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Figure 8: Graphical representation of glycolytic stress profile. 

This test measures glycolysis by the decrease in pH levels in the media. Glucose utilization 

by the cells is measured after addition of glucose, followed by addition of oligomycin (ATP 

synthase inhibitor) and injecting 2-Deoxy-ᴅ-glucose to cut off the non- glycolytic 

acidification. 

 

 

 

 

 



 
 

39 
 

 

 

  

 

Figure 9: Optimization of stroma and CLL cell numbers for extracellular flux analysis.  

A. NK.Tert cells cultured in MEM media were plated on XF96 plates at different cell 

numbers (2500, 5000, 10,000) and allowed to adhere for minimum of 6 hours.Five technical 

replicates were plated for each concentration.  The media was replaced with XF test media 

supplemented with fresh 17.5 mM Glucose and 2 mM sodium pyruvate. The pH was adjusted 

to 7.4-7.6. Oligomycin (1.25 μM), FCCP (1 μM) and Antimycin A + Rotenone (0.75 μM+1 

μM) were added in the order shown above. B. M2-10B4 cell numbers (2500, 5000, 7500, 

10,000, 15000) were optimized as described in (A)   
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Fibronectin coating  

CLL samples were assayed for OCR and ECAR using fibronectin (Sigma Aldrich, St. 

Louis, MO) as the adhesive at different concentrations (10, 15, 20μg/mL). XF96 plates were 

coated according to the manufacturer’s protocol. 

Cytokine stimulation assays 

CLL cells were incubated with stroma derived growth factor-1 (SDF-1, 250, 500 

ng/mL), B cell activating factor (BAFF 100 ng/mL), SDF-1 and BAFF in combination, IgM 

(10 μg) for 24hr and analyzed for ECAR and OCR. 

Conditioning media experiments 

CLL cells were cultured in conditioning media obtained from stroma cell culture. 

NK.Tert and M2-10B4 cells are grown in the media described in Table 2. Media is freshly 

added on day 1 to stroma cells. After 24hr culture, conditioning media from these cultures 

were obtained without disturbing the stroma layer (day 2) and added to CLL cells. CLL cells 

are then cultured in this media for 24hr before assaying for extracellular flux. 

Ribonucleotide pools extraction  

After 24 co-culture, CLL cells were carefully removed in 15 mL conical tubes, 

centrifuged at 1500 rpm at 4C for 5 min. The pellets were then washed with 10 mL of ice 

cold PBS and pelleted by centrifugation. After PBS was aspirated, 0.5 mL of ice-cold 0.4 N 

perchloric acid was added to the pellet, mixed well and incubated on ice for 5 min. The cells 

were repelleted by centrifugation and the supernatant was transferred to a clean Eppendorf 

tube. The 0.25 mL percloric acid was added to the pellet and extraction was repeated. The 
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supernatant was added to the first supernatant and its pH was adjusted with KOH to 6-7. The 

supernatant was spun down and the resultant supernatant was carefully removed with a glass 

syringe without disturbing the precipitate at the bottom. Intracellular nucleotide pools were 

separated using High Pressure Liquid Chromatography (HPLC). The extracts were applied to 

an anion-exchange Partisil-10 SAX column and eluted at a flow rate of 1.5 ml/min with a 50-

min concave gradient (curve 9; Waters Alliance 2695 separations module; Waters 2487 Dual 

λ absorbance detector) from 60% 0.005 M NH4H2PO4(pH 2.8) and 40% 0.75 M NH4H2PO4 

(pH 3.7) to 100% 0.75 M NH4H2PO4 (pH 3.7). The column eluate was monitored by UV 

absorption at 257 nm, and the nucleoside triphosphates were quantitated by electronic 

integration with reference to external standards. The intracellular concentration of 

nucleotides contained in the extract was quantitated using the number of cells and cell size 

(median). 

Immunoblotting 

Proteins from cell pellets were extracted using Cell lysis buffer (Cell Signaling 

Technology, Danvers, MA) supplemented with Protease inhibitor (EDTA free miniSTOP, 

Roche, Basel, Switzerland) and Phosphatase inhibitor (PhosSTOP, Roche), 25 mM boiled 

sodium orthovanadate and 10 µg/mL phenylmethanesulfonylfluoride (PMSF) in 1.5 mL 

Eppendorf tubes. Cells were incubated on ice for 30 min with occasional vortexing. The cells 

were centrifuged at 14000 rpm at 4ºC for 15 min. 

All steps were performed on ice. Supernatant was removed into a clean Eppendorf 

tube and protein was quantified using Bradford assay. 40-50 µg of protein was diluted with 

lysis buffer and ¼ 
th

 of sample buffer (Loading dye + 5% β-mercaptoethanol) was boiled at 
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95ºC for 5 min. The denatured protein was loaded onto 4-12% Bis-Tris gradient gel (BioRad, 

Hercules, CA) and the 1X XT MOPS (BioRad) was used as the electrolyte. The gel was 

transferred to a membrane using 1X Transfer Buffer (100 mL 1X Tris Glycine buffer + 200 

mL Methanol+ 700 mL milliQ water) at 400 mA for 1 hour at 4ºC. The membrane was 

probed with 1X blocking buffer for 1 hr at room temperature. The membrane was incubated 

overnight with 1:1000 dilution of the primary antibody (All antibodies used are listed in 

Table 4). The next day, after removing the primary antibody, the membrane was washed with 

1X wash buffer (1X PBS + 0.01 % Tween-20) twice for 5 min followed by 1 wash with 1X 

