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Abstract 

Targeting cell metabolism is a therapeutic approach which has been used for the treatment of cancers with 
high levels of proliferation.  Inhibition of metabolic processes in cancer cells has shown synergy with current 
therapeutic options to reduce refractory disease and relapse.  In contrast, chronic lymphocytic leukaemia 
(CLL) is a disease where expansion of the malignant clone results from a combination of enhanced cell 
survival coupled with low level proliferation.  The purpose of this article is to highlight how further research is 
needed to determine whether targeting cell metabolism may be a viable therapeutic strategy in this disease.  
We discuss how lymphocyte doubling time (LDT) remains a robust prognostic indicator used in the current 
clinical management of CLL, and how recognition of CLL as a proliferative disease has led to a greater 
understanding of the importance of energy-generating processes in its pathobiology.  We summarize what is 
currently known about normal B cell metabolism and consider whether there is evidence of the Warburg 
effect in CLL cells.  Finally, we speculate on how CLL cells may exploit protective mechanisms such as 
autophagy during times of metabolic stress and how they might influence or be influenced by metabolic 
characteristics of the microenvironment.   
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 Introduction 

Chronic lymphocytic leukaemia (CLL) is a common 

haemic malignancy predominantly of aging adults 

affecting males more frequently than females.1  This 

disease is characterized by the accumulation of CD5+ 

CD20+ CD23+ B cell lymphocytes in the blood, lymph 

nodes, liver, spleen and bone marrow.2  CLL has a highly 

variable clinical course in which aggressive disease is 

characterised by a high tumour burden or, in cases with 

a low tumour burden, a progressive increase in blood 

lymphocytes over a period of months.  In contrast, in 

indolent disease the blood lymphocyte count may 

remain stable over a period of years.3  The lymphocyte 

doubling time (LDT) was first described in the mid-

eighties for its importance in determining CLL prognosis.  

Specifically, it was shown that patients with a LDT of 

less than 12 months had a significantly shorter survival 

time.4  A number of biological markers have 

subsequently been identified that can separate patients 

into prognostic groups.  These include IGHV mutational 

status, expression of CD38 and Zeta-chain-associated 

protein kinase 70 (ZAP-70) and genetic anomalies such 

as TP53 mutation/deletion.5-7  Although these factors 

give some insight into the pathogenesis of CLL and likely 

prognosis, their ability to reliably predict disease 

progression in individual patients is limited.  Therefore, 

the decision to commence treatment is still based upon 

a “wait and watch” strategy whereby therapeutic 

intervention is applied only once the tumour burden is 

sufficiently high to cause symptoms or complications, or 

if the LDT is less than 6 months.3  Thus, LDT remains an 

important variable in CLL, both as a prognostic factor 

and also as a guide to treatment initiation.3 

In the past it was thought that this characteristic 

increase in the LDT was due to failed apoptosis.8  Early 

studies on whole blood samples revealed that the 

majority of CLL cells are arrested in G0 of the cell cycle, 

suggesting that lymphocytosis in this disease did not 

reflect proliferation of the circulating malignant clone.8,9  

Moreover, it was found that CLL cells had high 

expression levels of anti-apoptotic proteins such as Mcl-1 

and Bcl-2 and low expression of pro-apoptotic proteins 

such as Bax.10-13  In particular, high levels of Mcl-1 

expression were correlated with resistance to 

chemotherapeutic agents such as chlorambucil and 

fludarabine.13  Genetic lesions have also been shown to 

have an anti-apoptotic effect.  For example, deletion of 

p53 (del17p13) leads to the loss of p53-mediated cell 

death in CLL.14  This is important because agents such 

as fludarabine exploit the p53 pathway as a mechanism 

of inducing death of CLL cells, providing one explanation 

for the evolution of drug resistant clones and the 

process of relapse.14,15 

It has since been recognised that proliferation plays a 

major role in CLL pathogenesis.16  A pivotal study by 

Messmer, et al. 16 used deuterium to label DNA of newly

-formed CLL cells and showed that progressive disease 

was associated with malignant-cell daily birth rates 

greater than 0.35% of the entire clone.  Other studies 

comparing CLL patients with healthy control subjects 

have shown that, although CLL cell turnover is lower 

than that of normal B cells, the rate at which deuterium-

labelled CLL cells disappear from circulation is 

considerably slower.2,17  Thus, malignant-cell 

accumulation in CLL is likely dictated by a combination 

of cell proliferation and resistance to apoptosis, with the 

longer life span of CLL cells allowing them to relocate 

into environments that support their survival and further 

promote proliferation. 

