatment, 

cellular ATP and viability were significantly rescued by both exNAD and olaparib pre-treatment 

(Fig. 6), indicating both that ATP depletion and CLL cell death following NAMPT inhibition are 

downstream effects of NAD depletion and that a large portion of NAD degradation in CLL cells 

is mediated by PARPs. 

5.2. Mitochondrial respiration is supressed by NAMPT inhibition in CLL cells 

As the majority of ATP in aerobic cells is synthesised via NADH-dependent mitochondrial 

respiration, we investigated the impact of NAMPT inhibition on this pathway; however, as 

NAMPT is not localised to mitochondria, we first confirmed that the mitochondrial NAD pool is 

depleted following NAMPT inhibition. CLL cells were treated with 10 nM FK866; a 

concentration above the previously established median lethal dose (LD50) of 7.3 nM and below 

the published steady state plasma level of 14 nM,237,238 or DMSO as vehicle control. The NAD 

content of whole cells (N=6) and isolated mitochondria (N=5) were decreased 5.5- and 3.8-fold 

respectively by day one and remained low on day two of FK866 treatment (Fig. 7A).  

The mitochondrial respiratory profiles of untreated CLL cells and cells treated for one and 

two days with 10 nM FK866 or DMSO were then assessed by extracellular flux analysis (N=5). 

While maximum respiratory capacity was slightly increased by DMSO, it was significantly  
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Figure 6: FK866-induced CLL cell death is mediated by NAD depletion. CLL cells were pre-
treated with 100 µM exogenous NAD (exNAD) or 1 µM of the PARP inhibitor olaparib, or 
cultured untreated for one day. Cells were then treated for three days with 25 nM FK866 or 
DMSO as vehicle control. (A) Cellular NAD and (B) ATP content were assessed by NAD/NADH-
Glo and CellTiter-Glo assays, respectively (N=11, n=3). (C) Cell viability was assessed by flow 
cytometry with annexin V-FITC and 7AAD staining (N=6). Annexin V-FITC negative, 7AAD 
negative cells were considered viable. All data were normalized to vehicle controls. Statistical 
analysis was performed using the paired, two-tailed t-test (ns = not significant, ** P≤0.01, *** 
P≤0.001, **** P≤0.0001). (N= biological replicates, n= technical replicates) 
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Figure 7: Mitochondrial respiration is supressed by NAMPT inhibition. (A) CLL cells were 
treated with 10 nM FK866 or DMSO as vehicle control (Ctrl). NAD content of whole cells (N=6, 
n=3) and isolated mitochondria (N=5, n=3) were assessed daily for two days by NAD/NADH-Glo 
assay. Data were normalized to vehicle controls. Statistical analysis was performed using the 
one-sample t-test. (B) CLL cells were cultured for two days untreated (Ctrl), or treated with 10 
nM FK866 or DMSO for one and two days (N=5, n=4). Mitochondrial respiratory rates were 
assessed by extracellular flux analysis at baseline (basal respiration) and following treatment 
with oligomycin (O, proton leak), FCCP (F, Maximum respiratory capacity), and Rotenone (R) 
and Antimycin A (A) as negative control. (C) Maximum respiratory capacity, basal respiration 
and proton leak are summarised. Data were normalized to basal respiration of vehicle controls. 
Statistical analysis of basal respiration was performed using the one sample t-test. No values 
were significantly different from 1. Statistical analysis of maximum respiratory capacity and 
proton leak was performed using the paired, two-tailed t-test (* P≤0.05, *** P≤0.001, **** 
P≤0.0001). (N= biological replicates, n= technical replicates) 
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reduced in a time-dependent manner by FK866 treatment. Additionally, both the maximum 

respiratory capacity and basal respiration rates of CLL cells treated with FK866 for two days 

trended toward inferiority to the basal respiratory rate of control CLL cells (Fig. 7B, Fig. 7C). 

Taken together, this suggests that FK866-treated CLL cells are incapable of maintaining their 

regular rates of ATP synthesis via mitochondrial respiration due to insufficient mitochondrial 

NADH. 

As high basal and maximum respiratory rates were noted in CLL cells from two Zap-70 positive 

patients, the influence of Zap-70 expression on mitochondrial respiration was further 

investigated. Untreated CLL cells from Zap-70 positive patients (N=4) exhibited significantly 

greater basal respiration and respiratory capacity than CLL cells from Zap-70 negative patients 

(N=7), the latter of which resembled control B-lymphocytes (N=9) in their respiratory profiles 

(Fig. 8A, Fig. 8B). Nevertheless, a trend toward decreased maximum respiratory capacity and 

basal respiration rates was seen in cells from Zap-70 negative (N=4) and Zap-70 positive patients 

(N=2) two days after treatment (Fig. 8C, Fig. 8D), suggesting that CLL cells remain sensitive 

mitochondrial inhibition mediated by NAD depletion, regardless of Zap-70 status. 