PBS. The membrane was incubated with 1:4000 dilution of the secondary antibody 

(Odyssey) for 1 hr at room temperature protected from light. The wash procedure mentioned 

above was repeated and the blot was scanned using an Odyssey Infrared Imaging System (LI-

COR Biosciences, Lincoln, NE). The protein expression was quantitated by utilizing Image 

Studio ™  Lite Ver 4 (LI-COR). For serum starvation experiments the cells in growth media 

were counted and washed twice with 1X PBS, before resuspending in RPMI 1640 media 

supplemented with 0.5% FBS for 2 hours. For IgM stimulation experiments, cells were 

serum starved as mention before and 10 μg of IgM was added to 1 mL of media containing 

cells (1×10
7
 CLL cells/ 3×10

6
 JeKo-1 cells). 

Glucose/glutamine uptake assays 

CLL cells were suspended in glucose free or glutamine-free media and either [
3
H]2-

deoxy-D-glucose (0.5 µl, specific activity 28 Ci/mmol)  for 60 min or [
3
H]L-glutamine (1 µl 
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IGHMC_gRNA_04_R GATGAGCTTGGACTTGCGGGTTT 

 

IGHMC_gRNA_05_F CACCGGTGTCCTGGCTGCGCGA 

IGHMC_gRNA_05_R GGTGTCCTGGCTGCGCGAGTTT 

 

IGHMC_gRNA_06_F CACCGACCTGCCGCGTGGATCACAG 

IGHMC_gRNA_06_R GACCTGCCGCGTGGATCACAGGTTT 

 

PIK3CD Knock in –Knock out  

The knock in – knock out approach enabled us to viably mark the PI3K δ KO cells by 

expressing the GFP instead of PI3K δ from its DNA locus and consequently use the cells for 

further studies. The general approach was to knock in (KI) the GFP-STOP-polyA cassette 

right after translation initiation site of the PI3Kδ leading to PI3Kδ promoter driven 

expression of GFP instead of PI3Kδ. We have used the CRISPR/Cas9 system to introduce 

DNA double strand breaks at the desired location and at the same time provided template 

plasmid for homologous recombination mediated KI. The px330 plasmid (Addgene plasmid 

#42230, PubMed 23287718) coding for Cas9 and gRNA targeting PI3K δ (target site 

sequence: 5’- CATCTGGGAAGTAACAACGCAGG-3’) was cloned according to the 

published protocol (PMID: 24157548). The target site was designed using CRISPR design 

tool at http://crispr.genome-engineering.org/ (PMID: 23873081). Electroporation was used 

(Neon Transfection System, Thermo Fisher Scientific) to deliver the px330 plasmid at the 

same time as the KI template plasmid (9 μg per 1e10 cells of each plasmid). The pSC-B-

amp/kan plasmid (Agilent Technologies, Santa Clara, CA) was used to carry the KI template 

sequence that consisted of (from 5’ to 3’): left homology arm (400 bp of PI3K δ DNA 
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sequence upstream of translation initiation site), kozak sequence (GCCACC), GFP with 

STOP codon, bGH PolyA signal sequence, and right homology arm (300bp of PI3Kδ 

sequence downstream of translation initiation site). The homology arms contained silent 

mutations preventing targeting of the template plasmid or PI3K δ locus after the KI. The 

PI3K δ KO GFP positive cells were identified and sorted to purity using FACS. As a control 

for KI specificity, px330 plasmids with non-specific target site were electroporated together 

with template plasmid. No GFP positive cells were detected in the specificity control.  

px330 and px 335 plasmids were cloned with two different target (beginning of exon 

3 for PI3KD gene) inserts. PI3KD homology arm sequence is used as the repair template 

with Green Fluorescent Protein insert.  

1. Annealing the oligo: The oligos (custom ordered from IDT) were reconstituted and 

diluted to 100 pmol/µl. 10 µl PCR buffer, 5 µl forward oligo, 5 µl reverse oligo, 80µl 

ddH2O were mixed and placed in a thermal cycler with slowly decreasing temperature 

as follows: 95°C 2 min, 90°C 2 min, 85°C 5 min, 70°C 5 min, 65°C 5 min to stop at 

20°C. The resulting product would be double stranded oligos at 5 pmol/µl. 

P110delta_gRNA_01_F CACCGCATCTGGGAAGTAACAACGC 

P110delta_gRNA_01_R AAACGCGTTGTTACTTCCCAGATGC 

P110delta_gRNA_02_F CACCGCAGGATGCCCCCTGGGG 

P110delta_gRNA_02_R AAACCCCCAGGGGGCATCCTGC 

P110delta_gRNA_03_F CACCGAGTTACCTCAGCTGAGC 

P110delta_gRNA_03_R AAACGCTCAGCTGAGGTAACTC 

  



 
 

49 
 

 

 

 

Figure 10. Sorting B cell receptor knockout cells from Cas9 transfected JeKo-1 cells. 

On day 4 after transfection of JeKo-1 (1×10
7
) cells with Cas9 plasmid containing BCR target 

sequence, the cells were stained with IgM-FITC and κ-PE (1:100 ratio) for 20 minutes on ice 

and sorted for IgM negative population as shown. 
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2. Phosphorylation of the oligos: 20 µl of previous reaction (200pmol of 5’ ends), 5 µl 

of 10 X T4 DNA Ligase Buffer,1 µl of T4 Polynucleotide Kinase (10 units), 24 µl 

ddH2O were taken together in an Eppendorf tube and incubated at 37°C(water bath) 

for 30 minutes. Resulting concentration of ds phosphorylated oligos: 2 pmol/µl. The 

oligos were then diluted to 0.1 pmol/µl by adding 19 µL of ddH2O to 1 µL of ds 

oligo. 