Most studies investigating the pathogenesis of CLL 

continue to focus on mechanisms that promote cell 

survival and resistance to apoptosis.  Very few studies 

have investigated cell metabolism as a therapeutic 
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target in CLL.18-22  Recognition of proliferation as a 

major contributor to the progression of this disease 

calls for a re-examination of cell metabolism in CLL 

cells.  This is because a key checkpoint in the 

decision of cells to progress to S phase and 

undergo proliferation is metabolic status (Figure 1).  

This makes sense because cells require sufficient 

macromolecular building blocks and energy in order 

to successfully complete the process of dividing into 

daughter cells.23  In a high energy state where the 

ratio of ATP to AMP is high, a sensor protein known 

as AMP-kinase (AMPK) remains in an inactive state.  

This allows employment of the anabolic processes 

that allow cell growth and proliferation, as well as 

facilitating spindle orientation during mitosis.24  

However, in a low energy state where the level of 

AMP rises as ATP is depleted, AMPK becomes 

phosphorylated and active, and works to control the 

resources available to the cell.25,26  Activated AMPK 

does this by inducing catabolic processes such as 

glycolysis and autophagy, and also blocking cell-

cycle progression regulating the function of cyclins 

and cyclin dependant kinases (CDKs).25,27  In 

normal cells, metabolic control of proliferation is 

influenced by growth factors that stimulate nutrient 

intake, whereas in malignant cells the role of growth 

factors can be over-ridden by oncogenic mutations in 

genes controlling cellular growth. 

Clearly, there have been many advances in our 

understanding of CLL since the first studies of CLL cell 

metabolism in the late 1950s.  For example, it was 

recognised that somatic hypermutation of IGHV genes 

coding for the B cell receptor (BCR) on CLL cells could 

be used to differentiate between patients who were 

likely to have progressive disease; CLL patients whose 

malignant cells bear unmutated IGHV genes (UM-CLL) 

are more likely to have progressive disease than those 

having mutated IGHV genes (M-CLL).5,28  Analysis of 

gene expression in UM- and M-CLL cells lead to the 

discovery that expression of ZAP-70 in CLL cells was 

connected with poor disease prognosis.29,30  These 

observations have led to the development of a 

hypothesis suggesting that BCR signalling is a major 

contributor to CLL pathogenesis, particularly with 

respect to aggressive disease.31  Other factors 

associated with progressive disease include CD38 

expression and genetic abnormalities leading to 

inactivation of ATM and p53.5-7  Furthermore, mutation 

in genes such as SF3B1, NOTCH1 and XPO1 have also 

been correlated with progressive disease.14,32-37  Finally, 

it is recognised that the pseudofollicles that form in 

patients with CLL provide an environment that is 

 
Figure 1.  The role of activated AMPK in regulating the cell cycle.  

Cells in G0 of the cell cycle progress into G1 phase following stimulation by 

growth factors.  When ATP is abundant adenosine monophosphate protein 

kinase (AMPK) remains inactive and allows cell cycle progression.  

However, when ATP is depleted AMPK becomes activated and is 

phosphorylated (pAMPK) on threonine-172 by LKB1.24,27  Inhibition of 

mTORC1 signalling reduces the levels of cyclin D1 and cyclin dependant 

kinase 4 (CDK4) that are required for the transition from G0 to G1 of the 

cell cycle.102  pAMPK also prevents cell division by inhibiting the function of 

HuR which is important for maintaining the expression levels of cyclin A 

and cyclin B1 required for progression of the cell cycle at later stages.25 

Figure 1.   
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particularly adept at promoting malignant 

cell survival and proliferation.11,38  These 

factors, either alone or in combination, are 

likely to determine the precise pattern of 

behaviour of individual CLL clones. 

This article will consider what is known 

about CLL cell metabolism and examine 

whether this knowledge needs to be 

updated in light of new understanding of 

CLL pathobiology.  The therapeutic 

potential of targeting metabolism in CLL will 

then be assessed in the light of this 

improved understanding.  

