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ABSTRACT 

 
A significant number of patients infected with HIV-1 suffer from HIV-associated 

neurocognitive disorders (HAND) such as spatial memory impairments and learning 

disabilities (SMI-LD). SMI-LD is also observed in patients using combination 

antiretroviral therapy (cART). Our lab has demonstrated that the HIV-1 protein, gp120, 

promotes SMI-LD by altering mitochondrial functions and energy production. However, 

the exact mechanisms that causes these changes that are observed to lead to memory 

dysfunction have yet to be elucidated. We have investigated cellular processes upstream 

of the mitochondrial functions and discovered that gp120 causes metabolic 

reprogramming. Effectively, we have shown that gp120 decreases mitochondrial oxygen 

consumption rate (OCR) and increases the expression of polypyrimidine tract binding 

protein 1 (PTBP1), resulting in the alternative splicing of pyruvate kinase M (PKM) from 

PKM1 to PKM2. We have also shown that these events lead to the accumulation of 

advanced glycation end products (AGEs) and prevent the cleavage of pro-brain-derived 

neurotrophic factor (pro-BDNF) protein into mature BDNF. The accumulation of 

proBDNF results in signaling that increases the expression of the inducible cAMP early 

repressor (ICER) protein which then occupies the cAMP response element (CRE)- 

binding sites within promoter regions. One of the more important promoters that ICER 

binds to is the BDNF promoters II and IV, thus altering normal synaptic plasticity. We 

also validated these results in an animal model. We have also shown that with the 

addition of a therapeutic drug, Tepp-46, which promotes PKM2 tetramers, the metabolic 
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changes in glycolysis and subsequential accumulation of AGEs can be reversed. 

Therefore, we concluded that gp120 reprograms cellular metabolism, causing changes 

linked to disrupted memory in HIV-infected patients, as well as a possible therapeutic 

target to aid in the prevention of metabolic reprogramming and the progression of 

HAND. 



v  

DEDICATION 

 

 

 
 

To my family and friends, thank you for always pushing me to be my best. 



vi  

ACKNOWLEDGMENTS 

 
I would like to thank all the people who have helped in this work and who have 

assisted in my time as a Ph.D. student at Temple University. 

First, thank you to my advisor Dr. Bassel E. Sawaya for giving me a second 

chance and allowing me to join your lab. Thank you for allowing me to go down my own 

research path and come up with my own hypothesis and thesis. Thank you for believing 

in me and always trusting in my new directions throughout this project. 

I would also like to thank Dr. Maryline Santerre for showing me around the lab and 

assisting me in new techniques. Thank you for brainstorming ideas about my project 

during our lab meetings and for all of your suggestions that made this project go further 

than I initially thought it would. 

I want to thank the members of my committee, Dr. Ana M. Gamero, Dr. Lynn Kirby, 

and Dr. Italo Tempera. Thank you for all of you input throughout my time here at 

Temple. You have been present since the beginning of this project and your suggestions 

and critiques encouraged me to think deeper about my experiments and what the next 

direction to take would be. 

I also want to acknowledge all my fellow colleagues in Fels who have lent me 

reagents and from whom I bothered for antibodies and pipet tips and the like. If it weren’t 

for the little things, this project wouldn’t have gotten where it is today. 



vii  

I want to say thank you to my fellow students, Amanda Miller, and Brittany Bodnar, 

whom I met on interview day and with whom I grew close to as the years went on. Thank 

you for your friendship and for listening when I needed advice and just someone to vent 

to. Your friendship has helped me cope with the stress and I will cherish our much- 

needed time together outside of lab. 

Thank you to Sterling Arjona who I would not have been able to finish this journey 

without. You have always helped me finish my projects on time, helped edit and type all 

my papers, grow cells, organize my lab samples and space, do experiments, and much 

more. Thank you for always brainstorming with me and being there to constantly bounce 

ideas off of no matter the time. Thank you for always being there for me whenever I 

needed you in lab and at home. Thank you for always going on adventures in 

Philadelphia and in our travels. 

A large thank you is in order for my family who have supported me throughout this 

program and have always believed in my future dreams. Thank you to my mom, 

grandmother, brothers, and dad who have all listened to me speak about my project and 

pretended to be interested. I couldn’t have done this without your love. Thank you for all 

your guidance and love through all these years of schooling, I could not have done it 

without any of you. 



viii  

TABLE OF CONTENTS 
 

Page 

ABSTRACT… .................................................................................................................. iii 

DEDICATION… ................................................................................................................ v 

ACKNOWLEDGMENTS ................................................................................................. vi 

LIST OF FIGURES .......................................................................................................... xvi 

LIST OF ABBREVIATIONS .......................................................................................... xix 

CHAPTER 1: HIV INTRODUCTION ................................................................................ 1 

1.1 HIV History… ................................................................................................... 1 

1.2 HIV-1 Genome and Proteins… .......................................................................... 2 

1.2.1 HIV Structural Proteins… .................................................................. 3 

1.2.1.1 Group Specific Antigen (Gag)… ......................................... 3 

1.2.1.1.1 Matrix Protein (MA) ............................................. 5 

1.2.1.1.2 Capsid Protein (CA) ............................................. 5 

1.2.1.1.3 Nucleocapsid Protein (NC)… .............................. 5 

1.2.1.1.4 P6 Polypeptide ......................................................6 

1.2.1.2 Gag-Pol Precursor Protein… .............................................. 6 



ix  

1.2.1.2.1 Viral Protease (Pro).............................................. 6 

1.2.1.2.2 Reverse Transcriptase (RT) ...................................7 

1.2.1.2.3 RNase H… ........................................................... 7 

1.2.1.2.4 Integrase (IN) ....................................................... 8 

1.2.1.3 Env (gp160)…......................................................................8 

1.2.2 Regulatory Proteins… ...................................................................... 10 

1.2.2.1 Trans-Activator of Transcription (Tat)… ...........................10 

1.2.2.2 Regulator of Virion Expression (Rev)… ........................... 11 

1.2.2.3 Negative Factor (Nef).........................................................12 

1.2.2.4 Viral Protein R (Vpr)… .....................................................13 

1.2.2.5 Viral Protein U (Vpu)… .....................................................13 

1.2.2.6 Viral Infectivity Factor (Vif)… ...........................................14 

1.3 Mechanisms of HIV-1 Infection…...................................................................15 

1.3.1 Binding and Entry ..............................................................................15 

1.3.2 Uncoating and Reverse Transcription… ...........................................16 

1.3.3 Nuclear Entry… ............................................................................... 17 

1.3.4 Integration… .................................................................................... 18 



x  

1.3.5 Transcription and Replication… ...................................................... 19 

1.3.6 Assembly….......................................................................................23 

1.3.7 Budding… ........................................................................................ 23 

CHAPTER 2: HIV-1 NEUROPATHOGENESIS ..............................................................25 

2.1 HIV-1 and Neuropathogenesis ........................................................................ 25 

2.1.1 Neuromuscular Disorders… ..............................................................26 

2.1.1.1 Distal Symmetric Polyneuropathy…..................................26 

2.1.1.2 Mononeuropathy Multiplex… ........................................... 26 

2.1.1.3 Inflammatory Demyelinating Polyneuropathies…............. 27 

2.1.2 Spinal Cord Disorders… .................................................................. 27 

2.1.2.1 Subacute Myelopathies…...................................................28 

2.1.3 HIV-1 Associated Neurocognitive Disorder ..................................... 28 

2.2 HIV-1 gp120 Involvement in HAND ...............................................................30 

2.2.1 HIV-1 Indirect Effects on Neurons…................................................30 

2.2.1.1 Macrophages and Microglia............................................... 31 

2.2.1.2 Astrocytes….......................................................................34 

2.2.2 HIV-1 Direct Effects on Neurons… ..................................................35 



xi  

2.2.3 Calcium and gp120 ............................................................................39 

2.2.4 HIF-1α .............................................................................................. 41 

CHAPTER 3: METABOLIC REPROGRAMMING… .................................................... 43 

3.1 Metabolic Reprogramming…........................................................................... 43 

3.1.1 Metabolic Reprogramming and Glycolysis… .................................. 45 

3.1.2 Metabolic Reprogramming and Pentose Phosphate Pathway… ....... 49 

3.1.3 Metabolic Reprogramming and Glutaminolysis… ............................51 

3.1.4 Metabolic Reprogramming and Mitochondrial Changes… .............. 53 

3.1.5 Metabolic Reprogramming and Increase Lipid Metabolism… ..........56 

3.1.6 Metabolic Reprogramming and Changes in Amino Acid   

Metabolism… ........................................................................................... .59 

3.1.7 Metabolic Reprogramming and Changes in Other Biosynthetic     

and                                   Bioenergetic Pathways ...................................................................... 61 

3.2 Metabolic Reprogramming and Viruses… ...................................................... 62 

3.2.1 Viruses and Glycolysis… ..................................................................63 

3.2.2 Viruses and Pentose Phosphate Pathway… ...................................... 65 

3.2.3 Viruses and Glutaminolysis .............................................................. 66 



xii  

3.2.4 Viruses and Mitochondrial Changes… ..............................................68 

3.2.5 Viruses and Increased Lipid Metabolism… .......................................70 

3.2.6 Viruses and Amino Acids… ..............................................................73 

3.2.7 Viruses and Changes in Other Biosynthetic and Bioenergetic 

Pathways… ............................................................................................... 74 

3.3 Effects of Metabolic Reprogramming… ......................................................... 77 

CHAPTER 4: PRELIMINARY DATA AND HYPOTHESIS ......................................... 84 

4.1 Preliminary Data…...........................................................................................84 

4.2 Hypothesis....................................................................................................... 87 

4.3 Specific Aims .................................................................................................. 89 

CHAPTER 5: METABOLIC REPROGRAMMING IN HIV-ASSOCIATED 

NEUROCOGNITIVE DISORDERS (HAND) ..................................................................90 

5.1 Introduction… ................................................................................................. 90 

5.2 Materials and Methods… ................................................................................ 92 

5.2.1 Cell Culture and Treatments… ..........................................................92 

5.2.2 HIV-1 gp120 Treatments… ...............................................................92 

5.2.3 Chemical Reagents ............................................................................93 



xiii  

5.2.4 Western Blot Assay SDS-PAGE ......................................................94 

5.2.5 Immunoprecipitation of BDNF and proBDNF ..................................94 

5.2.6 RNA Extraction… ............................................................................ 95 

5.2.7 qPCR Assay… .................................................................................. 95 

5.2.8 Chromatin Immunoprecipitation (ChIP) Assay… .............................96 

5.2.9 Immunohistochemistry… ................................................................ 97 

5.2.10 Oxygen Consumption Rate Test… ................................................. 98 

5.2.11 Metabolomic Analysis… ................................................................ 98 

5.2.12 Pyruvate Assay… ........................................................................... 99 

5.2.13 ATP Concentration Assay… .......................................................... 99 

5.2.14 Human Advanced Glycation End-Products (AGEs) ELISA… ....... 99 

5.2.15 Statistical Analysis… ................................................................... 100 

5.3 Results… ....................................................................................................... 101 

5.3.1 gp120 Promotes a Decrease in Mitochondrial Oxygen    

Consumption… ....................................................................................... 101 

5.3.2 gp120 Changes Metabolite Expression Indicative of Metabolic 

Reprogramming… ................................................................................... 104 



xiv  

5.3.3 Impact of gp120 on Factors Involved in Metabolic Reprogram… .111 

5.3.4 Evidence that gp120 Alters PKM1/2 Expressions in Mice in vivo. 113 

5.3.5 gp120 Prevents PEP Conversion to Pyruvate… ...............................115 

5.3.6 TEPP-46 Treatment Rescues ATP Levels in gp120-Treated Cells. 117 

5.3.7 gp120 Metabolic Reprogramming Results in AGE Accumulation. 118 

5.3.8 gp120 Prevents the Cleavage of Mature BDNF .............................. 121 

5.3.9 gp120 Favors ICER-CRE Binding… ..............................................124 

5.3.10 gp120 Promotes Metabolic Reprogramming Through HIF-1α ..... 128 

5.4 Discussion… ................................................................................................. 131 

5.5 Future Directions… ....................................................................................... 142 

5.5.1 Future Directions gp120, Tepp-46 and HAND… ............................142 

5.6 Study Limitations .......................................................................................... 144 

CHAPTER 6: METABOLIC REPROGRAMMING IN CARDIAC CELLS ..................145 

6.1 gp120 Causes Metabolic Reprogramming in Cardiac Cells ............................145 

CHAPTER 7: METABOLIC REPROGRAMMING IN SARS-COV-2 ..........................149 

7.1 SARS-CoV-2 Causes Metabolic Reprogramming in Lung Cells ...................149 



xv  

CHAPTER 8: CONCLUSION .........................................................................................152 

8.1 Conclusion… ..................................................................................................152 

REFERENCES CITED ................................................................................................... 153 



xvi  

LIST OF FIGURES 

 
Figure ID Page 

 
Figure 1. Representation of HIV Genome and HIV Virion… ............................................... 4 

 
Figure 2. Schematic of HIV-1 Life Cycle… .......................................................................19 

 
Figure 3. Indirect Pathways of gp120 Neurotoxicity… ..................................................... 33 

 
Figure 4. Hallmarks of Metabolic Reprogramming ............................................................ 45 

 
Figure 5. Glycolysis in Metabolic Reprogramming ............................................................ 47 

 
Figure 6. Pentose Phosphate Pathway in Metabolic Reprogramming… .............................50 

 
Figure 7. Glutaminolysis Pathway in Metabolic Reprogramming… ..................................52 

 
Figure 8. Mitochondrial Pathways and TCA Cycle Rewiring in Metabolic 

Reprogramming… ............................................................................................................. 55 

Figure 9. Lipid Synthesis in Metabolic Reprogramming… ................................................ 57 

 
Figure 10. Amino Acid Metabolism in Metabolic Reprogramming… ...............................60 

 
Figure 11. Non-metabolic Effects of Metabolic Reprogramming… ................................. 77 

 
Figure 12. Advanced Glycation End Products (AGEs)… ...................................................83 

 
Figure 13. Mitochondrial Changes of SHSY-5Y Cells After gp120 Treatment… ..............86 

 
Figure 14. Alterations in CREB and pCREB in vivo… ..................................................... 87 



xvii  

Figure 15. Learning Defects in Association with gp120 and Restoring Defects with 

Rolipram… ....................................................................................................................... 88 

Figure 16. Tepp-46 Dose Response Curve ......................................................................... 93 

Figure 17. Seahorse Mito Stress Test Schematic… ..........................................................102 

Figure 18. Alterations in Mitochondrial Respiration after gp120 Treatment .................... 103 

Figure 19. Alterations in Glycolysis After gp120 Treatment… .......................................105 

Figure 20. Alterations in The TCA Cycle After gp120 Treatment… ............................... 107 

Figure 21. Alterations in Glutaminolysis After gp120 Treatment… .............................. 108 

Figure 22. Alterations in Folate Cycle and Methionine Cycle With gp120 Treatment. . 109 

Figure 23. Alterations in Amino Acids After gp120 Treatment… ................................. 110 

Figure 24. Changes in Proteins Responsible for Metabolic Reprogramming… ............. 112 

Figure 25. PKM1 and PKM2 Expression is Altered in the Brain Tissues of gp120-tg 

Mice ................................................................................................................................ 114 

Figure 26. Tepp-46 Mechanism of Action… .................................................................. 116 

Figure 27. Alterations in Pyruvate Production and ATP With gp120 Treatment and Tepp- 

46 Intervention… ............................................................................................................ 117 

Figure 28. gp120 Contributes to Advanced Glycation End Products (AGE) 

Formation… .................................................................................................................... 119 



xviii  

Figure 29. gp120 Alters Expression of proBDNF and mBDNF ..................................... 122 

Figure 30. Effect of gp120 on Furin Expression and AGE-Modified BDNF ................. 123 

Figure 31. gp120 Effect on ICER… ............................................................................... 125 

Figure 32. Effect of gp120 on ICER and CREB Signaling and Tepp-46 Intervention...127 

Figure 33. Effect of gp120 on miR-124 and HIF-1α ...................................................... 129 

Figure 34. Effect of HIF-1α Inhibition on Metabolic Reprogramming… ...................... 130 

Figure 35. Graphical Summery of Project… .................................................................. 141 

Figure 36. Alterations in Mitochondrial Respiration in NRVM After gp120      

Treatment… .................................................................................................................... 146 

Figure 37. Effects on PTBP1 and PKM1/2 mRNA in NRVMs After gp120 Treatment.147 

Figure 38. gp120 Effects on Metabolic Reprogramming Proteins in NRVMs… ........... 148 

Figure 39. Changes in Oxygen Consumption Rate in BEAS-2B Cells With 

SARS-CoV-2… .............................................................................................................. 150 

Figure 40. Effects on Metabolic Reprogramming mRNA in BEAS-2B Cells After SARS- 

CoV-2 Transfection… .................................................................................................... 151 



xix  

LIST OF ABBREVIATIONS 

 
3-DG 3-Deoxyglucosone 

 
3PG 3-Phosphoglycerate 

 
6PGD 6-Phosphogluconate Dehydrogenase 

 
6PGL 6-Phosphogluconolactonase 

 
α-KGDH Alpha-Ketoglutarate Dehydrogenase 

 
Acetyl-CoA Acetyl coenzyme A 

 
ACSS1 acetyl-CoA Synthetase 1 

 
AGC1 & 2 Aspartate/Glutamate Carriers 1 & 2 

AGEs Advanced Glycation End-Products 

AIDS Acquired Immunodeficiency Syndrome 

 
AMP Adenosine Monophosphate 

 
AMPK Adenosine Monophosphate Activated Protein Kinase 

 
ANI Asymptomatic Neurocognitive Impairment 

 
ANOVA Analysis of Variance 

 
APOBEC3G Apolipoprotein B mRNA Editing Enzyme, Catalytic Polypeptide- 

like 3G 



xx  

AS1 Argininosuccinate Synthetase 1 

ASCT2 Alanine-Serine-Cysteine Transporter 2 

ASK-1 Apoptosis Signal-regulating Kinase 1 

ASNS Asparagine Synthetase 

ATP Adenosine Triphosphate 

BAD Bcl2 Associated Agonist of Cell Death 

BANF1 Barrier-to-Autointegration Factor 1 

BBB Blood-Brain Barrier 

BCAA Branched Chain Amino Acids 

BCL2 B-cell Lymphoma 2 

BDNF Brain-Derived Neurotrophic Factor 

BID BH3 Interacting-Domain Death Agonist 

BL Burkitt’s Lymphoma 

BST-2 Bone-marrow Stromal Cell Antigen 2 

CA Capsid Protein 

CaM Calmodulin 

cART Combination Antiretroviral Therapy 



xxi  

Cdc2 Cell-division Cycle Protein 2 

ChIP Chromatin Immunoprecipitation Assay 

ChREBP Carbohydrate-Response Binding Element Protein 

CIC Citrate Carrier 

CIDP Chronic Inflammatory Demyelinating Polyneuropathy 

CMV Cytomegalovirus 

CNS Central Nervous System 

CREB cAMP Response Element-Binding 

CRFs Circulation Recombinant Forms 

CRM1 Chromosomal Maintenance 1 

CSF Cerebrospinal Fluid 

CTD Carboxyterminal Domain 

DCI Dodecanoyl-Coenzyme A Delta Isomerase 

DENV Dengue Virus 

DHAP Dihydroxyacetone Phosphate 

DSP Distal Symmetric Polyneuropathy 

EBV Epstein-Barr Virus 



xxii  

ER Endoplasmic Reticulum 

Erk Extracellular Receptor Kinase 

ES Echinomycin Streptomyces sp 

ESCRT-1 Endosomal Sorting Complexes Required for Transport 1 

F6P Fructose-6-Phosphate 

FAD Flavin Adenine Dinucleotide 

FADH2 Flavin Adenine Dinucleotide reduced form 

FA Fatty Acid 

FAO Fatty Acid Oxidation 

FasL Fas Ligand 

FASN Fatty Acid Synthase 

FBP Fructose-1,6-Biphosphate 

FCCP Trifluoromethoxy Carbonylcyanide Phenylhydrazone 

FGF Fibroblast Growth Factor 

G3P Glyceraldehyde-3-Phosphate 

G6P Glucose-6-Phosphate 

G6PD Glucose-6-Phosphate Dehydrogenase 



xxiii  

Gag Group Specific Antigen 

GBS Guillain-Barre Syndrome 

GDH Glutamate Dehydrogenase 

GDNF Glial Neurotrophic Factor 

GFAP Glial Fibrillary Acidic Protein 

GLS Glutaminase 

Glut1 Glucose Transporter 1 

Glut3 Glucose Transporter 3 

GMP Guanosine Monophosphate 

GO Glyoxal 

GSK-3 Glycogen Synthase Kinase 3 

H Hydrogen 

H2 Two Hydrogens 

HAD HIV-Associated Dementia 

HAND HIV-Associated Neurocognitive Disorders 

HCMV Human Cytomegalovirus 

HCV Hepatitis C Virus 



xxiv  

HF Heart Failure 

HFF Human Foreskin Fibroblast 

HIF-1α Hypoxia-Inducible Factor 1-Alpha 

HIV Human Immunodeficiency Virus 

HIVE HIV Encephalitis 

HK2 Hexokinase 2 

HRSV Human Respiratory Syncytial Virus 

Huh7 Human Hepatoma 7 Cell Line 

ICER Inducible cAMP Early Repressor 

IDH3A Isocitrate Dehydrogenase 3A 

IDO Indolemine-2.3-Dioxygenase 

IL Interleukin 

IN Integrase 

iNOS Inducible Nitric Oxide Synthase 

IP Immunoprecipitation 

IP3 Inositol-1,4,5-trisphosphate 

IP3R Inositol-1,4,5-trisphosphate Receptor 



xxv  

KB Kilobases 

KD Kilodaltons 

KSHV Kaposi’s Sarcoma-Associated Herpesvirus 

LDHA Lactate Dehydrogenase A 

LEDGF Lens Epithelium Derived Growth Factor 

LMP-1 Latent Membrane Protein 1 

LTD Long-Term Depression 

LTP Long-Term Potentiation 

LTR Long Terminal Repeat 

LUHMES Lund University Human Mesencephalic Cells 

MA Matrix Protein 

MAP Mitogen-Activated Protein 

MAPK Mitogen-Activated Protein Kinase 

MAS Malate/Aspartate Shuttle 

mBDNF Mature Brain-Derived Neurotrophic Factor 

MCU Mitochondrial Calcium Uniporter 

MG Methylglyoxal 



xxvi  

MIP-1α Macrophage Inflammatory Protein-1-Alpha 

MMPs Matrix Metalloproteinases 

MND Mild Neurocognitive Disorder 

MRS Magnetic Resonance Spectroscopy 

MTs Microtubules 

NAD Nicotinamide Adenine Dinucleotide 

NADH Nicotinamide Adenine Dinucleotide + Hydrogen 

NADP Nicotinamide Adenine Dinucleotide Phosphate 

NADPH Nicotinamide Adenine Dinucleotide Phosphate + Hydrogen 

NC Nucleocapsid Protein 

NCI Neurocognitive Impairment 

NEAAs Non-Essential Amino Acids 

Nef Negative Factor 

NES Nuclear Export Signal 

NF-κB Nuclear Factor Kappa-B 

NFAT Nuclear Factor of Activated T-cells 

NLSs Nuclear Localization Signals 



xxvii  

NMDA N-methyl-d-aspartate 

NO Nitric Oxide 

NOX NADPH Oxidase 

NRVM Neonatal Rat Ventricular Myocytes 

NUPS Nucleoporins 

OCR Oxygen Consumption Rate 

OS Oxidative Stress 

OXPHOS Oxidative Phosphorylation 

PAK p21-Activated Kinase 

PDH Pyruvate Dehydrogenase 

PEP Phosphoenolpyruvate 

PGC1α Proliferator-Activated Receptor Gamma Coactivator-1α 

PHD Prolyl Hydroxylase 

PI3-K Phosphatidylinositol-3-Kinase 

PIC Pre-Integration Complex 

PK Pyruvate Kinase 

PKM1 Pyruvate Kinase Muscle Isoform 1 



xxviii  

PKM2 Pyruvate Kinase Muscle Isoform 2 

PKLR Pyruvate Kinase Liver and Red Blood Cells 

PLA2 Phospholipase A2 

PLO Poly-L-Ornithine 

PLWH People Living with HIV 

PPP Pentose Phosphate Pathway 

Pro Viral Protease 

PTBP1 Polypyrimidine Tract0Binding Protein 1 

P-TEFb Positive Transcription Elongation Factor 

PTM Post-Translational Modifications 

PUMA p53 Upregulated Modulator of Apoptosis 

Pyk2 Protein Tyrosine Kinase 2 

RAGE Receptor for Advanced Glycation End-Products 

Rev Regulator of Virion Expression 

RIPA Radioimmunoprecipitation Assay 

RNAPII RNA Polymerase II 

ROS Reactive Oxygen Species 



xxix  

RRC Reserve Respiratory Capacity 

 
RRE Rev Response Element 

 
RT Reverse Transcriptase 

 
SAM s-Adenosylmethionine 

 
SCS Succinyl-CoA Synthetase 

 
SD Standard Deviation 

 
SHMT Serine Hydroxymethyltransferase 

 
SIV Simian Immunodeficiency Virus 

 
Skp1p S-Phase Kinase-Associated Protein 1 

 
SLC2A3 Solute Carrier Family 2 Member 2 

 
SMI-LD Spatial Memory Impairment and Learning Difficulties 

SN2 Amino Acid Transport System N2 

snRNAs Small Nuclear RNAs 

 
SREBPs Sterol Regulatory Binding Proteins 

 
TALDO1 Transaldolase 1 

 
Tar Transactivation Response Element 

 
Tat Trans-Activator of Transcription 



xxx  

TBP TATA-Box-Binding Protein 

TC Transcription Complex 

TCA cycle Tricarboxylic Acid Cycle 

TDH Threonine Dehydrogenase 

Tet Tetracycline 

TFA Trifluoracetic Acid 

TFBS Transcription Factor Binding Sites 

TGFβ Transforming Growth Factor-Beta 

TIME Telomerase-Immortalized Microvascular Endothelial cells 

TKT Transketolase 

TNFα Tumor Necrosis Factor-Alpha 

TrCP Transducing Repeats-Containing Protein 

TrkB Tropomyosin Receptor Kinase B 

TSG101 Tumor Suppressor Gene 101 

tRNALys Lysine Transfer RNA 

TUBB3 Tubulin-β3 

UDP Uridine 5-Diphosphate 



xxxi  

UTP Uracil Triphosphate 

VACV Vaccinia Virus 

VCV Varicella Zoster Virus 

Vif Viral Infectivity Factor 

VM Vacuolar Myelopathy 

Vpr Viral Protein R 

Vpu Viral Protein U 



1  

CHAPTER 1 

 
HIV INTRODUCTION 

 

1.1 HIV History 

 
Human Immunodeficiency Virus (HIV) was first identified in 1983 as a lentivirus 

belonging to the retrovirus family, although the virus has been circulating in the 

Democratic Republic of Congo since 1920 (Faria, et al., 2014). Since then, HIV has been 

further characterized into two main subtypes: HIV-1 and HIV-2. The major difference 

between HIV-1 and HIV-2 is the species of the original animal vector that transmitted the 

virus to the human population. Reports suggest that HIV-1 originated from a chimpanzee 

infected with a strain of simian immunodeficiency virus (SIV) called SIVcpz (Sharp & 

Hahn, 2011). While HIV-2 was transmitted from a sooty mangabey monkey infected with 

a strain of SIV called SIVsmm (Chen, et al., 1997). In addition to their origins, HIV-1 and 

HIV-2 differ in prevalence, geographic location, and virility. HIV-1 is far more common 

and spread throughout the world, while HIV-2 is rare and much less infectious. HIV-2 is 

mainly localized to several West African countries (Sharp & Hahn, 2011). HIV-1 is 

classified into three groups: M (Major), N (Non-major), and O (Outlier) (Hemelaar J. , 

2012). Of these groups, Group M accounts for 90% of infections worldwide, where the 

other two groups are less frequent. Group O accounting for nearly 5% of infections and is 

located only in west and central African countries. Group N has been identified in 

Cameroon but is extremely rare (Hemelaar, Gouws, Ghys, & Osmanov, 2011) (Hemelaar 

J. , 2012). 
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HIV-1 Group M is also classified into subtypes based on genetic differences. There 

are nine subtypes labeled A through K; however, combinations of subtypes can occur, 

referred to as circulating recombinant forms (CRFs). There are 89 known CRFs around the 

world (Hemelaar J. , 2012) (Bbosa, Kaleebu, & Ssemwanga, 2019). HIV-1 subtype B is 

the predominant subtype located in Europe, North America, Latin America, and Australia, 

where it accounts for 12% of all HIV-1 infections and is closely associated with 

homosexual transmission, intravenous drug use, and vertical transmission (mothers to 

children) (Santerre, Wang, Arjona, Allen, & Sawaya, 2019) (Flaherty, 2012). The other 

subtypes are in Africa and Asia, with subtype C accounting for most of these infections 

and around 50% of the total infections worldwide (Gartner, Roche, Churchill, Gorry, & 

Flynn, 2020). However, subtype C and CRF AE are emerging more through heterosexual 

transmission (Flaherty, 2012). Epidemiological research on HIV-1 subtypes has correlated 

the specific subtype with differences in disease progression and severity of comorbidities 

of HIV (Kuritzkes D. R., 2008). One of the major comorbidities seen in the western world, 

known to vary in severity in relation to the HIV-1 subtype, is HIV-associated 

neurocognitive disorder (HAND) (Santerre, Wang, Arjona, Allen, & Sawaya, 2019). 

1.2 HIV-1 Genome and Proteins 

 
The HIV-1 genome is composed of two identical single-stranded RNA strands. 