As NAD plays many regulatory roles in gene expression and metabolic pathways, it was 

suggested that altered expression or assembly of electron transport chain (ETC) complexes and 

supercomplexes may play roles in FK866-induced reduction of mitochondrial respiratory 

capacity. Contrarily, blue native polyacrylamide gel electrophoresis (BN-PAGE) revealed time-

dependent increases in the expression of complexes II and IV, and ATP synthase, and assembly 

of four supercomplexes with apparent weights between 900 and 1050 KDa, in FK866-treated 

CLL cells (N=3, Fig. 9A, Fig. 9B, Fig. 9C). These effects are suggestive of upregulation of the 

ETC pathway in response to NADH insufficiency, decreased mitochondrial membrane potential  
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Figure 8: Zap-70 positive CLL cells exhibit increased mitochondrial metabolism but remain 
sensitive to NAMPT inhibition. (A) Mitochondrial respiratory rates of untreated control B-
lymphocytes (N=9, n=4), and CLL cells from Zap-70 negative (Zap-70-, N=7, n=4) and Zap-70 
positive (Zap-70+, N=4, n=4) patients were assessed by extracellular flux analysis at baseline 
(basal respiration) and following treatment with oligomycin (O, proton leak), FCCP (F, Maximum 
respiratory capacity), and Rotenone (R) and Antimycin A (A) as negative control. (B) Basal 
respiration, proton leak and maximum respiratory capacity are summarised. Statistical analysis 
was performed using the paired, two-tailed t-test (* P≤0.05). (C, D) CLL cells from Zap-70 
negative (N=4) and Zap-70 positive (N=2) CLL patients were treated for one and two days with 
10nM FK866. (C) Maximum respiratory capacity and (D) basal respiration were assessed by 
extracellular flux analysis (n=4). Data were normalized to vehicle controls. (N= biological 
replicates, n= technical replicates) 
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Figure 9: Mitochondrial respiratory complex and supercomplex expression are increased by 
NAMPT inhibition. CLL cells were treated for one and two days with 10 nM FK866 or DMSO as 
vehicle control (Ctrl, N=3). (A) Mitochondrial respiratory complex and supercomplex assembly 
were assessed by BN-PAGE. (B) Densitometric measure of respiratory complexes and (C) 
supercomplexes were normalised to vehicle control on day one. (D) NADH-reductase activity 
assay (N=3) confirmed the presence of complex I (indigo bands) as an individual complex and as 
part of four supercomplexes of distinct apparent molecular weights (labelled 2, 3, 4 and 5). 
Representative images shown. (N= biological replicates) 
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or ATP synthesis. Likewise, in-gel activity assay confirmed that these upregulated 

supercomplexes comprise the NADH-dependent complex I (Fig. 9D). Accordingly, no 

complexes or supercomplexes were reduced by FK866 treatment. 

5.3. Glycolysis is supressed by NAMPT inhibition 

The second major source of cellular ATP, glycolysis is capable of maintaining cellular 

energy stores under conditions of metabolic stress, oxygen insufficiency, and mitochondrial 

inhibition.66 As the pathway is also NAD-dependent, the effect of NAMPT inhibition on 

glycolysis in CLL was also investigated. The glycolysis rates and maximum glycolytic capacities 

of untreated CLL cells, and CLL cells treated for one and two days with 10 nM FK866 or DMSO 

were assessed by extracellular flux analysis (N=4, Fig. 10). While maximum glycolytic capacity 

was slightly increased by DMSO, a trend toward decreased glycolytic capacity was seen in cell 

treated for one day and it was significantly decreased in cells treated for two days with FK866. 

Additionally, both the maximum glycolytic capacity and basal glycolysis rates of CLL cells 

treated with FK866 for two days trended toward inferiority to the basal glycolysis rate of control 

CLL cells (Fig. 10), suggesting that FK866-treated CLL cells are unable to meet their energetic 

requirements via glycolysis.  

As with mitochondrial respiration, extracellular flux analysis of untreated CLL cells from 

Zap-70 negative (N=3) and Zap-70 positive (N=2) CLL patients revealed slightly greater 

glycolysis rates and significantly greater maximum glycolytic capacity in CLL cells from Zap-70 

positive patients (Fig. 11A, Fig. 11B). Additionally, while a trend toward time-dependent, 

lowered maximum glycolytic capacity was seen in FK866-treated CLL cells from both Zap-70 

positive (N=2) and Zap-70 negative patients (N=4, Fig. 11C), one of two Zap-70 positive 

samples tested exhibited a 5.8-fold increase in glycolysis after FK866 treatment for two days  
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Figure 10: Glycolysis is supressed by NAMPT inhibition. CLL cells were cultured for two days 
untreated, or treated for one and two days with 10 nM FK866 or DMSO (Ctrl). (A) Glycolysis 
rates were assessed by extracellular flux analysis at baseline and following treatment with 
glucose (G, glycolysis), oligomycin (O, maximum glycolytic capacity), and 2-deoxyglucose as 
negative control (2-DG, N=4, n=4). (B) Glycolysis rates and maximum glycolytic capacity are 
summarised. Data were normalized to glycolysis rates of vehicle controls. Statistical analysis of 
glycolysis rates was performed using the one sample t-test. No values were significantly 
different from 1. Statistical analysis of maximum glycolytic capacity was performed using the 
paired, two-tailed t-test (** P≤0.01). (N= biological replicates, n= technical replicates) 
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Figure 11: Zap-70+ CLL cells exhibit increased glycolytic capacity and are resistant to FK866-
induced inhibition of glycolysis. (A) Glycolysis rates of untreated CLL cells from Zap-70- (N=3) 
and Zap-70+ (N=2) patients were assessed by extracellular flux analysis at baseline and following 
treatment with glucose (G, glycolysis), oligomycin (O, maximum glycolytic capacity), and 2-
deoxyglucose as negative control (2-DG, n=4). (B) Glycolysis rates and maximum glycolytic 
capacity are summarised. Statistical analysis was performed using the paired, two-tailed t-test 
(* P≤0.05). (C, D) CLL cells from Zap-70- (N=4) and Zap-70+ (N=2) patients were treated for one 
and two days with 10nM FK866. Maximum glycolytic capacity (C) and glycolysis (D) were 
assessed by extracellular flux analysis (n=4). Data were normalized to vehicle controls. (N= 
biological replicates, n= technical replicates) 
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(Fig. 11D). While these results are preliminary, this may indicate a subset of Zap-70 positive 

CLL cases, which are resistant to glycolytic inhibition downstream of NAMPT inhibition. 