3. Ligation of the oligo with px330 or px335 plasmids: These plasmids were first cut 

with restriction enzyme BbsI and treated with CIP (Calf-intestinal alkaline 

phosphatase). 

10 µL of the ligation reaction is set upon ice in an Eppendorf as follows 

1 µL of opened plasmid (40 ng/ µL), 0.5 µL of ds phosphorylated diluted oligo (0.1 

pmol), Buffer 1 µL, Ligase 0.5 µL, ddH2O 7 µL. The reaction was gently mixed by 

pipetting up and down and incubated at 16°C overnight. 

The combination of the oligos with the px plasmids are as follows: 

px330- oligo 1, px330- oligo 2, px335- oligo 1, px335- oligo 3 

4. Transformation of bacteria: The reaction was then chilled on ice and 2 μl of the 

reaction was added to 100 μl of competent cells (StrataClone Blunt PCR Cloning Kit 

from Agilent Technologies). 20 µl of bacteria was spread on an agar plate with 

ampicillin. β-galactosidase was used for blue white colony screening and placed in 

37°C incubator overnight. The next day, 3 white colonies were picked and streaked 

on agar plate with ampicillin. After 6hrs of incubation at 37°C, the bacteria from the 

streaks were inoculated  
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In 2 mL of LB broth supplemented with 100 µg/mL ampicillin and incubated at 37ºC 

for another 6 hrs. This culture was used to prepare a mini prep using Qiagen mini 

prep kit. 

5. Sequencing: The DNA obtained from minipreps was sent for Sanger sequencing at 

the DNA sequencing core facility at MD Anderson Cancer Center. Sequences of 

interest were verified with  Finch TV (Geospiza Inc) and Lasergene SeqBuilder 

(DNASTAR™) 

6. After sequence verification, more DNA was obtaining by using Qiagen Maxiprep Kit 

(Valencia, CA). 

 Repair Template: PI3KCD homology arm gene block was ordered from Integrated DNA    

Technologies.  

1. The gBLOCK containing PIK3CD homology arms was captured into the Strataclone 

pSC plasmid. 

2.  The plasmid with p110delta_HA_1 was then opened with BbsI restriction enzyme to 

insert GFP-PolyA fragment to make final template for KI. 

3. Co-transfection of JeKo-1 cells were as follows: 

i. Px330-1 (9 µg) + PI3KCD_HA (9 µg) 

ii. px330-2 (9 µg)+ PI3KCD_HA (9 µg) 

iii. Px335-1 (6 µg)+ Px-335-3 (6 µg) + PI3KCD_HA (6 µg) 

The combination that gave the highest GFP + ve cells was used for further experiments. GFP 

expression was checked by Flow cytometry (Figure 11). Experimental set up consisted of no 

DNA control, non-specific control, GFP control and px330-1 plasmid transection. 
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Knock-in template sequence (with PI3K homology arms and GFP): 

GGTCTCAGGGCACCTGACCAGCTGTCCTGCCATCTCCCTTCTGTGCCAGCTGGTG

GCCATGACTGGCTTTCGTGGATGTGTATGTTCCTGAGGAAAGATGATTTGCTGTG

CGTGCTCCTGTGGGGAGGACATGCAGTGTCTGCCTGGGAGAAGAGGCAGCTGA

GGCCGTGGCCCGGAGTAGTAGGAGCCACAAGCCACCCTGGGCAGGACGAG

GCCCTGAGGGAGGTGAGCTTTTTGTACCCGCAGGTCGGGAACTCACTCCTGAGC

TTCCTGCTGTCCAAGGACCCCACTGTTTTCCAGGGAGTCCCTTCCAAAGGTCTCA

CTCAACTCAGCTGAGGTAACTCATTTTGCCATTTCTTCATTTTTAGGACAACTGT

CATCTGGGAAGTAACAAGCCACCATGGAACCCGTGAGCAAGGGCGAGGAGCTG

TTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCAC

AAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACC

CTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGA

CCACCTTCACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCA

GCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCAT

CTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG

CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGG

CAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATAT

CACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACA

ACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCA

TCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCG

CCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCG

TGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGATCAGC

CTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTT

CCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAAT

TGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAG

GACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGACATGCC

CCCTGGTGTGTACTGCCCCATGGAATTCTGGACCAAGGAGGAGAATCAGAG

CGTTGTGGTTGACTTCCTGCTGCCCACAGGGGTCTACCTGAACTTCCCTGTG

TCCCGCAATGCCAACCTCAGCACCATCAAGCAGGTATGGCCTCCATCCGGTCC

TCAGACCTTGGTGCTCAGAGAGAGAGAGAGAGAGAGAGACACAGATAGACAGA

CAGACAGACAGACAGATGGACAGGTGGACAGACGGACAGACAGATGGACAGAT

GCACTGCTTTTCAGACTTGGGATCCTCAGATGAGAATTTTAAAAGATAAATAATG

GTTTGTTTGTTTGTTTGTTTGTTTTGAGACGGAGTTTCGCTCTTATTGCCCAGGCT

GGTGTGCAATGGCGCAATCTCGGCTCC 
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Figure 11. Sorting PIK3CD knockout cells from Cas9 transfected JeKo-1 cells.  

On day 3, after co-transfection of JeKo-1 (1×10
7
) cells with Cas9 and GFP containing 

PIK3CD repair template, the cells were sorted for GFP positive cells that were knockout for 

PIK3CD as shown.  