Normal B-cell versus CLL-cell 

metabolism 

In order to contextualise the metabolic 

characteristics of CLL cells, an 

understanding of bioenergetics in normal B 

cells is needed.  Some insight into this process is 

provided in a recent study by Garcia-Manteiga, et al. 39 

who have examined the metabolic profile of B cells as 

they undergo a transition from resting naive 

lymphocytes into immunoglobulin-secreting plasma cells.  

Figure 2 illustrates these changes.  Naïve/resting B cells 

are shown to rely primarily on oxidative phosphorylation 

for energy production.  However, following exposure to 

antigen these cells begin to utilize aerobic glycolysis as a 

primary energy source as they become activated and 

then transit through the germinal centre.  While the use 

of aerobic glycolysis as a metabolic adaptation has 

reduced efficiency for ATP generation, it confers 

numerous benefits including a rapid production of the 

metabolic intermediates and ATP that are required by 

activated splenic B cells to meet the demands of cell 

replication.40  A similar process has been described for T 

cells undergoing activation via the T cell receptor (TCR) 

and CD28, suggesting a common mechanism of 

lymphocyte response to antigen receptor stimulation.  

Importantly, following depletion of glucose stores, T 

cells further adapt their metabolism by promoting entry 

of glutamine into the Tricarboxylic acid cycle (TCA cycle) 

in a process known as glutaminolysis.41  This is likely 

also to occur in B cells within the splenic environment 

since increased glutaminolysis prevails as the source of 

energy production in antibody-producing plasma cells 

(Figure 2).39  Activated B cells can also differentiate to 

memory B cells.  These cells assume a resting 

phenotype similar to that associated with naïve B cells, 

and they regain dependence on oxidative 

phosphorylation as the primary means of energy 

generation.   

Whether or not CLL cells undergo the same metabolic 

changes experienced by differentiating normal B cells 

 

Figure 2.  Metabolic adaptations following the activation of normal B cells.  

Antigen naive B cells are arrested in G0 of the cell cycle where oxidative 

phosphorylation is the main energy provider for ATP generation.8  However, when 

the B cell encounters antigen the cell becomes activated and undergoes a metabolic 

shift to aerobic glycolysis to sustain rapid proliferation.  Glutaminolysis is also 

promoted to support antibody secretion.103  After withdrawal of antigenic stimuli the 

majority of B cells become apoptotic while some differentiate into memory B cells 

which resume a quiescent state and return to oxidative phosphorylation as the 

preferred energy provider.39  (Image adapted from Michalek and Rathmell 41).   

Figure 2.   
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has not been investigated.  Examination of the surface 

membrane phenotype of CLL cells has shown them to 

express markers of activation and differentiation, 

suggesting they resemble antigen-experienced B cells.42  

The work by Garcia-Manteiga, et al. 39 on B-cell 

bioenergetics suggests that circulating CLL cells may rely 

on oxidative phosphorylation as their primary means of 

energy generation owing to their resting state.  This 

notion is supported by Moran, et al. 43 who showed that 

high levels of oxidative stress experienced by CLL cells in 

the circulation is the result of aerobic mitochondrial 

respiration.  However, a recent study of metabolites in 

serum samples from CLL patients shows increased levels 

of pyruvate and glutamate compared to serum samples 

from normal participants.19  Further analysis comparing 

the metabolic profile of serum samples between UM-CLL 

and M-CLL patients revealed that increased lactate, 

fumarate and uridine levels were associated with UM-

CLL patients indicating that UM-CLL cells have a greater 

reliance on glycolysis.  While this study did not directly 

examine CLL cell metabolism, the implications are that 

the changes in metabolic profile observed between CLL 

cells and normal cells are caused by metabolic 

reprogramming of CLL cells.19   

The Warburg effect:  Is metabolic deregulation 

occurring in CLL cells? 