5.4. NAMPT inhibition leads to collapse of the glutathione antioxidant pathway 

The majority of cellular superoxide anions are typically produced as by-products of electron 

transport chain (ETC) function. ETC inhibition is therefore generally accompanied by decreased 

superoxide production and lowered mitochondrial membrane potential (MMP). However, our lab 

has previously reported increased cellular superoxide content in FK866-treated CLL cells, which 

was associated with loss of mitochondrial membrane potential (MMP).237 The role of ROS 

production in the mechanism of FK866-induced cell death was therefore further investigated. As 

the previous study found no effect of FK866 on MMP or superoxide within one day for 

treatment, MMP, superoxide content and cell viability of CLL cells (N=3) and control B-

lymphocytes (N=5) were assessed on days two and three following treatment with 10 nM 

FK866. In agreement with the previous report, a time-dependent trend toward decreased MMP 

and cell viability was accompanied by significantly increased superoxide content in CLL cells; 

however, no significant decrease in MMP or viability was observed in control B-lymphocytes, 

and superoxide content was significantly reduced in these cells by day three of treatment (Fig. 

12). Furthermore, superoxide content of CLL cells on days two and three of treatment were 

poorly correlated to viability on day three (F(1,1)=0.9120, P=0.5149, R2=0.4770, and 

F(1,1)=0.1319, P=0.7782, R2=0.1165, respectively), while the strongest correlation was seen 

between MMP on day two and cell viability on day three (F(1, 1)=75.17, P=0.0731, R2=0.9869, 

Fig. 13). Taken together, these results suggest that superoxide accumulation downstream of 

NAMPT inhibition is specific to treatment-sensitive cells but may not play a direct role in 

inducing cell death. 
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Figure 12: NAMPT inhibition selectively induces loss of mitochondrial membrane potential, 
superoxide accumulation and loss of viability in CLL cells. Control B-lymphocytes (N=5) and CLL 
cells (N=3) were treated with 10 nM FK866 or DMSO as vehicle control (Ctrl). (A) Mitochondrial 
membrane potential, (B) superoxide content and (C) cell viability were assessed on days two 
and three of treatment, by flow cytometry with TMRM, DHE, and annexin V-FITC and 7AAD 
staining, respectively. All data were normalized to vehicle controls at each time point. Statistical 
analysis was performed using one-sample t-tests (* P≤0.05, *** P≤0.001). (N= biological 
replicates) 
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Figure 13: Early loss of mitochondrial membrane potential predicts FK866 sensitivity in CLL 
cells. Correlation between FK866 sensitivity and mitochondrial membrane potential on days 
two (A) and three (B), or cellular superoxide content on days two (C) and three (D) were 
assessed by linear regression. One outlier was excluded from assessment of control B-
lymphocyte MMP on day three ( ). Statistical analysis was performed using the f-test (P-values 
indicated). 
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As the glutathione pathway, responsible for detoxification of cellular ROS, is NADP-

dependent, the role of this pathway in ROS accumulation downstream of NAMPT inhibition was  

also investigated. Cellular NADP was found to be significantly depleted in CLL cells by day one 

following treatment with FK866 at concentrations from 10 to 50 nM (N=9, Fig. 14A). Similarly, 

reduced glutathione (GSH) was significantly depleted by day three of FK866-treatment at these 

concentrations (N=3, Fig. 14B). While cellular superoxide content was increased in a dose-

dependent manner by FK866 as previously seen, peroxides were increased to a greater extent by 

day two, becoming statistically significant on the third day of FK866 treatment (N=4, Fig. 14C, 

Fig. 14D). Superoxide accumulation is therefore likely a secondary effect of peroxide 

accumulation due to the insufficiency of NADPH for glutathione recycling, and subsequent GSH 

depletion. 

5.5. NAMPT inhibition sensitises CLL cells to current first-line chemotherapeutics 

and targeted agents 

In order to evaluate the benefit of adding NAMPT inhibitors to current therapeutic regimens, 

FK866 and GMX-1778 were assessed in combination with current first-line chemotherapeutics 

and tyrosine kinase inhibitors. First, CLL cells were treated with FK866 at concentrations from 

1.25 to 10 nM, alone or in combination with the nucleoside analog fludarabine at concentrations 

from 1.25 to 10 µM (N=16), and cell viability was assessed on the third day of treatment. A 

mostly additive drug-drug interaction was observed, with significant synergy identified at the 

highest doses of both agents only by the Loewe Additivity model (Fig. 15). Combination of 