Viral RNA-dependent DNA-polymerase transcribes these RNA strands, and the resulting 

double-stranded DNA strands are integrated into the human genome by viral integrase 

(Seitz R. , 2016). The integrated viral DNA genome is flanked on either end by long 
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terminal repeat (LTR) sequences. These sequences are highly concentrated with 

transcription factor binding sites (TFBS) that aid in the promotion of transcription of the 

viral genes (Mbondji-wonje, et al., 2018). HIV-1 genome, while being relatively small at 

9.8 kilobases (kb), is made up of nine distinct genes (Figure 1) (Seitz R. , 2016). These 

genes are categorized into two groups based on the proteins that they encode. The groups 

are the structural proteins, and the regulatory proteins (Seitz R. , 2016). 

1.2.1 HIV Structural Proteins 

 
1.2.1.1 Group Specific Antigen (Gag) 

 
Gag is expressed from the gag gene and is initially expressed as the 55 kilodaltons 

(kD) Gag precursor protein or p55 (Bell & Lever, 2013). P55 is essential to recruiting two 

viral genomic RNA strands and viral proteins to the cellular membrane and initiating the 

budding of the mature viral particle from the infected cell (Sundquist & Krausslich, 2012). 

After viral budding, the p55 precursor protein is then cleaved by the viral protease, 

produced by the pol gene, into four smaller proteins: Matrix (MA, p17), Capsid (CA, p24), 

Nucleocapsid (NC, p9), and p6 (Mattei, et al., 2018). 
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Figure 1 Representation of HIV Genome and HIV Virion 

A. Representation of HIV-1 genome with reading frames for viral proteins. B. 

Schematic representation of an HIV-1 virion with viral proteins labeled and 

locations of viral proteins within the virion indicated. Electron micrographs of 

HIV-1 virions are shown on the right. (Seitz, 2016) 
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1.2.1.1.1 Matrix Protein (MA) 

 
The majority of MA is attached to the inner virion membrane, where it stabilizes 

the virion. However, a subset of MA is located further into the virion, where it is part of a 

complex that escorts viral DNA to the infected cell’s nucleus (Gallay, Swingler, Song, 

Bushman, & Trono, 1995). MA-facilitated nuclear transport is essential since the 

karyophilic signal on MA is recognized by the host cellular nuclear import machinery, 

which allows the HIV genome to be integrated into nondividing cells, a trait that is unusual 

for a retrovirus (Fassati A. , 2006) (Lewis, Hensel, & Emerman, 1992). 

1.2.1.1.2 Capsid Protein (CA) 

 
The CA protein is responsible for forming the core in the virion particle and plays 

roles in viral uncoating, nuclear import, and integration of the HIV genome (Fassati A. , 

2012). Another critical function of CA is incorporating the host Cyclophilin A into the HIV 

virion (Thali, et al., 1994). The Cyclophilin A and CA interaction is essential for HIV-1 

replication and modulates capsid uncoating (Hatziioannou, Perez-Caballero, Cowan, & 

Bieniasz, 2020) (Liu, et al., 2016). 

1.2.1.1.3 Nucleocapsid Protein (NC) 

 
The NC protein is responsible for recognizing and incorporating the viral RNA into 

the HIV virion through the binding of two zinc-finger motifs to four stem-loop structures 

located at the 5’ end of the RNA strand (Harrison & Lever, 1992) (Abd El- Wahab, et al., 

2014) (Yu, Lee, Lee, & You, 2016). NC also plays a vital role in facilitating the reverse 
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transcription of the viral RNA into viral genomic DNA (Levin, Mitra, Mascarenhas, & 

Musier-Forsyth, 2010). 

1.2.1.1.4 P6 Polypeptide 

 
The p6 polypeptide mediates the interaction of the precursor Gag protein and the 

accessory protein Vpr; this interaction permits the inclusion of Vpr in the assembled HIV 

virion (Paxton, Connor, & Landau, 1993). P6 is also required for the release of the budding 

virions from the infected host cell’s outer membrane (Ajasin, et al., 2019). 

1.2.1.2 Gag-Pol Precursor Protein 

 
The Gag-Pol fusion protein results from a ribosomal frameshift due to a specific 

cis-acting RNA motif; when a ribosome encounters this motif, a frameshift occurs 

approximately 5% of the time with no interruption of translation (Parkin, Chamorro, & 

Varmus, 1992). During viral infection, the viral protease cleaves the Gag-Pol precursor 

protein into the Gag polypeptide and Pol polypeptide, and then the viral protease cleaves 

Pol into four smaller proteins: the viral protease (Pro, p10), Reverse transcriptase (RT, 

p51), RNase H (p15), and integrase (p31) (Pettit, Everitt, Choudhury, Dunn, & Kaplan, 

2004). 

1.2.1.2.1 Viral Protease (Pro) 

 
The HIV-1 viral protease belongs to the family of Aspartic proteases and acts as a 

dimer to cleave peptide bonds through the aspartic acid residues (Ashorn, et al., 1990). The 

Pro is required for the cleavage of Gag-Pol, Gag, and Pol, all of which are essential to the 



7  

viral replication cycle (Pettit, Lindquist, Kaplan, & Swanstrom, 2005). Due to the 

importance of Pro in the viral life cycle of HIV-1, Pro has become a common target of 

inhibition for antiviral treatments (Mahdi, et al., 2020). 

1.2.1.2.2 Reverse Transcriptase (RT) 

 
RT is responsible for the reverse transcription of the viral genomic RNA into the 

double-stranded genomic DNA; since RT carries out both RNA and DNA to DNA 

transcription RT is both an RNA-dependent and DNA-dependent polymerase 

(Shaharabany & Hizi, 1991). It has been shown that complete DNA synthesis can be 

achieved in as little as six hours after viral entry; however, DNA integration can be delayed 

for a prolonged time (Hu & Hughes, 2012). Reverse transcription of the viral genomic 

RNA depends on many cis-acting RNA elements called TAR elements. These elements are 

small RNA stem-loop structures located at the 5’ end and are the binding site for Tat (Das, 

Klaver, & Berkhout, 1998). However, the RT polymerase lacks proof-reading activity, and 

therefore replication is error-prone, introducing several point mutations each time RT 

transcribes the viral genome (Cuevas, Geller, Garjio, Lopez-Aldeguer, & Sanjuan, 2015). 

1.2.1.2.3 RNase H 

 
RNase H removes the original RNA strand from the newly synthesized DNA strand 

to allow for the complementary DNA strand to be synthesized by RT (Beilhartz & Gotte, 

2010). The cleavage of RNase H from the RT protein is not efficient, and around 50% of 

the time, RNase H remains linked to RT as a single polypeptide, p66 (Tian, Kim, Li, Wang, 
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& Yang, 2018). The functional unit of HIV RT is a heterodimer made up of p66 (RNase H 

and RT together) and p51 (RT alone) (Sarafianos , et al., 2010). 

1.2.1.2.4 Integrase (IN) 

 
Integrase mediates the insertion of the viral genomic DNA into the genomic DNA 

of the infected host cell. Integrase achieves this process through three different functions. 

First, Integrase acts as an exonuclease and removes two nucleotides from the 3’ end of the 

viral genomic DNA strand. Next, Integrase acts as a double-stranded endonuclease and 

cleaves the infected cell’s host DNA creating the integration site. Finally, Integrase acts as 

a ligase and generates covalent linkage between the ends of the host DNA and the viral 

DNA inserting the viral DNA into the infected cell’s genome (Craigie R. , 2012). The 

integration of the viral genomic DNA occurs in easily accessible regions of active genes 

and preferentially in areas where genes are active after HIV-1 infection (Schroder, et al., 

2002). 

1.2.1.3 Env (gp160) 

 
Env is transcribed from a single spliced mRNA, initially 160 kD. Env is a 

glycoprotein, and after protein synthesis in the endoplasmic reticulum, Env is glycosylated 

by 25 to 30 N-linked carbohydrate side chains at asparagine residues within the protein 

(Berndsen, et al., 2020). After glycosylation, a host cellular protease, Furin, cleaves Env 

into two smaller proteins, gp120 and gp41 (Hallenberger, et al., 1992). Gp41 contains the 

transmembrane domain of Env and is incorporated into the cellular membrane and 
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eventually into new HIV virions (Hollingsworth 4th, Lemkul, Bevan, & Brown, 2018). 

Gp41 is also important in mediating the fusion of the viral and cellular membranes during 

virion fusion, allowing for the delivery of the components of the inner virion into the 

cytoplasm of the infected host cell (Camerini & Seed, 1990). 

Gp120 is located on the host cell membrane’s outer surface and the new virions’ 

outer membrane. Gp120 noncovalently interacts with gp41, helping gp120 locate to the 

Cell’s outer membrane and the virion’s outer membrane where gp120 exists, on both, as a 

trimer (Pancera, et al., 2010). Gp120 is responsible for virion interactions and binding to 

target host cells through the binding to CD4 receptors located on the outer membrane of 

host cells (Wilen, Tilton, & Doms, 2012). 

The binding of gp120 to CD4 depends on specific domains of the gp120 protein 

where, in total, there are fourteen critical domains in the gp120 protein. Nine of these 

domains are highly conserved, include intrachain disulfide bonds, and are essential in HIV 

viral entry and processing (Moore, Willey, Lewis, Robinson, & Sodroski, 1994) (Sen, 

Jacobs, & Caffrey, 2008). The remaining five domains are hypervariable and are labeled 

V1 through V5. The sequence of these domains can vary significantly from HIV-1 isolates 

(Lamers, et al., 2019). These variable domains are also crucial in virion-host cell 

interactions; for instance, the V3 domain is important in determining the tropism of HIV- 

1. V3, while not important for CD4 binding, is essential for co-receptor binding. Variations 

in V3 determine if the virion will infect T lymphoid cells through CXCR4 receptors or 
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primary macrophages through CCR5 (Shen, et al., 2016). These variable domains dictate 

the classifications of the subtypes as well. 

Gp120 is released from infected cells and can interact with surrounding cells (Alfahad 

& Nath, 2013). Released gp120 interacts with chemokine receptors CCR5 and CXCR4 and 

can affect non-CD4 cells, which HIV cannot infect (Schecter, et al., 2001) (Smith L. K., et 

al., 2021). Gp120 also can be internalized by non-infected cells through cholesterol- 

dependent lipid rafts, as well as fluid-phase pinocytosis, where it can localize to 

intercellular compartments and interfere with host cell functions (Berth, Hugo Caicedo, 

Sarma, Morfini, & Brady, 2015) (Cefai, et al., 1992). 

1.2.2 Regulatory Proteins 

 
1.2.2.1 Trans-Activator of Transcription (Tat) 

 
Tat acts as an activator of transcription and is essential for HIV replication. Tat has 

two different exons produced by mRNA spicing differences, one is 72 amino acids long 

while the other is 101 amino acids long (Mele, Marino, Dampier, Wigdahl, & 

Nonnemacher, 2020). Tat binds to a stem-loop structure located at the 5’ end of the viral 

RNA strand called the transactivation response element (TAR). Once Tat is bound to TAR, 

transcription of the viral RNA into DNA occurs (Schulze-Gahmen & Hurley, 2018). Tat 

promotes full-length transcripts through the progression of the elongation phase of 

transcription by recruiting a complex of proteins called the positive transcription elongation 

factor (P-TEFb). One of the proteins in this complex is a serine kinase known as CDK9, 
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which phosphorylates the carboxyterminal domain (CTD) of the RNA polymerase II 

(Garber, et al., 2000). In HIV-1 lacking Tat, virial transcriptions only generate short (less 

than 100 nucleotides) transcripts (Zhu, et al., 1997). The function of Tat depends on a host 

cellular co-factor, Cyclin T, which aids Tat in recognizing and binding to TAR (Anand, 

Schulte, Vogel-Bachmayr, Scheffzek, & Geyer, 2008). 

Tat has been found to increase the expression of many genes, including the tumor 

necrosis factor-alpha (TNFα) and the transforming growth factor-beta (TGFβ) promoters, 

and to decrease the expression of others, including the B-cell lymphoma 2 (Bcl-2) and the 

macrophage inflammatory protein-1 alpha (MIP-1α) promoters (Clark, Nava, & Caputi, 

2017). Tat is one of the viral proteins shed from infected cells and can be taken up by 

noninfected cells. (Ruiz, et al., 2019). 

1.2.2.2 Regulator of Virion Expression (Rev) 

 
Rev, an RNA-binding protein, binds to RNA in a sequence-specific manner formed by 

splicing two different HIV exons. Rev induces the transition from expressing early HIV 

genes to expressing late phase HIV genes by binding an RNA secondary structure referred 

to as the Rev response element (RRE) (Cochrane, 2020). The binding of the homo- 

oligomeric Rev to the RRE aids in trafficking and transporting un-spliced viral RNA from 

the nucleus and into the cytoplasm through Rev’s leucine-rich nuclear export signal (NES) 

domain and takes advantage of the host cell’s pathway to traffic small nuclear RNAs 

(snRNAs). This process is mediated by the NES receptor, CRM1 (Behrens, 2017). 

Functional Rev is necessary for HIV-1 replication, and the lack of Rev results in proviruses 
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that are transcriptionally active but unable to express viral late phase genes resulting in the 

inability to produce new virions (Imamichi, 2020). 

1.2.2.3 Negative Factor (Nef) 

 
Nef is one of the first viral proteins to be produced and accumulate to detectable 

levels following infection and is produced by multiple spliced viral mRNA, and its 

expression is independent of Rev activity (Li, Shan Li, Pauza, Bukrinsky, & Zhao, 2005) 

Nef has many functions within the host cell; however, it is no longer thought to be a 

negative transcription regulator as it once was and as the name implies (Foster & Garcia, 

2006). Although Nef does decrease host cell expression of CD4 and increase the 

endocytosis and degradation of CD4, it is not by negatively regulating transcription 

(Lundquist, Tobiume, Zhou, Unutmaz, & Aiken, 2002). While CD4 is the primary receptor 

for HIV virion binding, it appears that this viral-dependent decrease in CD4 is 

advantageous for viral replication due to the interference surface CD4 has on Env 

incorporation and virion budding (Lama, Mangasarian, & Trono, 1999). Nef has also been 

linked to the decrease in MHC I cell surface expression, resulting in decreased efficiency 

of cytotoxic T-cells to eliminate HIV-infected cells (Swann, et al., 2001). Nef is a critical 

element in the infectivity of HIV as virions that lack Nef are ten times less infectious and 

are less efficient at viral DNA syntheses and virial replication than virions that have Nef 

(Basmaciogullari & Pizzato, 2014). 
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1.2.2.4 Viral Protein R (Vpr) 

 
Vpr is a late-phase accessory protein incorporated at high amounts into the new 

virion through a specific interaction with the HIV structural protein Gag. There are 

approximately 100 copies of Vpr in each HIV virion (Cohen, Dehni, Sodroski, & Haseltine, 

1990). Vpr plays a vital role in the nuclear localization of viral genomic RNA in 

nondividing cells through the localization of the pre-integration complex (PIC). The PIC 

is a complex of viral DNA, viral proteins Vpr, IN, and MA, and some host proteins like 

barrier-to-autointegration factor 1 (BANF1). This complex is essential for nuclear entry 

into the host nucleus through the nuclear pore complex, where the nuclear envelope is not 

disrupted (Arhel, 2010). Vpr aids in nuclear entry by tethering the viral genome to the 

nuclear pore on the outer portion of the nuclear envelope (Vodicka, Koepp, Silver, & 

Emerman, 1998). Vpr has also demonstrated the ability to arrest the cell cycle in the G2 

phase preventing cell division through preventing the activation of the cell division cycle 

protein 2 (Cdc2)/cyclin B complex (Zhang & Bieniasz, 2020). 

1.2.2.5 Viral Protein U (Vpu) 

 
Vpu is produced from the mRNA that also encodes the Env protein; however, Vpu 

is translated at a much lower rate due to an inefficient translation initiation codon. Vpu has 

two major functions in the infected cell and during viral replication. First, Vpu is 

responsible for the ubiquitin-mediated degradation of the host CD4 receptor. This 

degradation prevents CD4 from binding to the viral Env protein freeing Env to locate to 

the host cell’s cellular membrane (Binette, et al., 2007). The second responsibility of Vpu 
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is in aiding virion release from the infected cell’s surface through targeted degradation of 

the host transmembrane protein bone marrow stromal cell antigen 2 (BST-2). BST-2 is a 

component in the host innate immune response, which tethers budding virions to the 

membrane of the infected host cell preventing the virion from releasing and spreading 

(Evans, Serra-Moreno, Singh, & Guatelli, 2010). In infected cells that lack Vpu, large 

numbers of virions are still attached to the surface of the infected cell, unable to release 

and spread (Klimkait, Strebel, Hoggan, Martin, & Orenstein, 1990). HIV-2 lacks Vpu and 

is replaced by Vpx (Strebel, 2013). 

1.2.2.6 Viral Infectivity Factor (Vif) 

 
Vif is essential for the replication of HIV in nonpermissive cells, including 

lymphocytes, macrophages, and some leukemic T-cells; however, Vif is not needed for 

viral replication in permissive cells, including the other leukemic T-cells and commonly 

used cell culture cell lines (Madani & Kabat, 2000). In nonpermissive cells, Vif targets a 

host intracellular immune protein, apolipoprotein B mRNA editing enzyme, catalytic 

polypeptide-like 3G (APOBEC3G) for ubiquitination and degradation, thus preventing it 

from incorporating into new HIV virions. Typically, upon viral infection of a new host 

cell, APOBEC3G prevents viral reverse transcription and replication (Rose, Marin, Kozak, 

& Kabat, 2004). Vif, Vpr, and Vpu or Vpx are produced by incomplete spliced viral mRNA 

by viral Rev and thus are only produced during the Rev-dependent late infection phase 

(Emery & Swanstrom, 2021). 
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1.3 Mechanisms of HIV-1 Infection 

 
The life cycle of HIV-1 can be broken down into seven distinct events, 1) binding 

and entry, 2) uncoating and reverse transcription, 3) nuclear entry, 4) integration, 5) 

transcription and replication, 6) assembly, and 7) budding (Figure 2). Through these events, 

HIV can introduce its genetic material into a host cell, integrate the viral DNA into the host 

genome, evade host immune response, replicate viral RNA and proteins, and lastly, 

package and release new HIV virions. 

1.3.1 Binding and Entry 

 
The first step in HIV infection is the binding of the HIV virion to the surface of the 

target cell and is accomplished by interactions between viral gp120 and the host cell CD4. 

On the surface of the HIV virion, viral envelope proteins are associated with one another 

to form a trimeric functional unit consisting of three gp120 proteins and three gp41 

proteins, which are inserted in the viral membrane. The trimeric gp120 unit binds to the 

host CD4 receptor and causes a conformational change allowing it to bind to its chemokine 

co-receptor, either CXCR4 or CCR5 (Zimmermann, et al., 2015). 

CCR5 is associated with mucosal and intravenous macrophage-tropic transmission of 

HIV, while CXCR4 is associated with T-cell-tropic late-stage infection transmission 

(Scarlatti, et al., 1997). The CD4 receptor and the co-receptors are found mainly in lipid 

rafts on the cell membrane of the target cell. These cholesterol or sphingolipid enriched 

microdomains provide a better site for viral fusion into the cell membrane than non-lipid 
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raft domains (Liao, Cimakasky, Hampton, Nguyen, & Hildreth, 2001). The binding of 

gp120 to CD4 and CCR5 or CXCR4 causes another conformational change to gp41 which 

results in gp41 projecting its fusions domains into the lipid bilayer of the target cell and 

joining together the virion and cell membrane, thus promoting viral fusion (Yang, 

Kiessling, Simmons, White, & Tamm, 2015). 

1.3.2 Uncoating and Reverse Transcription 

 
Once the HIV virion has fused with the cell membrane, uncoating occurs through 

multiple viral proteins; one of these is MA being phosphorylated by a mitogen-activated 

protein (MAP) kinase (Cartier, et al., 1999). Another viral protein involved in uncoating is 

Nef which associates with a proton pump, V-ATPase, causing a pH change aiding in viral 

infection (Lu, Yu, Liu, Brodsky, & Peterlin, 1998). In addition, cyclophilin A and Vif also 

play additional roles in viral uncoating and aiding early infection of HIV (Ohagen & 

Gaabuzda, 2000). 

After viral uncoating, the viral reverse transcription complex is released; this 

complex is made up of the diploid viral genomic RNA, lysine transfer RNA (tRNALys), 

reverse transcriptase, integrase, Vpr, MA, and NC (Lordanskiy & Bukrinsky, 2007). Once 

released, the reverse transcription complex docks with host cell actin microfilaments 

through the phosphorylated MA protein; this step is required for viral DNA synthesis 

(Spear, Guo, & Wu, 2012). Vif, through the ubiquitination and degradation of 

APOBEC3G, stabilizes the reverse transcription complex overcoming the host cell 

immune response (Wang, et al., 2012). 
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After the viral transcription complex has transcribed the viral genomic RNA into 

viral genomic DNA, reverse transcriptase assembles the pre-integration complex (PIC). 

The PIC is composed of reverse transcriptase, the double-stranded genomic cDNA, 

integrase, MA, and Vpr (Levy, et al., 2017). The PIC is formed, and it travels through a 

nuclear pore and to the cytoplasmic through the use of the host cell microtubules (Endsley, 

et al., 2015). 

1.3.3 Nuclear Entry 

 
After the PIC reaches the nuclear pore, the complex must be trafficked, through the 

pore, into the nucleus. The trafficking is done with the aid of many cellular nuclear 

transport proteins. The viral MA and IN proteins both contain multiple nuclear localization 

signals (NLSs), which interact with various host nuclear transport proteins which aid in the 

nuclear entry (Bukrinsky, et al., 1993) (Haffar, et al., 2000). Additionally, Vpr has many 

non-canonical karyophilic signals, which also recruit cellular nuclear transport portions. 

Vpr interacts with nucleoporins (Nups) directly to facilitate nuclear import (Fouchier, et 

al., 1998). Another important factor in the import of the PIC is through the triple-stranded 

DNA flap generated by the reverse transcription of the viral genome. This triple-stranded 

flap can bind to a host protein which acts as a nuclear transport through a nuclear targeting 

signal (Zennou, et al., 2000). Through the use of NLSs and host nuclear localization 

signals, HIV-1 can undergo nuclear entry in non-dividing cells, which is unique to HIV-1 

as most other retroviruses cannot infect non-diving cells (Fouchier, Meyer, Simon, Fischer, 

& Malim, 1997). 
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1.3.4 Integration 

 
Once the PIC enters the host cell’s nucleus, the first steps of integration can take place. The 

process of integration results in the insertions of the HIV genome into the host cell’s 

genome producing a functional provirus. The first two integration steps occur while the 

PIC is still in the cytoplasm of the host cell. First, the viral integrase forms a dimer binding 

to the LTR regions of the HIV-1 cDNA. Then, the integrase cleaves a guanine-thymine 

dinucleotide from each 3’ end of the cDNA creating a 5’ overhang (Delelis, Carayon, Saib, 

Deprez, & Mouscadet, 2008). 

Once inside the nucleus, host protein lens epithelium-derived growth factor 

(LEDGF)/p75 acts as a bridge between the PIC and the host DNA, causing the dimers at 

the ends of the viral cDNA to come together, forming a tetramer (Cherepanov, et al., 2003). 

The site of viral integration favors a weakly conserved palindrome within the host genome. 

At this site, viral integrase catalyzes a hydroxyl group attack on the host DNA resulting in 

opposite strand breaks in a staggered fashion. Once the host DNA is broken, integrase joins 

the viral cDNA 3’ end to the host DNA 5’ break resulting in the viral cDNA being inserted 

into the host genome (Serrao, Ballandras-Colas, Cherepanov, Maertens, & Engelman, 

2015). Lastly, the host DNA repair mechanism repairs the two base pair gaps at each 

integration site resulting in a fully integrated viral genome (Yoder & Bushman, 2000). 
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Figure 2 Schematic of HIV-1 Life Cycle 

Schematic of HIV-1 life cycle showing the 7 stages of infection and viral 

replication, beginning with fusion of the viral virion and ending in new virion 

release (NIAID, 2018). 
 

1.3.5 Transcription and Replication 

 
After integration, the provirus can become either latent or transcriptionally active. 

The latent stage of a provirus accounts for the inability of antivirals to eradicate HIV from 

an infected person (Dahabieh, Battivelli, & Verdin, 2015). While many factors have a role 

in determining whether a provirus is latent or active, one crucial factor is the location of 
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viral integration, specifically whether the viral genome was integrated into a repressed or 

active portion of the host chromatin (Mok & Lever, 2007). Another factor in dictating latent 

or active infection is the host cell repressing of Tat. Reducing the availability of Tat to bind 

to the enhancer regions in the HIV LTR results in the polymerase failing to elongate along 

the viral genome, thus creating short RNA transcripts. (Mbonye & Karn, 2014). Lastly, 

the binding of host transcription factors to promoter elements contained in the LTR regions 

of the HIV genome aid in the binding and assembly of RNA polymerase II (RNAPII) and 

other proteins of the transcription complex (TC) to promote active transcription of the virus 

(Taube, Fujinaga, Wimmer, Barboric, & Pererlin, 1999). Some of the host proteins that 

make up the TC and that are important for viral transcription are TATA-box-binding 

proteins (TBP) and the cellular cofactor positive transcription elongation factor b (P- 

TEFb), which directly interacts with viral Tat (Raha, Cheng, & Green, 2005). Upstream of 

these promoter elements are areas of transcriptional enhancer-binding. A few of these 

transcriptional enhancer proteins that HIV-1 uses are nuclear factor κB (NF- κB), nuclear 

factor of activated T cells (NFAT), and Ets family members. The binding of these proteins 

increases the rate of initiation and elongation of viral transcription (Tong-Starksen, Welsh, 

& Peterlin, 1990). 

RNA transcription from the viral genome produces more than a dozen different 

HIV-specific transcripts. Some transcripts are multi-spliced, processed, and rapidly 

transported to the cytoplasm, including Nef, tat, and Rev (Saltarelli, et al., 1996). Other 

transcripts are single-spliced or un-spliced. These singe-spliced or un-spliced transcripts 
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encode structural or accessory proteins and are stable for longer. These single and un- 

spliced transcripts are also not processed as rapidly as the multi-spliced transcripts (Caputi, 

2011). Incomplete splicing of transcripts from Rev binding to the RRE of the un-spliced 

transcripts results in the incomplete spliced transcripts being transported to the cytoplasm 

and account for late-phase HIV protein expression (Emery & Swanstorm, 2021). The 

transport from the cytoplasm from the nucleus depends on the viral Rev protein binding to 

the RRE of the transcripts. Rev contains an NES that interreacts with cellular export protein 

exportin-1 (chromosomal maintenance 1) (CRM1), facilitation nuclear export (Stade, Ford, 

Guthrie, & Weis, 1997). 

Once viral transcripts are produced and transported to the cell’s cytosol, viral 

replication can occur. However, HIV-1 also modifies the cellular environment to optimize 

viral replication and evade the host immune system. Nef is important in evasion of the 

immune system through its downregulation of CD4, reduction of CD4 T-cell activation, 

and through the decreased expression of MHC I resulting in decreased recognition and 

clearance by CD8 cytotoxic T-cells (Lundquist, Tobiume, Zhou, Unutmaz, & Aiken, 2002) 

(Dirk, et al., 2016). Nef further evades the immune system by its upregulation of Fas ligand 

(FasL), which causes apoptosis in nearby cells that express Fas, mainly cytotoxic T-cells 

in the area (Muthumani, et al., 2005). Nef also plays a role in modifying the cellular 

environment through its effects on the phosphatidylinositol-3-kinase (PI3-K) signaling 

cascade, activation of p21-activated kinase (PAK), and ultimately resulting in increased 

HIV-1 replication (Linnemann, Zheng, Mandic, & Peterlin, 2002). Lastly, Nef inhibits 
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apoptosis by binding and inhibiting the apoptosis signal-regulating kinase1 (ASK-1), an 

apoptosis intermediate. It also stimulates phosphorylation of Bcl2 associated agonist of cell 

death (BAD), causing it to be sequestered by 14-3-3 proteins (Saxena, Shrivastava, Tiwari, 

& Pn Nair, 2012). Nef also inhibits apoptosis through binding and inhibiting the tumor 

suppressor protein p53 (Ali, et al., 2020). 

In addition to Nef, gp120 and Vpu also aid in the evasion of the host immune 

system. Gp120 binds CD4 in the ER delaying the export of CD4 to the cell membrane 

(Crise, Buonocore, & Rose, 1990). Vpu binds to CD4 recruiting transducing repeats- 

containing protein (TrCP) and S-phase kinase-associated protein 1 (Skp1p), resulting in 

ubiquitination and degradation (Meusser & Sommer, 2004). This reduction of CD4 results 

in decreased CD4 T-cells and the loss of the cell-mediated immune response (Fevrier, 

Dorgham, & Rebollo, 2011). 

Another modification of the cellular environment is the Vpr-induced arrest in the G2 

phase resulting in cell cycle arrest (Zhang & Bieniasz, 2020). Cell cycle arrest in the G2 

phase is vital for viral replication since the viral LTR is more active during G2, resulting 

in increased viral gene expression (Goh, et al., 1998). HIV-1’s evasion of the host immune 

system, inhibition of apoptosis, and cell cycle arrest resulting in longer life of infected cells, 

prolonged viral replication, and increased viral production (van Opijnen, de Ronde, 

Boerlijst, & Berkhout, 2007). 



23  

1.3.6 Assembly 

 
After viral replication has started, the newly made proteins and copies of the viral RNA 

genome assemble at the cell membrane. Each new virion consists of around 1500 

molecules of Gag, 100 of Gag-pol, two copies of the viral RNA genome, and several Vpr 

proteins (Sundquist & Krausslich, HIV-1 Assembly, Budding, and Maturation, 2012). The 

viral capsid is formed with the viral proteins Env, Gag, Gag-pol, and Nef, along with a 

cellular host ATP-binding protein, HP68, which acts as a chaperone and facilitates 

conformation changes in Gag that are required for capsid assembly (Zimmerman, et al., 

2002). Vif inclusion into the assembling virion is essential for infection of new 

nonpermissive cells, and virions that lack Vif are noninfectious (Lake, et al., 2003). 