Reprogramming of key metabolic mediators is 

characteristic of the Warburg effect, a phenomenon 

whereby malignant cells upregulate glycolytic activity in 

the presence of oxygen and rapidly consume glucose.44  

That UM-CLL cells may have greater reliance on 

glycolysis for energy production19 agrees with the model 

of aerobic glycolysis induction following BCR stimulation 

in normal B cells.39  This is supported by an existing 

paradigm whereby UM-CLL cells experience constitutive 

in-vivo signalling through the BCR45,46, and from studies 

demonstrating that UM-CLL cells derive from pre-

germinal centre CD5+ B cells whereas M-CLL cells derive 

from post-germinal centre CD5+, CD27+ B cells.47  BCR 

stimulated induction of glycolysis is demonstrated to 

involve protein kinase Cβ (PKCβ)48, and CLL cells may be 

particularly sensitive because they overexpress PKCβII.49  

That metabolic reprogramming is a feature of CLL cells 

comes from a study of sucrose isomaltase function in 

relation to mutation.  Sucrose isomaltase is the fifth 

most mutated gene in CLL, and mutations resulting in 

loss of enzyme function are associated with increased 

expression of genes associated with glucose 

metabolism.50  Furthermore, Tili, et al. 51 have correlated 

metabolic reprogramming with poor prognosis and have 

demonstrated that reduced expression of the microRNA 

(miR) miR-125b in CLL cells leads to increased 

expression of enzymes involved in glucose metabolism, 

potentially explaining observed increased levels of 

glycolytic intermediates in plasma and urine of CLL 

patients with progressive disease.  In addition to this, 

microRNA’s known to be deregulated in CLL have been 

shown to play an important role modulating metabolic 

pathways in other cell types.52-55  For instance, two of 

the most important microRNA’s in relation to CLL 

pathogenesis; miR-15a, miR-16 have been implicated in 

the regulation of ATP generating processes as has 

another microRNA; miR-195.52  Other microRNA’s 

associated with mitochondrial function such as miR-23a/

b, miR-126, and miR-155 have also been shown to 

mediate glucose metabolism.52,53,56,57  However, early 

studies examining glucose uptake by CLL cells show that 

they consume less glucose than do normal B 

lymphocytes.8  Studies using fluorodeoxyglucose 

positron emission tomography (FDG-PET) to visualise 

CLL cells in vivo have met with poor results; sensitivity 

of detection was 53% and the extent of disease was 

often underestimated.58  This may be because CLL is 

composed of malignant cell fractions with different 
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proliferative activities whereby recently divided cells and 

older/quiescent cells may have different glucose 

requirements.  This notion is supported by a report 

indicating that CLL patients have two populations of 

circulating malignant cells with different degrees of 

mitochondrial polarisation and dependencies on 

glucose.59  Where FDG-PET has been effectively used in 

CLL management is with respect to the detection of 

Richter’s transformation.60  In this situation CLL cells 

change into faster growing diffuse large B cell lymphoma 

(DLBCL) or Hodgkin’s lymphoma cells and likely gain 

independence from the microenvironmental cues that 

normally regulate their proliferation.  The increased 

need of glucose by these cells may be due to activation 

of the Jak/STAT and PI3K/Akt/mTOR signalling 

pathways as has been suggested by a study comparing 

metabolic profiles between activated T cell lymphocytes 

and lymphoma cells.61 

While the level of glucose uptake experienced by CLL 

cells appears to be at odds with the high glucose 

consumption that is characteristic of the Warburg effect, 

the glycolytic pathway is nevertheless important to CLL 

cell pathophysiology.  This is because treatment of CLL 

cells with the hexokinase inhibitor lonidamine has been 

shown to result in decreased cell viability in vitro and in 

reductions in lymphocyte count as well as in the size of 

the lymph nodes and spleen when it is used in vivo.18  

Furthermore, a more recent study by Tidmarsh, et al. 62 

has shown that inhibition of the glycolytic pathway in 

CLL cells using 2-deoxyglucose (2DG) results in a 

reduction of ATP levels followed by a loss of cell viability.  