FK866 with the alkylating agents chlorambucil (N=15) or bendamustine (N=16) produced more 

favorable results, with significant synergy identified by both mathematical models employed and  
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Figure 14: NAMPT inhibition leads to collapse of the glutathione antioxidant pathway. CLL 
cells were treated with FK866 at concentrations of 10, 25 and 50 nM, or DMSO as vehicle 
control (Ctrl). (A) Total cellular NADP (N=9, n=3) and (B) GSH (N=3, n=3) were assessed daily for 
three days by NADP/NADPH-Glo and GSH-Glo assays, respectively. (C) Cellular superoxide, and 
peroxide and reactive nitrogen species (RNS) content were assessed daily for three days by flow 
cytometry with DHE and DCFH-DA staining, respectively (N=4). All data were normalized to 
vehicle controls at each time point. Statistical analysis was performed using the one-sample t-
test (* P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001). (N= biological replicates, n= technical 
replicates) 
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Figure 15: FK866 is additive with fludarabine treatment in CLL cells. CLL cells were treated with 
FK866, alone or in combination with fludarabine at the concentrations indicated (N=16). Cells 
were treated with DMSO as vehicle control. (A) Cell viability was assessed on the third day of 
treatment by flow cytometry with annexin V-FITC and PI staining. Annexin V-FITC negative, PI 
negative cells were considered viable and normalized to vehicle controls (% Control). (B) Drug-
drug interaction was assessed according to the Loewe Additivity model. Deviations from 
predicted cell viability are given for dose combinations indicated (% dead cells, +/- 95% 
confidence interval). Values significantly different from zero are coloured (additivity=green, 
synergy=cyan/blue, antagonism=yellow/red).  (C) Drug-drug interaction was assessed according 
to the Combination Index (CI) model. CIs are given for dose combinations indicated (+/- 95% 
confidence interval).  Statistical analysis was performed using the one-sample t-test (* P≤0.05, 
*** P≤0.001). Data were contributed by Iris Gehrke. 
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combination indices (CIs) reaching 0.49 and 0.51 for chlorambucil and bendamustine, 

respectively (Fig. 16). Data were contributed by Dr. Iris Gehrke. 

CLL cells were then treated with FK866 or GMX-1778 in combination with the BTK inhibitor 

ibrutinib (N=5), or the PI3Kδ inhibitor idelalisib (N=5). Synergy was again observed at the 

highest doses of ibrutinib (Fig. 17). Additionally, significant synergy was observed at all doses 

of idelalisib assessed (Fig. 18). Data were contributed by Ryan Saleh. 

5.6. NAMPT inhibition is synergistic with inhibition of mitochondrial metabolism, 

but not glycolysis. 

As NAMPT inhibition efficiently inhibited both mitochondrial respiration and glycolysis, 

FK866- and GMX-1778 were assessed in combination with specific inhibitors of each of these 

pathways. CLL cells were treated with FK866 (N=4) or GMX-1778 (N=3), in combination with 

the mitochondrial ATP synthase inhibitor oligomycin at concentrations from 31.25 to 500 ng/ml. 

While no antagonism was observed between oligomycin and either NAMPT inhibitor, significant 

synergy was identified with both FK866 and GMX-1778, only by the CI model and at the lowest 

dose of oligomycin assessed (Fig. 19). However, when CLL cells were treated with FK866 or 

GMX-1778 in combination with the mitochondrial uncoupler carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) at concentrations from 0.25 to 8 µM (N=6), 

significant synergy was observed between both NAMPT inhibitors and FCCP at broad range of 

doses and drug ratios. CIs as low as 0.3 and 0.27 were observed for combinations with FK866 

and GMX-1778 respectively (Fig. 20). Data were contributed by Ryan Saleh. 

To assess NAMPT inhibitors in combination with glycolytic inhibition, CLL cells were 

