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ABSTRACT 

THE EFFECTS OF HYPOXIA ON NATURAL KILLER CELLS: LINKING HYPOXIA 

INDUCIBLE FACTOR 1 ALPHA AND METABOLISM TO THE ANTI-TUMOR 

RESPONSE 

EMILY R. CLUFF 

 Natural Killer (NK) Cells play an integral role in the anti-tumor immune response 

by recognizing and inducing apoptosis of tumor cells and producing cytokines. The tumor 

microenvironment (TME) surrounding solid tumors has been characterized as a hypoxic 

(<1% O2) area. Cellular adaptive responses to hypoxia are mediated by, the master 

regulator of hypoxia, hypoxia-inducible factor-1a (HIF-1a). However, the effects of 

hypoxia on NK cell function have been inconclusive. Further, the mechanisms involved in 

the upregulation of HIF-1a in NK cells has not been described. The studies detailed in 

this thesis investigate the mechanisms involved in the upregulation of HIF-1a. We 

demonstrate IL-2 mediated signaling through the PI3K/mTOR pathway is critical for 

upregulation HIF-1a protein. The proteasomal degradation inhibitor, MG132, revealed 

that HIF-1a protein is made under normoxia (21% O2) in IL-2 stimulated NK cells but is 

readily degraded. Other proinflammatory molecules such as IL-12 and IL-18 were able to 

upregulate HIF-1a protein as well. Freshly isolated human NK cells isolated from the 

peripheral blood were unable to upregulate HIF-1a in hypoxia, however, once expanded 

NK cells were able to stabilize HIF-1a.  Interestingly, we observed hypoxia enhanced cell 

killing against the colorectal adenocarcinoma cell line DLD-1 and production of IFN-γ in 

the NKL cell line. However, freshly isolated PBMC NK cells showed impaired killing after 

hypoxic exposure. Expansion of PBMC NK cells not only increased cytotoxicity, but 
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restored NK cell killing in hypoxia. Both glucose availability and glycolysis were shown to 

play a role in regulating HIF-1α protein expression in IL-2 stimulated NKL cells under 

hypoxia. Further, NKL cells upregulated HIF-1α target genes involved in skewing the 

metabolic needs of NKL cells away from oxidative phosphorylation and to glycolysis under 

hypoxia. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
 
Introduction  

 Immunotherapy has become one of the most promising breakthroughs in modern 

cancer treatment. Adoptive cell-based therapies, especially with T cells, have seen much 

success for lymphoma, myeloma, and leukemia. Despite the success for hematological 

malignancies, these approaches have seen less success for solid tumors. Recently, 

natural killer (NK) cells have emerged as a new candidate for adoptive cell-based 

therapies given their unique ability to target tumor cells that down-regulate self-antigen 

presentation.1 They can also be given to patients without causing graft versus host 

disease an issue that’s arose with alloreactive T cells.2 NK cells have demonstrated 

potential efficacy in killing target cells, however, there are still many challenges to 

overcome in the tumor microenvironment (TME).3,4 As researchers discover new ways to 

enhance the immune system to kill and detect tumors, an understanding of the 

interactions occurring in the TME have also come to light. The mechanisms of tumor 

resistance to immunotherapy are not completely understood, however, hypoxia (<1% O2) 

has been found to be a major culprit. Studies have shown hypoxia is a common feature 

of all solid tumors that leads to a more resistant and metastatic tumor phenotype.5,6 Thus, 

Immune cells must adapt to the hypoxic TME in order to infiltrate and kill tumors.  

 The adaptability of tumor cells to survive and even thrive in a hypoxic environment 

has led researchers to study the mechanisms involved. Much of the survival responses 

at play are mediated by hypoxia-inducible factor (HIF) family of transcription factors, with 

HIF-1a deemed the master regulator of hypoxia.7 In cancer cells many of the HIF-1a 
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target genes are involved in erythropoiesis, angiogenesis, metabolism, and 

metastasis.8,9,10  

 Since hypoxia often favors tumor progression and metastasis this calls into 

question how it affects the cells used for immunotherapies, such as natural killer cells. 

Many studies have shown hypoxia dampens the anti-tumor immune response, skewing it 

toward an inhibitory state.11,12 While effects of hypoxia and HIF-1a signaling have been 

extensively studied in T cells, much is still unknown about the mechanisms involved in 

NK cells adaptation to hypoxia.13,14,15  

 Given that NK cells are found infiltrating tumors and hypoxic areas, we 

hypothesized that they must upregulate HIF-1a to adapt to and survive the TME. The 

data presented in this thesis introduce, for the first time, the mechanism of HIF-1a 

induction through activation of the PI3K/mTOR pathway in NK cells from human 

peripheral blood as well as the NK cell line, NKL. We explore the effects hypoxia and 

have on the effector functions of NK cells. Importantly, our work highlights differences in  

HIF-1a expression, phenotype and cytotoxicity of freshly isolated human NK cells versus 

ex-vivo expanded NK cells, which could further be translated into clinical studies for work 

in immunotherapy. The lack of oxygen in the TME makes oxidative phosphorylation 

inefficient for ATP production, we investigated the relationship between glycolysis and 

HIF-1a in NK cells. We observed changes in genes involved in metabolism during hypoxia 

exposure. Understanding the relationship between glycolysis and HIF-1a expression, 

could allow for new strategies that target the glycolytic pathway or HIF-1a to enhance the 

capacity of NK cells to compete for glucose in the TME.  
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Overview of the Immune System and Natural Killer Cells 