  



 
 

54 
 

Fluorescence Activated Cell Sorting 

For BCR KO experiments, IgM-FITC conjugate and light chain antibodies (κ, λ) –PE 

conjugate obtained was from Life Technologies (Carlsbad, CA). The cells were counted by 

Trypan Blue staining and 2×10
7
 cells were stained at 1 μL of sterile Abs /million cells in 1 

mL of media and taken to the FACS facility. The KO cells were collected in RPMI 1640 

containing 20 % FBS and 1 % Penicillin and Streptomycin solution.  These cells were then 

centrifuged at 1500 rpm for 5 minutes and resuspended in RPMI 1640 + 10 % FBS + 1 % 

penicillin-streptromycin solution. 

PCR for mtDNA copy number 

QiaAMP DNA mini kit (Qiagen, Venlo, Limberg, Netherlands) was used and DNA 

was extracted from CLL samples according to manufacturer’s protocol. qPCR SYBR green 

master mix was used to amplify the mitochondrial DNA from 4 CLL patient samples. All 

samples were run in triplicate. These experiments were conducted in collaboration with Dr. 

Benny Kaiparettu’s laboratory, Baylor College of Medicine. 

Electron Chain Transport activity analysis 

Frozen cell lysates were lysed and then used for electron transport chain (ETC) 

enzyme assays. The enzymes were assayed at 30 °C using a temperature-controlled 

spectrophotometer; Ultraspec 6300 pro, Biochrom Ltd., (Cambridge, England). Each assay 

was performed in triplicate. The activities of the five enzymes were measured using 

appropriate electron acceptors/donors according to published procedures (Vu et al. 1998, 

Enns et al. 2005). These experiments were conducted in collaboration with Dr. Benny 

Kaiparettu’s laboratory, Baylor College of Medicine.   

http://www.mdanderson.org/education-and-research/resources-for-professionals/scientific-resources/core-facilities-and-services/flow-cytometry-and-cellular-imaging-core-facility/index.html
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Citrate synthase (CS) was used as a marker for mitochondrial content. Enzyme activities are 

expressed relative to total protein as nmol/min/mg protein. 

Statistical analysis 

Student’s t-tests (two-tailed) and ANOVA were performed using Prism 6 software 

(GraphPad Software, San Diego, CA). 
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CHAPTER 3. RESULTS 

As discussed in the Introduction Section, although CLL cells are quiescent, they are 

active in transcription, translation, and metabolomics.  However, the metabolic activity of 

CLL cells has not been explored in detail in previous studies. To gain a deeper understanding 

of the bioenergetics of CLL cells in context of the microenvironment, and to test my 

hypotheses that stroma would modulate CLL metabolism and PI3K would play a crucial role 

regulating metabolism of these cells, I conducted the following three aims. 

Aim 1: Elucidate the bioenergetics profile of primary CLL peripheral blood lymphocytes, 

encompassing two major energy (ATP) generating pathways, glycolysis and mitochondrial 

oxidative phosphorylation (OxPhos) and their relationship to CLL prognostic factors. 

Aim 2. Determine the impact of stroma on energy generating pathways, Oxidative 

Phosphorylation and glycolysis in primary CLL cells. 

Aim 3.  Identify the role of PI3K pathway in induction of glycolysis and OxPhos in CLL 

cells. 

 

Aim 1.  Elucidate the bioenergetics profile of primary CLL peripheral blood 

lymphocytes 

Aim 1.1. Elucidate the bioenergetic profile of primary CLL cells in relation to glycolysis and 

mitochondrial OxPhos. 

Oxidative phosphorylation and glycolysis are the two major pathways leading to the 

production of ATP. Glycolysis is often upregulated in cancer cells to meet its energy 

demands (Warburg 1956).  Cancer cells are highly proliferative and require energy for DNA 
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replication- and cell division- associated processes.  However, the more prominent pathway 

that quiescent mature cells such as CLL rely on has not been well elucidated so far. 

CLL metabolic profile 

Glycolysis (measured as ECAR) and OxPhos (measured as OCR) profiles were 

analyzed in CLL patient samples using Seahorse extracellular flux analysis. The cells 

obtained from all of the CLL patients samples were cultured in RPMI 1640 +10% human 

serum before the analysis. Glycolysis and OxPhos were measured in 41 patient samples using 

cell mitochondrial stress test and glycolysis stress tests as described in Materials and 

Methods. Along with the CLL cells, peripheral blood mononuclear cells (mostly T cells) 

(5x10
5
) and quiescent mature B cells obtained from 4 healthy donors were also analyzed for 

ECAR and OCR as were mantle cell lymphoma cell lines, (another B cell malignancy), 

JeKo-1, Mino, Granta and Sp53 (40,000 cells).  These cell lines were actively proliferating, 

therefore, we expect their metabolism to be much higher than quiescent B cells.  

A phenogram depicting the metabolic phenotype of cells was plotted using the data 

from all the cell types assayed above. The phenogram can be divided into four quadrants.  

Abscissa is taken as ECAR and ordinate as OCR. Lower left quadrant depicts metabolically 

less active cells as both ECAR and OCR have low values; lower right quadrant depicts cells 

that are more glycolytic owing to high ECAR, but low OCR values; upper left quadrant 

depicts aerobically active cells as OCR is high compared to ECAR; upper right quadrant 

denotes cells that are metabolically highly active as both oxygen consumption as well as 

glycolysis rates are high. 
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 OCR and ECAR were lower in CLL lymphocytes (n=41) than in healthy mature B 

cells, PBMCs, or MCL cell lines, the latter were highly metabolic both aerobically and 

anaerobically (Figure 12).  Among the malignant lymphocyte samples, there was very little 

glycolytic disparity, whereas mitochondrial respiration varied.  The coefficient of variation 

for OCR was 57% versus ECAR at 42%. 