treated with FK866 or GMX-1778 in combination with the competitive non-metabolizable  
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Figure 16: NAMPT inhibition sensitises CLL cells to alkylating agents. CLL cells were treated 
with FK866, alone or in combination with chlorambucil (N=15) or bendamustine (N=16) at the 
concentrations indicated. Cells were treated with DMSO as vehicle control. (A, B) Cell viability 
was assessed on the third day of treatment by flow cytometry with annexin V-FITC and PI 
staining. Annexin V-FITC negative, PI negative cells were considered viable and normalized to 
vehicle controls (% Control). (C, D) Drug-drug interactions were assessed according to the 
Loewe Additivity model. Deviations from predicted cell viability are given for dose combinations 
indicated (% dead cells, +/- 95% confidence interval). Values significantly different from zero are 
coloured (additivity=green, synergy=cyan/blue, antagonism=yellow/red).  (E, F) Drug-drug 
interactions were assessed according to the Combination Index (CI) model. CIs are given for 
dose combinations indicated (+/- 95% confidence interval).  Values significantly different from 1 
are coloured as above. Statistical analysis was performed using the one-sample t-test (* P≤0.05, 
** P≤0.01, *** P≤0.001). Data were contributed by Iris Gehrke. 
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Figure 17: NAMPT inhibition sensitises CLL cells to BTK inhibition. CLL cells were treated with 
FK866 (left) or GMX-1778 (right), alone or in combination with the BTK inhibitor ibrutinib at the 
concentrations indicated (N=5). Cells were treated with DMSO as vehicle control. (A, B) Cell 
viability was assessed on the third day of treatment by flow cytometry with annexin V-FITC and 
7AAD staining. Annexin V-FITC negative, 7AAD negative cells were considered viable and 
normalized to vehicle controls (% Control). (C, D) Drug-drug interactions were assessed 
according to the Loewe Additivity model. Deviations from predicted cell viability are given for 
dose combinations indicated (% dead cells, +/- 95% confidence interval). Values significantly 
different from zero are coloured (additivity=green, synergy=cyan/blue, 
antagonism=yellow/red).  (E, F) Drug-drug interactions were assessed according to the 
Combination Index (CI) model. CIs are given for dose combinations indicated (+/- 95% 
confidence interval).  Values significantly different from 1 are coloured as above. Statistical 
analysis was performed using the one-sample t-test (* P≤0.05, ** P≤0.01, *** P≤0.001). Data 
were contributed by Ryan Saleh. 
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Figure 18: NAMPT inhibition is synergistic with PI3Kδ inhibition. CLL cells were treated with 
FK866 (left) or GMX-1778 (right), alone or in combination with the PI3Kδ inhibitor idelalisib at 
the concentrations indicated (N=5). Cells were treated with DMSO as vehicle control. (A, B) Cell 
viability was assessed on the third day of treatment by flow cytometry with annexin V-FITC and 
7AAD staining. Annexin V-FITC negative, 7AAD negative cells were considered viable and 
normalized to vehicle controls (% Control). (C, D) Drug-drug interactions were assessed 
according to the Loewe Additivity model. Deviations from predicted cell viability are given for 
dose combinations indicated (% dead cells, +/- 95% confidence interval). Values significantly 
different from zero are coloured (additivity=green, synergy=cyan/blue, 
antagonism=yellow/red).  (E, F) Drug-drug interactions were assessed according to the 
Combination Index (CI) model. CIs are given for dose combinations indicated (+/- 95% 
confidence interval).  Values significantly different from 1 are coloured as above. Statistical 
analysis was performed using the one-sample t-test (* P≤0.05, ** P≤0.01, *** P≤0.001). Data 
were contributed by Ryan Saleh. 
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Figure 19: The cytotoxic effect of mitochondrial inhibition is additive with NAMPT inhibition 
in CLL cells. CLL cells were treated with FK866 (N=4, left) or GMX-1778 (N=3, right), alone or in 
combination with the ATP synthase inhibitor oligomycin at the concentrations indicated. Cells 
were treated with DMSO as vehicle control. (A, B) Cell viability was assessed on the third day of 
treatment by flow cytometry with annexin V-FITC and 7AAD staining. Annexin V-FITC negative, 
7AAD negative cells were considered viable and normalized to vehicle controls (% Control). (C, 
D) Drug-drug interactions were assessed according to the Loewe Additivity model. Deviations 
from predicted cell viability are given for dose combinations indicated (% dead cells, +/- 95% 
confidence interval). Values significantly different from zero are coloured (additivity=green, 
synergy=cyan/blue, antagonism=yellow/red).  (E, F) Drug-drug interactions were assessed 
according to the Combination Index (CI) model. CIs are given for dose combinations indicated 
(+/- 95% confidence interval).  Values significantly different from 1 are coloured as above. 
Statistical analysis was performed using the one-sample t-test (* P≤0.05, ** P≤0.01, *** 
P≤0.001, **** P≤0.0001). 
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Figure 20: NAMPT inhibition is synergistic with mitochondrial uncoupling in CLL cells. CLL cells 
were treated with FK866 (left) or GMX-1778 (right), alone or in combination with the 
mitochondrial uncoupler FCCP at the concentrations indicated (N=6). Cells were treated with 
DMSO as vehicle control. (A, B) Cell viability was assessed on the third day of treatment by flow 
cytometry with annexin V-FITC and 7AAD staining. Annexin V-FITC negative, 7AAD negative cells 
were considered viable and normalized to vehicle controls (% Control). (C, D) Drug-drug 
interactions were assessed according to the Loewe Additivity model. Deviations from predicted 
cell viability are given for dose combinations indicated (% dead cells, +/- 95% confidence 
interval). Values significantly different from zero are coloured (additivity=green, 
synergy=cyan/blue, antagonism=yellow/red).  (E, F) Drug-drug interactions were assessed 
according to the Combination Index (CI) model. CIs are given for dose combinations indicated 
(+/- 95% confidence interval).  Values significantly different from 1 are coloured as above. 
Statistical analysis was performed using the one-sample t-test (* P≤0.05, ** P≤0.01, *** 
P≤0.001, **** P≤0.0001). Data were contributed by Ryan Saleh. 
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glucose analog 2-deoxi-D-glucose (2-DG) at concentrations from 0.3125 to 5 mM (N=6). While 

the Loewe Additivity model described mostly additive drug-drug interactions the CI model 

identified significant synergy at low doses of FK866 and antagonism at high doses of both 

NAMPT inhibitors (Fig. 21). Data were contributed by Ryan Saleh. 

5.7. NAMPT inhibition is additive with ROS production in CLL cells 

As NAMPT inhibition was shown to deplete cellular GSH reserves and lead to increases in 

both cellular peroxides and superoxides, the combined effects of FK866 or GMX-1778 and ROS 

were evaluated. CLL cells were treated with FK866 or GMX-1778 for two days followed by 

addition of hydrogen peroxide (H2O2) at concentrations from 31.25 to 500 µM, for one day 

(N=4). Mostly additive interactions were described by both the Loewe Additivity model and the 

CI model, with mild synergy described only by the Loewe model, and only at high 

concentrations of H2O2 (Fig. 22).  