The lower level of glucose uptake in CLL cells may 

reflect the use of an alternative source of glucose.  A 

possible candidate of this alternative source is glycogen 

which has been shown to accumulate in CLL cells63, 

negating the need for glucose uptake.  However, this 

simple explanation is complicated by observations that 

glycogen phosphorylase activity in PHA-activated CLL 

cells is lower than that in normal lymphocytes64, 

indicating that CLL cells may have reduced capability of 

converting glycogen to glucose.  Alternatively hypoxia 

inducible factor 1α (HIF-1α) may be responsible for 

increased glycogen storage as it is reported to do in 

other cancerous and non-cancerous cells.65  Expression 

of HIF-1α is raised in circulating CLL cells due to down 

regulation of von Hippel-Lindau (pVHL) protein which 

catalyses HIF-1a degradation.66  Importantly, studies of 

glucose uptake/usage by CLL cells have mainly been 

performed on cultured cells.  Cultured CLL cells, like 

those in circulation are mainly in G0, and their 

requirement for glucose may be very low.  These cells 

may rely on oxidative phosphorylation as we have 

already discussed, explaining why drugs such as 

lonidamine and 2DG have their cytotoxic effects.  Finally, 

CLL cells may utilize fatty acid oxidation as a source of 

glucose as has been suggested in a recent paper by 

Spaner, et al. 22.  Here they demonstrate that PPARα, a 

mediator of fatty acid oxidation, is upregulated in 

circulating CLL cells, and that CLL cells show in vitro and 

in vivo sensitivity to a specific inhibitor of PPARα, 

MK886.   

 

Coping in times of metabolic stress:  autophagy 

and metabolic adaptations to quiescence in CLL 

cells 

CLL cells survive in the circulation for a considerably 

longer time than do normal B cells.2  In this regard the 

longer a CLL cell clone can survive in circulation, the 

better chance it will have of re-entering tissues where it 

will receive signals for proliferation and enhanced 

survival.  The prolonged lifespan of CLL cells in 

circulation likely results from a combination of apoptotic 

resistance mechanisms and metabolic adaptations that 
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help to maintain viability.65  One such metabolic 

adaptation may result from the increased expression of 

HIF-1α which may maintain CLL cells in an arrested 

state and hold them from progressing to cellular 

senescence by inhibiting mammalian target of rapamycin 

(mTOR) (Figure 3).67-69  This HIF-1a-induced adoption of 

a quiescent phenotype may explain why early studies 

showed that CLL cells consume less glucose than do 

normal B lymphocytes8, and why CLL cells are not easily 

imaged by FDG-PET.58  Moreover, adoption of a 

quiescent phenotype may be related to progressive 

disease in CLL because malignant cell susceptibility to 

apoptosis, low level RNA content and high expression of 

p27kip1 all correlate to patients with late stage 

disease.67,70,71  This relationship is supported by further 

observations showing that UM-CLL and ZAP-70 

expression in CLL cells also correlate with ability to 

adopt a quiescent phenotype.72   

Another consequence of mTOR inhibition is the induction 

of autophagy, a self-digestive process initiated in cells 

experiencing metabolic stress.  During autophagy 

catabolism of internal organelles is activated to generate 

the ATP that is necessary to maintain essential 

housekeeping functions and cell survival.69,73  CLL cells 

are reported to experience autophagy; one early study 

has suggested that as much as one third of the overall 

protein degradation that takes place in these cells is due 

to this process74, while more recent studies have 

suggested that IL-24 induces its pro-survival effect by 

inducing autophagy in CLL cells.75  A study by Mahoney, 

et al. 76 has also shown CLL cells to express the ATG 

family of proteins critical for autophagy in addition to 

demonstrating autophagy induction by known agents.  

Furthermore, our own unpublished observations indicate 

that a major regulator of mTOR, AMPK, is constitutively 

phosphorylated on the serine residues associated with 

enzyme activation, and that phospho-AMPK levels seem 

to be increased in UM-CLL compared to M-CLL cells.  

This observation agrees with a published result showing 

that an activator of AMPK, sirtuin 1 (SIRT1), is 

upregulated in CLL cells.77  That autophagy in CLL cells 

has a cytoprotective effect is recently demonstrated in a 

study showing that re-expression of the miRNA gene 

miR-130a inhibits autophagy in CLL cells and sensitizes 

them to apoptosis.78  Moreover, a further study by 

Maccallum, et al. 79 has shown similar re-sensitization to 

apoptosis when autophagy in CLL cells is disrupted by 

the SIRT1 inhibitor Tenovin-6.  