1.3.7 Budding 

 
Newly assembling virions are preferentially located in the cholesterol-enriched 

lipid raft microdomains of the cellular membrane through Gag’s association with these 

domains (Hogue, Grover, Soheilian, Nagashima, & Ono, 2011). The association with these 

lipid rafts results in virions that have cholesterol-rich membranes aiding in the stability of 

the virion and fusion of the virion to new host cells (Campbell, Crowe, & Mak, 2001). The 

budding and release of the new virions are dependent on the viral Gag protein. Gag is 

ubiquitinated then bound by the host protein tumor suppressor gene 101 (TSG101) 

(Pornillos, et al., 2003). TSG101 then associates with other cellular proteins to form the 

endosomal sorting complexes required for the transport-1 complex (ESCRT-1). Once the 

ESCRT-1 complex is formed, it results in the pinching-off of the cellular membrane and 



24  

releasing the newly formed HIV-1 virion (Morita, et al., 2001). The new virion is free to 

travel and infect a new cell restarting the infectious life cycle. 
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CHAPTER 2 

 
HIV-1 NEUROPATHOGENESIS 

 
2.1 HIV-1 and Neuropathogenesis 

 
HIV-1 is associated with many manifestations of diseases other than acquired 

immunodeficiency syndrome (AIDS) and the opportunistic infections that follow. Some of 

these other diseases affect the nervous system. While HIV cannot infect many brain cells, 

namely neurons, HIV does infect many of the brain’s immune cells, including 

macrophages, microglial cells, and astrocytes (Churchhill & Nath, 2013). Latent infections 

of immune cells in the brain have been associated with viral reservoirs and contribute to 

the difficulty of eradicating the HIV infection in patients (Wallet, et al., 2019). The infected 

cells do, however, cause indirect effects on the noninfected cells in the brain; these effects 

can be caused by dysregulation of cytokines and chemokines, free-radicals secreted 

neurotoxic factors, and shed viral proteins from infected cells (Kaul, Zheng, Okamoto, 

Gendelman, & Lipton, 2005) (Desplats, et al., 2013). 

Neurologic diseases are some of the first manifestations of HIV infections in about 

10-20% of patients, and around 60% of HIV-infected people will experience some 

neurologic dysfunction throughout their illness (Spudich, 2013). These neurologic 

dysfunctions can be grouped into different classifications depending on the cell type and 

location that the dysfunction occurs. These classifications are neuromuscular disorders, 

spinal cord disorders, and HIV-associated neurocognitive disorders (HAND). 
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2.1.1 Neuromuscular Disorders 

 
The peripheral nervous system can be affected by a wide range of disorders 

associated with HIV infections. These disorders can lead to pain, sensory impairments, and 

muscle weakness and may result from HIV-1 directly or opportunistic infections due to 

AIDS. 

2.1.1.1 Distal Symmetric Polyneuropathy 

 
The most common neuromuscular neuropathy is distal symmetric polyneuropathy 

(DSP). DSP is associated with numbness, tingling, weakness starting in the toes, and pain 

or hypersensitivity (Callaghan, Price, & Feldman, 2020). DSP results from indirect effects 

of HIV-infected cells through cytokine production of immune cells that become 

neurotoxic. The main cytokine linked to DSP is TNFα, but other pro-inflammatory 

cytokines are also involved (Schutz & Robinson-Papp, 2013). 

2.1.1.2 Mononeuropathy Multiplex 

 
Mononeuropathy multiplex is rare in HIV-1 infected individuals but is usually seen 

in symptomatic and AIDS patients. There appear to be two different manifestations of 

mononeuropathy multiplex. The first only involves one or two nerves and is thought to 

result from autoimmune dysregulation caused by HIV. The second involves more nerves 

and is seen in only highly immunocompromised patients and is thought to be caused by a 

cytomegalovirus (CMV) opportunistic infection (Robinson-Papp & Simpson, 2009) (Said, 

et al., 1991). Mononeuropathy multiplex is associated with asymmetric sensory and motor 
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defects, diminished deep tendon reflexes, and paresis usually associated with the face or 

neck (Nations, Katz, & Barohn, 2003). 

2.1.1.3 Inflammatory Demyelinating Polyneuropathies 

 
HIV-associated inflammatory demyelinating polyneuropathies are divided into two 

different diseases depending on the speed of progression. The first is quickly manifested 

and called acute inflammatory demyelinating polyneuropathy, also known as Guillain- 

Barre syndrome (GBS). The other manifests later and is labeled chronic inflammatory 

demyelinating polyneuropathy (CIDP) (Brew, 1993). GBS and CIDP are associated with 

symmetric upper and lower extremity weakness and absence of deep tendon reflexes 

(Sajan, et al., 2019). The exact cause of these neuropathies is unknown; however, it is 

believed to be caused by an autoimmune attack on nerves resulting in inflammation and 

demyelination (Shepherd, Black, Thomson, & Gunson, 2017). Another possible 

contributor to GBS is mitochondrial toxicity resulting in lactic acidosis and sequential 

inflammation, and demyelination. Mitochondrial toxicity may result from the HIV-1 

infection or anti-viral nucleoside analogs used in HIV treatment (Girgin, 2014) (Schank, 

Zhao, Moorman, & Yao, 2021). 

2.1.2 Spinal Cord Disorders 

 
While spinal cord disorders associated with HIV are less common than peripheral 

nervous system disorders, many HIV patients report experiencing some minor 

dysfunctions associated with spinal cord disorders (Di Rocco, 1999). Many spinal cord 



28  

disorders result in defects in balance and gait, urinary hesitancy, and symmetric leg 

weakness or sensory loss (Levin & Lyons, 2018). 

2.1.2.1 Subacute Myelopathies 

 
The most common HIV-associated spinal cord disorder is vacuolar myelopathy 

(VM) and has been identified postmortem in around 55% of patients who died from AIDS 

(Dal Pan, Glass, & McArthur, 1994). Although HIV infection within the spinal cord is not 

seen, VM is most likely the result of macrophage secretion of neurotoxic pro-inflammatory 

cytokines, especially TNFα (Tyor, et al., 1993). VM can cause paresthesia or numbness in 

limbs and reflex dysfunction in brisk tendons, and depressed reflexes. A patient will often 

present both reflex dysfunctions in different parts of a single limb (Wuliji, Mandell, Lunt, 

& Merando, 2019). 

2.1.3 HIV-1 Associated Neurocognitive Disorder 

 
The most common neurologic disease associated with HIV infection is HIV- 

associated neurocognitive disorder (HAND) (Deeks S. G., 2011). HAND has been 

classified into three categories depending on severity, asymptomatic neurocognitive 

impairment (ANI), mild neurocognitive disorder (MND), and HIV-associated dementia 

(HAD) (Valcour, Paul, Chiao, Wendelken, & Miller, 2011). The diagnosis and the severity 

of HAND depends on a series of neurocognitive performance tests in seven different 

cognitive areas. The tests measure any cognitive deficiencies in the following areas: verbal, 

speed of information processing, learning, recalling information, attention and working 
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memory, executive function, and motor speed (Woods, Moore, Weber, & Grant, 2009). 

Depending on the results of the neurocognitive test, the severity can be diagnosed. ANI 

and MND are marked by impairment in at least two testing areas; however, MND includes 

interference with a patient’s daily functions. HAD is marked by impairments in more than 

three testing areas and significantly impacts a patient’s daily functions (Valcour, 

Sithinamsuwan, Letendre, & Ances, 2011). 

Following the introduction of combination antiretroviral therapy (cART), there has 

been a decrease in the incidence of HAD; however, the prevalence of MND and ANI has 

increased (Gannon, Khan, & Kolson, 2011) (Rambaugh & Tyor, 2015). Currently, in the 

cART era, it is estimated that around 50% of individuals infected by HIV-1 have some 

degree of HAND (Rambaugh & Tyor, 2015). Of the affected neurocognitive performance 

tasks, it appears that working memory, learning, and executive function are the most 

impacted by HAND in the cART era (Fellows, Byrd, & Morgello, 2014) (Heaton, et al., 

2011). 

The exact causation of HAND has not been identified, although many factors have 

been hypothesized to contribute to the progression of HAND. One factor could be the 

effects of cytokines and chemokines produced by the body in response to being infected 

with HIV (Yuan, et al., 2015). Another factor could be the release of viral proteins shed 

from other infected cells. It has been shown that HIV-1 viral proteins are found in the CSF 

even after cART (Siliciano & Siliciano, 2010). These shed viral proteins in the CSF and 

brain have been linked to neurocognitive impairments (Desplats, et al., 2013). 
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Initial entry of HIV into the brain is thought to be caused either by HIV-1 infected 

macrophages crossing the blood-brain barrier (BBB) and then spreading the virus within 

the central nervous system (CNS), or HIV infection altering the BBB resulting in increased 

permeability of the barrier, allowing viruses and infected cells to enter the CNS, or a 

combination of both entry methods (Gartner S. , 2000) (Petito & Cash, 1992). However, 

entry occurs, HIV infiltration to the CNS happens quickly after infection, and HIV proteins 

have been found in cerebrospinal fluid (CSF) in as little as several weeks after initial 

infection (Ho, et al., 1985). 

2.2 HIV-1 gp120 Involvement in HAND 

 
The viral protein gp120 is a potent neurotoxin. While some neuronal cell 

populations are resistant to gp120 neurotoxicity, other populations are highly susceptible 

(Buzy, et al., 1992). Dopaminergic neurons, an important neuronal population of the 

hippocampus and essential in memory consolidation, are highly susceptible to the 

neurotoxic effect of gp120 (Bennett, Rusyniak, & Hollingsworth, 1995) (Titulaer, et al., 

2021) . Some of the neurotoxic effects of gp120 appear to be through indirect actions from 

microglia and astrocytes; however, gp120 directly affects neurons as well (Kaul & Lipton, 

1999) (Smith L. K., et al., 2021). 

2.2.1 HIV-1 Indirect Effects on Neurons 

 
HIV-1 infection can indirectly affect neurons through disruptions in cell crosstalk, 

cytokines, chemokines, and released metabolites (Kanmorgne, Kennedy, & Grammas, 
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2002) (Figure 3). These indirect effects are caused by the infection of microglia and 

monocytes within the brain and through infected astrocytes (Kaul, Garden, & Lipton, 

2001). Many of the indirect neurotoxic factors released by infected immune cells in the 

CNS have also been shown to be released when immune cells are stimulated by gp120 

alone as well (Viviani, et al., 2006) (Holguin, et al., 2004). 

2.2.1.1 Macrophages and Microglia 

 
HIV-1 infected macrophages and microglia are the primary cells infected with HIV 

in the CNS and are the principal entry route of HIV to the brain. (Lipton & Gendelman, 

1995) (Gartner S. , 2000). Infected macrophages and microglia are the primary source of 

neurotoxic cytokines and shed viral protein, gp120, which induces further neurotoxicity 

(Yadav & Collman, 2009). 

Macrophages and microglia infected with HIV can damage neurons by releasing 

arachidonic acid that acts on two different calcium channels. The first is operated by the 

N-methyl-d-aspartate (NMDA) receptor, and the second is a voltage-dependent channel. 

Infected macrophages and microglia release arachidonic acid, which can activate NMDA 

receptors on nearby neurons resulting in overstimulation of the NMDA receptor 

(Samikkannu, et al., 2011). The overstimulation of NMDA receptors causes an increased 

level of calcium ions within the neuron which in turn causes the neuron to release glutamate 

through the voltage-dependent channel. This released glutamate then overexcites 

neighboring neurons through NMDA receptors, and the cycle repeats, increasing calcium 

levels in adjacent neurons (Zhou, Liu, & Xiong, 2017). The excessive increase in calcium 
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ions can generate free radicals and increase reactive oxygen species (ROS), resulting in 

damage to the neuron (Ru & Tang, 2017). 

Arachidonic acid production in macrophages is produced through phospholipase 

A2 (PLA2). Along with arachidonic acid effects on neuronal NMDA receptors, arachidonic 

acid can also incite neurotoxicity by inhibiting astrocytes’ glutamate uptake (Barbour, 

Szatkowski, Ingledew, & Attwell, 1989). Gp120 has been shown to induce PLA2 activity 

in both human and macaque cells (Mavoungou, et al., 1997). The increase in glutamate 

resulting from inhibited uptake by astrocytes can induce NMDA-receptor-mediated 

cytotoxicity in neurons and contributes to gp120-associated neurotoxicity (Kritis, 

Stamoula, Paniskaki, & Vavilis, 2015). 

Another NMDA agonist which can increase the calcium influx into neurons is 

cysteine (Janaky, Varga, Hermann, Saransaari, & Oja, 2000). Cysteine secretion by 

macrophages in the presence of gp120 is enhanced. This increased secretion of cysteine 

from macrophages can contribute to the excitotoxicity of the NMDA receptors and add to 

the increased influx of calcium ions into the neuron resulting in increased ROS and 

neuronal damage (Bukrinsky, et al., 1995) (Qusti, Parsons, Waring, & Ramsden, 2011). 
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Figure 3 Indirect Pathways of gp120 Neurotoxicity 

Schematic showing multiple indirect pathways where gp120 can induce neurotoxicity 

involving macrophages and astrocytes (Kaul, Garden, & Lipton, 2001). 
 

In addition to NMDA-associated neurotoxicity, gp120 can also induce 

neurotoxicity through inflammatory cytokines produced by macrophages and microglia 

(Moss, et al., 2015). Gp120-induced production of cytokines such as interleukin (IL)-1β, 

IL-6, and TNF-α have been shown to stimulate astrocytosis and result in the release of 

nitric oxide (NO) (Walsh, et al., 2004). NO can react with superoxides to form 

peroxynitrite, a neurotoxin, resulting in neuronal dysfunction (Pacher, Beckman, & 

Liaudet, 2007). In addition to NO released through cytokine-driven astrocytosis, NO 

production and release from macrophages also occur, adding to the neurotoxicity caused 

by macrophages and gp120 (Mansur, Chu, Karnik, & Frieri, 2000). The release of 
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inflammatory cytokines from macrophages can occur in both macrophages that are infected 

with HIV-1 or in uninfected macrophages whose CD4 or chemokine receptors CCR5 and 

CXCR4 bind to shed gp120 from other infected cells (Kaul & Lipton, 1999) (Yang, Akhter, 

Chaudhuri, & Kanmogne, 2009). 

2.2.1.2 Astrocytes 

 
Astrocytes, an important support cell within the brain, functions range aiding in 

neurogenesis, controlling the permeability of the BBB, and maintaining extracellular 

homeostasis (Siracusa, Fusco, & Cuzzocrea, 2019). There has been evidence that 

astrocytes, while not traditionally infected with HIV-1, can be infected through cell-to-cell 

mediated budding of immature HIV virions from lymphocytes and binding to CXCR4, thus 

undergoing membrane fusion even in the absence of CD4 (Li, Henderson, & Nath, 2016). 

Astrocytes infected by HIV in this manner are nonproductive through restricted infection 

and do not produce complete virions. However, these infected astrocytes can still produce 

many early multiple-spliced HIV proteins, including gp120 (Gray, et al., 2014). 

Astrocytes can be affected by gp120 directly through HIV infection and subsequent 

production of gp120 or indirectly through cytokines produced by macrophages that have 

been either infected or activated through gp120. Dysfunctions in astrocytes caused by 

gp120 can result in numerous breakdowns in regular activity resulting in neurotoxicity 

(Ton & Xiong, 2013). 
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Macrophage-released arachidonic acid and TNF-α can lead to inhibited glutamate 

uptake resulting in disruption of normal glutamate hemostasis and increased calcium 

uptake by neurons (Melendez, Roman, Capo-Velez, & Lasalde-Dominicci, 2016). Further 

reduction of glutamate uptake can result from the gp120 stimulation of a Na+/H+ exchange 

pump, allowing Na+ to enter the cell and hydrogen ions to leave. The decreased sodium 

gradient then results in an inhibition of sodium-dependent glutamate uptake (Patton, Zhou, 

Benveniste, & Benos, 2000). 

Astrocytes can also contribute to indirect gp120 neurotoxicity through the induction 

of the inducible NO synthase (iNOS) pathway upon becoming activated through cytokines 

or gp120 (Walsh, et al., 2004). The increase in iNOS results in increased NO production 

and release, where NO can then react with superoxide and form neurotoxic peroxynitrite 

(Stewart, Sharpe, Clark, & Heales, 2000). 

In addition to the neurotoxic effects macrophages and astrocytes produce in 

association with gp120, both infected cells can shed gp120, directly affecting neurons and 

resulting in more neurotoxicity (Kaul & Lipton, 1999) (Kanmorgne, Kennedy, & 

Grammas, 2002). 

2.2.2. HIV-1 Direct Effects on Neurons 

 
While gp120 can affect neurons through the interaction with other cells, gp120 can 

also affect neurons directly through interacting with receptors on neurons or through 

pinocytosis, thus disrupting intercellular processes (Berth, Hugo Caicedo, Sarma, Morfini, 
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& Brady, 2015) (Smith L. K., et al., 2021). Gp120 has been shown to be shed from infected 

cells and has been found in the CSF of HIV patients (Alfahad & Nath, 2013) (Buzy, et al., 

1992). This shed gp120 can directly affect neurons and contribute to neuronal dysfunction 

and neuron apoptosis (Hesselgesser, et al., 1998) (Kaul & Lipton, 1999). 

HIV-1 gp120, in itself, has been shown to exhibit direct neurotoxicity in the 

picomolar range (Kaul, Ma, Medders, Desai, & Lipton, 2007). It has been shown that both 

chemokine receptors CCR5 and CXCR4 are expressed on the surface of neurons (van der 

Meer, 2000). The binding of gp120 to chemokine receptors CXCR4 and CCR5 on the 

surface of neurons produces both an inflammatory response and initiates cellular apoptosis 

(Kaul, Ma, Medders, Desai, & Lipton, 2007). It has also been shown that gp120 binding to 

CXCR4 and CCR5 has resulted in cell death using a human neuroblastoma cell line 

(Catani, et al., 2002). The binding of gp120 to the cytokine receptors has been shown to 

contribute to the increase in cytosolic calcium contributing to the increase of ROS and 

oxidative stress (Zheng, et al., 1999) (Gorlach, Bertram, Hudecova, & Krizanova, 2015). 

Apoptosis associated with gp120 has been partially prevented by using chemokine 

antagonists in both in vitro and in vivo (Bachis, Aden, Nosheny, Andrews, & Mocchetti, 

2006) (Mocchetti, et al., 2014). 

In addition to the influx of calcium from the binding of gp120 to CXCR4 and 

CCR5, it has also been reported that gp120 can lead to an increase in the activity of p38 

mitogen-activated protein kinase (MAPK) (Lazarini, et al., 2000). Increased MAPK 

singling can result in many signaling pathways that are activated, including the 
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extracellular receptor kinase (Erk) through MAPK mediated phosphorylation (Medders, 

Sejbuk, Maung, Desai, & Kaul, 2010) (Khan, et al., 2004). Activation of Erk through 

phosphorylation can result in cytokine release, increased inflammation, cytotoxicity, 

activation of other kinases, and apoptosis (Medders & Kaul, 2011). The activation of p38 

MAPK can lead to activation of other signaling pathways resulting in changes in small 

GTPases, matrix metalloproteinases (MMPs,) and activation of STATS, which can result 

in changes in the cytoskeleton, cellular metabolism, cell cycle, apoptosis, and growth 

factors (Zhang, et al., 2020) (Misse, et al., 2001) (Lucera, et al., 2017) (Nicolas, et al., 

2013). It has been shown, in vitro, that inhibition of p38 MAPK can protect from 

neurotoxicity (Singh, et al., 2020). 

Another signaling pathway activated by gp120 interaction with CXCR4 and CCR5 

is the protein tyrosine kinase 2 (Pyk2) (Davis, et al., 1997). Increased activation of the Pyk2 

pathway has been shown to increase cytokine production and release through gp120 CCR5- 

and CXCR4-dependent signaling (Del Corno, et al., 2001). It has also been shown that 

activation of Pyk2 can result in Pyk2 phosphorylating the mitochondrial calcium uniporter 

(MCU), which results in increased calcium uptake by the mitochondria and mitochondrial 

dysfunction. This pathway of Pyk2 phosphorylating MCU, however, was only shown in a 

rat ischemic stroke model and did not involve gp120 or HIV (Zhang, et al., 2018). 

However, it has been shown that there is an increase in mitochondrial calcium in vitro in 

SHSY-5Y cells exposed to gp120 (Shrestha, 2016). 
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Other than CCR5 and CXCR4, gp120 has been shown to interact directly with the 

glycine-binding site of the NMDA receptor (Fontana, Valenti, & Raiteri, 1997). The direct 

interaction of gp120 on NMDA results in an increased influx of calcium into the neurons, 

causing a release of glutamate followed by further calcium influx through the released 

glutamate binding to NMDA (Lo, Fallert, Piser, & Thayer, 1992). In addition to stimulating 

calcium influx through NMDA interaction, gp120 has also been shown to cause more 

NMDA receptors to be trafficked to the cellular membrane and for the NMDA receptors 

to cluster in lipid rafts preventing the internalization of the receptor (Xu, et al., 2011). This 

trafficking and localization of NMDA receptors increase the sensitivity of the cell to 

NMDA-associated neurotoxicity (Muller, et al., 1996) (Smith, Kuhn, Chen, & Bamburg, 

2018). Using NMDA antagonists in the presence of gp120 has been shown to prevent 

calcium influx and provide some protection from gp120-induced neurotoxicity in ganglion 

cells from rat retinal cultures (Lipton, Sucher, Kaiser, & Dreyer, 1991). In human 

neuroblastoma cells, the use of NMDA receptor antagonists has been shown to prevent cell 

death caused by gp120 (Corasaniti, et al., 1995). 

Besides intracellular calcium influx being increased by gp120, gp120 has also been 

shown to facilitate the release of calcium storage by the endoplasmic reticulum (ER) 

through the inositol-1,4,5-trisphosphate (IP3) receptor (IP3R) (Sztukowski, et al., 2018). 

This release of the calcium from internal stores increases the cytosolic calcium contributing 

to the overload of calcium caused by gp120. 



39  

Besides binding to receptors outside of neurons, gp120 can also be internalized into 

the cell either through receptor-mediated endocytosis or through a cholesterol-dependent 

internalization through lipid rafts (Berth, Hugo Caicedo, Sarma, Morfini, & Brady, 2015) 

(Wenzel, 2019). Intercellular gp120 has been shown to bind to tubulin-β3 (TUBB3), 

altering the function of microtubules (MTs) and thus altering the transport of organelles 

and vesicles down the axons of neurons (Mocchetti, et al., 2014). Another result of 

internalized gp120 is the initiation of apoptosis which has been identified through the 

presence of cleaved caspase-3 and biotinylated uracil triphosphate (UTP) nick end labeling 

seen in hippocampus neurons from rats that were injected with gp120 (Bachis, Aden, 

Nosheny, Andrews, & Mocchetti, 2006). Along with apoptosis, internalized gp120 has also 

been shown to activate the autophagy pathway in HIV encephalitis (HIVE) patients (Fields, 

et al., 2013). Whether or not each step of autophagy is correctly functioning is still 

unknown. 

2.2.3 Calcium and gp120 

 
The influx of calcium into cells due to gp120, and other viruses, has been shown to 

affect many different signaling pathways resulting in a wide range of cellular dysfunctions 

(Chami, Oules, & Paterlini-Brechot, 2006). The deregulation in intercellular calcium 

homeostasis by gp120 in neurons has been shown to lead to neuronal dysfunction and 

cellular apoptosis (Meucci & Miller, 1996). The oversaturation of intercellular calcium in 

neurons can result in ROS production, oxidative stress, mitochondrial dysfunction, and 

apoptosis (Haughey & Mattson, 2002). 
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The increase of cytosolic calcium and the subsequent increase of mitochondrial 

calcium, caused by gp120, has been shown to increase caspase-3 activity causing caspase- 

dependent apoptosis independent of p38 MAPK signaling (Singh, et al., 2009) (Biard- 

Piechaczyk, et al., 2000). In addition to apoptosis, mitochondrial calcium overload has been 

linked to many other mitochondrial dysfunctions, including an increase in ROS production, 

respiratory inhibition, and loss of the ability for the mitochondria to detoxify peroxides 

(Starkov, Chinopoilos, & Fiskum, 2004). Increased mitochondrial ROS, due to increased 

calcium, has also been reported to result in changes to morphology and mitochondrial 

function, and it was shown that inhibition of the MCU prevented changes in mitochondrial 

shape (Ahmad, et al., 2013). 

One of the significant consequences of increased cytosolic and mitochondrial 

calcium is the production of ROS and oxidative stress. In the mitochondria, the increase of 

calcium has been shown to increase the production of superoxides that act as precursors to 

create hydrogen peroxide (Starkov, Polster, & Fiskum, 2002). ROS can also result from 

increased cytosolic calcium by creating superoxides through a member of the nicotinamide 

adenine dinucleotide phosphate (NADP) and a Hydrogen (H) (NADPH) oxidase (NOX), 

NOX5. NOX5 is activated through increased cytosolic calcium levels, and once active, 

converts oxygen into superoxides through the transfer of electrons from NADPH, 

converting NADPH to NADP (Panday, Sahoo, Osorio, & Batra, 2015). It has been 

demonstrated that gp120 can activate NOX function and increase superoxide production 

leading to apoptosis induction and oxidative stress (Smith L. K., et al., 2021) (Shah, Kumar, 
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Simon, Singh, & Kumar, 2013). The activation of NOX is dependent on the increase of 

cytosolic calcium, which in turn activates the calmodulin (CaM) pathway, and this pathway 

directly activates NOX creating the increase in ROS production (Sakurada, et al., 2019). 

A result of increased ROS through NOX and mitochondrial dysfunction is the 

accumulation and increased signaling of hypoxia-inducible factor 1-alpha (HIF-1α). It has 

been shown that through a signaling cascade, which ROS generated by NOX induces, HIF- 

1α synthesis is increased while the degradation of HIF-1α is decreased, resulting in the 

accumulation of HIF-1α (Yuan, Nanduri, Khan, Semenza, & Prabhakar, 2008). In addition 

to the ROS-associated increase of HIF-1α, both TNF-α and MAPK can also induce HIF- 

1α accumulation (Tomita, et al., 2007) (Cai, Murakami, Si, & Robertson, 2007). There is 

some evidence that HIF-1α can be a neuroprotectant; however, in cases where cells have 

high cytosolic calcium and increased HIF-1α, then HIF-1α promotes apoptotic 

neurodegeneration (Merelli, et al., 2018) (Yuan, Nanduri, Bhasker, Semenza, & Prabhakar, 

2005). 

2.2.4 HIF-1α 

 
It has been shown that many viruses, including HIV, exploit the HIF-1α signaling 

pathway to help modify the cellular environment to promote viral replication and assist in 

evading the host immune response (Vassilaki & Frakolaki, 2016) (Reyes, et al., 2020). In 

the context of HIV, it has been shown that both oxidative stresses produced by the virus 

and mitochondrial ROS have led to the increase and accumulation of HIF-1α (Deshmane, 

et al., 2009) (Duette, et al., 2018). In addition, it has also been shown that HIV infection in 
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CD4 T-cells results in HIF-1α-associated increased expression of glucose transporter 1 

(Glut1) (Loisel-Meyer, et al., 2021). Increased HIF-1α and HIF-1α-mediated transcription 

can result in many changes to normal cellular function, including metabolism, apoptosis, 

cell proliferation, pH regulation, angiogenesis, and erythropoiesis (Reyes, et al., 2021). 
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CHAPTER 3 

METABOLIC REPROGRAMMING 

3.1 Metabolic Reprogramming 

 
Metabolic reprogramming has been a significant area of study in cancer and has 

been listed as a hallmark of cancer (Angel Medina, 2020). Dr. Otto Warburg documented 

the first instances of metabolic reprogramming, wherein cancer cells he saw an increase in 

the metabolism of glucose through glycolysis and a subsequent increase in lactic acid even 

in the presence of oxygen along with an associated decrease in mitochondrial oxidative 

phosphorylation (OXPHOS) (Warburg, Posener, & Negelein, 1924). The term for this 

phenomenon is the Warburg effect and is defined as an increase in glucose uptake and 

increase in lactate production even in the presence of oxygen (Locasale & Liberti, 2016). 

The production of lactate normally occurs in the absence of oxygen and is called anaerobic 

glycolysis. A key role for the Warburg effect is to provide the rapidly proliferating cancer 

cells with enough “building blocks” to fuel cellular division. These building blocks, also 

known as biomass (Nucleotides, amino acids, and lipids) are essential for creating new 

cells and are generated in greater amounts partly through the Warburg effect (Vander 

Heiden, Canrley, & Thompson, 2009). Since the documentation of the Warburg effect, it 

has been found that the Warburg effect is just a part of a larger phenomenon referred to as 

metabolic reprogramming (Vaupel, Schmidberger, & Mayer, 2019). In addition to cancer 

cells, viruses also depend on biomass to fuel viral replication and production of new virions 
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and are also dependent on metabolic reprogramming to produce these products (Goodwin, 

Xu, & Munger, 2015). 

Metabolic reprogramming is an essential part of both cancer and viral infections, 

not only to provide energy but also to provide the materials for the large-scale biosynthesis 

for rapid replication and survival (Schiliro & Firestein, 2021) (Polcicova, Badurova, & 

Tomaskova, 2020). Changes in cellular metabolism that contribute to metabolic 

reprogramming can be classified into six main hallmarks of metabolic reprogramming, 1) 

increased glycolysis and lactic acid, 2) increased glutaminolysis, 3) increased pentose 

phosphate pathway (PPP), 4) mitochondrial changes, 5) increased lipid metabolism, 6) 

changes in amino acid metabolism, and 7) changes in other biosynthetic and bioenergetic 

pathways (Figure 4). 
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Figure 4 Hallmarks of Metabolic Reprogramming 

An illustration representing the seven hallmarks of metabolic reprogramming 

including increased glycolysis, increased glutaminolysis, increased pentose 

phosphate pathway, mitochondrial changes and TCA rewiring, increased lipid 

metabolism, changes in amino acid metabolism, and changes in other 

biosynthetic and bioenergetic pathways. 
 