Aim 1.2.  Evaluate the metabolic profile of CLL patient samples in relation with the most-

prevalent prognostic factors and cytogenetic profiles.  

Impact of prognostic factors on CLL mitochondrial OxPhos and glycolysis 

To understand the basis for these differences in OCR, we compared basal OCR with 

prognostic markers of the disease. These are factors that have been associated with 

aggressiveness of disease, the outcome of treatment in the clinic, and relapse and disease 

progression. These prognostic factors were ZAP 70 status, IgVH mutational status, Rai 

staging, β2 microglobulin, LDH levels, lymphocyte counts, CD38 status, gender, age and 

cytogenetics. 

ZAP 70 is a tyrosine kinase receptor that is expressed on T cells and its expression in 

normal B lymphocytes is not known.  However, in CLL cells, ZAP 70 is expressed 

(Rosenwald et al. 2001). ZAP 70 expression on the surface of malignant B cells is correlated 

with aggressive CLL disease. ZAP 70 expression is measured by immunohistochemistry or 

by flow cytometry. The patient is considered negative for ZAP 70, if it is expressed on less 

than <20% of the monoclonal B cells and if the expression is found on ≥20% of B cells, 

he/she is ZAP70 positive. For OCR, CLL cells from 20 ZAP 70 negative patients and 29  
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Figure 12. Phenogram of CLL cells compared with healthy and other malignant 

lymphocytes.   

Bioenergetic profile of CLL cells(5x10
5
) from 41 patients (red circles) compared with 

peripheral blood mononuclear cells (PBMCs) from healthy donors (n = 3, blue triangles), B 

cells from healthy donors (n = 4, inverted green triangles), and proliferating B cell lymphoma 

cell lines (JeKo-1, Mino and Sp53, maroon squares). All cells were in suspension cultures. 

Extracellular Acidification Rate (ECAR) and Oxygen Consumption Rate (OCR) (n = 5 

technical replicates for all extracellular flux experiments conducted) were measured and 

normalized to 1x10
5 

cells 
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ZAP 70 positive were analyzed.  There is an overlap in the OCR values for the negative and 

positive samples which can be attributed to the variable levels of ZAP 70 in these cells as 

opposed to complete presence or absence.  Statistical analysis (unpaired t-test) suggested that 

ZAP 70-positive samples had higher OCR compared to their counterparts (Figure 13A). ZAP 

70 negative patients and 19 ZAP 70 positive were assayed for ECAR; however, these ECAR 

values were fairly similar and varied based on ZAP 70 expression (Figure 13B).   

 

ZAP 70 status generally correlated with IgVH mutational status (Crespo et al. 2003). 

Absence of somatic mutations in IgVH marks aggressive disease. Somatic mutation occurs in 

the gene segments VH, D, JH that code for immunoglobulin heavy chain variable region. 

CLL is classified into two subsets based on the germline mutations of IgVH. Mutational 

status is confirmed by reverse transcriptase-polymerase chain reaction (RT-PCR). 19 CLL 

samples with IgVH mutation and 27 samples with unmutated IgVH were analyzed for OCR. 

Basal OCR was significantly higher in IgVH unmutated cohort than in mutated cohort 

(Figure 13C). Similarly, glycolytic flux was assayed for 11 IgVH mutated and 18 unmutated 

CLL samples. However, they did not display any correlation with IgVH status (Figure 13D). 

 

Binet and Rai staging defines various stages of CLL disease.  Among these two, Rai 

staging is commonly used in the USA and is mainly based on lymphocytosis (>15,000 

lymphocytes/mm
3
) in blood and prevalence of disease in bone marrow, lymph nodes and 

other sites.   Staging is mainly used for treatment purposes and risk stratification. There are 

five stages- 0, 1, 2, 3 and 4; 0 and 1 being low risk for overall survival and 2-4 being high   
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Figure 13. Correlation of CLL OCR and ECAR with ZAP 70 expression and IgVH 

mutational status. 

CLL cells were assayed for OCR and ECAR, after isolation from peripheral blood. A. Basal 

OCR of CLL cells obtained from ZAP 70-negative (neg) (n=20) and ZAP 70-positive (pos) 

(n=29) patients were compared. B. Glycolytic flux from CLL cells of ZAP70-negative 

(neg)(n=9) and ZAP 70-positive (pos) (n=19) patients were compared. C. Similar to A, CLL 

cell basal OCR was compared based on the mutational status of IgVH in patients: mutated 

(M)(n=19) or unmutated (U)(n=27). D. Glycolytic flux from IgVH mutated (M)(n=11) and 

unmutated (U)(n=18) CLL cells were compared. Unpaired student’s t-test was used to 

calculate statistical significance. 
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risk. 34 patients with low grade CLL and low grade (stages 0-1), and 20 with high grade 

were analyzed for OCR. Higher basal OCR correlated with advanced disease stage (Figure 

14A). In contrast, when glycolytic flux from 25 low grade patients (stages 0-1), and 11 high 

grade CLL were compared, no significant difference was observed between the two groups 

(Figure 14B). 

 

β2 microglobulin (β2M) is a cell membrane protein associated with HLA-antigens 

and its levels are elevated in serum of CLL patients with advanced disease. The cut-off levels 

for β2M according to CLL International Prognostic Index in healthy individuals is 

≤3.5μg/mL. A value of >3.5 μg/mL is associated with high risk CLL disease. CLL patients 

with low serum (≤3.5μg/mL, n=39) β2M levels and with high levels (>3.5 μg/mL, n=15) 

were analyzed for OCR. High basal OCR marginally correlated with high β2M levels (Figure 

15A). Whereas, ECAR analyzed for 18 CLL patients with low β2M levels and 7 with high 

levels did not correlate (Figure 15B). 