Excessive stimulation of autophagy can also result in 

apoptosis through a process called autophagic cell death 

(ACD).80  In this process organelle digestion continues 

beyond the point that can be restored when metabolic 

stress is removed.  ACD is observed in CLL cells that 

have been treated with the AMP analogue acadesine 

(AICAR), due to the ability of this compound to activate 

AMPK and inhibit mTOR function.81  A study by 

Santidrian, et al. 82 has shown this effect can occur 

independently of AMPK and p53 in CLL cells via the Bcl-2 

family proteins; BIM, NOXA and PUMA.  Further to this, 

the death inducing effects of the glucocorticoid 

dexamethasone has been reported to arise due to the 

stimulation of autophagy in CLL cells.80,83  Notably, UM-

CLL cells have been found to be significantly more 

sensitive to dexamethasone-induced killing in keeping 

with the observations that these cells have greater levels 

of AMPK activation and may be more readily pushed 

over the edge to ACD.84  A further study by Mahoney, et 

al. 76 describes how other select chemotherapeutic 

agents such as fludarabine, the PI3K δ-isoform inhibitor 

CAL-101, thapsigargin and flavopiridol all stimulate the 

induction of autophagy prior to inducing apoptotic cell 

death.  However, the cytotoxic effect of thapsigargin 

and flavopiridol can be enhanced following disruption of 

ER stress-induced autophagy, suggesting that 

http://www.openaccesspub.org/
http://openaccesspub.org/
http://openaccesspub.org/journals/index.php?jid=25
http://dx.doi.org/10.14302/issn.2372-6601.jhor-13-346


 

 

Freely Available  Online 

www.openaccesspub.org  |  JHOR    CC-license      DOI : 10.14302/issn.2372-6601.jhor-13-346      Vol-1 Issue 1 Pg. no.-  14  

Figure 3.  Regulation of cell metabolism via mTORC1 and mTORC2 following BCR and 

CD40 stimulation.  BCR signalling and CD40 stimulation activates Akt via PI3K, PDK1 and 

mTORC2.  Activation of Akt promotes mTORC1 signalling directly and indirectly through the 

inhibition of TSC1/TSC2 and PRAS40.  mTORC1 signalling promotes downstream effects such as 

cell growth, proliferation, autophagy inhibition, and angiogenesis, lactate shuttling, and glycolysis 

mediated by HIF-1α.  However, nutrient depletion causes the phosphorylation of AMPK (pAMPK) 

which inhibits mTORC1 signalling by stimulating TSC1/TSC2 inhibiting Rheb.  This stimulates 

autophagy and inhibits the action of HIF-1α as well as preventing cell growth and division.  

(Image adapted from Vousden and Ryan 104 and Semenza 105). 

Figure 3.   
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autophagy induced through this mechanism is protective 

against cell death and promotes drug resistance.  This 

mechanism of autophagy has been associated with 

dasatinib resistance in CLL patients.85 

Although autophagy has been studied extensively from 

the perspective of protection from metabolic stress in 

circulating cells, it has also been shown to have a role 

within the microenvironment.  Recycling of nutrients 

may occur not only within the cancerous cells 

themselves but also in the adjacent stroma as a means 

of providing nutrients to promote invasion and 

metastasis.86,87  A possible mechanism of autophagy 

induction and metabolic reprogramming in adjacent 

stromal cells is through the generation of oxidative 

stress76 as has been observed in the tumour 

microenvironment of breast cancer.88  This study 

showed that the production of reactive oxygen species 

(ROS) by breast cancer cells causes the bordering 

fibroblasts to switch to glycolysis and generate fuel for 

the breast cancer cells in the form of pyruvate, which 

then feeds into oxidative phosphorylation.  This 

synergistic relationship is called the reverse Warburg 

effect because of the induction of the abnormal 

glycolytic phenotype in the supporting fibroblasts as 

opposed to the malignant breast cancer cells.  This 

symbiosis is suggested to occur via shuttling of 

metabolic intermediates such as lactate and pyruvate 

through monocarboxylate transporters (MCT) -1 and -4 

on cancerous cells and the cells of the 

microenvironment.89,90   

Microenvironmental influences on CLL cell 

bioenergetics 

The relationship between the microenvironment and CLL 

cells is important, particularly in the context of apoptotic 

resistance and induction of cell proliferation.  The 

interaction of quiescent CLL cells with the 

microenvironment has been modelled using supportive 

cells such as bone marrow stromal cells, endothelial cells 

and parental fibroblasts as well as fibroblasts which 

express CD40 ligand (CD40L) to simulate the influence 

of T helper cells on CLL cell proliferation.  Soluble factors 

such as IL-21 and IL-4 may also be added to the system 

to replicate cytokines secreted by T cells.91  Thus, these 

co-culture systems are thought to mirror the interactions 

which occur in vivo to induce cell activation, division and 

enhanced survival in CLL.92  What is missing is an 

assessment of the impact these interactions have on the 

metabolism of these cells.  Existing studies of these 

interactions may be useful in directing future research.  