 

3.1.1 Metabolic Reprogramming and Glycolysis 

An increase in glycolysis, glucose uptake, and lactic acid production was the first 

hallmark of metabolic reprogramming recognized by Dr. Warburg in 1924 and therefore 

referred to as the Warburg effect (Locasale & Liberti, 2016). In normal cells, glucose is 

converted into pyruvate through a process of regulated enzymatic reactions called 

glycolysis (Figure 5). The pyruvate is then converted to acetyl coenzyme A (acetyl-CoA), 

which fuels the tricarboxylic acid cycle (TCA cycle), also known as the Krebs cycle (Li, 
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Gu, & Zhou, 2015) (Williams & O'Neill, 2018). Through the TCA cycle, the cell generates 

nicotinamide adenine dinucleotide (NAD) + H (NADH) and flavin adenine dinucleotide 

(FAD) + 2 hydrogens (H2) (FADH2). These products then are used in the mitochondrial 

respiratory chain through OXPHOS to produce 36 molecules of cellular energy in the form 

of adenosine triphosphate (ATP) (Gerard Ryan & O'Neill, 2017). However, in metabolic 

reprogramming, cells preferentially use glycolysis and instead of pyruvate production to 

produce lactic acid instead, even in the presence of oxygen. This phenomenon of glycolysis 

in the presence of oxygen is referred to as aerobic glycolysis or the Warburg effect. 

(DeBerardinis, Lum, Hatzivassiliou, & Thompson, 2008). Since glycolysis produces only 

two molecules of ATP compared to the thirty-six that is typically produced, cells that have 

undergone metabolic reprogramming have to compensate for the reduction of ATP by 

upregulating the amount of glucose that undergoes glycolysis (Marelli-Berg, Fu, & Mauro, 

2012). 
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Figure 5 Glycolysis in Metabolic Reprogramming 

Schematic showing the glycolysis pathway where the dark lines and red arrows are 

indicative of increased activity in metabolic reprogramming and dashed lines are 

indicative of decreased activity in metabolic reprogramming. 

 

To increase glycolysis, cells first need to increase the amount of glucose that enters 

the cell. Many cells achieve this by upregulating the glucose transporters (Hsu & Sabatini, 

2008). In addition to the increase in glucose, metabolic reprogrammed cells also exhibit 

an increase in glycolytic enzymes in order to promote the increase in glycolysis (Vander 

Heiden, Canrley, & Thompson, 2009). Cells undergoing metabolic reprogramming utilize 
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increases in transcription factors HIF-1α and c-Myc, which are master inducers of 

glycolysis, to upregulate glucose transporters and glycolytic enzymes (Figure 5) 

(DeBerardinis, Lum, Hatzivassiliou, & Thompson, 2008). 

In addition to the increase in glycolysis and glucose uptake, the end-product of 

glycolysis is also different in metabolic reprogrammed cells compared to normal cells. In 

normal cells, the end-product of glycolysis is acetyl-CoA converted from pyruvate. 

However, in metabolic reprogramming, the major end-product of glycolysis is lactate 

instead (Chen, et al., 2021). The switch from producing acetyl-CoA from pyruvate to 

lactate from pyruvate is contributed to the upregulation of lactate dehydrogenase A 

(LDHA), and this switch is beneficial since it helps regenerate NAD to continue the 

increased glycolysis (Figure 5) (Martinez-Ordonez, et al., 2021) (Phypers & Pierce, 2006). 

Another significant result of increased glycolysis is the increase and accumulation 

of many biosynthesis precursors. Many glycolytic metabolites are used as building blocks 

in the biosynthesis of needed products. One of these metabolites, glucose-6-phosphate 

(G6P), is consumed in the pentose phosphate pathway (Ge, et al., 2020). Another beneficial 

glycolytic metabolite is dihydroxyacetone phosphate (DHAP) which is used in lipid 

synthesis. Other metabolites are important in amino acid production and macromolecule 

synthesis (Hay, 2016) (Shaw, 2006). The importance of these metabolites in other aspects 

of cellular maintenance makes increased glycolysis the primary step in metabolic 

reprogramming and an attractive therapeutic target for diseases associated with metabolic 

reprogramming. 
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3.1.2 Metabolic Reprogramming and Pentose Phosphate Pathway 

 
The pentose phosphate pathway (PPP) is a metabolic pathway made up of two 

branches (Figure 6). First, the oxidative arm generates NADPH and converts G6P into 

ribulose-5-phosphate, which is then used to produce nucleotides through nucleic acid 

synthesis (Riganti, Gazzano, Polimeni, Aldieri, & Ghigo, 2012). The other branch of the 

PPP is the non-oxidative branch that produces fructose-6-phosphate (F6P) and 

glyceraldehyde-3-phosphate (G3P) from G6P. These products then can go on to participate 

in glycolysis and other metabolic pathways (Figure 6) (Patra & Hay, 2014). In addition to 

supplying the cells with ribulose-5-phosphate for the increased demand for nucleotides, 

NADPH production is also important. NADPH is used for glutathione production which 

protects the cell from oxidative stress and apoptosis (Moreno-Sánchez, Gallardo-Pérez, 

Rodríguez-Enríquez, Saavedra, & Marín-Hernández, 2017). NADPH is also used by the 

cell in the biosynthesis of lipids and other macromolecules. The increase in NADPH 

contributes to the overall metabolic reprogramming through the use in other metabolic 

reprogramming pathways (Figure 6) (Hong, et al., 2020). 
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Figure 6 Pentose Phosphate Pathway in Metabolic Reprogramming 

Schematic showing the pentose phosphate pathway where dark lines and red arrows 

are indicative of increased activity in metabolic reprogramming. 
 

The increase in the PPP associated with metabolic reprogramming has been found 

to be a result of an increased expression of enzymes in the PPP (Vizán, et al., 2009). One 

of the major enzymes that are elevated during metabolic reprogramming is glucose-6- 

phosphate dehydrogenase (G6PD) (Riganti, Gazzano, Polimeni, Aldieri, & Ghigo, 2012). 

The tumor suppressor p53 regulates G6PD’s enzymatic activity. In normal cells, p53 
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associates with G6PD and prevents it from forming heterodimers and becoming 

enzymatically active (Jiang, et al., 2011). Other than the regulation of the enzymatic 

activity of G6PD by p53, G6PD’s transcription can also be induced through HIF-1α acting 

as a transcription factor (Figure 6) (Gao, Mejías, Echevarría, & López-Barneo, 2004). 

3.1.3 Metabolic Reprogramming and Glutaminolysis 

 
Glutaminolysis is a process in which multiple enzymes convert glutamine into TCA 

cycle metabolites by way of α-ketoglutarate (Figure 7) (Yang, Venneti, & Nagrath, 2017). 

Glutamine is considered the most abundant amino acid found within the body and is an 

important amino acid for protein, nucleotide, and lipid synthesis (Mayers & Vander 

Heiden, 2015). In metabolic reprogrammed cells, since pyruvate is diverted away from 

entering the TCA cycle, glutamine is utilized to replenish important metabolites from the 

TCA cycle (Figure 7) (Gaglio, et al., 2011). An important outcome of the use of glutamine 

as an anaplerotic substrate for the TCA cycle is the continued production of TCA 

intermediates that can be used for the synthesis of lipids, amino acids, and other 

metabolites, as well as producing NADH, FADH2, and electrons that can be used for ATP 

production through mitochondrial OXPHOS (DeBerardinis & Cheng, 2010). 
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Figure 7 Glutaminolysis Pathway in Metabolic Reprogramming 

Schematic showing the Glutaminolysis pathway where dark lines and red arrows are 

indicative of increased activity in metabolic reprogramming and dashed lines are 

indicative of decreased activity in metabolic reprogramming. 
 

In order to upregulate glutaminolysis, metabolic reprogramming relies on the 

actions of c-Myc to upregulate glutamine transporters and enzymes required for 

glutaminolysis (DeBerardinis, et al., 2007). C-Myc has been shown to increase the 

expression of glutamine transporters alanine-serine-cysteine transporter 2 (ASCT2) and the 

amino acid transport system N2 (SN2), resulting in increased cellular uptake of glutamine 

(Nicklin, et al., 2009). C-Myc also increases by suppressing miR-23a/b, which regulates 
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the expression of GLS1, the primary enzyme required for glutaminolysis (Figure 7) (Gao, 

et al., 2009). The dependence on glutamine in metabolic reprogrammed cells may also be 

exploited in therapies for diseases associated with metabolic reprogramming. 

3.1.4 Metabolic Reprogramming and Mitochondrial Changes 

 
The mitochondria are crucial in metabolism as they are essential for many 

metabolic pathways and maintain many aspects of cellular homeostasis (Wallace, 2012). 

One of the major changes that occur in the mitochondria during metabolic reprogramming 

is the role change from primarily being used for energy production by way of the 

mitochondrial electron transport chain to playing a more significant role in generating TCA 

cycle metabolites to be used in biogenesis and redox balance (Todisco, Convertini, 

Iacobazzi, & Infantino, 2020). The change from energy production to biogenesis in the 

mitochondria was initially proposed in the Warburg effect as being primarily caused by 

mitochondrial dysfunction but has since been found to be more of a “rewiring” in the TCA 

cycle (Tan, et al., 2015). 

The rewiring of the metabolic pathways within the mitochondria involves many 

different metabolites, including citrate, which is the first intermediate in the TCA cycle 

(Figure 8) (Petillo, Abruzzese, Koshal, Ostuni, & Bisaccia, 2020). In metabolic 

reprogramming, increased exportation of citrate from the mitochondria to the cytosol 

occurs. This exportation is through the mitochondrial citrate carrier (CIC), which 

exchanges citrate for malate. Once exported, the citrate is then used for the biosynthesis of 

fatty acids (Figure 8) (Menendez & Lupu, 2007). In addition to fatty acid biosynthesis, the 
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cytosolic citrate can be used to produce acetyl-CoA and oxaloacetate, the latter of which 

can be converted further into malate and transported back into the mitochondria by the CIC 

(Figure 8) (Palmieri, 2004). 

Another TCA cycle intermediate that is impacted through metabolic reprograming 

and TCA cycle rewiring is aspartate, where the production and exportation out of the 

mitochondria are altered (Alkan & Bogner-Strauss, 2019). Aspartate is transported out of 

the mitochondria and to the cytosol, in exchange for glutamate and a proton, by the 

mitochondrial aspartate/glutamate carriers (AGC1 and AGC2) (Palmieri, 2004). The 

exportation of aspartate to the cytosol is essential for protein, purine, and pyrimidine 

biosynthesis and is the rate-limiting event in the biosynthesis of these molecules in tumor 

cells (Figure 8) (Birsoy, et al., 2015). Aspartate transport is part of the larger 

malate/aspartate shuttle (MAS) and is essential to regenerate cytosolic NAD+ for use in 

glycolysis (Sullivan, et al., 2018). 

Succinate, another TCA cycle intermediate, is also important in the changes in 

mitochondrial functions and acts as a signaling messenger linking TCA cycle rewiring and 

metabolic reprogramming (Tannahill, et al., 2013). Succinate is transported out of the inner 

mitochondria by the dicarboxylic acid carrier and out of the mitochondria by a voltage- 

dependent anion channel (Robinson, Overy, & Kunji, 2008). Cytosolic succinate can 

interact and inhibit the oxygen-dependent prolyl hydroxylase (PHD) enzyme, which is 

responsible for targeting HIF-1α for degradation (Figure 8) (Lukyanova, Kirova, & 

Germanova, 2018). 
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Figure 8 Mitochondrial Pathways and TCA Cycle Rewiring in Metabolic 

Reprogramming 

Schematic showing mitochondrial pathways and TCA cycle rewiring where the dark 

lines and red arrows are indicative of increased activity in metabolic reprogramming 

and the lighter lines and dashed lines are indicative of decreased activity in metabolic 

reprogramming. 
 

Some of these changes seen in TCA cycle rewiring are due to altered gene 

expression of either transporters or the enzymes that make up the TCA cycle (Figure 8) 

(Todisco, Convertini, Iacobazzi, & Infantino, 2020). One major regulator of cell 
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metabolism in the context of metabolic reprogramming is NF-κB (Johnson & Perkins, 

2012). NF-κB up-regulates the expression of the glucose transporter solute carrier family 

2 member 3 (SLC2A3) as well as enhances expression of three TCA cycle enzymes, 

aconitase 2, isocitrate dehydrogenase 3A (IDH3A), and succinyl-CoA synthetase (SCS) 

(Kawauchi, Arkaki, Tobiume, & Tanaka, 2008) (Zhou, Xu, Wu, Wang, & Wang, 2017). 

Through this regulation, NF-κB up-regulates glycolysis and contributes to the rewiring of 

the TCA cycle and metabolic reprogramming. 

Along with NF-κB, HIF-1α plays a role in switching the mitochondria from an 

energy producer to processing TCA intermediates for biosynthesis. HIF-1α acts as a master 

regulator of metabolic reprogramming through the up-regulation of genes important for 

glycolysis (Gordan & Simon, 2007). Along with up-regulating the genes for glycolysis, 

HIF-1α also increases the expression of LDHA, which inhibits pyruvate dehydrogenase 

(PDH) through phosphorylation (Kim, Tchernyshyov, Semenza, & Dang, 2006). The 

inhibition of PDH drives the conversion of pyruvate to lactate and away from acetyl-CoA, 

reducing the amount of acetyl-CoA that enters the TCA cycle for energy production (Figure 

8) (McFate, et al., 2008). In these ways, HIF-1α contributes to metabolic reprogramming 

through mitochondrial changes of function and in contribution to the TCA cycle. 

3.1.5 Metabolic Reprogramming and Increase Lipid Metabolism 

Another hallmark of metabolic reprogramming is increased lipid metabolism 

because lipids are an essential building block that both cancer cells and viruses need to 

create new organelles, cells, and virions (Heaton & Randall, 2011) (Thor Snaebjornsson, 
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Janaki-Raman, & Schulze, 2019). Lipid synthesis is a multi-enzyme process involving 

many steps, usually starting with acetyl-CoA and ending in fatty acids (Figure 9) 

(Mashima, Seimiya, & Tsuruo, 2009). In metabolic reprogrammed cells, the majority of 

acetyl-CoA for lipid synthesis comes from citrate produced by the TCA cycle, and that has 

been transported out of the mitochondria (Figure 9). In the cytosol, citrate can then be 

converted to acetyl-CoA and undergo lipid synthesis (Figure 9) (Santos & Schulze, 2012). 

 
 

Figure 9 Lipid Synthesis in Metabolic Reprogramming 

Schematic showing lipid synthesis pathways where the dark lines and red arrows are 

indicative of increased activity in metabolic reprogramming. 
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Another essential lipid that is increased in metabolic reprogramming is cholesterol 

(Giacomini, et al., 2021). The cholesterol synthesis pathway, the mevalonate pathway, is 

another branch of lipid synthesis and starts with acetyl-CoA. Through multiple steps and 

enzymes throughout the cytosol and the ER, the mevalonate pathway concludes with the 

conversion of lanosterol into cholesterol (Figure 9) (Luo, Yang, & Song, 2019) (Acimovic, 

et al., 2016). The increase in cholesterol synthesis is vital for cells undergoing metabolic 

reprogramming since it is a major component of membranes and controls the membrane 

fluidity and formation of lipid rafts (Vona, Iessi, & Matarrese, 2021). Cholesterol is also 

essential for activating the Ras-Raf signaling pathway, which is often utilized by both 

viruses and cancers in manipulating cellular transcription (Konstantinopoilos, Karamouzis, 

& Papavassiliou, 2007). 

Many enzymes involved in fatty acid and cholesterol synthesis are controlled by a 

family of transcription factors, the sterol regulatory element-binding proteins (SREBPs) 

(Santos & Schulze, 2012). Two different SREBPs are important in this regulation of lipid 

synthesis; the first SRBP1 regulates fatty acid synthesis while the second SRBP2 regulates 

cholesterol synthesis (Figure 9) (Horton, 2002). The SREBPs are controlled by adenosine 

monophosphate (AMP)-activated protein kinase (AMPK) signaling, and in metabolic 

reprogramming, increased accumulation of ROS can activate AMPK, thus increasing the 

transcription of SREBPs resulting in increased lipid and cholesterol synthesis (Hardie, 

2007) (Zhao, et al., 2017). 
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3.1.6 Metabolic Reprogramming and Changes in Amino Acid Metabolism 

 
For metabolic reprogrammed cells to produce biosynthesis at a high rate, 

amino acids need to be either synthesized, used as carbon sources, used as nitrogen sources, 

or as electron transporters (Lieu, Nguyen, Rhyne, & Kim, 2020). Amino acids can serve as 

an alternative material for the TCA cycle, other than glutamine discussed above. Cells can 

use branched-chain amino acids (BCAA), leucine, isoleucine, and valine to fuel the TCA 

cycle (Figure 10)(Keenana & Chi, 2015). Of the BCAAs, leucine has been shown to be 

elevated with metabolic reprogramming and is converted into acetyl-CoA and then fed into 

the TCA cycle (Mayers, et al., 2014) (Sheen, Zoncu, Kim, & Sabatini, 2011). Other than 

BCAAs, threonine can also be catabolized by threonine dehydrogenase (TDH), producing 

glycine and acetyl-CoA and subsequentially can enter the TCA cycle as well (Figure 10) 

(Wang, et al., 2009). 

Besides being used as alternative ways to produce acetyl-CoA and used in the TCA 

cycle, amino acids can also be used as material for biosynthesis and are required to 

synthesize proteins, lipids, and nucleic acids (Lieu, Nguyen, Rhyne, & Kim, 2020). 

Glutamine is used in the synthesis of many non-essential amino acids (NEAAs). For 

example, in the synthesis of asparagine, glutamine supplies the nitrogen to be used in the 

conversion of aspartic acid to asparagine (Figure 10)(Chiu, Taurino, Bianchi, Kilberg, & 

Bussolati, 2020). Glutamine is also converted to glutamate by glutaminase (GLS), and then 

glutamate can be further converted to other amino acids like alanine, aspartate, and 

phosphoserine (Figure 10) (Curthoys & Watford, 1995) (Yang, Venneti, & Nagrath, 2017). 



60  

 

Figure 10 Amino Acid Metabolism in Metabolic Reprogramming 

Schematic showing amino acid metabolism where the dark lines and red 

arrows are indicative of increased activity in metabolic reprogramming. 
 

 

Arginine is another amino acid used as a precursor for other NEAAs. An increase 

in arginine is used to synthesize proline and can also be used as another source of glutamate 

in metabolic reprogrammed cells (Figure 10) (Burke, et al., 2020). Another amino acid 
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metabolism pathway that is important in the biosynthesis of nucleotides is the conversion 

of serine to glycine through the serine hydroxymethyltransferase (SHMT), which provides 

pools of one-carbon methyl groups to be used in de novo nucleotide biosynthesis (Figure 

10) (Ducker & Rabinowitz, 2017). 

In addition to NEAA synthesis, amino acid metabolism also supplies carbon atoms 

for lipid biosynthesis and contributes to acetyl-CoA supply (Wang, et al., 2019). Amino 

acid metabolism also contributes nitrogen and carbon for nucleic acid synthesis and is 

required for purine synthesis (Zhang, Morar, & Ealick, 2008). In all, amino acid 

metabolism is essential for metabolic reprogramming through many different pathways 

ranging from alternative energy to providing materials for the synthesis of proteins, lipids, 

amino acids, and nucleotides. 

3.1.7 Metabolic Reprogramming and Changes in Other Biosynthetic and Bioenergetic 

Pathways 

Another pathway that is promoted during metabolic reprogramming is the fatty acid 

oxidation (FAO) pathway and can provide the cell with ATP through fatty acids (FA) being 

oxidized in the mitochondria or by cytoplasmic lipophagy (Carracedo, Cantley, & Pandolfi, 

2013) (Singh & Cuervo, 2012). FAO oxidizes fatty acids into acetyl-CoA and produces 

NADH and FADH2. Then the acetyl-CoA can be imported into the TCA cycle to generate 

more NADH and FADH2. Afterward, the NADH and FADH2 can be used to fuel OXPHOS 

for ATP production (Lim, et al., 2018). In addition to ATP production through the TCA 

cycle and OXPHOS, metabolic reprogrammed cells can use the acetyl-CoA produced by 
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FAO to fuel the TCA cycle to produce more TCA cycle intermediates like citrate, 

succinate, and aspartate (Liu Y. , 2006) (Schonfeld, Wieckowski, Lebiedzinska, & 

Wojtczak, 2010) (Wang, et al., 2018). 

The increase of citrate through the FAO fueled TCA cycle can be converted to 

either α-ketoglutarate or pyruvate, and both these reactions generate NADPH (Oeggl, et 

al., 2018). NADPH is essential for maintaining redox homeostasis, cell survival, and 

promoting enzymes to sustain large-scale biosynthesis (Chiarugi, Dolle, Felici, & Ziegler, 

2012). The balance between NADPH used in lipid synthesis and NADPH produced in FAO 

is vital in metabolic reprogramming and is controlled by AMPK (Jeon, Chandel, & Hay, 

2012). 

The use and production of acetyl-CoA are critical in many biosynthesis pathways 

and post-translational modification of the synthesized products (Lyssiotis & Cantley, 

2014). Another pathway metabolic reprogrammed cells can take advantage of to replenish 

the acetyl-CoA to fuel large-scale biosynthesis is the conversion of acetate into acetyl-CoA 

by the mitochondrial-localized acetyl-CoA synthetase 1 (ACSS1) (Schug, Vande Voorde, 

& Gottlieb, 2016). The production of acetyl-CoA from acetate is essential for metabolic 

reprogramming to continuously fuel biosynthesis (Lakhter, et al., 2016). 

3.2 Metabolic Reprogramming and Viruses 

 
Although the majority of research and information on metabolic reprogramming is 

done in the cancer field, viruses also take advantage of these pathways to produce the 
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material and environment needed to sustain large output of virions (Polcicova, Badurova, 

& Tomaskova, 2020). The results of metabolic reprogramming in viral infections provide 

the virus with free nucleotides for viral genome replication, amino acids for virion 

assembly, and lipids for membrane formation to envelope the virion (Sanchez & Lagunoff, 

2015). That said, viral infections have been shown to alter the hallmark pathways of 

metabolic reprogramming. 

3.2.1 Viruses and Glycolysis 

 
The most observed metabolic change with viral infection is the increase in 

glycolysis and subsequent increase in lactate (Thaker, Ch’ng, & Christofk, 2019). In 

Human Cytomegalovirus (HCMV) -infected primary human foreskin fibroblast (HFF) 

cells, there has been shown an increase in glycolysis and an increase in glycolytic 

intermediates. This increase in glycolysis is also correlated with an increase in glucose 

consumption and an increase in lactate production (Munger, Bajad, Coller, Shenk, & 

Rabinowitz, 2006) (Munger, et al., 2008). Adenovirus-infected non-tumorigenic breast 

epithelial cells have also been shown to increase glycolysis and lactic acid production while 

decreasing oxygen consumption used in mitochondrial OXPHOS (Thai, et al., 2014). This 

change in metabolism was also demonstrated in Hepatitis C virus (HCV)-infected human 

hepatoma (Huh7) cells. (Ripoli, et al., 2020). In addition to increased glycolysis and lactate 

production, it has been shown that Huh7 cells infected with HCV also have increased 

expression of glycolytic enzymes (Diamond, et al., 2010). 



64  

It has been shown that HIV-infected CD4 T cells exhibit increased glycolysis and 

glucose uptake (Chan, et al., 2020) (Hallenberger, et al., 1992). Increased glycolysis, 

lactate production, and glucose uptake have also been shown in influenza A H1N1-infected 

cells between 8- and 12-hours post-infection (Ritter, Wahl, Freund, Genzel, & Reichl, 

2010). Dengue virus has been shown to increase glycolysis directly linked to increasing 

replication and continues to manifest increased glycolysis and replication even 48 hours 

post-infection (Fontaine, Sanchez, Camarda, & Lagunoff, 2015). 

While increased glycolysis is essential for actively replicating virus infection, latent 

viral infections have also been shown to increase glycolysis. In latent Kaposi’s sarcoma- 

associated herpesvirus (KSHV), infected endothelial cells show an increase in glycolytic 

metabolites as seen in a metabolomics study (Delgado, Sanchez, Camarda, & Lagunoff, 

2012). In KSHV infections, it also has been demonstrated that infected cells have increased 

glucose uptake through increased expression of the glucose transporter 3 (GLUT3) as well 

as increased glycolytic enzyme hexokinase 2 (HK2), which is one of the glycolysis rate- 

limiting enzymes (Delgado, et al., 2010). It has been shown that KSHV infection encodes 

multiple microRNAs that are in latently expressed regions. These viral miRNAs target two 

glycolysis regulatory genes EGLN2 and HSPA9. The repression of these two genes causes 

an increase in HIF-1α and GLUT1 expression, resulting in increased glycolysis and lactate 

production in endothelial cells where the KSHV miRNAs were overexpressed (Yogev, 

Lagos, Enver, & Boshoff, 2014). 
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Epstein-Barr virus (EBV) is another viral infection that has been shown to increase 

the expression of HK2 through the expression of the viral protein latent membrane protein 

1 (LMP-1), resulting in the increase in glycolysis (Xiao, et al., 2014) (Hulse, et al., 2018). 

The increase in glycolysis has also been seen in cells with latent EBV infections. In both 

EBV and KSHV, latent viral infections can induce glycolysis by expressing viral miRNAs 

or viral proteins (Sanchez & Lagunoff, 2015). 

3.2.2 Viruses and Pentose Phosphate Pathway 

 
Viruses cause other changes to the host cell that contribute to metabolic 

reprogramming. The large number of nucleotides needed for viral genome replication are 

supplied by increases in the non-oxidative branch of the pentose phosphate pathway 

(Stincone, et al., 2015). In human CaCo-2 cells infected with SARS-CoV-2, proteomics 

data showed an increase in two primary regulators of the non-oxidative PPP branch, 

transketolase (TKT) and transaldolase 1 (TALDO1) (Bojkova, et al., 2020). In influenza- 

infected cells, two key enzymes in the PPP have also been reported to be upregulated, 

G6PD and 6-phosphogluconate dehydrogenase (6PGD), resulting in increased NADPH 

and nucleotide production (Keshavarz, et al., 2020). 

In human adenocarcinomic alveolar epithelial cells (A549) with endogenous 

expression of the adenovirus-5 viral protein E1A, the increase in many enzymes in the PPP 

was observed. 6-phosphogluconolactonase (6PGL), the second enzyme in the PPP, was 

elevated with E1A expression as well as TALDO1, an important enzyme in the non- 

oxidative branch of the PPP, was also elevated with E1A expression (Prusinkiewicz, et al., 
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2020). In latent HCV-infected cells, the rate-limiting PPP enzyme, G6PD, is upregulated 

as well as NADPH production (Sugiyama, et al., 2014). In addition to NADPH production, 

there also is an increase in purine synthesis through the PPP in these cells. In HIV latency, 

there is also an increase in G6PD and NADPH production and an increase in the shuttling 

of glycolytic metabolites to the PPP and away from pyruvate production (Shytaj, et al., 

2021). Therefore, many viruses show the utilization of the non-oxidative branch of the PPP 

to produce nucleotides needed for replication. 

3.2.3 Viruses and Glutaminolysis 

 
Along with increased glycolysis, viral infections have also shown increased 

glutaminolysis, another hallmark of metabolic reprogramming. In HCMV infections, it has 

been shown that in addition to increased glucose uptake, there is also increased uptake of 

glutamine (Munger, Bajad, Coller, Shenk, & Rabinowitz, 2006). An analysis of HCMV 

infections using 13C-labeled glucose, demonstrated that HCMV infected cells had an 

increase in labeled citrate, malate, and α-ketoglutarate, indicating the increase in 

glutaminolysis and subsequent anaplerosis of the TCA cycle (Munger, et al., 2008). Also, 

in HCMV infections, there is increased expression of two important enzymes in the 

glutaminolysis pathway, further supporting that HCMV-infected cells increase 

glutaminolysis to supplement the TCA cycle and maintain TCA cycle intermediates along 

with ATP production in the mitochondria (Chamber, Maguire, & Alwine, 2010). In 

HCMV-infected cells, there is also increased uptake of glutamine through the increase of 
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glutamine importer ASCT2 and the increase of activity of glutaminolysis regulator c-Myc 

(Delgado, Sanchez, Camarda, & Lagunoff, 2012) 

In another study where 13C-labeled glucose was used in conjunction with HSV-1 

infected cells, an increase in oxaloacetate produced by the TCA cycle and increased 

glutamine anaplerosis was seen (Vastag, Koyuncu, Grady, Shenk, & Rabinowitz, 2011). 

HSV-1 infected cells also showed increased uptake and consumption of glutamine and 

decreased viral output in the presence of a pharmacological inhibitor of GLS, the enzyme 

responsible for the first step of glutaminolysis (Thai, et al., 2015). The decrease in viral 

output when glutaminase is inhibited suggests HSV-1 uses metabolic reprogramming, 

specifically glutaminolysis, to produce virions. 

Adenovirus infections have been shown to cause the same metabolic switch of 

increasing aerobic glycolysis and increasing glutaminolysis. The induction of glutamine 

consumption in AdV-5 infections has been shown to occur very early on in the infectious 

cycle (Thai, et al., 2014). Similar to HSV-1 infections, AdV-5 infections increase 

glutamine transporters ASCT2 and LAT1, allowing for the increased glutamine uptake 

(Thai, et al., 2015). The increase in glutamine consumption in AdV-5 infections has been 

shown to be through the reductive carboxylation pathway, which results in glutamine 

conversion to α-ketoglutarate and further conversion to citrate to generate acetyl-CoA 

(Thai, et al., 2015). 

Other viruses have also been shown to  increase glutaminolysis; for instance, 

 

rhinovirus has shown increased glutaminolysis reliance (Gualdoni, et al., 2018). HeLa cells 
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infected with rhinovirus RV-B114 grown in glutamine-free media, even in the presence of 

glucose, show reduced viral replication indicating the importance of glutaminolysis in 

rhinovirus replication. Huh7.5 cells infected with HCV showed the same reliance on 

glutamine, and when infected cells were grown in glutamine-free media, viral replication 

was hindered (Levy, et al., 2016). Additionally, HCV-infected Huh7.5 cells showed 

increased glutamine transport and glutaminolysis associated anaplerosis and increased 

TCA cycle associated amino acid synthesis (Levy, et al., 2016). HIV-1 infected CD4+ T 

cells have also been shown to be dependent on increased glutaminolysis conversion to α- 

ketoglutarate to be used in anaplerosis and to fuel the PPP (Clerc, et al., 2019). Thus, many 

viruses rely on metabolic reprogramming, specifically glutaminolysis, for replication and 

producing virions. 