CLL cells were also treated for three days with FK866 or GMX-1778 in combination with 

the protein kinase C (PKC) activator phorbol 12-myristate 13-acetate (PMA) at concentrations 

from 3.125 to 50 µM (N=3). PMA-induced cell death is known to be mediated by NADH-

dependent mitochondrial superoxide production. Results were highly variable in this small 

samples set, however significantly synergistic CIs were achieved in a small number of dose 

combination, at physiologically relevant concentrations of both FK866 and GMX-1778 (Fig. 23). 

6. DISCUSSION 

Altered cellular metabolism has recently gained popularity as a potential novel target for 

cancer therapy. In particular, overexpression of the NAD synthesising enzyme NAMPT has been 

linked to increased cell survival, proliferation, and resistance to chemotherapy and oxidative  
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Figure 21: Interaction between NAMPT inhibition and inhibition of glycolysis is dose 
dependent in CLL cells. CLL cells were treated with FK866 (left) or GMX-1778 (right), alone or in 
combination with the glucose analogue 2-DG at the concentrations indicated (N=6). Cells were 
treated with DMSO as vehicle control. (A, B) Cell viability was assessed on the third day of 
treatment by flow cytometry with annexin V-FITC and 7AAD staining. Annexin V-FITC negative, 
7AAD negative cells were considered viable and normalized to vehicle controls (% Control). (C, 
D) Drug-drug interactions were assessed according to the Loewe Additivity model. Deviations 
from predicted cell viability are given for dose combinations indicated (% dead cells, +/- 95% 
confidence interval). Values significantly different from zero are coloured (additivity=green, 
synergy=cyan/blue, antagonism=yellow/red).  (E, F) Drug-drug interactions were assessed 
according to the Combination Index (CI) model. CIs are given for dose combinations indicated 
(+/- 95% confidence interval). Values significantly different from 1 are coloured as above. 
Statistical analysis was performed using the one-sample t-test (* P≤0.05, ** P≤0.01). Data were 
contributed by Ryan Saleh. 
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Figure 22: NAMPT inhibition is additive with peroxide in CLL cells. CLL cells were treated with 
FK866 (left) or GMX-1778 (right), alone or in combination with hydrogen peroxide (H2O2) at the 
concentrations indicated (N=4). Cells were treated with DMSO as vehicle control. (A, B) Cell 
viability was assessed on the third day of treatment by flow cytometry with annexin V-FITC and 
7AAD staining. Annexin V-FITC negative, 7AAD negative cells were considered viable and 
normalized to vehicle controls (% Control). (C, D) Drug-drug interactions were assessed 
according to the Loewe Additivity model. Deviations from predicted cell viability are given for 
dose combinations indicated (% dead cells, +/- 95% confidence interval). Values significantly 
different from zero are coloured (additivity=green, synergy=cyan/blue, 
antagonism=yellow/red).  (E, F) Drug-drug interactions were assessed according to the 
Combination Index (CI) model. CIs are given for dose combinations indicated (+/- 95% 
confidence interval). Values significantly different from 1 are coloured as above. Statistical 
analysis was performed using the one-sample t-test (* P≤0.05).  



69 
 

 

Figure 23: NAMPT inhibition is additive with superoxide production in CLL cells. CLL cells were 
treated with FK866 (left) or GMX-1778 (right), alone or in combination with the superoxide 
inducing PKC activator PMA at the concentrations indicated (N=3). Cells were treated with 
DMSO as vehicle control. (A, B) Cell viability was assessed on the third day of treatment by flow 
cytometry with annexin V-FITC and 7AAD staining. Annexin V-FITC negative, 7AAD negative cells 
were considered viable and normalized to vehicle controls (% Control). (C, D) Drug-drug 
interactions were assessed according to the Loewe Additivity model. Deviations from predicted 
cell viability are given for dose combinations indicated (% dead cells, +/- 95% confidence 
interval). Values significantly different from zero are coloured (additivity=green, 
synergy=cyan/blue, antagonism=yellow/red).  (E, F) Drug-drug interactions were assessed 
according to the Combination Index (CI) model. CIs are given for dose combinations indicated 
(+/- 95% confidence interval). Values significantly different from 1 are coloured as above. 
Statistical analysis was performed using the one-sample t-test (* P≤0.05).  
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stress in multiple tumour types.78–81 The NAMPT inhibitors FK866 and GMX-1778 are effective 

in killing cancer cells in vitro and decreasing cancer cell survival in vivo in multiple tumour 

models, including models of leukemia, lymphoma and myeloma;235,240,241,246,254  however, early 

phase clinical trials have demonstrated a need for the dose reduction and increased treatment 

efficacy afforded by combination therapies.238,242–244  In CLL, high NAMPT expression is 

predictive of poor overall survival,228 and our group has previously demonstrated a broad 

therapeutic window for NAMPT inhibition in vitro.237 Nevertheless, the design of combination 

therapies involving NAMPT inhibition has been hampered by poor understanding of cancer-

specific metabolic alterations and dependencies, and of the diverse cellular effects of NAMPT 

inhibition. 

6.1. Effects of NAMPT inhibition on CLL cell metabolism 

While the successive depletion of cellular NAD and ATP, and loss of cell viability, 

following NAMPT inhibition has previously been demonstrated in other disease 

models,227,229,235,236 This study demonstrated these effects for the first time in primary CLL cells. 