 

Lactate dehydrogenase (LDH) is an enzyme that converts lactate into pyruvate. 

Elevated LDH levels are an indicator of tissue damage. In my study, patients are grouped 

according to their serum LDH levels- 8 patients had low levels (300-500 μg/mL) (L), 26 

patients have intermediate levels 501-700 μg/mL (M), and 17 patients with high level >700 

μg/mL (H, high). These samples were analyzed using a cell mitochondrial stress test (Figure 

15C). Similarly, glycolysis stress tests were performed on CLL cells from patients with low 

(n = 5), medium (n = 11), high (n = 9) LDH levels (Figure 15D). In general, LDH levels did 

not associate with either OCR or ECAR.    
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Figure 14. Correlation of CLL OCR and ECAR with Rai stage. 

CLL cells were assayed for OCR and ECAR, after isolation from peripheral blood. A. Basal 

OCR of CLL cells were compared for patients classified by Rai stage: low grade (stages 0-1, 

n = 34), high grade (stages 2-4, n = 20). B. Glycolytic flux from low grade (stages 0-1, n = 

25), high grade (stages 2-4, n = 11) CLL cells were compared. Statistical significance was 

calculated using unpaired student’s t-test. 
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Figure 15. Correlation of CLL OCR and ECAR with LDH and β2 microglobulin levels.  

A. Basal OCR from CLL cells were compared for patients classified according to β2M  cut-

off levels determined by CLL International Prognostic Index  ≤3.5 μg/mL (n=39), >3.5 

μg/mL (n=15), respectively. B. glycolytic flux of CLL cells were compared for patients with 

≤3.5μg/mL (n=18), >3.5μg/mL (n=7) levels. Statistical significance was calculated using 

unpaired student’s t-test for A and B. C. CLL OCR correlation with patient lactate 

dehydrogenase (LDH) levels. Basal OCR from CLL cells were compared for patients with 

different LDH levels: low (L) (300-500 μg/mL, n = 8), medium (M) (501-700 μg/mL, n = 

26), high (H) (>700 μg/mL, n = 17). D. glycolytic flux of CLL cells were compared for 

patients low (L) (300-500 μg/mL, n = 5), medium (M) (501-700 μg/mL, n = 11), high (H) 

(>700 μg/mL, n = 9) LDH levels. Statistical significance was calculated using one way 

ANOVA. 
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The incidence of CLL is higher in males than in females (Ries L.A.G. 2003). To determine if 

CLL lymphocytes from men had higher metabolic profile, cell mitochondrial stress tests 

were performed for OCR on cells obtained from 27 male and 27 female patients. There was 

no statistical variation between the two cohorts (Figure 16A). However, when these cells 

were compared for glycolytic flux ECAR varied significantly between the two groups, with 

males (n=14) displaying higher glycolysis rates than females (n=13) (Figure 16B).   

 

CLL onsets at a later stage in life and is most common in the elderly with adults 

above 60 years of age at a greater risk. Basal OCR of CLL cells were compared in patients of 

different age groups, 27 patients from ages 40-59, 14 patients from ages 60-69 and 13 

patients from ages 70 and greater (Berger et al. 1978)(Figure 16C). ECAR was assessed for 

12 patients from ages 40-59, 5 patients from ages and 8 patients from ages 70 and greater 

(Figure 16D). Both OCR and ECAR values did not correlate with age. 

 

CD38 is a type II transmembrane glycoprotein that is expressed on the surface of 

hematopoietic cells. Its functions involve signal transduction and mediating cell to cell 

adhesion (Deaglio et al. 2011). The cut-off value for CD38 positivity is ≥20%, whereas cells 

with less than 20% surface expression of the receptor are considered negative. CD38 positive 

patients respond poorly to therapy (Durig et al. 2002) and have short survival.  CD38 surface 

expression was measured by flow cytometry. 13 patients negative for CD38 and 7 patients 

positive for CD38 were assessed for OCR. Considering the sample size is relatively small, 

the difference between OCR of these two groups was not significant and thereby CD38 status 

did not impact OCR (Figure 17A).  
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Figure 16. Correlation of CLL OCR and ECAR with patient’s gender and age. 

A. Basal OCR of CLL cells were compared based on the gender of the patient, male (n=27) 

or female (n=27). B. Glycolytic flux of CLL cells were compared based on the gender of the 

patient, male (n=14) or female (n=13). Statistical significance was calculated using student’s 

unpaired t-test for A and B. C. Basal OCR of CLL cells were compared for patients of 

different age groups: 40-59, 60-69, ≥70 years (n = 54).D. Glycolytic flux of CLL cells were 

compared for patients of different age groups. Statistical significance was calculated using 

one way ANOVA. 
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Figure 17. Correlation of CLL OCR and ECAR with patient’s cytogenetic profile and 

CD38 status.  