3.2.4 Viruses and Mitochondrial Changes 

 
Rewiring of the TCA cycle and changes in mitochondrial function are critical parts 

of metabolic reprogramming in viral infections and can be used in response to ROS, to fuel 

fatty acid synthesis, or to dysregulate cellular acetylation (Sanchez-Garcia, Perez- 

Hernandez, Rodriguez-Murillo, & Moreno-Altamirano, 2021). Acetylation is an important 

post-translational modification that regulates multiple cellular functions, including cellular 

immune responses and viral replication (Murray, Combs, Rekapalli, & Cristea, 2019). 

When this process is dysregulated, these cellular functions are dysregulated as well. 

Increased citrate efflux out of the mitochondria is a significant component of TCA 

 

cycle rewiring. In HCMV infection, there is an increase in citrate cataplerosis through 
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activation of the machinery to transport citrate from the mitochondria to the cytosol (Yu, 

Clippinger, & Alwine, 2012). In both HCMV and HSV-1 infected fibroblast or epithelial 

cells, there is an increase in citrate and malate compared to uninfected cells. In the same 

cells using 13C-glucose in HCMV and HSV-1 infections, it has been shown that in the 

infected cells, a larger amount of labeled carbon was incorporated in citrate (Vastag, 

Koyuncu, Grady, Shenk, & Rabinowitz, 2011). However, the number of labeled carbons 

in citrate differed between the two infections indicating different pathways of upregulating 

citrate are used, but both resulted in increased citrate production, indicating TCA cycle 

rewiring is occurring. In HCV infected Huh-7 cells, there is increased expression of the 

ATP citrate lyase, an enzyme that converts citrate to acetyl-CoA, and this increase in 

expression correlates with more citrate conversion to acetyl-CoA and increased citrate 

production from the TCA cycle to fuel the conversion to acetyl-CoA (Kapadia & Chisari, 

2005). 

In a metabolomic study of the CSF from people with HIV with neurocognitive 

impairment (NCI), there were higher levels of citrate and succinate than in the CSF from 

people without HIV (Dickens, et al., 2015). Interestingly, in patients with HIV, the increase 

in plasma citrate and succinate correlates with the degree of NCI observed, hinting at the 

importance of these metabolites, and metabolic reprogramming in a broader sense, in NCI 

(Hileman, et al., 2021). In CSF from HIV patients on cART, there is still an increase in 

malate and succinate compared to CSF of uninfected patients suggesting traditional 
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antivirals may not be targeted enough to restore the TCA rewiring that has occurred 

(Cassol, Misra, Dutta, Morgello, & Gabuzda, 2014). 

Another TCA cycle metabolite that is often altered in metabolic reprogramming is 

aspartate. In HCMV, there is an increase in asparagine synthetase (ASNS), the enzyme that 

converts aspartate to asparagine, and it has been found that knock-out of ASNS inhibits 

HCMV replication (Pan, et al., 2016) (Lee, et al., 2019). In 13C-labeled carbon studies using 

HSV-1 infected fibroblasts, there is increased incorporation of labeled carbons in aspartate 

compared to non-infected cells indicating increased aspartate synthesis (Vastag, Koyuncu, 

Grady, Shenk, & Rabinowitz, 2011). As seen, many viruses rewire the TCA cycle and use 

overall metabolic reprogramming for viral replication. 

3.2.5 Viruses and Increased Lipid Metabolism 

 
Lipid synthesis is important for viral replication since viruses use lipid membranes 

to assist entry into the host cell membrane. Lipids are also crucial in viral protein 

maturation and viral envelope production (Polcicova, Badurova, & Tomaskova, 2020). In 

HCMV-infected primary HFF cells, during lytic replication, lipid synthesis is induced by 

the influx of carbons from glycolysis that enters the fatty acid synthesis pathway (Munger, 

et al., 2008). Along with the increase in metabolites in the fatty acid synthesis pathway, 

HCMV also induces the expression of many enzymes involved in this pathway as well, 

like ACC1 and SREBPs (Spencer, Schafer, Moorman, & Munger, 2011) (Yu, Clippinger, 

& Alwine, 2012). In HCMV infection, it has been shown that the virus causes an induction 

of the carbohydrate-response binding element protein (ChREBP), and the expression of 
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ChREBP then induces the expression of many proteins responsible for reactions in the fatty 

acid synthesis pathway indicating this pathway may be used by the virus for lipid 

metabolism (Yu, Maguire, & Alwine, 2014). 

In human epithelial tongue cells infected with EBV, it has also been shown there is 

an induction of the enzyme fatty acid synthase (FASN), which is responsible for the 

conversion of acetyl-CoA to long-chain fatty acids through the direct induction by the viral 

protein BRLF1 (Li, Webster-Cyriaque, Tomlinson, Yohe, & Kenney, 2004). Furthermore, 

the EBV viral protein LMP-1 has been shown to increase fatty acid synthesis and induce 

FASN, resulting in increased fatty acids and lipid droplets in EBV-negative Burkitt’s 

lymphoma (BL) cells (Hulse, Johnson, Boyle, Carudo, & Tempera, 2021). In another 

herpes virus, varicella zoster virus (VZV), replication has been shown to be dependent on 

lipid synthesis. When an inhibitor of FASN was used to slow fatty acid synthesis, viral 

replication was blocked, suggesting the importance of lipid metabolism in VZV infection 

(Namazue, Kato, Okuno, Shiraki, & Yamanishi, 1989). 

RNA viruses have been shown to use lipid synthesis to alter the host cytoplasmic 

environment to make it more conducive to viral replication (Chukkapalli, Heaton, & 

Randal, 2012). HCV infections rely heavily on lipid synthesis since lipids play a role in all 

aspects of the HCV viral life cycle, from cellular entry through replication on lipid rafts to 

viral assembly on lipid droplets (Schaefer & Chung, 2013). HCV infections have been 

shown to increase FASN expression and induce SREBPs resulting in increased fatty acid 

and lipid synthesis (Yang, et al., 2008). Dengue virus has also been shown to require fatty 
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acid synthesis to replicate, where FASN has been shown to be essential for dengue 

replication and inhibition of FASN through chemical intervention or siRNA knock-down, 

resulting in decreased viral production (Heaton, et al., 2010). 

Latent KSHV infection has also been found to induce fatty acid synthesis where 

latently infected endothelial cells upregulate long-chain fatty acids, and there is a 

significant increase in lipid droplet staining (Delgado, Sanchez, Camarda, & Lagunoff, 

2012). If FASN or acetyl-CoA carboxylase, another enzyme responsible for fatty acid 

synthesis, is inhibited in latently infected cells, then the infected cells undergo apoptosis 

and cell death, indicating that fatty acid synthesis is not only crucial in lipid production but 

also in anti-apoptotic signaling in viral infection (Delgado, Sanchez, Camarda, & Lagunoff, 

2012). 

In an HIV infected - cell line (RH9), many enzymes in the fatty acid synthesis 

pathway have been shown to be elevated as well as proteins that are responsible for an 

increase in low-density lipoproteins, cellular lipid metabolism, and lipid transport (Rsheed, 

Yan, Lau, & Chan, 2008). Another study using HIV infected 293T cells showed cellular 

increases in FASN expression, and when a FASN inhibitor was used, a reduction of HIV 

virion production by 90% compared to noninhibited infections was seen, indicating the 

importance of fatty acid synthesis in HIV infection (Kulkarni, et al., 2017). 
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3.2.6 Viruses and Amino Acids 

 
Amino acid synthesis is another part of metabolic reprogramming essential for viral 

infections and viral replication (Ligat, Da Re, Alain, & Hantz, 2018). Large amounts of 

amino acids are required to fuel protein synthesis and to keep up with the high demand for 

viral protein production (Walsh & Mohr, 2011). 

In HCMV-infected MRC5 cells, it has been shown that amino acids were taken up 

from the cell culture media at a much higher rate than uninfected MRC5 cells (Rodriguez- 

Sanchez, Schafer, Monaghan, & Munger, 2019). In addition to increased uptake of amino 

acids, HCMV infection of MRC5 cells resulted in increased synthesis and secretion of 

amino acids proline and alanine (Rodriguez-Sanchez, Schafer, Monaghan, & Munger, 

2019). Telomerase-immortalized microvascular endothelial (TIME) cells infected with 

KSHV also showed increases in many NEAAs, including arginine, proline, and increased 

amino acid metabolism pathways, including proline, arginine, alanine, and aspartate (Choi, 

et al., 2020). 

Primary HFF cells infected with Vaccinia virus (VACV), the conversion of 

aspartate to asparagine was seen to be a rate-limiting step in viral replication and limits the 

synthesis of viral protein production (Pant, Cao, & Yang, 2019). In HSV infected 

fibroblasts, it was found that the viral infection led to a decreased expression of 

argininosuccinate synthetase 1 (AS1), an enzyme that converts aspartate to arginine, and 

that overexpression of AS1 in HSV-infected fibroblasts resulted in decreased viral 

replication (Grady, Purdy, Rabinowitz, & Shenk, 2013). The decreased conversion of 
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aspartate to arginine allows for increased concentration of aspartate to fuel the synthesis of 

nucleotides (Ariav, Ch’ng, Christofk, Ron-Harel, & Erez, 2021). 

Patients infected with HIV have shown increased amino acid breakdown products, 

mainly the breakdown of tryptophan. And an increase in levels of the amino acid 

phenylalanine in their blood (Gostner, Becker, Kurz, & Fuchs, 2015). It has also been noted 

that HIV infections lead to the depletion of tryptophan, resulting in adverse effects on 

normal T-cell function (Murray, 2003). In patients that have HIV AIDS, it has been shown 

that HIV infection causes more amino acids to be absorbed from the blood to fuel protein 

synthesis, with threonine and methionine being identified as protein synthesis rate-limiting 

amino acids (Laurichesse, et al., 1998). 

3.2.7 Viruses and Changes in Other Biosynthetic and Bioenergetic Pathways 

 
Viral infections can affect other pathways involved in metabolic reprogramming; 

for instance, HCV infections have been shown to increase the mitochondrial fatty acid 

oxidation enzyme dodecanoyl-coenzyme A delta isomerase (DCI), resulting in increased 

FAO (Rasmussen, et al., 2011). Dengue virus (DENV) infected Huh7 cells have also been 

identified as causing an increase in FAO through increased β-oxidation and increased 

reliance on fatty acids as an energy source (Fernandes-Siqueira, Zeidler, Sousa, Ferreira, 

& Da Poian, 2018). In SARS-CoV-2 infections, a genome assay discovered that many 

enzymes in the FAO and β-oxidation pathways are deregulated, resulting in changes in 

fatty acid synthesis and cellular energy production (Nanda & Ghosh, 2021). In HIV- 
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positive patients, it has also been shown that HIV dysregulated FAO and can result in 

increased fatty acids leading to fatty liver disease (Ahmed, Roy, & Cassol, 2018). 

α-Ketoglutarate production from glutamine has also been identified as a critical 

conversion in many viral infections. For instance, in HCMV-infected cells, it has been 

found that the enzyme glutamate dehydrogenase (GDH) activity is increased, resulting in 

an increase in α-ketoglutarate production (Chamber, Maguire, & Alwine, 2010). In human 

respiratory syncytial virus (HRSV), infected cells, through a metabolomic analysis, were 

found to have increased α-ketoglutarate along with the precursors for α-ketoglutarate 

conversion (Martin-Vicente, et al., 2020). In patients that had positive RT-PCR test for 

SARS-CoV-2, it was found, through metabolomic analysis, that there was an increased 

accumulation of α-ketoglutarate and was thus hypothesized that the increase in α- 

ketoglutarate helps replenish NAD levels to aid in the increase of glycolysis (Paez-Franco, 

et al., 2021). In a cohort of people living with HIV (PLWH) undergoing cART, it has been 

shown that there is an increase in α-ketoglutarate as well as other metabolites in the same 

pathway and these increases correlate with metabolic syndrome seen in these patients 

(Gelpi, et al., 2021). 

In metabolic reprogrammed cells, the increased production of α-ketoglutarate also 

corresponds with an increase in NADPH production through the conversion of α- 

ketoglutarate to succinyl-CoA through the enzyme alpha-ketoglutarate dehydrogenase (α- 

KGDH) (Tretter & Adam-Vizi, 2005). The increase in NADPH then can be used in many 

biosynthesis pathways as well as ROS production through NOX enzymes (Ju, Lin, Tian, 
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Xie, & Xu Rui-Hua, 2020) (Panday, Sahoo, Osorio, & Batra, 2015). In influenza A H1N1 

infected human mucoepidermoid pulmonary carcinoma cells (NCI-H292), it was 

discovered that there was an increase in NOX family enzymes, mainly NOX2 and NOX4 

and that this increase in NOX enzymes led to an increase in ROS production (Amatore, et 

al., 2014). HCV infected Huh 7.5 cells also demonstrated an increased expression of NOX4 

and the associated increase of ROS through NOX enzymatic reactions (Boudreau, 

Emerson, Korzeniowska, Jendrysik, & Leto, 2020). In a cohort of SARS-CoV-2 infected 

patients, it was found that increased activity by NOX2 was associated with increased 

oxidative stress and was predictive of coronary heart disease associated with SARS-CoV- 

2 infections (Violi, et al., 2020). 

In astrocytes that were transfected with the HIV-1 protein gp120, there was an 

increase in NOX activity through increased NOX2 and NOX4 expression, and this increase 

in expression resulted in increased ROS (Shah, Kumar, Simon, Singh, & Kumar, 2013). In 

addition to gp120-associated NOX induction, it also has been shown that HIV infections 

also increase NOX1, NOX2, and NOX4, all contributing to increased ROS production 

(Ivanov, et al., 2016). Thus, many viruses have been shown to use various metabolic 

pathways to fuel viral replication, protein synthesis, and virion packaging and production. 
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Figure 11 Non-metabolic Effects of Metabolic Reprogramming 

An illustration showing how the seven hallmarks of metabolic 

reprogramming leads to non-metabolic effects: inflammation, anti- 

apoptosis, immune evasion, and production of advanced glycation end 

products. 

3.3 Effects of Metabolic Reprogramming 

 
Metabolic reprogramming has many non-metabolic effects on the cell. These 

effects can include an increase in inflammation, anti-apoptosis, immune evasion, and the 

creation of material for biosynthesis (Sun, Suo, Li, Zhang, & Gao, 2018) (Figure 11). Some 

of these effects are essential for the survival and promotion of the virus or cancer cells, 

while some of these effects are byproducts of the changes that occur with metabolic 

reprogramming and help modify the cellular environment (Jacquet & Stephanou, 2021). 
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Inflammation produced by metabolic reprogramming can occur from the increased 

lactic acid output or pro-inflammatory cytokines produced through increased glycolysis 

and increased ROS (Biswas, 2015) (Palsson-McDermott & O’Neill, 2013) (Kim, Kim, & 

Bae, 2016). The inflammation produced by metabolic reprogramming can help drive 

molecular changes to promote metabolic reprogramming and promote angiogenesis to 

supply the cells with more nutrients to sustain large amounts of biosynthesis (D’Ignazio, 

Batie, & Rocha, 2017) (Aguilar-Cazares, et al., 2019). Inflammation produced by 

metabolic reprogramming can also recruit macrophages to the area and these macrophages, 

while trying to produce a response to the inflammation, provide the cell with cytokines like 

TNF-α and interleukins, which help promote the metabolic reprogramming and growth 

while also inhibiting cytotoxic T-cells (Schoppmann, et al., 2002) (Wang, Talebian, Liu, 

Yu, & Nai, 2012). 

Metabolic reprogramming can also act as an anti-apoptotic signal, mainly through 

increasing glycolysis (Schiliro & Firestein, 2021). One of the main ways metabolic 

reprogramming contributes to apoptosis evasion is through HIF-1α. The HIF-1α-associated 

increase in glycolytic enzymes and the increase in glycolysis decreases the apoptotic 

signals (Kilic, Hasperczyk, Fulda, & Debatin, 2007). HIF-1α has also been shown to 

decrease apoptosis through the direct interaction and suppression of the pro-apoptotic 

protein BH3 interacting-domain death agonist (BID) (Fulda & Debatin, 2007). 

In addition to HIF-1α, another upregulated protein that regulates glycolysis in 

metabolic reprogrammed cells is Akt. Akt has been shown to stop apoptosis through 
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suppression of p53 upregulated modulator of apoptosis (PUMA) and glycogen synthase 

kinase 3 (GSK-3) (Matsuura, Canfield, Feng, & Kurokawa, 2016). Many other molecules 

of glycolysis are involved with resistance to apoptosis; some of those include 

phosphorylation of BAD, glucose metabolism modification of cytochrome c, and the 

increased NADPH role in reducing apoptosis induced by ROS (Matsuura, Canfield, Feng, 

& Kurokawa, 2016) (Vaughn & Deshmukh, 2008). 

Another result of metabolic reprogramming is the ability of the cell to evade cell 

death associated with the immune response. One way cells evade the immune system is by 

increasing lactate production from metabolic reprogramming, which can interfere with T- 

cell metabolism and decrease T-cell response (Fischer, et al., 2007). Lactate can also 

damage dendritic cells and can inhibit monocyte migration, further aiding in the evasion of 

the immune system (Goetze, Walenta, Ksiazkiewicz, Kunz-Schughart, & Mueller-Kliser, 

2011) (Gottfried, et al., 2006). Besides the acidification of the extracellular space, 

metabolites can also play roles in the evasion of the immune system through inhibition of 

T-cells (Huang, 2021). There are multiple ways metabolic reprogramming metabolites can 

affect T-cells; one way is through the alterations in differentiation through the effect of 

kynurenine, a product of tryptophan catabolism (Li, et al., 2019). T-cells can also be 

affected by an enzyme in the tryptophan catabolism pathway, indolemine-2,3-dioxygenase 

(IDO), which inhibits T-cell proliferation and induces T-cell apoptosis (Munn & Mellor, 

2007). 
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A significant product of metabolic reprogramming is the increase in materials used 

for biosynthesis. These materials are sometimes referred to as biomass and are essential for 

the growth and replication of cancers and viruses (Sun, Suo, Li, Zhang, & Gao, 2018) 

(Kordel, et al., 2021). The high rate of biosynthesis requires cells to produce proteins, 

lipids, and genetic material for the high frequency of cell division or virion production 

(DeBerardinis, Lum, Hatzivassiliou, & Thompson, 2008). All aspects of metabolic 

reprogramming are paramount to producing the materials needed to fuel this growth and 

replication, and both cancer cells and viruses have evolved to harness this cellular 

phenomenon (Sun, et al., 2020) (DeBerardinis, Lum, Hatzivassiliou, & Thompson, 2008). 

Metabolic reprogramming can also result in the formation of advanced glycation 

end-products (AGEs). AGE formation can take place through two different pathways, both 

resulting in highly reactive dicarbonyls (Figure 12). One pathway that results in 

dicarbonyls is the formation and degradation of Amadori products. The first step in this 

reaction is the formation of Schiff bases and rearrangement to form an Amadori product 

(de Olivira, Coimbra, de Oliveira, Zuniga, & Rojas, 2016). These Amadori products and 

Schiff bases can undergo further oxidative breakdown in the presence of metal ions, which 

produce reactive intermediates, dicarbonyls, such as glyoxal (GO), and methylglyoxal 

(MG) (Figure 12) (Thorpe & Baynes, 2003). 

While the production of dicarbonyls by way of Amadori products can take hours to 

days, dicarbonyls can also be formed much faster through spontaneous degradation of 

glycolytic intermediates (Allaman, Belanger, & Magistretti, 2015). In this process, 
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glycolytic intermediates DHAP and G3P undergo spontaneous nonenzymatic degradation 

and form the dicarbonyl MG (Figure 12) (Kold-Christensen & Johannsen, 2020). The 

reactive dicarbonyls, MG, GO, and 3-deoxyglucosone (3-DG) can then form AGEs by 

nonenzymatically reacting with the free amino group on lysine and arginine residues 

(Ahmed N., 2005) (Thorpe & Baynes, 2003). 

AGEs are classified into three groups with unique characteristics: 1) fluorescent 

cross-linking AGEs, 2) non-fluorescent cross-linking AGEs, and 3) non-crosslinking 

AGEs (Figure 12) (Ahmed N., 2005). Crosslinking AGEs result in the linkage of two 

proteins through the binding of the AGE to lysine or arginine residues on the proteins 

(Ulrich & Cerami, 2001). Non-crosslinking AGEs are AGEs that bind to lysine or arginine 

residues and create protein adducts. Cross-linking AGEs have been shown to affect protein 

structure and function and result in reduced enzymatic activity, protein aggregation, altered 

biophysical properties, and changes in protein-protein interactions (Facchiano, et al., 2002) 

(Iannuzzi, Irace, & Sirangelo, 2014) (Kass, 2003). Non-crosslinking AGEs have been 

shown to change receptor ligands, block receptors, block protein cleavage sites, cause 

misfolding of protein, and inhibit protein degradation (Ulrich & Cerami, 2001) (Mendez, 

Jensen, McElroy, Pena, & Esquerra, 2005) (Bouma, et al., 2003) (Kichev, et al., 2009). 

The most well-documented disorder in which AGEs have been studied is diabetes 

due to the increased glucose uptake and glycolysis associated with diabetes (Kold- 

Christensen & Johannsen, 2020). In patients with diabetes, it has been shown that the 

increase in AGEs has been linked to increased inflammation, increased cardiovascular 



82  

failure, and decreased renal function (Groener, et al., 2019) (Hanssen, et al., 2015) 

(Saulnier, et al., 2016). Increased AGEs in patients with diabetes have also been linked to 

diabetic nephropathy (Beisswenger, et al., 2013). AGEs have also been shown to play a 

significant role in many different cancers (Bellier, et al., 2019). It has been shown that 

AGEs, by binding to the receptor for advanced glycation end-products (RAGE), can 

promote angiogenesis and inflammation, which can lead to an increase in proliferation, 

migration, and invasion in cancers (Azizian-Farsani, et al., 2020). In viral infections, it has 

been shown that AGE binding to RAGE is a major cause of inflammation and pro- 

inflammatory cytokine production (van Zoelen, et al., 2009). 
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Figure 12 Advanced Glycation End Products (AGEs) 

An illustration showing the two pathways of AGE formation and the different 

classifications of AGEs. 
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CHAPTER 4 

PRELIMINARY DATA AND HYPOTHESIS 

4.1 Preliminary Data 

 
As people infected with HIV live longer thanks to cART, there is an increase in the 

incidence of illnesses commonly associated with premature aging, such as diseases in the 

heart, liver, lungs, and bones. Another premature aging disease is HIV-associated 

neurocognitive disorder (HAND) (Deeks S. G., 2011). However, cART is not effective in 

totally eradicating the virus, and it has been shown that HIV-1 and viral proteins persist in 

brain cells and the CSF of patients on cART, respectively (Siliciano & Siliciano, 2010) 

(Desplats, et al., 2013). This persistent HIV-1 virus found in the brain has been linked to 

HAND. As of 2013, between 40 and 70 percent of people living with HIV have some 

degree of HAND (Williams, et al., 2013). The major cognitive areas affected in post-cART 

HAND patients are learning, working memory, and executive functioning (Heaton, et al., 

2011). 

Gp120 is one of the viral proteins shown to be shed by defective virus-infected cells 

in the brain and one of the viral proteins involved in neurodegeneration (Rao, Ruiz, & 

Prasad, 2014). Not only has gp120 been identified in the CNS of patients infected with 

HIV, but it has also been shown to elicit neurocognitive effects in mice similar to that seen 

in human patients (Valcour, Paul, Chiao, Wendelken, & Miller, 2011) (Maung, et al., 

2014). Studies conducted in gp120 transgenic mice show neurocognitive behavioral 
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deficits compared to healthy wild-type mice (D’hooge, Franck, Mucke, & De Deyn, 1999). 

In addition to behavioral memory deficits, gp120 has also been shown to affect many 

cellular functions shown in HAND pathogenesis, including calcium signaling, oxidative 

stress, and brain-derived neurotrophic factor (BDNF) expression/signaling (Haughey & 

Mattson, 2002) (Bachis, Aden, Nosheny, Andrews, & Mocchetti, 2006). 

HIV-1 infections have been shown to promote metabolic reprogramming, 

especially increased glucose metabolism, which switches the primary energy pathway from 

OXPHOS (Kang & Tang, 2020). This metabolic reprogramming has also been found in 

neurons, where the cells are not infected by HIV but instead affected by viral proteins shed 

from infected cells (Cotto, Natarajanseenivasan, & Langford, 2019). In addition, it has been 

shown that the viral protein gp120 by itself is capable of eliciting metabolic reprogramming 

in cells, and the whole virus is not needed to produce these cellular changes (Valentín- 

Guillama, et al., 2018). The increase in glucose metabolism and dependence on glycolysis 

has been implemented in many neurodegenerative diseases, including Alzheimer’s disease, 

Parkinson’s disease, Huntington’s disease, and amyotrophic lateral sclerosis (Han, Liang, 

& Zhou, 2021). 

Previously this lab has shown that neurons (SHSY-5Y) treated with gp120 have 

decreased mitochondrial cristae leading to decreased ATP production, increased ROS, and 

decreased NAD+ to NADH ratio (Figure 13) (Shrestha, et al., 2021). The lab has linked 

this disruption in mitochondrial function to decreased proliferator-activated receptor 
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gamma coactivator-1α (PGC1α); decreased PGC1α expression results in the cells being 

more affected by ROS damage and having alterations in mitochondrial functions [36]. 

 

Figure 13 Mitochondrial Changes of SHSY-5Y Cells After gp120 Treatment 

A. Differentiated SH-SY5Y cells were treated with either PBS or recombinant HIV-1 

gp120 protein at 100ng/ml for 24 hours before being fixed and processed for electron 

microscopy. Mock cells (untreated) show mitochondria with intact cristae (arrows) 

while in gp120-treated cells show fewer and shorter cristae as well as large open 

spaces (swelling mitochondria) where no visible cristae are observed. B. 

Concentration of ATP produced by SH-SY5Y cells treated with HIV-1 gp120 

compared to mock (untreated) cells. C. Measurement of NAD/NADH ratio in mock 

and HIV-1 gp120-treated. D. ROS production seen by co-localization of Redox 

Sensor Red CC-1 (red) and MitoTracker Green (green) in the mitochondria of cells 

treated with gp120 but not mock (untreated) cells. Data shown here are from a single 

experiment that was replicated 3 times. Quantification of ROS signal in graph. (** 

p<0.01, **** p<0.0001) (Shrestha, et al., 2021). 
 

The lab has also previously determined that the decrease in PGC1α is caused by 

decreased phosphorylation of cAMP response element-binding protein (CREB) and that 

the loss of CREB phosphorylation can be rescued with the addition of rolipram, a known 
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activator of CREB. They have also shown that the decrease in CREB correlates with 

memory loss in Alzheimer’s model mice and that in gp120 transgenic mice there is a 

decrease in phosphorylated CREB (Figure 14) (Shrestha, et al., 2021). 

 

 

Figure 14 Alterations in CREB and pCREB in vivo 

The expression of pCREBS133 (brown spots) in the cortex area of 9-month-old HIV-1 

gp120 transgenic mice (2819- gp120-Tg) and age-matched control mice (2812) using 

immunohistochemistry. (Shrestha, et al., 2021). 
 

In addition, the lab has determined that the effects on memory due to the gp120- 

associated decrease in phosphorylated CREB could be rescued in gp120 transgenic mice 

with the injection of rolipram, indicating that the loss of memory due to gp120 is directly 

correlated with the loss of CREB signaling (Figure 15) (Shrestha, et al., 2021). 

4.2 Hypothesis 

 
Since gp120 has been shown to directly contribute to the progression of HAND 

and is one of the viral proteins that are shed and found in the CSF of HIV-positive 

patients, along with the labs previous data on gp120 and alterations in mitochondrial 

function and the correlation to memory, I sought out to explore factors upstream of 

CREB signaling and the effects on BDNF. In addition, other diseases linked to memory 

loss and learning disabilities have been linked to the induction of metabolic 



88  

reprogramming and alterations in cellular energy production; therefore, I hypothesize that 

HIV-1 viral protein gp120 promotes metabolic reprogramming through the increase of 

glycolysis which causes cellular changes that have been identified as contributing to the 

progression of HAND. 
 

 
Figure 15 Learning Defects in Association with gp120 and Restoring Defects with 

Rolipram 

Mice were injected with either saline [saline (intrahippocampal) and saline 

(intraperitoneal); n=7 (5 male and 2 female)], rolipram [saline (intrahippocampal) and 

rolipram (intraperitoneal); n=6 (1 male and 5 female)], gp120 protein [gp120 

(intrahippocampal) and saline (intraperitoneal); n=5 (3 males and 2 females)], or 

gp120 followed by rolipram [gp120 (intrahippocampal) and rolipram (intraperitoneal); 

n=5 (3 males and 2 females)]. Rolipram was used at 1mg/kg concentration. After 72 

hours the mice were trained and tested in the object location spatial memory task. The 

amount of time spent exploring the object to be displaced was recorded during the 

training phase and the amount of time spent exploring the displaced object during the 

test phase was recorded. Time spent with the displaced objects during the test phase 

compared to the training phase was assessed using a two-tail t-test as indicated. (* 

p<0.05, ** p<0.01, *** p<0.001) (Shrestha, et al., 2021). 
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4.3 Specific Aims 

 
To test this hypothesis, I propose the following specific aims: 

Aim 1: To explore the effect of gp120 on cellular metabolism. 

After exposure to gp120, LUHMES will be subjected to a Seahorse Mito Stress 

Test to characterize the changes in metabolism. They will also be subjected to a 

metabolomics study to assess the levels of metabolism-associated molecules. 

Aim 2: To explore the effect of gp120 on metabolic enzymes associated with metabolic 

reprogramming. 