Additionally, the timing of these events was in agreement with previous reports. While rescue of 

the effects of NAMPT inhibition on cellular ATP and viability confirms that these are on-target 

effects downstream of NAD depletion, similar rescue by the PARP inhibitor olaparib has several 

implications. First, as NAD degradation by PARPs is thought to be largely mediated by PARP1 

in response to DNA damage,226,227 these results are consistent with a high rate of DNA damage, 

even in non-proliferative CLL cells in vitro. Secondly, as olaparib also inhibits the activity of 

PARP2 and PARP3, this may indicate an underappreciation of the roles of these enzymes in CLL 

biology. And finally, olaparib seems to delay but not fully inhibit the effects of NAMPT 

inhibition, as evidenced by depletion of NAD and partial depletion of ATP in CLL cells treated 
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with both FK866 and olaparib for three days, suggesting that the activity of other NAD-

degrading enzymes is also elevated in CLL (Fig. 6). 

Suppression of mitochondrial respiration was documented in the earliest investigations of 

FK866.227 Here, we confirmed this effect in CLL, and further, refuted any contribution from 

ETC dysregulation, supporting the conclusion that mitochondrial dysfunction is a direct result of 

NAD insufficiency in CLL cells treated with NAMPT inhibitors. However, prior to this study, 

the impact of NAMPT inhibition on glycolysis remained largely unexplored. We found that 

glycolytic capacity is reduced in CLL cells as early as one day after FK866 treatment, while 

respiratory capacity is reduced only after two days of treatment. Additionally, while 

mitochondrial uncoupling is synergistic with NAMPT inhibition and inhibition of mitochondrial 

ATP synthase produced synergistic CIs at low doses, glycolytic inhibition with 2-DG, in 

combination with NAMPT inhibition, produced the only strong antagonism observed in this 

study, suggesting competition between the two agents. Therefore, cytosolic NAD depletion and 

subsequent NAD insufficiency for glycolysis likely play a dominant role in mechanism of 

NAMPT inhibition-induced CLL cell death. This may indicate a dependence on glycolysis for 

ATP synthesis in CLL, even in aerobic conditions, or a high demand for glycolytic intermediates 

for amino acid, nucleotide or lipid synthesis in resting CLL cells, and warrants further 

investigation.  

While Zap-70 expression in CLL is associated with increased cell survival and proliferation, 

the biological function of this kinase in CLL and normal B-lymphocytes is poorly understood. 

Here, we showed that Zap-70 positive CLL cells exhibit significantly greater basal mitochondrial 

respiration and capacity for energy metabolism through glycolysis and mitochondrial respiration 

than Zap-70 negative CLL cells, indicating not only that these cells have increased energy 
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demands even at rest in vitro, but also that they retain or even increase their capacity to 

upregulate these pathways in response to metabolic or environmental stress. Despite this 

adaptability, Zap-70 positive CLL samples remain sensitive to mitochondrial inhibition 

downstream of NAMPT inhibition; however, contrary to all other CLL samples assessed, the rate 

of glycolysis was increased by FK866 treatment in one of two Zap-70 positive samples. Though 

this may be incidental, it bears further investigation, as it may indicate a subset of CLL cases in 

which the activity of NAMPT inhibitors is primarily driven by mitochondrial inhibition. 

Another previously unexplored pathway downstream of NAMPT inhibition, the glutathione 

antioxidant pathway is known to be upregulated in CLL.100,103,104 This pathway is a major 

component of the cellular defense against ROS caused by elevated mitochondrial metabolism 

and chemotherapeutic agents, and directly contributes to clearance and resistance to alkylating 

agents.219,220 In this study, we demonstrated NAMPT inhibition-induced depletion of the active, 

reduced form of glutathione (GSH) and of the NADP required for its regeneration. In opposition 

to previous reports,237 this is likely the major cause of increased cellular ROS content following 

NAMPT inhibition; however, interactions between specific peroxide and superoxide induction, 

and NAMPT inhibition were variable in the small number of patient samples assessed, and 

further investigation is required to determine the contribution of ROS accumulation to NAMPT 

inhibition-induced CLL cell death. Of note, GSH depletion following NAMPT inhibition has 

since been demonstrated in breast cancer cell lines, where it contributes to cell death induced by 

metabolic stress.255 

6.2. Combination Therapy 

Several recent studies have demonstrated that NAMPT inhibition sensitises cancer cells of 

multiple lineages to a broad range of current anti-cancer agents including DNA damaging agents, 
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nucleoside analogs and monoclonal antibodies, which make up the current first-line therapies for 