A. Basal OCR of CLL cells from patients expressing CD38 ≥20% (positive), <20% 

(negative) were compared. Statistical significance was calculated using unpaired student’s t-

test p=0.14 B. Basal OCR of CLL cells were compared for patients with various 

chromosomal abnormalities by extracellular flux analysis: 11q deletion (n = 4), 13q deletion 

(n = 2), 17p deletion (n = 2), trisomy 12 (+12) (n = 2). C.K. (n = 7) indicates complex 

karyotype with 2 or more of these deletions, O (n = 16) indicates other chromosomal 

abnormalities and U (n = 21) indicates unknown karyotype. Statistical significance was 

calculated using ANOVA p=0.4. 
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Impact of CLL cytogenetics on metabolism 

The most common chromosomal aberrations that are identified in CLL are: 11q 

deletion, 13q deletion, 17p deletion and trisomy. These lesions are detected by fluorescence  

in situ hybridization (FISH) karyotyping. CLL patients were grouped based on the 

karyotyping results. 4 patients that are unique for 11q deletion without other major 

chromosomal anomalies mentioned before were grouped into 11q category. Similarly, 2 

patients for 13q, 2 for 17p and trisomy 12 (+12) (n = 2). If two or more of these aberrations 

occur together, then the patients are categorized into complex karyotype pool (C.K.) 16 

patients are classified into another cohort that exhibit other aberrations, but not these major 

ones listed. Karyotype for 21 patients were not done, therefore are unknown.  It is difficult to 

correlate OCR data with cytogenetics as the sample size for these chromosomal anomalies 

was very small with a large portion of samples falling into the unknown category (Figure 

17B). 

 

Aim 2. Elucidate the impact of stroma on CLL-bioenergetics 

Aim 2.1.  Elucidate the impact of stroma on CLL OxPhos and glycolysis pathways. 

CLL cells that are positive for ZAP 70 and have an IgVH unmutated status have an 

increased advantage for interaction with the microenvironment. Interaction with stromal cell 

in vivo and in vitro greatly enhances cell survival. Though a few studies touched upon the 

aspect of the metabolic advantaged conferred to CLL cells by interaction with stroma cells, 

there is still not much clarity of how stromal cells contribute to bioenergy or biosynthesis in 

CLL cells.  
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Metabolite analysis in CLL cells after stroma co-culture 

My study aims at delineating the metabolic pathways that get activated in CLL cells 

and the change in metabolic fluxes upon interaction with stroma.  

To study changes in metabolic pathways in CLL upon stromal interaction, CLL cells 

were obtained from 40 CLL samples and co-cultured with NK.Tert stromal cells and 

measured for cell death by Annexin-PI staining at the end of 24 hr. The stroma protected 

CLL cells from endogenous cell death (Figure 18). CLL cells were co-cultured with NK.Tert 

at a ratio of 100:1. CLL cells were carefully removed and harvested at the end of 24 hrs. 

Metabolites were extracted using 80% methanol and examined by the mass spectroscopy 

core for metabolite analysis. Metabolites in CLL varied in their concentrations post co-

culture, and were categorized into different pathways according to their KEGG IDs (Figure 

19). For this analysis, the top five hits that were identified included TCA cycle, 

gluconeogenesis, purine and pyrimidine synthesis, indicating that cellular metabolism is 

affected by co-culturing CLL cells with stroma. Some of the metabolites in the listed 

pathways were augmented upon co-culture. Both, bioenergy (TCA cycle) and biosynthesis 

(purine and pyrimidine synthesis) of CLL increased, contributing to the prolonged survival of 

these cells in the co-cultures. In addition, the top hit is degradation pathway of methionine, 

whose end products, succinyl coA and pyruvate feed into the TCA cycle  

Furthermore, the metabolite analysis revealed that lactic acid levels in CLL cells were 

significantly elevated upon co-culture with stroma; this is in contrast with the results 

obtained from extracellular flux assays. Metabolite analysis also saw an increase in pyruvate 

levels (although not statistically significant), which might mean that lactic acid is getting   
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Figure 18. Effect of NK-Tert stromal cell co-culture on CLL cell survival.  

CLL cells after isolation were either cultured in suspension (Ctrl) or co-cultured with NK.tert 

cells (NK) for 24hr. The cells were stained for Annexin-PI and the results were analyzed by 

flow cytometry. The results were analyzed by a paired student’s t –test (n=40, p<0.0001). 
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Figure 19. Effect of stroma on CLL metabolic pathways.  

CLL cells from 5 patient samples were co-cultured with or without NK.Tert cells for 24hr.  

Metabolites were extracted with 80% methanol were assessed bymass spectrometry.  

Metabolites were grouped into major biochemical pathways and were analyzed using 

Ingenuity Pathway Analysis (IPA). Change in metabolite concentrations are expressed as 

stroma/suspension culture ratios. 
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converted to pyruvate. The metabolites that are synthesized by mitochondrial enzymes were 

analyzed. Orotate levels saw an increase in CLL cells post co-culture with stroma marking 

the increase in dihydroorotaate dehydrogenase activity 

I further tested for changes in energy generating pathways, glycolysis and oxidative 

phosphorylation in the presence of stroma. Three stromal cell lines were employed in this 

study. Before CLL-stroma co-culture could be assayed for extracellular flux assays, the 

number of stroma cells necessary for a proper read out for OCR/ECAR needed to be 

optimized. NK.Tert cell line is derived from human bone marrow. These cells were marked 

by no spare respiratory capacity (SRC) for oxygen consumption, irrespective of cell numbers 

plated. HS-5, another cell line derived from bone marrow, was optimized for extracellular 

flux assays (See Materials and Methods). M2-10B4 cells obtained from mouse were tested 

similarly. These two cells lines displayed higher OCR as well as SRC when compared to 

NK.Tert. 