After exposure to gp120, the expression of key enzymes and molecules will be 

analyzed to explore the mechanism gp120 uses to cause metabolic reprogramming. 

Manipulation of some of these key enzymes will also be performed to assess the possibility 

of restoring the cellular metabolism even in the presence of gp120. 

Aim 3: To explore the effect of gp120 and metabolic reprogramming on BDNF expression 

and signaling. 

After exposure to gp120, the cleavage of proBDNF into mature BDNF will be 

assessed via IP and western blot. The binding of transcription factors and transcription 

manipulators with BDNF promoters will also be assessed via ChIP and subsequent western 

blot. 
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CHAPTER 5 

 
METABOLIC REPROGRAMMING IN HIV-ASSOCIATED 

NEUROCOGNITIVE DISORDERS (HAND) 

5.1 Introduction 

 

HIV-1 infected patients have presented with several cognitive defects, and these 

defects have continued even with the implementation of cART (Coutifaris, et al., 2020) 

(Heaton, et al., 2011). These neurocognitive defects can range from asymptomatic 

conditions and mild disorders to even more severe disorders such as spatial memory 

impairment and learning difficulties (SMI-LD) (Woods, Moore, Weber, & Grant, 2009). 

These symptoms can be attributed to the release of viral proteins shed from infected cells 

or defective proviruses. Studies have demonstrated that viral proteins, including gp120, 

can be found in infected patients’ CSF (Desplats, et al., 2013). The shed HIV viral proteins, 

Tat, gp120, and Vpr, are important since these are the viral proteins that have been 

identified in the CSF of patients and have been described to damage neurons (Santerre, et 

al., 2019) (Santerre, et al., 2021) (Speidell, Paolo Asuni, Wakulski, & Mocchetti, 2020). 

HIV-1 gp120 is a viral envelope protein that allows HIV virions to interact with 

host receptors (CD4+) and the co-receptors (CCR5 and CXCR4) (Chen B. , 2019). HIV-1 

gp120 has been shown to be released from infected cells and can be taken up by neurons, 

where it then can cause neuronal dysfunction (Berth, Hugo Caicedo, Sarma, Morfini, & 

Brady, 2015). Furthermore, gp120 is toxic to neurons through the activation of the NMDA 

receptor resulting in an increase in calcium uptake, the activation of the oxidative stress 
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(OS) pathway, and the release of toxic lipids from cellular membranes (Belmadani, 

Neafsey, & Collins, 2003) (Fields, et al., 2016). Gp120 has also been shown to alter 

mitochondrial functions and axonal transport of mitochondria contributing to 

neurocognitive dysfunctions (Berth, Hugo Caicedo, Sarma, Morfini, & Brady, 2015) 

(Fields & Ellis, 2019). In addition, gp120 has been shown to alter synaptic plasticity 

through cAMP response element-binding (CREB) protein signaling (Zhou, et al., 2016). 

HIV-1 must create an environment conducive to replication through biochemical 

and structural changes in the host cell. One way HIV does this is through metabolic 

reprogramming (Thaker, Ch’ng, & Christofk, 2019). Many other viruses have been shown 

to use metabolic reprogramming to change the host cell’s environment and make it more 

conducive for viral replication (Polcicova, Badurova, & Tomaskova, 2020). Metabolic 

reprogramming is a common phenomenon observed in several diseases, including cancer 

and viral infections (Angel Medina, 2020) (Sanchez & Lagunoff, 2015) (Polcicova, 

Badurova, & Tomaskova, 2020). Metabolic reprogramming is also observed in many 

neurodegenerative diseases like Alzheimer's disease, amyotrophic lateral sclerosis, and 

Parkinson's disease (Han, Liang, & Zhou, 2021) (Cassina, Miquel, Martínez-Palma, & 

Cassina, 2021) (Lu, Zhou, Dou, Wang, & Yu, 2021). However, not much is known about 

metabolic reprogramming in neurons affected by HIV-1 and the role metabolic 

reprogramming plays in the progression of HAND. 

In this study, I identify a novel pathway used by HIV gp120 leading to metabolic 

reprogramming, which results in cellular changes that have been identified as potential 
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contributors to SMI-LD. These results may be helpful to contribute to a therapeutic 

approach that inhibits metabolic reprogramming and ultimately prevents memory 

impairment associated with HIV-1 infections. 

5.2 Materials and Methods 

 
5.2.1 Cell Culture and Treatments 

 
Lund University human mesencephalic cells (LUHMES) were purchased from 

ATCC (cat. No. CRL-2927) and cultured as previously described (Scholz, et al., 2011). 

Cell culture plates were coated with 50μg/ml poly-L-ornithine (PLO) and 1μg/ml 

fibronectin overnight at 37°C. LUHMES were then maintained in a growth medium 

containing DMEM/F12 supplemented with 2mM L-glutamine, 1x N2-supplement, and 

40ng/ml recombinant human fibroblast growth factor (FGF). All cells were used under 20 

passages and were differentiated using a medium that consisted of DMEM/F12 

supplemented with 2mM L-glutamine, 1x N2-supplement, 1μg/ml doxycycline, and 

2ng/ml recombinant human glial neurotrophic factor (GDNF). After one day of 

differentiation, cells were split 1:2 and allowed to continue differentiating until day six. 

5.2.2 HIV-1 gp120 Treatments 

 
Recombinant HIV-1 IIIB gp120 (clade B) protein was kindly provided by the NIH 

AIDS Reagent Program. Cells were treated for 8 hours using 100ng/ml concentration. 

Afterwards, cells were used for the following experiments. I chose to treat these cells for 8 

hours because when testing out different timepoints, most of the RNA and protein 
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expression changes where most significant at that time. After 8 hours, the expression 

changes begin to return to baseline levels as the cells are trying to maintain homeostasis. 

5.2.3 Chemical Reagents 

 
Tepp-46 (ML-265) is a potent and selective pyruvate kinase M2 (PKM2) tetramer 

stabilizer. Echinomycin Streptomyces sp (ES) and PX-12 are both HIF-1α inhibitors. 

LUHMES were treated with 10nM of Tepp-46 (purchased from VWR), 10μM of ES 

(purchased from Thomas Scientific), or 10μM of PX-12 (purchased from Thomas 

Scientific). A dose-response curve was conducted to determine the working concentration 

of Tepp-46 in LUHMES by using a pyruvate assay. The dose curve was done using 

undifferentiated LUHMES since undifferentiated cells express PKM2 over PKM1 to 

facilitate proliferation (Zheng, et al., 2016). Pyruvate levels were assessed using differing 

amounts of Tepp-46 as the increase in pyruvate indicates the ability of Tepp-46 
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Figure 16 Tepp-46 Dose Response Curve 

Concentrations of intercellular pyruvate in undifferentiated LUHMES cells treated 

with increasing concentration of Tepp-46 as indicated. (** p<0.01, *** p<0.001) 
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concentration to stabilize the PKM2 tetramer and thus increase the conversion of PEP into 

pyruvate (Figure 16). 

5.2.4 Western Blot Assay SDS-PAGE 

 
Proteins were extracted using radioimmunoprecipitation assay (RIPA) lysis buffer 

containing 25mM Tris-HCl pH 7.6, 150mM NaCl, 1% Triton x-100, 0.1% SDS and 1x 

protease inhibitor cocktail. Protein concentrations were determined using a BCA Assay 

(Thermo Fisher scientific). Protein samples are prepared in Laemmli buffer and western 

blot was performed using 20μg of protein per well using polyacrylamide gels. Antibodies 

used and the concentrations are as follows: PKM1 (1/1000; D30G6), PKM2 (1/1000; 

D78A4), CREB (1/1000; 48H2) [Cell Signaling]; PTBP1 (1/1000; 12582-1-Ap), Furin 

(1/500; 18413-1-Ap) [Proteintech]; ICER (1μg/ml; WH0001390M2), secondary anti- 

mouse (1/5000; 71045-3), secondary anti-rabbit (1/10000; AP187P) [Sigma-Aldrich]; 

BDNF (2μg/ml; ab10505) [Abcam]; proBDNF (1/400; ant-006) [Allomone]; and H3 

(0.5μg/ml; A01502) [GenScript]. The densitometry ratios of the bands were determined 

using ImageJ and were normalized to loading control, H3. 

5.2.5 Immunoprecipitation of BDNF and proBDNF 

 
Differentiated LUHMES cells were treated with gp120, Tepp-46, or both gp120 

and Tepp-46 for 8 hours. The cell supernatant was collected and concentrated using 

Advanced Centrifugal Devices with 1K MWCO (Pall corporation, MAP001C36). The 

concentrated media was then added to either prepared anti-mouse IgG Dynabeads 
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(Invitrogen, 11201D) or anti-rabbit IgG Dynabeads (Invitrogen, 11203D) rotated at 4°C 

overnight. Dynabeads were prepared following manufactures protocol. Briefly, 50μl of 

beads were used per 250μg of sample media. The beads were washed in washing buffer, 

and then 4μg of either anti-BDNF or anti-proBDNF antibodies were added to the beads 

and rotated at 4˚C overnight. The next day the samples were washed and eluted in a 5x 

SDS loading buffer, and then eluted samples were used for a western blot analysis. 

5.2.6 RNA Extraction 

 
Total RNA was extracted from samples using a SurePrep TrueTotal RNA 

purification kit (Fisher Bioreagents, BP2800-50). A NanoDrop 2000 spectrophotometer 

(Thermo Scientific) was used to determine the purity and concentration of the RNA 

extracted. 

5.2.7 qPCR Assay 

 
cDNA was synthesized from collected RNA using the SuperScript IV VILO cDNA 

Master Mix with ezDNase (Invitrogen, 11766050). The following primers (purchased from 

IDT) were used: HIF-1α: (F) 5’-gaacgtcgaaaagaaaagtctcg -3’; (R) 5’- 

ccttatcaagatgcgaactcaca-3’. ICER: (F) 5’-acagtacgcagcacaatcag-3’; (R) 5’ctggt 

aagttggcatgtcacc-3’. PTBP1: (F) 5’-aatgacaagagccgtgactac-3’; (R) 5’- 

ggaaccagctcctgcatac-3’. PKM1: (F) 5’-cgagcctcaagtcactc cac-3’; (R) 5’- 

acgacgtcaccccggtattagc-3’. PKM2: (F) 5’-attatttgaggaactccgccgcct-3’; (R) 5’- 

attccgggtcacagcaa tgatgg-3’. BDNF: (F) 5’-caggggcatagacaaaag-3’; (R) 5’- 
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cttccccttttaatggtc-3’. GAPDH: (F) 5’-caaggctgagaacgg gaag-3’; (R) 5’- 

tgaagacgccagtggactc-3’. All qPCR was performed using FastStart Universal SYBR Green 

(Roche, 04913914001) according to the manufacturer’s instructions. The relative 

quantitation of mRNA was performed using the comparative ∆∆Ct method, and all results 

are compared to that of the control group and GAPDH. 

5.2.8 Chromatin Immunoprecipitation (ChIP) Assay 

 
Differentiated LUHMES were treated with 100ng/ml of recombinant gp120 protein 

for 8 hours. Formaldehyde was then added to the cells at a final concentration of 0.75% 

and incubated for 10 minutes at room temperature. Cross-linking was stopped by the 

addition of glycine (125mM final concentration) and incubated for 5 minutes at room 

temperature. Cells were then rinsed with cold PBS and collected in 5ml of cold PBS. 

Samples were centrifuged (1000 g) for 5 minutes at 4°C. The supernatant was removed, 

and the pellet was resuspended in ChIP lysis buffer, which consisted of 50mM HEPES, 

140mM NaCl, 2mM EDTA, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS, and 

protease inhibitors. The samples were then incubated on ice for 10 minutes. Samples were 

then sonicated to achieve DNA fragmentation between 200-1000 bp, centrifuged (8000 g) 

for 10 minutes at 4°C, and the supernatant was removed and used for immunoprecipitation 

(IP). Ten μg of CREB antibody were added to 25μg of DNA, diluted 1:20 in RIPA buffer, 

then rotated at 4°C for 1 hour. Next, Dynabeads were added to each sample and rotated at 

4°C overnight. The following day, samples were washed in a low salt wash buffer 

consisting of 0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl, 150 mM NaCl 
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and then eluted in 120μl of elution buffer consisting of 1% SDS, 100mM NaHCO3. 4.8μl 

of 5M NaCl and 2μl of RNase A (10mg/ml) was then added to eluted samples and 

incubated at 65°C overnight. The following day, 2μl of proteinase K (20mg/ml) was added 

and incubated at 60°C for 1 hour. DNA levels were measured by qPCR using the following 

primers: hBDNF promoter II: (F) 5’-gagtcccattc agcaccttgga-3’; (R) 5’- 

atctcagtgtgagccgaacct-3’, and hBDNF promoter IV: (F) 5’-agagtgtctat ttcgaggcagc-3’; (R) 

5’-aatgggaaagtgggtgggagt-3’. 

5.2.9 Immunohistochemistry 

 
Four WT B6xSJL mice and four gp120-tg mice were kindly provided by Dr. 

Lennart Mucke (Gladstone Institute of Neurological Disease, University of California) and 

were maintained at Sanford Burnham Presbyterian Medical Discovery Institute (Toggas, 

et al., 1994). At the Sanford Burnham Presbyterian Medical Discovery Institute these mice 

were anesthetized with isoflurane and subjected to transcranial perfusion with 0.9% saline 

at nine months of age. The brains were quickly removed and fixed with 4% 

paraformaldehyde for 48 hours at 4°C. Brain sections of 30μm thickness were obtained for 

histological studies. The slides were permeabilized with 1% Triton X-100 for 30 mins, 

followed by blocking with 10% heat-inactivated goat serum in PBS containing 0.5% 

Tween-20 for 1.5 hours. The sections were then stained with PKM1 and PKM2 antibodies 

(Cell Signaling). All experiments involving WT and gp120-tg mice were performed 

following NIH guidelines and approved by the IACUC of Sanford Burnham Presbyterian 

Medical Discovery Institute and done in collaboration. 



98  

5.2.10 Oxygen Consumption Rate Test 

 
Changes in oxygen consumption after gp120 treatment were analyzed using the 

Seahorse XFe96 Analyzer from Agilent Technologies. LUHMES were differentiated for 

five days, then split onto a PLO/fibronectin-coated XFe96-well microplate and were 

cultured overnight. On the day of the experiment, the growth medium was replaced with 

XF assay medium containing DMEM, 10mM glucose, 4mM L-glutamine, and 2mM 

sodium pyruvate and allowed to incubate at 37°C in an incubator without the addition of 

carbon dioxide. Oxygen consumption rate (OCR) measurements were made at basal 

conditions and in response to 1μM Oligomycin, 1.5μM FCCP, and 1μM rotenone / 1μM 

antimycin A (Delp, et al., 2019). 

5.2.11 Metabolomic Analysis 

 
LUHMES cells were cultured in differentiation medium for five days. Then the 

media was switched to a glucose-free differentiation medium with the addition of D- 

Glucose-13C6 (Aldrich 389374-250MG) for an additional 24 hours. Eight hours before 

collection, 100ng/ml of recombinant gp120 protein were added to the cells. Control 

untreated cells were also cultured in an unlabeled differentiation medium. The polar 

metabolites were collected using an ice-cold extraction solution of 80% methanol and 20% 

water. As described in Di Marcantonio, et al., 2021, samples were analyzed at the 

Proteomics and Metabolomic Center at the Wistar Institute in Philadelphia, PA (Di 

Marcantonio, et al., 2021). Raw data were normalized to total protein recovered from the 

polar metabolites and analyzed using MetaboAnalyst 5.0 online software. 
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5.2.12 Pyruvate Assay 

 
A fluorometric Pyruvate Assay Kit (Cayman Chemical, C789C04) was used to 

determine pyruvate production. Differentiated LUHMES cells were treated with gp120, 

Tepp-46, or gp120 and Tepp-46 for 8 hours. Cells were collected, and the experiment was 

performed following the manufacturer’s protocol (Ledee, et al., 2015). Values were 

normalized to the cell count of each sample. 

5.2.13 ATP Concentration Assay 

 
Following the manufacturer’s protocol, ATP concentrations were determined using 

an ATP Determination Kit (a22066 Invitrogen) (Mitra, Wunder, Roysam, Lin, & 

Lippincott-Schwartz, 2009). Differentiated LUHMES cells were treated with gp120, Tepp- 

46, or gp120 and Tepp-46 for 8 hours at 37oC. The cells were collected, centrifuged (800 

g) for 5 minutes, and the supernatant was removed. 500μl of boiling dH2O was added to 

the pellet, and the samples were centrifuged again (12,000 g) for 10 minutes before 

collecting the supernatant. 10μl of sample per 100μl final volume was used. ATP 

concentration was determined and normalized to the cell count of each sample. 

5.2.14 Human Advanced Glycation End-Products (AGEs) ELISA 

 
Advanced glycation end-product (AGE) concentrations were measured using 

Immunotag Human AGEs ELISA kit (G biosciences, cat# IT1931) following the 

manufacturers protocol. Differentiated LUHMES were treated with gp120, Tepp-46, or 

gp120 and Tepp-46 for 8 hrs. Cells were collected, centrifuged (800 g) for 5 minutes, and 
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the supernatant was removed. One hundred μl of RIPA buffer with protease inhibitors were 

added to the cells and rotated at 4°C for an hour. The ELISA plate was prepared and washed 

following the manufacturer’s protocol. The samples were diluted in Sample Dilution buffer 

at a dilution of 1:5, and the diluted samples were added to the wells and incubated at 37°C 

for 90 minutes. After 90 minutes, the biotin detection antibody was added to the wells. The 

plate was then re-incubated for an additional 60 minutes at 37°C. Next, HRP-Streptavidin 

Conjugate was added and incubated at 37 °C for 30 minutes. The TMB Substrate was then 

added and incubated at 37 °C for 15 minutes in the dark. After the reaction achieved 

optimal levels determined by the color of the reaction in the standard curve wells, Stop 

Solution was added, and the plate was read at 450 nm. Concentrations were derived from 

the standard curve, and samples were normalized to dilution factor and cell count. 

The BDNF IP samples were prepared following a protocol by Wu et al. (Wu, et al., 

2021). The samples were prepared following the above IP protocol however the beads were 

then eluted in 100μL of 0.1% trifluoroacetic acid (TFA) solution and incubated in a 37 °C 

water bath for 30 minutes. Samples were then added to the ELISA plate undiluted, and the 

above ELISA protocol was followed. 

5.2.15 Statistical Analysis 

 
All the experiments were repeated at least in triplicate. Statistical analysis was 

performed using a one-way analysis of variance (ANOVA) or a student’s t-test. Data are 

expressed as the mean with ± standard deviation (S.D.). Results were judged statistically 

significant if p<0.05 by analysis of variance. (Marked in the figures as *p<0.05; **p<0.01; 
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***p<0.001; ****p<0.0001 where needed). Data were plotted using GraphPad Prism 

version 7.0. 

5.3 Results 

 
5.3.1 gp120 Promotes a Decrease in Mitochondrial Oxygen Consumption 

 
Previously, our lab, and other labs have demonstrated that the addition of gp120 to 

neurons causes a decrease in ATP production and disruption in mitochondrial movement 

(Avdoshina, et al., 2016) (Shrestha, 2016). In mouse neuroblastoma cells (N18TG2), it has 

been shown that 10-10 M of recombinant gp120 resulted in decreased oxygen consumption 

and a decrease in ATP production (Vignoli, et al., 2000). 

I set out to determine if gp120 decreases oxygen consumption and ATP production 

in differentiated LUHMES similar to the changes previously seen in SH-SY5Y cells. In 

order to do this, I am using immortalized human mesencephalic cells, LUHMES, which 

can differentiate into mature dopaminergic-like neurons. LUHMES are human embryonic 

neuronal precursor cells that are immortalized and proliferative due to a transgenic v-myc 

expressed under a tetracycline-regulated off (Tet-off) promoter (Lotharius, et al., 2002). 

LUHMES can be differentiated into post-mitotic mature dopaminergic-like neurons and 

express markers of mature neurons after five days of treatment with tetracycline (Scholz, 

et al., 2011). I decided to use LUHMES as my cellular model since metabolic 

reprogramming is a significant driver of proliferation in cancer cells (Phan, Young, & Lee, 

2014). However, in differentiated LUHMES, the metabolic reprogramming needed to 
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sustain growth is turned off, and this allows us to observe any metabolic changes attributed 

to gp120 (Delp, et al., 2019). 

 

 

Figure 17 Seahorse Mito Stress Test Schematic 

A schematic of a typical result from a Seahorse Mito Stress Test showing the 

interpretation of each measurement taken at different timepoints. 
 
 

I measured the oxygen consumption rate (OCR) of differentiated LUHMES treated 

with 100ng/ml of recombinant gp120 using a Seahorse Mito Stress Test. Figure 17 

illustrates a typical Mito Stress Test and the results and interpretation of the oxygen 

consumption data. 

The addition of gp120 decreases OCR associated with maximal respiration 

compared to the control untreated cells (Figure 18). The maximal oxygen consumption rate 

is a measure of the maximum capacity of the electron transport chain that the cells can 

achieve, and any decrease in maximum respiration rate is a sign of mitochondrial damage 

or decreased ability to progress through the electron transport chain (Gu, Ma, Liu, & Wan, 

2020). 
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The percentage of spare respiration capacity also decreases in the presence of gp120 

(Figure 18). The spare respiration capacity is a measurement of the difference between 

maximum respiratory capacity and basal respiratory capacity. The spare respiration 

capacity is crucial in cellular states where the energy demand exceeds the energy supply, 

for instance, in a state of increased neuronal activity (Pfleger, He, & Abdellatif, 2015). The 

decrease in spare respiration capacity, sometimes referred to as the reserve respiratory 

capacity (RRC), has been shown to be associated with neuronal disease and cell death 

(Yadava & Nicholls, 2007) 

 

 

 

 

 

 

 

 

Figure 18 Alterations in Mitochondrial Respiration After gp120 Treatment 

Measurement of oxygen consumption rate (OCR) in LUHMES cells untreated (dotted 

lane/red squares) or treated with 100ng/ml of gp120 protein (solid lane/black circles) 

for 8 hours using a Seahorse XFe96 analyzer and a Mito Stress Test kit. Oligomycin, 

FCCP, and rotenone/antimycin (dotted lines) were added at 23, 50, and 75 minutes, 

respectively. Graph displaying the maximal respiration and spare capacity (pmol/min) 

measured. Values derived from Seahorse analyzer and computed using Seahorse 

software were considered statistically significant (* p<0.05). 

These measurements suggest that gp120 causes a decrease in oxygen consumption 

associated with aerobic mitochondrial metabolism during a high energy-demanding state. 

In addition, these results suggest that gp120 causes a decrease in mitochondrial oxidative 
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phosphorylation (OXPHOS) and a decrease in ATP production associated with the 

mitochondria electron transport chain. 

5.3.2 gp120 Changes Metabolite Levels Indicative of Metabolic Reprogramming 

 
It has been discovered that one of the major factors that regulate spare respiration 

capacity and maximum respiratory capacity is the availability of substrates to enter the 

TCA cycle (Sansbury, Jones, Riggs, Darley-Usmar, & Hill, 2011). Pyruvate is the primary 

substrate for the TCA cycle which fuels the ETC resulting in mitochondrial-associated 

respiration and pyruvate is the product of the last step of glycolysis (McCommis & Finck, 

2015). Other than pyruvate, many other substrates can fuel mitochondrial respiration, for 

example, glutamate, malate, or fatty acids (Cortassa, Sollott, & Aon, 2017). 

To explore changes in TCA cycle substrates that could contribute to the decrease 

in mitochondrial OXPHOS observed in the Seahorse Mito Stress test, I performed a 

metabolomic mass spectrometry analysis on differentiated LUHMES treated with 

100ng/ml of recombinant gp120. 

In the gp120 treated LUHMES, I observe an increase in glycolysis-associated 

metabolites and a decrease in TCA-associated metabolites compared to the untreated cells 

(Figure 19A & B). More specifically, I see an increase in glucose, glucose-6-phosphate 

(G6P), fructose-1,6-biphosphate (FBP), glyceraldehyde-3-phosphate (G3P), 3- 

phosphoglycerate (3PG), phosphoenolpyruvate (PEP), and lactate (Figure 19C). 
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Figure 19 Alterations in Glycolysis After gp120 Treatment 

A. Differential expression of metabolites measured in untreated and gp120- 

treated LUHMES cells in triplicate by metabolomic analysis. (p<0.05) B. 

Glycolysis pathway with metabolites that are upregulated (green) and 

downregulated (red) in LUHMES treated with gp120 compared to control 

cells. C. Graphs showing changes in different glycolysis associated 

metabolites in control and gp120 treated LUHMES D. ATP and ADP 

concentrations in these same cells. (* p<0.05, ** p<0.01). 

Additionally, I observe a decrease in ATP and a corresponding increase in ADP (Figure 

 

19D). 
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Besides the apparent increase in aerobic glycolysis, I also see TCA cycle rewiring, 

another hallmark of metabolic reprogramming in the gp120 treated LUHMES (Figure 20A) 

(Todisco, Convertini, Iacobazzi, & Infantino, 2020). I observed decreases in many TCA 

cycle-associated metabolites, including cis-aconitic acid, 2-oxoglutarate, and succinate, 

(Figure 20B & C) indicating decreased TCA cycle possible due to the decrease in pyruvate 

(Figure 19C). The decrease in TCA metabolites along with the decrease in pyruvate 

correlates with a reduction in OXPHOS and reduced mitochondrial respiration. Fumarate 

is decreased also but the change is slight and not significant (Figure 20B). 

However, I also see an increase in some TCA cycle metabolites, citrate, and a slight 

increase in malate, but it is not significant (Figure 20C). Both citrate and malate are 

commonly upregulated metabolites in metabolic reprogramming (Williams & O'Neill, 

2018). The increase in citrate and malate indicate a rewiring of the TCA cycle that allows 

for acetyl-CoA production to fuel fatty acid synthesis and to continue to fuel the TCA cycle 

when pyruvate production is altered (Figure 20A) (Saggerson, 2008) (Palmieri, 2004). 

The TCA cycle can also use glutamine as an anaplerotic molecule to continue the 

cycle’s progression (Reitzer, Wice, & Kennell, 1979). In the metabolomics study, I observe 

a decrease in glutamine and an increase in glutamate, the first step of glutaminolysis 

(Figure 21) (Dorai, Dorai, Pinto, Grasso, & Cooper, 2019). Once glutamine is converted 

into glutamate, it can be further converted to α-ketoglutarate or citrate and then enter the 

TCA cycle (Figure 20A) (Udupa, et al., 2019) (Parker & Metallo, 2015). 
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Figure 20 Alterations in The TCA Cycle After gp120 Treatment 

A. TCA cycle pathway with metabolites that are upregulated (green), 

downregulated (red), and not significantly changed (blue) in LUHMES treated 

with gp120 compared to control cells. B. Graphs showing decreases in different 

TCA cycle associated metabolites in control and gp120 treated LUHMES C. 

Graphs showing increases in different TCA cycle associated metabolites in 

control and gp120 treated LUHMES. (* p<0.05, ** p<0.01). 

In cells treated with gp120, I see an increase in lactic acid, a byproduct of increased 

glutaminolysis, and the conversion to α-ketoglutarate (Figure 21) (Legendre, MacLean, 

Appanna, & Appanna, 2020). Glutamate can also be converted into other amino acids to 

fuel protein production like proline and alanine, which are both elevated in the 

metabolomics study (Figure 21). This increase in lactic acid and the increase in glutamate, 
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proline, and alanine, along with the decrease in glutamine, suggests that gp120 is inducing 

anaplerosis by way of glutaminolysis, thus implicating metabolic reprogramming (Figure 

20A). 

 

Figure 21 Alterations in Glutaminolysis After gp120 Treatment 

Graphs showing changes in different glutaminolysis-associated metabolites in control 

and gp120 treated LUHMES. (* p<0.05, ** p<0.01). 

In the gp120 treated LUHMES, I observe a decrease in serine and an increase in 

glycine (Figure 22A). Serine is an important regulator of glycolysis through its positive 

regulation of PKM2 enzymatic activity resulting in a higher conversion of PEP into 

pyruvate, but when serine is reduced PKM2 enzymatic activity is also reduced (Chaneton, 

et al., 2012) (Ye, et al., 2012). However, serine also is vital in one-carbon metabolism, 

where the conversion of serine into glycine fuels the folate cycle resulting in the 

biosynthesis of nucleotides and fatty acids (Figure 22B)(Amelio, Cutruzzola, Antonov, 

Agostini, & Melino, 2014). 

Further, the metabolomic analysis shows an increase in both purines produced in 

this synthesis pathway, adenosine monophosphate (AMP) and guanosine monophosphate 

(GMP) (Figure 22C)(Zhao, et al., 2015). I also see an increase in methionine and increases 

in methionine cycle metabolites, s-adenosylmethionine (SAM) and cystathionine (Figure 

22D). However, I see a decrease in cysteine and glutathione (Figure 22D). The increase in 
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methionine cycle intermediates and the decrease in cystine production suggests that the 

majority of homocysteine produced in the cycle gets recycled back to methionine to 

continue this cycle, and in doing so, continues to drive the folate cycle resulting in more 

conversion of serine into glycine to enter the one-carbon pathway fueling more purine 

production (Figure 22B). 

 

Figure 22 Alterations in Folate Cycle and Methionine Cycle With gp120 

Treatment 

A. Graphs showing changes in serine and glycine levels in control and gp120 treated 

LUHMES. B. Folate cycle and Methionine cycle pathway with metabolites that are 

upregulated (green) and downregulated (red) in LUHMES treated with gp120 

compared to control cells. C. Graphs showing increases in purines, AMP and GMP in 

control and gp120 treated LUHMES. D. Graphs showing changes in methionine cycle 

metabolites in control and gp120 treated LUHMES. (* p<0.05, ** p<0.01). 