CLL.80,234,246 In addition, NAMPT inhibition is synergistic with several novel agents which 

exploit features of the NAD metabolome to produce strong and highly targeted effects in other 

disease models.247,248 However, these reports present several limitations common to drug 

combination studies. First, many of these studies fail to address the dynamics of drug-drug 

interaction; assessing a single dose of each agent,234,246,248 or varying the concentration of one 

agent while keeping the other constant.80,234 As drug-drug interaction may vary greatly according 

to dose, drug ratio and intensity of effect, these approaches may underestimate the potential of a 

drug combination or fail to identify conditions of antagonism which may become relevant in vivo 

due to differing pharmacokinetics.252,256 Secondly, where mathematical models were used to 

predict the benefits of drug combination, the methods used do not account for variability of 

effects or sampling error.256 

In this study, these issues were addressed by a full factorial assay design and the use of two 

complimentary data analysis methods chosen to allow evaluation of a broad range drug 

concentrations and ratios, and statistical analysis of results. Of note, the Loewe model, as applied 

here, represents the more conservative approach used. Due to its use of median DR curves, this 

model may overestimate the variability of drug-drug interactions when patient samples are not 

equally sensitive to the individual drugs combined, and therefore predict fewer cases of 

significant synergy or antagonism. Conversely, the use of a fixed maximum effect in fitting 

single-agent DR curves for the CI model may lead to overestimation of the magnitude of drug-

drug interactions, as well as their variability, particularly at very low and very high drug 

concentrations.253 Despite these limitations, the Loewe and CI models remain among the most 
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accurate available models for predicting drug synergy without prohibitively large data sets,256 

and were generally in agreement. 

As has been reported in other disease models, addition of NAMPT inhibitors was found to 

benefit a broad range of treatment strategies in CLL. Of agents in current clinical use, 

combinations with the alkylating agents, chlorambucil and bendamustine were among the most 

promising for improved treatment efficacy and dose reduction. As nucleophiles such as these 

agents are targets for detoxification by GSH, inhibition of GSH recycling downstream of 

NAMPT inhibition, and decreased clearance of these alkylating agents, are the most likely 

mechanisms for the favorable interaction between these treatment modalities. This bears 

confirmation by assessing the levels of GSH-alkylating agent adducts secreted into the culture 

media in the presence and absence of NAMPT inhibitors. Similarly, we demonstrated promising 

synergy between NAMPT inhibition and PI3Kδ inhibition by idelalisib, which was present at a 

broader range of doses than synergy seen with the BTK inhibitor ibrutinib. As no direct 

interaction between NAMPT and PI3Kδ has been described, this likely reflects a combination of 

increased apoptotic signalling following energy depletion with decreased survival signalling 

mediated by PI3Kδ. While both PI3Kδ and BTK mediate survival signals, BTK activation also 

induces NAMPT expression via the NF-κB pathway. BTK inhibition may therefore decrease 

NAMPT expression, leading to an overlap in the mechanisms of ibrutinib and NAMPT inhibitors 

which translates as reduced synergy between these agents. Consequently, idelalisib was 

identified as the more promising agent for NAMPT inhibitor-based combination therapy and is 

recommended, along with chlorambucil and bendamustine, for animal studies or clinical trials. 

Mitochondrial inhibition has recently gained popularity as a promising novel strategy for 

cancer therapy.257,258  As a large number mitochondrial inhibitors are in current use as antibiotics, 
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these agents benefit form demonstrated safety and well documented toxicities, and have the 

potential to rapidly influence patient care if effective. In this study, mitochondrial inhibition, 

particularly with uncoupling agents was identified as a promising candidate for NAMPT 

inhibition-based combination therapies in CLL. As glycolysis is preferentially supressed by 

NAMPT inhibitors in these cells, we believe that this forms a two-pronged attack on energy 

metabolism; rapidly depleting CLL cells’ ATP stores and leading to enhanced cell killing. New 

combination therapies exploiting this target are currently being investigated.  

7. CONCLUSIONS 

In this study, we demonstrated that NAMPT inhibition induces depletion of both the 

cytoplasmic and mitochondrial NAD pools, in primary CLL cells. This leads to specific 

suppression of energy metabolism by both mitochondrial respiration and glycolysis, and 

depletion of cellular ATP. We also established that Zap-70 positive CLL cells exhibit enhanced 

metabolic capacity in both of these pathways. While these cells remain sensitive to mitochondrial 

inhibition downstream of NAMPT inhibitions, a subset of Zap-70 positive CLL cases may be 

resistant to glycolytic inhibition by this mechanism. Additionally, we found that NAMPT 

inhibition leads to NADP depletion and collapse of the glutathione antioxidant pathway in CLL, 

accompanied by a significant increase in cellular ROS content. 

In drug combinations with current chemotherapeutics and targeted agents, additive or greater 

effects were produced by both FK866 and GMX-1778 in combination with all current agents 

assessed, including chemotherapeutics fludarabine, chlorambucil and bendamustine, and tyrosine 

kinase inhibitors ibrutinib and idelalisib. Synergy was most pronounced with the alkylating 

agents, chlorambucil and bendamustine and the PI3Kδ inhibitor idelalisib. Similarly, 
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combination of NAMPT inhibitors with agents targeting mitochondrial metabolism, and ROS 

production produced additive or greater effects. While combinations with specific ROS-inducing 

agents offered no objective benefit over combinations with agents in current clinical use, 

mitochondrial inhibition, particularly with the uncoupling agent FCCP, exhibited strong synergy 

with NAMPT inhibition over a broad range of low dose combinations. Conversely, interactions 

between FK866 or GMX-1778, and inhibition of glycolysis were dose dependent and produced 

strongly antagonistic CIs at high doses of NAMPT inhibitors. 

Overall, this study has contributed to our understanding of NAD metabolism in CLL and 

cancer, and identified glycolysis and anti-oxidation as previously unrecognised targets of 

NAMPT inhibition. Additionally, several promising drug combinations were identified which 

may prove to be important advancements in the treatment of this common and incurable disease. 
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