For example, a study by Willimott and Wagner 93 

describes changes in the profile of microRNA’s (miR’s) 

expressed in CLL cells following co-culture with parental 

and CD40L-expressing fibroblasts.  This study identified 

multiple miR’s that were deregulated in CLL cells 

cultured on fibroblasts and a cursory examination of 

miR’s that potentially regulate metabolic pathways can 

be observed.  In particular, incubation of CLL cells with 

parental fibroblasts induces changes in the expression of 

miR-125b (whose effects we discuss in a previous 

section of this review) along with let-7c which is known 

to regulate glucose metabolism as part of the lin28/let-7 

pathway.94  Furthermore, incubation with CD40L-

expressing fibroblasts induces increased expression of 

miR-155, which can function in regulating glycolytic 

activity.95  The effect of CD40L on CLL cells may be akin 

to that observed on similarly stimulated endothelial cells 

where activation of mTOR (Figure 3) and an increase in 

cell size has been demonstrated.96  Our own unpublished 

experiments of CLL cells co-cultured with CD40L-

expressing fibroblasts show increased cell size providing 

support for this direction of endeavour.  Moreover, a 

phase 2 clinical trial testing the mTOR inhibitor 

everolimus shows that this compound can stimulate 
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mobilization of CLL cells from nodal tissues into the 

circulation, suggesting that the mTOR pathway may be 

important for maintaining CLL cells within the 

microenvironment.97  With respect to cytokines, IL-4 has 

been shown to have a role in the regulation of glucose 

levels in normal B cells98, but this remains unexamined 

in CLL cells.  Finally, interaction with adhesion molecules 

such as E-Cadherin could possibly regulate metabolic 

processes through the induction of HIF-1α expression as 

has been demonstrated for breast cancer cells.99 

CLL cells may also influence their microenvironment and 

reprogram it to provide protection from oxidative stress 

and clearance by the immune system.  A recent study by 

Lutzny, et al. 100 showed that CLL cell contact with 

stromal cells induced expression of PKCβII in these cells 

which resulted in activation of the NFκB pathway and 

secretion of growth factors that, in turn, enhanced the 

survival of the CLL cells.  Zhang, et al. 101 has also 

demonstrated how CLL cell survival is enhanced by 

modifications to the supportive cells.  In this study bone 

marrow stromal cells are shown to supply the metabolic 

intermediate cysteine to CLL cells.  This is important for 

CLL cell survival because this amino acid is required for 

the production of glutathione (GSH), a redox mediator 

which prevents the accumulation of ROS.   

Conclusions 

The purpose of this manuscript is to highlight the need 

for further research to assess whether targeting cell 

metabolism may be a viable strategy for the treatment 

of CLL, a disease with a low level of proliferative activity.  

While some studies have successfully targeted 

metabolism in CLL the metabolic pathways used by 

these cells have not been characterized.  As discussed 

above CLL cells exist in two states which will have 

different metabolic requirements and local resources.  In 

the peripheral circulation CLL cells may use oxidative 

phosphorylation similar to their normal counterparts or 

on the other hand these cells may use an alternative 

source of glucose such as fatty acid oxidation.  There is 

also evidence which implies metabolism is slowed as the 

cells enter a quiescent state and that mechanisms which 

provide protection from metabolic stress such as hypoxia 

and autophagy are exploited.  Importantly, there is 

evidence which correlates poor prognostic indicators 

with the ability of these cells to withstand nutrient 

deprivation suggesting that CLL cells are more likely to 

survive in the circulation and re-enter the haemic 

tissues.  Furthermore, there is evidence of metabolic 

reprogramming occurring in CLL cells correlated with 

bad disease suggesting that these cells are more able to 

change their metabolic phenotype to meet energy 

demands.  During the proliferative stage located in the 

secondary tissues, CLL cells likely undergo a metabolic 

shift to glycolysis to support proliferative activity.  In 

order to sustain proliferation, CLL cells may influence the 

metabolism of the surrounding cells in the 

microenvironment to provide substrates and 

intermediates taking advantage of mechanisms which 

protect from oxidative stress and promote autophagy.  

Taken together these findings emphasize the importance 

of further research to better understand the difference 

in CLL cell metabolism between these two states and 

how this may provide key insights for the development 

of new treatments for this disease. 
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