In addition to increased purines, gp120 treated LUHMES also show an increase in 

uridine 5-diphosphate (UDP), the primary precursor for pyrimidine synthesis (Figure 23A) 

(Huang & Graves, 2003). The increase in UDP suggests that gp120 is also causing an influx 
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of G6P, a metabolite of glycolysis, to enter the pentose phosphate pathway (PPP) to be 

converted to ribose 5-phosphate and then undergo further conversion into UDP to be used 

in the synthesis of pyrimidines (Patra & Hay, 2014). 

 

 

Figure 23 Alterations in Amino Acids After gp120 Treatment 

A. Graph showing increase in UDP levels in control and gp120 treated LUHMES. 

B. Differential expression of amino acids measured in untreated and gp120-treated 

LUHMES cells in triplicate by metabolomic analysis. C. Graph showing decrease 

in tryptophan levels in control and gp120 treated LUHMES. (* p<0.05) 

 

The metabolism of other amino acids is also disrupted in LUHMES treated with 

gp120 (Figure 23B). For instance, tryptophan is significantly reduced, suggesting an 

increase in tryptophan usage, most likely in the NAD de novo synthesis pathway as a way 

to replenish NAD levels to continue to fuel the increase in metabolic redox reactions 

(Figure 23C)(Stein & Imai, 2012). 
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As these metabolomic data suggest, gp120 can cause many changes to cellular 

metabolism, all indicative of metabolic reprogramming. These data also suggest that gp120 

is enough to cause cellular changes that can fuel the production of lipids, proteins, and 

nucleotides needed for viral replication. These metabolic changes have been well 

demonstrated to contribute to neurocognitive defects, including alterations in memory and 

learning dysfunction (Tu, et al., 2019) (Wang, et al., 2017) (Tang B. L., 2020) (Coppede, 

2010) (Griffin & Bradshaw, 2017) suggesting metabolic reprogramming may play a role 

in HAND as well. 

5.3.3 Impact of gp120 on Factors Involved in Metabolic Reprogramming 

 
The last step of glycolysis, the conversion of PEP into pyruvate, is carried out by 

the pyruvate kinase enzyme (PK) and has four isoforms: pyruvate kinase liver (PKL), 

pyruvate kinase red blood cells (PKR), pyruvate kinase muscle isoform 1 (PKM1), and 

pyruvate kinase muscle isoform 2 (PKM2). PKM1 and PKM2 isoforms are found in most 

tissues, including neurons, resulting from alternative splicing of the PK mRNA (Gupta & 

Bamezai, 2010). 

The polypyrimidine tract-binding protein 1 (PTBP1) is the posttranscriptional 

regulator for the difference in splicing of PKM into its isoforms PKM1 or PKM2 by way 

of exon skipping (Calabretta, et al., 2015). PTBP1 binds to polypyrimidine-rich areas of 

RNA and mainly functions as a splicer but can also play roles in the transport, localization, 

and stabilization of mRNA (Zhu, et al., 2020). PTBP1 controls splicing by crosslinking to 

pyrimidine repeats within a 3’ splice site and represses that exon from being spliced out 
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(Llorian, et al., 2010). Also, the binding of PTBP1 to exonic or flanking intronic pyrimidine 

repeats promotes the inclusion of alternatively spliced exons (Corrionero & Valcarcel, 

2009). PTBP1 promotes the expression of PKM2 and decreases the expression of PKM1 

through the inclusion of exon 10 and splicing out of exon 9 (Chen, Zhang, & Manley, 

2010). 

 
 

 

Figure 24 Changes in Proteins Responsible for Metabolic Reprogramming 

Expression of PTBP1 (A., B.), PKM1 (C., D.), and PKM2 (E., F.) mRNA and protein 

isolated from untreated or gp120-treated LUHMES for 8 hours as obtained by qPCR 

and normalized to GAPDH as an internal control (A., C., and E.) and western blot (B., 

D., and F.), respectively. Quantification of the relative protein levels were determined 

from the band intensity using ImageJ software and normalized relative to the H3. Bar 

graphs represent means ± SD of at least two independent experiments. Data represent 

the mean ± S.D. Results were judged statistically significant by ANOVA (*p<0.05; 

**p<0.01; ***p<0.001, ****p<0.0001). 
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I sought to determine whether the addition of gp120 increases the expression of 

PTBP1, resulting in the promotion of PKM2 over PKM1. In order to test this, I used 

differentiated LUHMES that were treated with 100 ng/ml of gp120 for 8 hours. mRNA and 

protein were isolated, and qPCR and western blot analysis was conducted. As shown, the 

exposure to gp120 leads to an increase in the expression of PTBP1 mRNA (Figure 24A) 

and PTBP1 protein (Figure 24B). Furthermore, the addition of gp120 leads to a decrease 

in the expression of PKM1 mRNA (Figure 24C) and an increase in PKM2 mRNA (Figure 

24E). I also see an increase in the expression of PKM2 protein (Figure 24F) and a decrease 

in PKM1 protein (Figure 24D). These results signify that gp120 exposure results in an 

increased expression of PTBP1, and through this increase, the cell favors the splicing of 

PKM2 over PKM1. 

5.3.4 Evidence That gp120 Alters PKM1/2 Expressions in Mice in vivo 

 
Next, I sought to confirm that the switch of PKM1 to PKM2 that is seen in vitro 

occurs in vivo. I used gp120-transgenic mice generated by inserting the portion of the HIV- 

env gene that encodes gp120 into the mouse genome under the control of glial fibrillary 

acidic protein (GFAP) promoter (Toggas, et al., 1994). The GFAP promoter is an astrocyte- 

specific promoter and results in gp120 being expressed only in astrocytes (Lee, Messing, 

Su, & Brenner, 2008). These mice mimic the shedding of gp120 from infected immune 

cells in the brain that is seen in human HIV patients (Kanmorgne, Kennedy, & Grammas, 

2002). These transgenic mice develop neuropathology similar to human HIV patients with 

HAND, including decreased synaptic and dendritic density and neuronal loss (Thaney, et 
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Figure 25 PKM1 and PKM2 Expression is Altered in the Brain Tissues of gp120- 

tg Mice 

Representative images of the expression of PKM1 (A.) and PKM2 (B.) (brown) in the 

hippocampal area of 9-month-old HIV-1 gp120 transgenic mice (2819- gp120-tg) and 

age-matched control mice (2812). (C., D.) Quantification of the intensity of PKM1 

and PKM2 labeling. Data represent the mean ± S.D. Results were judged statistically 

significant if *p<0.05 by ANOVA. Arrows are pointing at PKM1 and PKM2 positive 

staining. 

al., 2018). These gp120 transgenic mice also show decreases in spatial memory and 

increases in neuromotor defects, much like HIV patients with HAND (D’hooge, Franck, 

Mucke, & De Deyn, 1999). 

 

I measured the protein expression of PKM1 and PKM2 in hippocampal sections 

from wild type and gp120tg mice using immunohistochemistry. As seen, there is a 

significant decrease in PKM1 protein and a significant increase in PKM2 protein in the 

gp120tg mice (Figure 25). These results corroborate the gp120-associated changes in 

PKM1 and PKM2 expression that was observed in LUHMES. 
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5.3.5 gp120 Prevents PEP Conversion to Pyruvate 

 
In mature neurons, PKM1 is the dominant isoform and is enzymatically 

constitutively active, while in immature neurons, PKM2 is the dominant isoform, and its 

enzymatic activity is allosterically controlled (Su, Hung, Hung, & Tarn, 2017) (Nandi, 

Razzaghi, Srivastava, & Dey, 2020). The enzymatic activity of PKM2 depends on if PKM2 

is a dimer or tetramer. When PKM2 is a tetramer, then it carries out the enzymatic 

conversion of PEP into pyruvate, much like PKM1. However, if PKM2 is a dimer, then it 

cannot carry out the enzymatic conversion (Zahra, Dey, Ashish, Mishra, & Pandey, 2020). 

The loss of enzymatic activity of dimeric PKM2 has been shown to result in the 

accumulation of glycolytic metabolites (Mazurek, Boschek, Hugo, & Eigenbrodt, 2005). 

The increase in glycolytic intermediates or metabolites has been shown to lead to increased 

biosynthesis of biomass (Chhipa & Patel, 2021). 

To explore the effect that gp120 has on pyruvate production, I treated LUHMES 

with Tepp-46 with and without gp120. Tepp-46 (ML-265) is a potent and selective PKM2 

tetrameric stabilizer, which returns the catalytic activity to PKM2, so that PKM2 can act 

similarly to PKM1 by converting PEP into pyruvate (Figure 26) (Anastasiou, et al., 2012). 

Tepp-46 is a small molecule activator that binds PKM2 and promotes the formation of 

tetramers through the promotion of tight protein binding and holds the four PKM2 

monomers in the tetramer form (Palsson-McDermott & O’Neill, 2013). By measuring 

intracellular pyruvate concentrations in response to varying molarities of Tepp-46, I 
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determined that 10nM was the significant concentration to increase pyruvate through 

increased PKM2 enzyme activity in LUHMES (Figure 16). 

 

 

Figure 26 Tepp-46 Mechanism of Action 

A schematic illustrating the mechanism of action of Tepp-46 and its 

correlation to pyruvate production and effect on mitochondrial 

metabolism. 

 

Differentiated LUHMES were treated with gp120, Tepp-46, or both gp120 and 

Tepp-46 for 8 hours. As expected, the addition of gp120 decreases the production and 

accumulation of internal and external pyruvate, while the addition of Tepp-46 on non- 

gp120 treated cells does not affect pyruvate production or accumulation (Figure 27A & B). 

Interestingly, treatment of the cells with both gp120 and Tepp-46 leads to a modest but 

significant increase in internal and external pyruvate levels, suggesting a rescue in pyruvate 

production indicated by the significant increase in internal and external pyruvate levels 

(Figure 27A & B). These results are consistent with the idea that exposure of cells to gp120 

results in the dimerization of PKM2 and the subsequent reduced enzymatic activity, thus 

reducing the amount of pyruvate produced from glycolysis. These results also show that 
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through Tepp-46, PKM2 tetramers can be formed, and the enzymatic activity of PKM2 can 

be rescued, thus increasing the production of pyruvate. Together, these data suggest that 

PKM2 may be the  critical enzyme  altered with gp120, contributing  to the apparent 

metabolic reprogramming seen above. 

 

Figure 27. Alterations in Pyruvate Production and ATP With gp120 Treatment 

and Tepp-46 Intervention 

Differentiated LUHMES cells untreated or treated with 100ng/ml of gp120 and/or 

10nM of Tepp-46 as indicated. The concentration of intracellular (A) and extracellular 

(B) pyruvate were measured. Bar graphs represent means ± SD of at least two 

independent experiments. C Measurement of ATP concentration in LUHMES cells 

untreated or treated with 100ng/ml of gp120 and/or 10nM of Tepp-46. Data represent 

the mean ± S.D. Results were judged statistically significant by ANOVA test. 

(**p<0.01; ***p<0.001; ****p<0.0001). 
 

5.3.6 TEPP-46 Treatment Rescues ATP Levels in gp120-Treated Cells 

 
ATP production from the TCA cycle is much greater than ATP produced through 

glycolysis alone (Zheng J. , 2012). In the LUHMES treated with gp120, I expect decreased 

ATP production due to the decrease in pyruvate and acetyl-CoA, the primary TCA cycle 
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substrate. Therefore, I measured ATP production using a luciferase ATP detection kit. I 

treated differentiated LUHMES with gp120, Tepp-46, or both gp120 and Tepp-46. In 

gp120 treated LUHMES, there is a decrease in ATP levels, which is consistent with the 

reduced ATP levels that was detected in the metabolomics analysis (Figure 27C). I also 

discovered that the addition of Tepp-46 could return ATP levels to that of control cells 

even in the presence of gp120 (Figure 27C). This reduction in ATP would correlate with 

the previously observed reduction of ATP in the brains of patients infected with HIV using 

magnetic resonance spectroscopy (MRS) (Deicken, et al., 1991). In addition, it has been 

shown that the addition of Tepp-46 can increase ATP production by returning enzyme 

activity to PKM2, resulting in increased pyruvate production to be used in the TCA cycle 

and to fuel OXPHOS (Qi, et al., 2017). 

These data further show that gp120 treatment leads to increased PKM2 expression 

and dimerization, resulting in decreased pyruvate production and subsequently decreased 

ATP. It also further shows that treatment with Tepp-46 can restore enzymatic activity to 

PKM2 by creating PKM2 tetramers, thus increasing the amount of PEP converted to 

pyruvate and increasing the amount of pyruvate available to generate ATP through the 

TCA cycle. 

5.3.7 gp120 Metabolic Reprogramming Results in AGE Accumulation 

A significant result of reduced OXPHOS and decreased ATP production by PKM2 

dimerization is increased glycolysis to compensate for the reduced ATP production by the 

TCA cycle (Zahra, Dey, Ashish, Mishra, & Pandey, 2020). A result of the increased 
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glycolysis is the increase of glycolytic metabolites, which then can undergo other reactions 

(Wang, et al., 2017). Some of the metabolites that accumulate due to reduced PKM2 

activity can enter other biosynthesis pathways resulting in an increase in biomass 

(Macintyre & Rathmell, 2011) (Vander Heiden, et al., 2010). 

Another possible result of the increase in the glycolytic metabolites is the 

production and accumulation of advanced glycation end products (AGEs) (Khan, Rath, 

Adhami, & Mukhtar, 2017). AGEs are produced through a non-enzymatic, spontaneous 

degradation of glycolytic metabolites to produce methylglyoxal (MG). Mg can 

spontaneously react and bind to positively charged amino acid residues usually arginine or 

lysine. (Lin, Wu, Lu, Hsia, & Yen, 2016). 

 

 

Figure 28 gp120 Contributes to Advanced Glycation End Products (AGE) 

Formation 

A. Graph showing increase in DHAP levels in control and gp120-treated 

LUHMES. B. LUHMES cells untreated or treated with 100ng/ml of gp120 

and/or 10nM of Tepp-46 as indicated. Cellular concentration of AGEs (ng/ml) 

was measured by ELISA, samples were normalized to dilution factor and cell 

count. (* p<0.05, **** p<0.0001). 
 

DHAP and G3P are the primary glycolytic metabolites that are spontaneously 

 

degraded into MG (Figure 12). In my metabolomic data performed in LUHMES treated 
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with gp120, I see an increase in G3P (Figure 19C) and DHAP (Figure 28A). Therefore, I 

set out to determine whether gp120 treatment also results in increased AGE formation. 

To explore this, I used differentiated LUHMES treated with gp120, Tepp-46, or 

both gp120 and Tepp-46 for 8 hours. The cell lysates were then subjected to an ELISA to 

measure the concentration of AGEs. As expected, there is an increase in AGE 

concentration in the gp120-treated samples compared to the untreated control samples 

(Figure 28B). I also observed that Tepp-46 treatment applied to gp120 exposed LUHMES 

decreased AGE concentration compared to the gp120 experimental samples (Figure 28B). 

This decrease in AGE formation due to Tepp-46 could be due to the decrease in 

metabolites accumulating due to recovered tetrameric PKM2 activity and the decrease in 

glycolytic metabolites, including G3P and DHAP. Subsequently, the decrease in G3P and 

DHAP would lead to less spontaneous decay of these metabolites to MG resulting in less 

MG to react with lysine or arginine and decreased AGE formation. These results suggest 

that the gp120-associated increase in glycolytic metabolites through the decreased 

enzymatic activity of PKM2 results in an accumulation of MG, and the increase of MG 

results in a greater amount of AGE formation. The pharmacological intervention of Tepp- 

46 to return enzymatic activity to PKM2 also results in decreased glycolytic intermediates 

and ultimately prevents AGE formation. 
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5.3.8 gp120 Prevents the Cleavage of Mature BDNF 

 
Brain-derived neurotrophic factor (BDNF) plays an essential role in neuron 

survival, morphology, and synaptic activity (Miranda, Morici, Zanoni, & Bekinschtein, 

2019). BDNF also plays an essential role in long-term potentiation (LTP), and it has been 

suggested through this, BDNF plays a crucial role in supporting memory formation and 

memory maintenance by controlling synaptic consolidation (Bramham & Messaoudi, 

2005). In mice, it has been shown that deletion of BDNF results in impaired spatial memory 

and impairments in memory recall (Heldt, Stanek, Chhatwal, & Ressler, 2007). 

BDNF is first transcribed as proBDNF and is cleaved to form the pro peptide and 

the mature BDNF (mBDNF) (Borodinova & Salozhin, 2017). Mature BDNF and 

proBDNF are both biologically active; however, they have opposing cellular actions, 

mBDNF signaling through its receptor, tropomyosin receptor kinase B (TrkB), is 

associated with neuron survival, differentiation, neurite outgrowth, and long-term 

potentiation. However, proBDNF signaling through its receptor, sortilin/p75 neurotrophin 

receptor (p75ntr), is associated with apoptosis, neurite retraction, and long-term depression 

(LTD) (Deinhardt & Chao, 2014). It has been shown that increases in the un-cleaved 

proBDNF in the hippocampus of mice can contribute to memory impairments (Buhusi, 

Etheredge, Granholm, & Buhusi, 2017). 

In Alzheimer’s, it has been shown that there is an increase in p75NTR signaling 

through proBDNF. The decrease of cleavage of proBDNF is a result of AGEs binding to a 

lysine in the cleavage site blocking enzymatic cleavage (Fleitas, et al., 2018). To determine 



122  

if this phenomenon is also occurring in neurons exposed to gp120, I first set out to 

determine if there were any changes in mBDNF and proBDNF levels. In order to do this, 

I performed an immunoprecipitation (IP) followed by a western blot on the cellular media 

from cells treated with  gp120, Tepp-46, or both gp120 and Tepp-46 for 8 hours.  I 

discovered that the addition of gp120 results in an increase in proBDNF and a correlating 

decrease in mBDNF, suggesting that cleavage is prevented (Figure 29). Cells treated with 

both gp120 and Tepp-46 had similar expression levels of proBDNF and mBDNF to that of 

the control cells indicating the cleavage of proBDNF to mBDNF was not altered (Figure 

29). The prevention of decreased cleavage by Tepp-46 suggests that the blockage of 

proBDNF cleavage is related to the increase in glycolysis caused by reduced enzymatic 

activity of PKM2. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 29 gp120 Alters Expression of proBDNF and mBDNF 

Differentiated LUHMES cells untreated or treated with gp120 and/or Tepp-46. Cell 

extracts was used for immunoprecipitation using anti-proBDNF or -BDNF antibodies 

followed by Western analysis as shown. Quantification of the relative protein levels 

were determined from the band intensity using ImageJ software. (* p<0.05, ** p<0.01, 

**** p<0.0001). 
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Next, I examined whether gp120 alters the levels of furin, the protease mainly 

responsible for the cleavage of proBDNF into mBDNF (Pang, Nagappan, Guo, & Lu, 

2016). Differentiated LUHMES were treated with gp120 for 8 hours, and furin protein 

level was analyzed by a western blot. There was no significant change in furin protein 

expression in gp120-treated cells compared to untreated cells (Figure 30A). The lack of 

change in Furin suggests that the lack of proBDNF cleavage seen with gp120 treatment is 

not a result of a reduction in furin levels but rather a blockage of cleavage. 

 

 

Figure 30 Effect of gp120 on Furin Expression and AGE-Modified BDNF 

A. Expression of furin in untreated or gp120-treated LUHMES as obtained by 

western blot. Quantification of the relative protein levels was determined from 

the band intensity using ImageJ software and normalized relative to the H3. B. 

AGEs associated with BDNF from BDNF IP samples, concentration was 

measured via ELISA. (****p<0.0001). 
 

In order to determine if the decrease in cleavage of proBDNF to mBDNF is a result 

of AGE modification to proBDNF resulting in the blockage of normal cleavage by furin, I 

collected cell culture media from cells treated with gp120, Tepp-46, or both gp120 and 

Tepp-46 for 8 hours. Afterward, the media was concentrated, and an IP using an anti-BDNF 

antibody was conducted. The isolated BDNF protein from the samples was then subjected 
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to an ELISA to measure the level of AGEs associated with BDNF. Gp120 increases the 

amount of AGE modification on BDNF compared to the control, and Tepp-46 prevents the 

gp120 associated increase in AGE modifications (Figure 30B). 

These results suggest that decreased cleavage of proBDNF to mBDNF is likely due 

to AGE modifications to BDNF. These results also suggest that Tepp-46, through the 

stabilization and formation of PKM2 tetramers, decreases the accumulation of AGEs and 

consequently reduces AGEs associated with BDNF. It also confirms that AGE 

modification of the cleavage site of proBDNF prevents the cleavage into mBDNF in the 

presence of gp120. 

5.3.9 gp120 Favors ICER-CRE Binding 

 
proBDNF has been shown to signal through the sortilin/p75NTR receptor and 

ultimately results in the induction of the inducible cAMP early repressor (ICER) protein 

(Riffault, 2014). ICER binds to CRE sites within the promoters, blocks cAMP responsive- 

element binding (CREB) protein binding and decreases gene expression (Porcher, Medina, 

& Gaiarsa, 2018). CREB has been identified as an essential transcription factor in long- 

term memory and synaptic plasticity and plays a role in neuronal protection and prevention 

of neurodegeneration (Sakamoto, Karelina, & Obrietan, 2011). It has also been shown that 

disruption of CREB binding can lead to neurodegeneration in mice (Mantamadiotis, et al., 

2002). Furthermore, overexpression of ICER in mice has been shown to result in memory 

impairment, while knocking out ICER results in enhanced long-term memory (Borlikova 
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& Endo, 2009). It has also been demonstrated that ICER binding to CRE sites contributes 

to memory impairments in rats with age (Mouravlev, Dunning, Young, & During, 2006). 

Because there is an increase in proBDNF expression in gp120-treated cells, I sought 

to determine if the expression of ICER is changed as well. To measure ICER levels, 

differentiated LUHMES were treated with gp120 for 8 hours, after which mRNA and 

protein were isolated and subjected to qPCR and western blot analysis, respectively. The 

addition of gp120 leads to an increase in the expression of ICER mRNA (Figure 31A) and 

ICER protein (Figure 31B). The increase of ICER suggests that, along with the increase in 

un-cleaved proBDNF due to AGE modification, there is also an increase in sortilin/p75NTR 

signaling by proBDNF. 

 

Figure 31 gp120 Effect on ICER Expression 

A. Quantification of qPCR measuring ICER mRNA in control and gp120-treated 

LUHMES. B. Western blot and quantification of ICER protein expression in 

control and gp120 treated LUHMES. (*** p<0.001). 
 

Next, to determine if the increase in ICER resulted in altered CREB binding and 

transcriptional promotion, I looked at the ability of ICER and CREB to bind to the CRE 

sites. I looked at specifically Bdnf promoters II and IV, which contain CRE sites, using 
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chromatin immunoprecipitation assay (ChIP). Both BDNF promoter II and BDNF 

promoter IV have been identified as having CRE sites necessary for CREB binding and 

control the transcription of BDNF in relation to neuronal health and memory (Zheng, Zhou, 

Moon, & Wong, 2012) (Esvald, et al., 2020) (Song, Martinowich, & Lee, 2017). 

Differentiated LUHMES were treated with gp120 for 8 hours, then were cross- 

linked with formaldehyde and subjected to ChIP assay using CREB and ICER antibodies. 

Precipitated chromatin was then analyzed with primers that anneal to the BDNF exon II 

and exon IV promoters. Here I see that in cells treated with gp120, ICER is the dominant 

interacting transcription factor in both BDNF promoter II and promoter IV while CREB 

binding to these promoters is reduced. (Figure 32A & B). In cells not treated with gp120, 

CREB is the dominant transcription factor binding to BDNF promoter II and promoter IV. 

(Figure 32A & B). The changes in CREB binding implies that gp120 is decreasing CREB- 

associated transcription through the competitive inhibition of CREB binding by ICER. 

Next, I sought to observe if the dimerization of PKM2 contributes to the increase 

in ICER. A qPCR was performed using LUHMES treated with gp120, Tepp-46, or both 

gp120 and Tepp-46. Interestingly, gp120 failed to increase ICER mRNA expression in the 

presence of Tepp-46 when compared to gp120 treatment alone (Figure 32C). 

Correspondingly, gp120 treatment without Tepp-46 increases ICER mRNA. 

Next, I wanted to see if the increase in ICER and decrease in CREB binding to the 

BDNF promoter decreased BDNF transcription. I also wanted to explore if Tepp-46 could 

increase BDNF transcription through the Tepp-46 associated decrease in ICER that was 
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E. 

previously observed. To achieve this, I collected RNA from LUHMES treated with gp120, 

Tepp-46, or both gp120 and Tepp-46 for 8 hours. The RNA collected was subjected to 

qPCR to determine BDNF mRNA expression (Figure 32D). The addition of gp120 

decreases BDNF mRNA expression, while Tepp-46 and gp120 treated cells showed no 

decrease in BDNF mRNA. The decrease in BDNF mRNA suggests there is less CREB 

associated transcription through the increase binding of ICER to the CRE sites of the 

BDNF promoter. The increase in BDNF transcription with the addition of Tepp-46 

suggests that returning enzymatic activity to PKM2 and the subsequent reduction in 

glycolytic metabolites contributes to the lack of AGE modified proBDNF reducing the 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32 Effect of gp120 on ICER and CREB Signaling and Tepp-

46                              Intervention 

A. Interaction of ICER and CREB with BDNF promotor II in control and gp120- 

treated LUHMES B. Interaction of ICER and CREB with BDNF promotor IV in 

control and gp120-treated LUHMES. (C., D.) Expression of ICER and BDNF mRNA 

as obtained by qPCR in LUHMES cells untreated or treated with gp120 and/or Tepp- 

46. (** p<0.01, *** p<0.001, ****p<0.0001). E. BDNF promoter IV schematic 

showing transcription factors and binding sequences. (Adapted from Martinz-Levy, 

and Cruz-Fuentes, 2014) 
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switch from Sortilin/p75NTR receptor signaling from TrkB receptor resulting in increased 

CREB binding to BDNF CRE promoter sites. 

These results support my model that a decrease in PEP to pyruvate conversion by 

PKM2 dimerization leads to an increase in AGEs, causing a reduction in mBDNF cleavage 

and increased proBDNF signaling through the sortilin/p75NTR receptor. The binding of 

proBDNF to the sortilin/p75NTR receptor increase ICER expression and subsequent 

reduction in CREB-associated transcription. Interestingly, Tepp-46, through the 

stabilization of the PKM2 tetramer, appears to inhibit the gp120-associated increase of 

ICER, suggesting metabolic reprogramming plays a role in ICER signaling. 

5.3.10 gp120 Promotes Metabolic Reprogramming Through HIF-1α 

 
I have shown that gp120 increases PTBP1 mediated splicing of PKM into the 

PKM2 isoform over the PKM1 isoform. The expression of PTBP1 has been shown to be 

negatively regulated by miR-124 (Caruso, et al., 2017). In addition, it has been shown that 

hypoxia-inducible factor 1 alpha (HIF-1α) can also mediate the switch from PKM1 to 

PKM2 through binding PKM exon 10 and aiding in the inclusion of this exon during 

splicing resulting in PKM2 translation (Williams, et al., 2018). Furthermore, dimerized 

PKM2 can translocate to the nucleus where it can interact with HIF-1α and stimulates HIF- 

1α promotion of key genes associated with glycolysis (Palsson-McDermott, et al., 2017). 

Therefore, I sought to determine whether the addition of gp120 increases PTBP1 

levels by affecting miR-124 and if the promotion of PKM2 splicing over PKM1 is 
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attributed to HIF-1α expression. To do this, I used differentiated LUHMES that were 

treated with gp120 for 8 hours. RNA was then collected and then subjected to qPCR. The 

addition of gp120 led to a decrease in the expression of miR-124 (Figure 33A). This 

decrease in miR-124 would account for the increase in PTBP1 that is observed with gp120 

treatment. 

 

 

Figure 33 Effect of gp120 on miR-124 and HIF-1α 

A. Fold changes of miRNA-124 expression in gp120-treated LUHMES cells 

compared to control untreated cells obtained by qPCR. B. Expression of HIF-1α 

mRNA as obtained by qPCR. (*** p<0.001, ****p<0.0001). 
 

Next, I examined the expression levels of HIF-1α mRNA after cells were treated 

with gp120, Tepp-46, or both gp120 and Tepp-46 for 8 hours. The addition of gp120 

increases HIF-1α mRNA expression (Figure 33B). However, in cells treated with Tepp-46 

and gp120 did not result in a decrease in HIF-1α indicating that the increase in HIF-1α is 

not contributed to the increase in glycolysis but suggests that HIF-1α increase is upstream 

and a possible cause of the metabolic reprogramming (Figure 33B). The increase of HIF- 
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1α expression, along with the increase in oxidative stress that has been previously shown 

to occur in gp120-treated neurons, would contribute to the increased splicing of PKM2 

over PKM1 (Agrawal, et al., 2010) (Deshmane, et al., 2009) (Shrestha, et al., 2021). 

Since there is an increase in HIF-1α expression, I wanted to see if inhibiting HIF- 

1α would decrease PTBP1 levels in gp120-treated cells. Therefore, I treated differentiated 

LUHMES with two HIF-1α inhibitors, Echinomycin Streptomyces-sp (E.S) and the 

antitumor agent PX-12. Both chemicals have been described to inhibit HIF-1α protein 

function (Kong, et al., 2005) (Kim, Coon, Baker, & Powis, 2001). 

 

 

Figure 34 Effect of HIF-1α Inhibition on Metabolic Reprogramming 

A. Differentiated LUHMES cells untreated or treated with HIF-1α inhibitors, 

E.S. or XP-12 as indicated. Expression of PTBP1 as obtained by qPCR. B. 

Differentiated LUHMES cells untreated or treated with HIF-1α inhibitors, E.S. 

or XP-12 as indicated. Expression of ICER mRNA as obtained by qPCR. 

(****p<0.0001). 
 

Differentiated LUHMES were treated with E.S, PX-12, gp120, gp120 and E.S, or 

gp120 and PX-12. RNA was then isolated and subjected to a qPCR. In LUHMES treated 

with either HIF-1α inhibitor, gp120 treatment did not increase expression of PTBP1 
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(Figure 34A). The lack of increase in PTBP1 in cells treated with the HIF-1α inhibitor 

indicates that HIF-1α signaling contributes to the increase of PTBP1 that is seen after 

treatment with gp120, and this could be due to previous reports that HIF-1α activation can 

also lead to a decrease in miR-124, resulting in an increase in PTBP1 (Wang, et al., 2020). 