 

 Influence of stroma on CLL glycolysis 

I first assessed the effect of stroma on glycolysis. CLL cells were co-cultured with 

NK.Tert cells for 24 hrs. Cell viability was measured in both suspension and co-culture in 

parallel cultures. These cells were assayed for glycolysis stress test (Figure 20A).  Glycolytic 

flux represents the amount of glucose the cells can metabolize after injection with 10 mM 

glucose. The third value of OCR after glucose has been injected was recorded and non-

glycolytic acidification value (obtained after addition of 2-Deoxy ᴅ-glucose) was deducted to 

obtain the value of glycolytic flux. The glycolytic flux was calculated for 29 patient samples.    
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Glycolytic capacity represents the extent to which cells can rely on glycolysis when aerobic 

ATP synthesis is disrupted by oligomycin (1.25 µM). This value was obtained in a similar 

way to that of flux-in that the third value after addition of oligomycin (or 20 minutes of 

mixing and measuring) was noted and the non-glycolytic acidification value was deducted 

from it. For all 29 patients, glycolytic flux and capacity values were obtained for CLL 

suspension, CLL-NK.Tert co-cultures and NK.Tert culture (Figure 20B-C). ECAR values 

from NK.Tert cells were deducted from the co-cultures. It is to be noted that co-cultures did 

not impact glycolysis of NK.Tert cells as no change was found in ECAR of NK.Tert cells 

assayed alone or after co-culture with CLL cells (CLL cells were removed from stroma cells 

after 24 hr). 

CLL cells from 5 patient samples were assayed in presence of stroma, without any 

prior co-culture, to determine, if cell-to-cell contact causes an immediate change in metabolic 

flux (however, the experimental set up takes 2 hr). In CLL cells, the glycolytic flux and 

capacity were overall variable but did not induce statistically significant changes after co-

culture with the NK.Tert cell line (in dotted lines, Figure 20 B-C).  

 

Effect of stroma co-culture on CLL oxidative phosphorylation 

In contrast, co-culture had a positive effect on mitochondrial respiration in CLL 

lymphocytes (Figure 21A); the 28 samples tested, either had increased basal OCR (18/28) or 

maximum respiratory capacity (MRC) (26/28) (Figure 21B-C).Basal OCR reading was taken 

before the cells were subjected to stress by addition of drugs. Basal OCR is calculated by 

taking the 3
rd

 reading, which is 21 minutes after the start of the assay and after deducting the 

non-mitochondrial respiration value (12
th

 reading, 3
rd

 after the addition of Antimycin A and   
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Figure 20. Effect of stromal cells on CLL glycolysis.  

A. CLL cells were cultured in suspension (Ctrl) or co cultured with NK.Tert (NK) in XF96 

well plates and then assayed for glycolysis. A. A representative glycolysis stress test profile 

from from a CLL patient (#9) cells in suspension culture (red curve), CLL-NK.tert co-culture 

(green curve), and only NK.tert cells (blue curve) assayed after 24 hr in culture. B. Similarly 

cultures as in figure A were assayed for either 2 hours (n = 9, dashed lines) or 24 hours (n = 

20, solid lines) and glycolytic flux was measured. C. Glycolytic capacity of 29 CLL samples, 

20 minutes after addition of oligomycin was measured. Statistical significance was calculated 

using paired student’s t-test.  
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Figure 21. Effect of stromal cells on CLL oxidative phosphorylation.  

A.CLL cells were cultured in suspension or co cultured with NK.Tert in XF96 well plates for 

24hr and then assayed for oxygen consumption. Mitochondrial stress test profile of CLL 

patient sample (#30). CLL cells in suspension culture (red curve), co-culture on stroma 

(green curve), and only NK.tert cells (blue line) were assayed. B.CLL basal OCR was 

compared after 24 hours or 2 hours (n=12) in suspension (Ctrl) versus stromal co-cultures 

(NK).  C. Similarly, CLL maximum respiration capacity was also analyzed pre– and post–co-

culture for 24 hours (n = 28). Statistical significance was calculated using paired student’s t-

test.  
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Rotenone).  MRC is the cellular respiratory capacity of complex I/II when uncoupled from 

the rate-limiting complex V.  NK.Tert cells alone showed very low OCR, and this value was 

subtracted from the reading obtained in stromal co-culture CLL cells. Furthermore, CLL cell 

addition to stromal cell culture did not affect stromal OCR (Figure 22). 

 

 The basal OCR and MRC augmentation was also observed with 2 other stromal 

lines, HS-5 and M2-10B4. CLL cells from 8 patient samples were co-cultured with M2-10B4 

and assayed for OCR (Figure 23). Similarly, cells from 3 patient samples were co-cultured 

with HS-5 (Figure 24). Co-culture with HS-5 stromal cells increased CLL OCR as well. 

Stroma-mediated increase in OCR was not due to an increase in the proliferation index, as 

CLL cells on stroma stained negative for Ki67 (not shown). 

 

Correlation between CLL prognostic factors and stroma induced OCR 

It would be interesting to investigate if stroma co-culture differently impacts CLL 

OCR in relation with prognostic markers. To start with, markers that affected OCR based on 

their expression levels were assessed. CLL samples in suspension and co-culture that are 

ZAP 70 negative (n=11), and those that are positive for ZAP 70 were analyzed (n=21). Both 

of the groups demonstrated a statistically significant increase in OCR (Figure 25A).  

CLL samples in suspension versus co-culture that are IgVH mutated (n=11) and that 

unmutated (n=19) were compared for OCR and analyzed for statistical significance using 

paired student’s t-test (Figure 25B). Both the groups showed an increase in OCR upon co-

culture.  
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Figure 22. Effect of CLL co-culture on stroma OCR.  

NK.tert cells were cultured alone (Ctrl) or with CLL cells (Post CC) for 24hrs (n=3) and 

were assayed for OCR. Statistical significance was calculated using paired student’s t-test 
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