To determine if the regulation of HIF-1α of PTBP1 could also account for the 

downstream induction of ICER through the increase sortilin/p75NTR signaling by AGE 

modified proBDNF, I analyzed the mRNA expression of ICER following HIF-1α 

inhibition and gp120 treatment. Interestingly in cells treated with HIF-1α inhibitors, gp120 

failed to result in the increased ICER expression that is shown in gp120 treated LUHMES 

without HIF-1α inhibitors (Figure 34B). The lack of increase in ICER in cells treated with 

the HIF-1α inhibitor suggests HIF-1α may play an essential role in gp120-mediated 

metabolic reprogramming, specifically by the upregulation of PTBP1 and subsequent 

PKM2 dimerization, thus decreasing the conversion of PEP to pyruvate. 

5.4 Discussion 

 
Metabolic reprogramming is a common phenomenon observed in several diseases 

including cancer and viral infections (Angel Medina, 2020) (Sanchez & Lagunoff, 2015) 

(Polcicova, Badurova, & Tomaskova, 2020). Metabolic reprogramming is also observed 

in many neurodegenerative diseases like Alzheimer's disease, Amyotrophic Lateral 

Sclerosis (ALS), and Parkinson's disease (Han, Liang, & Zhou, 2021) (Cassina, Miquel, 

Martínez-Palma, & Cassina, 2021) (Lu, Zhou, Dou, Wang, & Yu, 2021). However, little 
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is known about metabolic reprogramming in neurons affected by HIV-1 and the role 

metabolic reprogramming plays in the progression of HAND. 

In this study, I have demonstrated that HIV-1 gp120 reduces the OCR associated 

with maximal respiration and the RRC in LUHMES using the Seahorse Mito Stress Test. 

The Seahorse Mito Stress Test uses a series of three treatments to measure the difference 

in oxygen consumption rate during different cellular events. The first three measurements 

are at normal resting or basal levels of metabolism. Next, oligomycin is added to the cells. 

Oligomycin inhibits mitochondrial ATP synthesis through the inhibition of ATP synthase 

complex V, which is the complex that actively converts ADP to ATP by the transport of a 

proton from the intermembrane space to the mitochondrial matrix. The following three 

measurements represent oxygen consumption that is not related to the production of ATP 

synthesis and is a result of proton leak across the mitochondrial inner membrane. Next, 

trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) is added. FCCP is a potent 

uncoupler that causes protons to flow from the mitochondrial intermembrane space to the 

mitochondrial matrix disrupting the proton gradient and leads to increase in electron 

transport. This change in concentration of protons across the inner mitochondrial 

membrane mimics a high energy-demanding state. The next three measurements represent 

oxygen consumption at maximal respiration during a high energy-demanding state. Lastly, 

a combination of rotenone and antimycin A is added to the cells. This combination inhibits 

the electron transport chain by inhibiting the proton pumps complex I and complex III. The 

next three measurements represent oxygen consumption that is not associated with 
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mitochondrial activity. Therefore, I see that HIV-1 gp120 diminishes the mitochondrial 

respiration associated with a high energy-demanding state. This decrease in mitochondrial 

respiration may be associated with decreased production of acetyl-CoA or pyruvate that 

can enter the TCA cycle as substrate availability is the main contributor to decreased 

maximum respiratory capacity and RRC (Gu, Ma, Liu, & Wan, 2020). 

The induction of the Warburg effect has been demonstrated in other viral infections 

and in T cells infected with HIV; however, to my knowledge, it has never been shown to 

occur in neurons in response to gp120 (Prusinkiewicz & Mymryk, 2019) (Kang & Tang, 

2020). The induction of the Warburg effect has been linked to the progression of 

neurocognitive diseases like Alzheimer’s and Parkinson’s (Atlante, de Bari, Bobba, & 

Amadoro, 2017) (Requejo-Aguilar & Bolaños, 2016). Thus, the metabolomic results 

demonstrate that gp120 affects the final step of glycolysis, and through this reduced 

enzymatic conversion of PEP to pyruvate and subsequent increased production of lactate, 

is resulting in an increase in glycolytic metabolites while reducing TCA cycle-associated 

metabolites. This increase in glycolysis and lactate production represents an induction of 

the Warburg effect and indicates that at least one cellular hallmark of metabolic 

reprogramming occurs in neurons exposed to gp120. The onset of the Warburg effect also 

leads us to believe this may be a contributing factor to the progression of HAND since the 

Warburg effect has been associated with other neurocognitive disorders. 

Also, in the metabolomic study, I show that tryptophan is reduced in HIV-1 gp120- 

treated cells. Interestingly, the increase in tryptophan metabolites that result from the 
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breakdown of tryptophan has been shown to contribute to the progression of Alzheimer’s 

disease (Bonda, et al., 2010). Another amino acid pathway that is seen to be disrupted in 

the gp120-treated cells is the methionine cycle, in which methionine, through regulated 

steps, is converted to homocysteine, then cysteine, and ultimately glutathione (Sanderson, 

Gao, Dai, & Locasale, 2019). Glutathione is an essential cellular ROS scavenger and 

protects proteins from oxidative damage, and the decrease in glutathione has been linked 

to neurodegenerative diseases (Schulz, Lindenau, Seyfried, & Dichgans, 2000) (Mailoux, 

McBride, & Harper, 2013). 

Increased expression of PTBP1 has also been associated with the induction of the 

Warburg effect and plays a role in the growth and differentiation of neuronal cells (He, et 

al., 2014) (Linares, et al., 2015). The increase in PKM2 over PKM1 has been linked to 

cancer progression and increased proliferation (Chen, Zhang, & Manley, 2010) (Taniguchi, 

Uchiyama, & Akao, 2021). In this study, I see increased PTBP1 expression, increased 

expression of PKM2, and decreased expression of PKM1 with gp120-treatment, as well as 

signaling events associated with the PKM2 dimeric form. The prevention of tetramer 

formation resulting in the dimeric form is controlled by many post-translational 

modifications (PTM). These modifications include tyrosine phosphorylation, serine 

phosphorylation, threonine phosphorylation, lysine acetylation, proline hydroxylation, 

cysteine oxidation, ubiquitination, and glycosylation (Prakasam, Iqbal, Bamezai, & 

Mazurek, 2018). This phenomenon is widely used by many tumor cells to promote the 

accumulation of materials for biosynthesis, which is needed to drive proliferation (Zahra, 
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Dey, Ashish, Mishra, & Pandey, 2020). In other viral infections, it has been shown that 

there is an increase in tyrosine 105 phosphorylation of PKM2 (McElvaney, et al., 2020). 

This phosphorylation is a leading contributor to the dimerization of PKM2 and is associated 

with increased glycolysis and biomass accumulation. 

It has been shown previously that HIV-1 infections can prevent the conversion of 

glucose into pyruvate in T-cells (Kang & Tang, 2020). In addition, it has been previously 

shown that the viral protein alone is sufficient to cause metabolic reprogramming in glioma 

cells (Valentín-Guillama, et al., 2018). However, this is the first study linking gp120 to 

metabolic reprogramming in mature neurons and, since previous work has been observed 

in cancer cells, the effect of metabolic reprogramming in non-proliferating cells has yet to 

be explored. 

Here I show that gp120 can cause metabolic reprogramming through the increase 

in HIF-1α followed by a reduction in miR-124, leading to the expression of PTBP1. The 

increase in HIF-1α in conjunction with gp120 has previously been shown to be in part due 

to increased ROS (Deshmane, et al., 2009). This increase of ROS in response to gp120 has 

been shown to occur due to two different sources; however, both sources of ROS are 

triggered by increased calcium uptake. Increased cytosolic calcium due to gp120 has been 

shown previously by our lab and others and has been shown to occur in neurons via gp120’s 

interaction with chemokine receptors CXCR4 and CCR5 and through gp120’s direct 

interaction with NMDA receptors (Shrestha, 2016) (Zheng, et al., 1999) (Lo, Fallert, Piser, 
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& Thayer, 1992). In addition, gp120 has also been shown to increase mitochondrial uptake 

of calcium through the phosphorylation of the MCU by Pyk2 (Zhang, et al., 2018). 

The increase in cytosolic and mitochondrial calcium increases ROS production. 

Increases in mitochondrial calcium have been shown to increase superoxide production, 

resulting in increased hydrogen peroxide formation (Starkov, Polster, & Fiskum, 2002). 

Cytosolic increase in calcium has been shown to contribute to ROS accumulation through 

the activation of NOX5, causing the transfer of an electron from NADPH to oxygen, 

resulting in superoxides (Panday, Sahoo, Osorio, & Batra, 2015). An increase in NOX5 

activity and the resulting ROS increase has been shown to take place after gp120 treatment 

(Smith L. K., et al., 2021). 

I observed increases in glycolytic metabolites, including G3P and DHAP, which 

can undergo spontaneous degradation to form reactive MG, which then can covalently bind 

to lysine and arginine residues creating AGEs. My data also show that there is an increase 

in AGE formation when LUHMES are treated with gp120. Accumulation of AGEs has 

been described to be involved in neurodegenerative diseases such as Alzheimer’s disease 

and Parkinson’s Disease, as well as diabetes, vascular diseases, and inflammation (Lotan, 

et al., 2021) (Kennon & Stewart Jr, 2021) (Li, Liu, Sun, Lu, & Zhang, 2012) (Takeuchi, et 

al., 2004). Specifically, in Alzheimer’s patients, it has been shown that AGEs may 

accelerate beta-amyloid aggregate formation (Vitek, et al., 1994). 

AGEs can act as ligands and bind to receptors for AGEs (RAGE). AGEs binding 

 

to RAGE have been shown to contribute to many diseases, including diabetes, Alzheimer’s 
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disease, cancer, and inflammatory diseases (Alexiou, Chatzopoulou, Pegklidou, & 

Demopoulos, 2010) (Takeuchi & Yamagishi, 2008). RAGE signaling triggers many 

cellular pathways, including the activation of the transcription factor NF-κB, which results 

in a positive feedback loop increasing RAGE expression (Li & Schmidt, 1997). A major 

result of AGE binding to RAGE is the activation of cell signaling pathways that result in 

the expression of pro-inflammatory proteins (Kislinger, et al., 1999). The induction of pro- 

inflammatory proteins leads to increased cellular ROS, which further fuels the production 

of AGEs and subsequently increases the signaling through RAGE and further increases 

inflammation (Qosa, LeVine 3rd, Keller, & Kaddoumi, 2014). 

Inflammation plays a significant role in many neurodegenerative diseases, 

including HAND (Saylor, et al., 2016). Increased neuroinflammation has been linked to 

the production of cytokines that are linked with RAGE signaling. Furthermore, when 

RAGE expression is reduced by siRNA suppression, the induction of pro-inflammatory 

cytokines is inhibited (Saha, et al., 2008). The increase of inflammation through AGE 

binding to RAGE could contribute to the progression of HAND, and in this study, I show 

that AGE production is reduced in LUHMES treated with the PKM2 tetramer stabilizer 

Tepp-46. This reduction in AGE production might serve as a potential target for reducing 

AGE-RAGE-associated inflammation in neurodegenerative diseases. 

In addition to increased inflammation, AGEs can also induce cellular senescence 

in nearby cells (Liu, et al., 2014). The induction of senescence has been linked to the 

increase in AGE signaling through RAGE, which induces p21, an essential regulator of 
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senescence (Brizzi, et al., 2004). Increased senescence has been linked with the 

acceleration of many age-related diseases observed with HIV infections, including HAND 

(Cohen & Torres, 2017). While neurons do not undergo senescence, the release of AGEs 

from metabolic reprogrammed neurons, along with other HIV-infected cells, can bind to 

RAGE receptors nearby and cause other cells to undergo senescence (Shi, et al., 2019). 

One of these neighboring cell types that can be influenced by secreted AGEs and undergo 

premature senescence is astrocytes. In addition, it has been shown that senescence in 

astrocytes is a component of neurogenerative diseases like Alzheimer’s disease (Bhat, et 

al., 2012). 

AGEs have been shown to play another role in disease progression by creating 

cross-linked protein aggregates and protein adducts that modify the proteins’ function 

(Rungratanawanich, Qu, Wang, Mohamed Essa, & Song, 2021). In Alzheimer’s disease, 

increased AGEs have been shown to modify tau proteins resulting in increased tauopathies 

and contributing to the neurodegenerative pathologies of Alzheimer’s disease (Kontaxi, 

Piccardo, & Gill, 2017). In addition, protein cross-linking from AGE modifications results 

in changes in protein structure and function. These changes can result in a reduction of 

enzymatic activity, formation of protein aggregation, and changes in protein-protein 

interactions, all contributing to the progression of neurodegenerative diseases (Facchiano, 

et al., 2002) (Iannuzzi, Irace, & Sirangelo, 2014) (Kass, 2003). AGEs can also create non- 

crosslinking protein abducts; these can change receptor ligands, block the binding to 

receptors, block cleavage sites, induce protein misfolding, and inhibit expected degradation 
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of proteins. (Ulrich & Cerami, 2001) (Mendez, Jensen, McElroy, Pena, & Esquerra, 2005) 

(Bouma, et al., 2003) (Kichev, et al., 2009) . 

In this study, I demonstrate that the addition of gp120 protein prevents the cleavage 

of proBDNF into mature BDNF through AGE modification of proBDNF. Further, I have 

shown that the addition of gp120 protein increases the expression of un-cleaved proBDNF. 

Overexpression of un-cleaved proBDNF has been shown to decrease the dendritic 

arborization and spine density in hippocampal neurons causing altered synaptic 

transmission (Yang, et al., 2014). 

In addition, proBDNF expression is shown to increase in the hippocampus of 

patients infected with HIV-1 and in gp120-tg mice (Speidell, Paolo Asuni, Wakulski, & 

Mocchetti, 2020). In addition, upregulation of p75NTR in gp120-treated cells and in gp120- 

tg mice has been shown to cause a synaptic loss in the striatum. Moreover, using small 

molecules to block proBDNF from binding to p75NTR has been shown to lower the 

neurodegeneration events observed in gp120-tg mice (Xie, et al., 2021). Interestingly, 

p75NTR is shown to induce ICER in cultured hippocampal neurons, and ICER can 

heterodimerize with CREB and block CREB-induced transcription of several genes, 

including BDNF (Thomas, et al., 2016). ICER itself, a short RNA transcript from the 

CREM gene, can bind to CRE sites in the promoters and block CREB binding, causing 

inhibition of CREB-associated transcription (Krueger, Mao, Warner, & Dowd, 1999) 

While any promoter containing CRE sites would be targeted for ICER-associated 

 

inhibition of CREB promoted transcription, I chose BDNF promoter II and IV to study due 
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to the connection of BDNF and neurodegenerative diseases. Several transcription factors 

regulate the BDNF promoter; however, its activity depends on phosphorylated CREB to 

bind to the CRE domain within the BDNF promoters (Zhu, Han, Blendy, & Porter, 2012). 

ICER binding to the BDNF promoter in hippocampal neurons has been shown to contribute 

to BDNF loss of function, altered synaptic plasticity, and episodic memory impairments 

(Zhu, Han, Blendy, & Porter, 2012). The loss of BDNF function has been implicated in 

many neurodegenerative diseases (Zuccato & Cattaneo, 2009). Reductions in BDNF 

promoter II and BDNF promoter IV transcriptions have been linked to Huntington’s 

disease (Zuccato, et al., 2007) (Zuccato, et al., 2001). Alzheimer’s disease is also marked 

by reductions in BDNF expression caused by decreased CREB-associated transcription of 

exon IV (Wang, Zhong, Zhao, & Miao, 2014) (Aarons, et al., 2019). In patients with 

HAND, studies have shown that decreased BDNF levels correlate with cognitive defects 

(Michael, Mpofana, Ramlall, & Oosthuizen, 2020). 

In summary, the results of this study suggest that gp120 causes activation of HIF- 

1α, which, through a decrease of miR-124, increased PTBP1, and subsequent increase in 

PKM2, leads to a decrease in PEP to pyruvate conversion (Figure 34). An increase in 

PKM2 dimerization, leading to an increase in AGEs that caused a reduction in mBDNF 

cleavage and increased proBDNF signaling through the sortilin/p75NTR receptor, increases 

ICER expression and subsequent reduction in CREB-associated transcription (Figure 35). 

Interestingly, Tepp-46, through the stabilization of the PKM2 tetramer, appears to inhibit 

the gp120-associated increase of ICER by decreasing metabolic metabolite build-up linked 
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to increased pyruvate production and subsequently increasing ATP output through 

OXPHOS. This study is the first to link HIV-1 gp120 to metabolic reprogramming 

resulting in increased AGE accumulation and identify AGE modifications to possible 

contributor to HAND progression.  

 

Figure 35 Graphical Summary of Project 

A schematic representation of the pathway used by HIV-1 gp120 elucidated here 

leading to metabolic reprogramming in neurons and contributing to cellular changes 
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5.5 Future Directions 

 
5.5.1 Future Directions gp120, Tepp-46 and HAND 

 
This study shows that gp120 can stimulate metabolic reprogramming and explores 

the neurocognitive effects of gp120-associated metabolic reprogramming. These 

observations will be important in future studies in HAND and other neurodegenerative 

diseases. Future experiments in animal models will be important to demonstrate how 

metabolic reprogramming progresses the memory and learning defects associated with 

HAND. 

In order to further study the pharmacological importance of Tepp-46 in preventing 

the progression of neurodegeneration, an animal model will be needed to explore if Tepp- 

46 can alleviate the loss of memory and learning in the context of gp120 and HIV 

infections. Transgenic mice with gp120 expression regulated by a GFAP specific promoter 

only express gp120 in astrocytes in the brain (Thaney, et al., 2017). This model is used in 

neuroAIDS research and mimics the human condition where gp120 is shed by infected 

cells in the brain to go on and affect neurons. These mice manifest some HAND pathologies 

as well where they display spatial learning and memory retention defects. Treating these 

transgenic mice with Tepp-46 would allow further studies of the mechanisms as well as 

the possible ability to improve the neurocognitive defects. Also, using an animal model 

would open up the possibility to explore metabolic reprogramming in multiple cell types 

in conjunction with on another as opposed to in a monoculture. This would give insight 
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into how different cell types in the brain are affecting each other when metabolic 

reprogramming occurs. 

In addition, studies to identify changes in CREB and ICER binding to promoter 

regions of other genes with CRE sites can be conducted. ChIP with subsequent sequencing 

(ChIPseq) would provide a large number of genes that CREB and/or ICER are binding to 

in the presence or absence of gp120. Afterwards, pathway analysis can be conducted to 

identify genes important in specific cellular pathways that are being suppressed or 

transcribed with gp120. Subsequent western blot analysis would also need to be conducted 

to validate the expression levels of these genes and more analysis into downstream 

signaling can be done. 

In this project I showed that PKM2 is upregulated yet the enzymatic activity of 

PKM2 tetramers is downregulated suggesting that PKM2 is primarily forming dimers. 

PKM2 dimers can localize to the nucleus and can act as transcription factors for multiple 

genes (). Some of these genes are involved in proliferation and cell growth. It would be 

interesting to look at the genes targeted by the PKM2 dimer. Here, a ChIPseq would be 

conducted to see what genes are directly targeted by PKM2 with gp120. However, PKM2 

dimers have also been suggested to aid binding of other transcription factors thus targeting 

genes indirectly. Therefore, using rapid immunoprecipitation mass spectrometry of 

endogenous proteins (RIME), I would be able to observe the proteins PKM2 dimers are 

interacting with in the nucleus in the presence of gp120 (Mohammed, et al., 2018). 
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5.6 Study Limitations 

 
The major limitation with this study is the cellular model of HIV infection in the 

brain. HIV infection and HAND are both chronic conditions and the development of 

HAND takes years. It is the persistent presence of HIV proteins in the brain that disrupt 

neuronal functions and causes the pathologies associated with HAND. This, however, is 

difficult to model in a cell monoculture as many cell types, especially non-cancer cell lines 

like LUHMES, are difficult to maintain after a few days post-differentiation. Even though 

the changes we see with the addition of gp120 occur at 8 hours post-exposure, it is difficult 

to see if these changes persist with longer exposure without risking the possibility of gp120 

being degraded and thus no longer having an effect. Also, the brain is an organ that is very 

heterogenous in terms of cell types so the interaction and communication with other cells 

contributes to the molecular mechanisms of disease. Using a monoculture does not fully 

recapitulate the effect of astrocyte and microglial communication. 
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CHAPTER 6 

 
METABOLIC REPROGRAMMING AND CARDIAC COMORBIDITIES 

 
6.1 gp120 Causes Metabolic Reprogramming in Cardiac Cells 

 
In addition to neurocognitive defects seen in people living with HIV, other 

comorbidities exist even with the implementation of cART (Hasse, et al., 2011). One of 

the more common comorbidities associated with HIV-1 infections is cardiovascular 

disease, specifically heart failure (HF). The increased risk of HF in HIV-positive patients 

compared to age-matched HIV-negative patients is reportedly around 55% (Feinstein, et 

al., 2018). 

It has been shown that metabolic reprogramming is a primary contributor to heart 

failure in patients and the shift to glycolysis is an early indicator of a failing heart (Lai, et 

al., 2014). In addition to metabolic reprogramming, there has been some evidence that the 

increase in PKM2 and the decrease in PKM1 contributes to HF with the shift from PKM1 

to PKM2 being a primary feature in failing hearts (Rees, et al., 2015). Along with increased 

PKM2 and metabolic reprogramming, the increase in AGEs has also been shown to be 

related to the progression of HF in non-diabetic patients (Hartog, Voors, Bakker, Smit, & 

van Veldhuisen, 2007). 

I set out to preliminarily explore the possibility that gp120 could incite the same 

metabolic reprogramming I saw in LUHMES in cardiomyocytes and explore the link 

between gp120 and HF. In order to explore this, I used neonatal rat ventricular myocytes 
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(NRVM) from the lab of Dr. Walter Koch, isolated and grown following their lab’s 

previous protocols (De Lucia, et al., 2021). In order to test if gp120 elicited a change in 

metabolism in these NRVMs, I performed a Seahorse Mito Stress Test after eight hours of 

treatment with gp120 (100ng/ml). In the gp120-treated NRVMs, I saw a decrease in oxygen 

consumption at maximum respiration and a decrease in spare respiratory capacity (Figure 

36). These decreases were consistent with the changes seen in LUHMES with gp120, 

suggesting that gp120 is producing similar metabolic reprogramming in NRVMs that it did 

in LUHMES. 

 

 

Figure 36 Alterations in Mitochondrial Respiration in NRVM After gp120 

Treatment 

Measurement of oxygen consumption rate (OCR) in NRVM cells untreated (dotted 

lane) or treated with gp120 (solid lane) for 8 hours using a Seahorse XFe96 analyzer 

and a Mito Stress Test kit. Oligomycin, FCCP, and rotenone/antimycin (dotted 

vertical lines) were added sequentially. Graph displaying the maximal respiration and 

spare capacity measured (pmol/min) in NRVMs untreated or treated with gp120. 

Values derived from Seahorse analyzer and computed using Seahorse software. 

(****p<0.0001). 
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Next, I wanted to see if the metabolic changes due to gp120 also increased PTBP1 

expression resulting in a switch of splicing from PKM1 to PKM2. In NRVMs treated with 

gp120, there is an increase in PTBP1 mRNA and a subsequent switch in PKM isoforms 

represented by a decrease in PKM1 mRNA and an increase in PKM2 mRNA (Figure 37). 

In addition to mRNA levels, I also performed a western blot to check the protein expression 

of PTBP1 and PKM2. In NRVMs treated with gp120, there is an increase in PTBP1 and 

PKM2 protein levels (Figure 38). 

 

 

Figure 37 Effects on PTBP1 and PKM1/2 mRNA in NRVMs After gp120 

Treatment 

NRVMs were untreated or treated with gp120 for 8 hours and then subjected to qPCR. 

(A., B., C.) Relative expression of PTBP1 mRNA, PKM1 mRNA, and PKM2 mRNA 

are presented in bar graphs, respectively. (*** p<0.001, ****p<0.0001). 
 

The changes in PTBP1 and the switch in PKM isoforms seen in NRVMs suggest 

that gp120 elicits the same metabolic reprogramming in cardiomyocytes that is 

demonstrated in neurons. This metabolic reprogramming could contribute to the increased 

risk of heart failure seen in HIV-positive patients. Future studies into this metabolic 

reprogramming associated with gp120 could elucidate treatment targets to reduce the risk 



148 
 

of HF. In addition, future studies in cardiomyocytes treated with gp120 and Tepp-46 would 

be important in discovering if Tepp-46 could reduce the metabolic reprogramming and 

AGE production in cardiomyocytes that I have demonstrated in neurons. 

 

 

Figure 38 gp120 Effects on Metabolic Reprogramming Proteins in NRVMs 

NRVMs were untreated or treated with gp120 for 8 hours and then subjected to 

western blot analysis. (A., B.) Relative expression of PTBP1 protein and PKM2 

protein are presented in bar graphs, respectively. (** p<0.01). 
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CHAPTER 7 

 
METABOLIC REPROGRAMMING IN SARS-COV-2 

 
7.1 SARS-CoV-2 Causes Metabolic Reprogramming in Lung Cells 

 
In addition to HIV, it will be important to explore if this metabolic reprogramming 

phenomenon, including increased PKM2 resulting in increased AGE, is important in other 

viral infections. For instance, with the global pandemic of SARS-CoV-2 in 2020, increased 

mortality was contributed to increased RAGE signaling within the lungs (Chiappalupi, et 

al., 2021). It will be important to see if the increase in AGEs due to increasing metabolic 

reprogramming contributes to the inflammation due to RAGE and if Tepp-46 could reduce 

AGE production and aid in treating inflammation due to AGEs and RAGE signaling. 

I preliminarily looked into metabolic reprogramming and SARS-CoV-2 through 

the use of human non-tumorigenic lung epithelial cells (BEAS-2B) transfected with SARS- 

CoV-2 viral proteins. Using BEAS-2B cells transfected with all SARS-CoV-2 proteins 

except viral membrane protein, there is a disruption in mitochondrial function seen using 

a Seahorse Mito Stress Test. BEAS-2B cells transfected with SARS-CoV-2 proteins 

showed decreased oxygen consumption in a high energy demand state indicated by the 

decrease in maximal respiration and the decrease in spare respiratory capacity (Figure 39). 

The changes in oxygen consumption and reduction in maximal respiration and spare 

respiratory capacity are similar to the changes shown in LUHMES with gp120 and suggest 

that other viruses cause metabolic reprogramming similar to HIV-1. 
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To explore if SARS-CoV-2 was altering mRNA levels of PTBP1 and PKM1/2 

similarly to what was seen in gp120-treated LUHMES, I performed qPCRs from mRNA 

isolated from transfected BEAS-2B cells. There is an increase in PTBP1 mRNA and the 

ensuing switch in PKM isoforms with a reduced PKM1 mRNA and increased PKM2 

mRNA (Figure 40). The changes in PTBP1 and PKM isoforms suggest that SARS-CoV-2 

is manipulating the same pathway that gp120 does and is using PKM isoform switch to 

produce metabolic reprogramming to drive viral replication. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 39 Changes in Oxygen Consumption Rate in BEAS-2B cells with SARS- 

CoV-2 

A. Measurement of oxygen consumption rate (OCR) in BEAS-2B cells (solid line) 

or BEAS-2B cells expressing all SARS-CoV-2 proteins except viral membrane 

protein (dotted line) two days after transfection, using a Seahorse XFe96 analyzer 

and a Mito Stress Test kit. Oligomycin, FCCP, and rotenone/antimycin (dotted 

vertical lines) were added at 23, 50, and 75 minutes, respectively. B. Graph 

displaying the maximal respiration (pmol/min) C. Graph displaying the spare 

capacity measured (pmol/min). Values derived from Seahorse analyzer and 

computed using Seahorse software (**** p<0.0001). 
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Future studies into SARS-CoV-2 and metabolic reprogramming due to the PKM 

isoform switch might provide insight into how SARS-CoV-2 is driving replication and 

could present a targetable treatment option in the fight against SARS-CoV-2. In addition 

to viral replication, the production of AGEs due to metabolic reprogramming in SARS- 

CoV-2 would be an important area to study since SARS-CoV-2 mortality has been 

associated with RAGE signaling (Sellegounder, Zafari, Rajabinejad, Taghadosi, & Kapahi, 

2021). Other future directions with SARS-CoV-2 would be the exploration of Tepp-46 and 

the possibility that Tepp-46 could reverse the metabolic reprogramming resulting in 

decreased AGE and  subsequently reduce the signaling through RAGE thus possibly 

reducing the inflammation associated with SARS-CoV-2 infections. 

 

 

Figure 40 Effects on Metabolic Reprogramming mRNA in BEAS-2B Cells 

After SARS-CoV-2 Transfection 

BEAS-2b cells transfected with GFP (control) or with SARS-CoV-2 proteins 

were subjected to qPCR and relative expression of PTBP1, PKM1, and PKM2 

mRNA is presented in bar graphs. (** p<0.01, **** p<0.0001). 
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CHAPTER 8 

 
CONCLUSION 

 

8.1 Conclusion 

 
In conclusion, further studies are needed to explore the role of metabolic 

reprogramming not only in HIV and other comorbidities but in other viral infections. The 

use of Tepp-46 is a promising treatment option that could result in reduced effects of 

metabolic reprogramming and possibly lead to a reduction in comorbidities of HIV other 

viral infections. While Tepp-46 is a promising treatment option, further high-throughput 

screening for other compounds that would reverse metabolic reprogramming through 

different targets (possibly inhibiting alternative splicing of PTBP1) would be important to 

explore in both HIV-1 infections and other viruses. However, this study has presented a 

novel pathway where HIV-1 induces metabolic reprogramming and has initially explored 

how this metabolic reprogramming leads to cellular changes that can result in 

neurocognitive defects. In addition, this study has initially explored the same metabolic 

reprogramming in other cell types in association with gp120 and in other viral infections, 

all of which could be useful in further studies in HIV and SARS-CoV-2. 
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