 The immune system is the greatest tool our body uses to defend against invading 

pathogens. It consists of the anatomical and chemical barriers that act as the first line of 

defense, immune cells, organs, and molecules that work together to eliminate invaders 

and protect from disease.16 To carry out these functions it is essential that immune cells 

are able to distinguish self from non-self. Most cells of the immune system are derived 

from hematopoietic stem cells in the bone marrow where they commit to either lymphoid 

or myeloid lineage. While the myeloid lineage gives rise to granulocytes, monocytes, red 

blood cells and platelets, the lymphoid lineage gives rise to T cells, B cells, innate 

lymphoid cells, and NK cells.17 During an attack the immune system diverges into two 

branches the innate immune response and the adaptive immune response. Both 

responses have mechanisms to recognize and eliminate foreign materials. Unlike the 

adaptive response, which is antigen specific, the innate response is non-specific and is 

activated in response to signals from pattern recognition receptors that recognize 

conserved molecular structures on pathogens.18  

 NK cells are innate immune cells without antigen specificity yet exhibit similarities 

to effector cells of the adaptive immune response such as T cells. Unlike T cells that need 

prior sensitization, NK cells were first recognized by their unique ability to detect and kill 

tumors without antigen specificity.19 NK cell activation and effector functions are regulated 

by activating and inhibitory receptors. NK cells can target and lyse cell deficient of major 

histocompatibility complex (MHC) molecules. Cells express MHC-I molecules that 

present antigens derived from intracellular proteins, however many malignant and viral 

infected cells downregulate these MHC molecules to evade the adaptive immune 
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response. However, NK cells recognize MHC class I molecules through inhibitory 

receptors that increase inhibitory signals to suppress NK cell killing. Both the lack of MHC 

class I molecules on tumor cells and the upregulation of activating ligands triggers NK 

cells to attack and produce inflammatory cytokines such as IFN-γ (Fig. 1A & B).20 This 

makes NK cells an attractive target for cancer immunotherapies.  

 

Figure 1. Mechanism of NK cell recognition of target cells. (A) Illustration of NK cell 
inhibitor receptor and activating receptor interaction. MHC I molecule is expressed by a 
normal healthy cell and recognized by the NK cell through inhibitory receptor resulting in 
no killing. Lack of MHC I molecule and interaction of activating ligand triggers NK cell 
killing. Figure from STREAM project website.21 

The Tumor Microenvironment  

 NK cells will encounter many obstacles in the tumor microenvironment that can 

cause functional exhaustion. This can be caused by immunosuppressive cytokines such 
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as TGF- β or IL-10, changes in pH levels, availability of nutrients, and hypoxia.22,23,24 

Hypoxia has been described as a major characteristic of all solid tumors. Normal tissues 

require a functional blood supply for oxygen, nutrients, and eliminating metabolic waste 

products. The rapid proliferation of tumors cells causes them to outgrow their surrounding 

vasculature leading to a localized inadequate supply of oxygen.11 This causes cells to 

upregulates pro-angiogenic factors to promote the formation of new blood vessels. 

However, these signals can become unbalanced leading to tangled leaky blood vessels 

and abnormal lymphatic drainage causing hypoxia to increase.25 Hypoxia induced 

signaling is mediated by the transcription factor HIF-1a, which has been described as an 

adaptation feature of cells to low O2 concentration. The mechanisms of hypoxia 

adaptation through HIF-1a have been extensively studied in cancer cells, activating the 

transcription of genes involved in metabolism, angiogenesis, metastasis/invasion, and 

proliferation.26 

 Since hypoxia often favors tumor progression and metastasis this calls into 

question how it affects the immune response. Tumors are infiltrated by both innate and 

adaptive immune cells mediated by the secretion of tumor derived cytokines and 

chemokines.27 Although infiltrating immune cells show hypoxic adaptations such as 

increased HIF-1a and glycolysis, the TME facilitates the attraction and development of 

immunosuppressive immune cells and actually plays a role in the development and 

progression of tumors.28 For example, Myeloid-derived suppressor cells are also seen to 

accumulate in the TME where HIF-1a regulates their differentiation and causes 

immunosuppressive activity.29 Macrophages differentiate into tumor-associated 

macrophages in hypoxic areas where they upregulate HIF-1a and contribute to T cell 
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inhibition.30 Dendritic cells have demonstrated a reduced ability to activate T cells,31 

though have shown increased production of proinflammatory cytokines in hypoxia.32 

Interestingly Xu et al. 2016 demonstrated that of the CD8+ T cell subsets the naïve and 

central memory subsets were inhibited under hypoxia while the effector memory subset 

had enhanced proliferation and cytotoxic capabilities due to an overexpression of HIF-1a 

and glycolysis.14  

 A critical role HIF-1a plays in the adaptation to hypoxia for T cells was defined by 

two studies. One study overexpressed HIF-1a by deletion of the Von Hippel Lindau 

complex which is a known regulator of HIF-1a protein degradation. This deletion 

enhanced the effector function both in vitro and in vivo of CD8+ T cells.33 Nevertheless, 

deletion of HIF-1a in T cells demonstrated in the other study, coincided with a lack of 

tumor infiltration by CD8+ T cells as well as increased FOXP3+CD4+ T cells.34 These data 

demonstrate the adaptive role HIF-1a plays in overcoming the inhibitory effects of hypoxia 

in T cells.  

The TME, hypoxia, and NK cells 

 NK cells play an important role in the anti-tumor immune response by producing 

large amounts of cytokines, such as FN-γ, and inducing apoptosis of tumor cells through 

cytotoxic granules.35 As previously described, these effector functions are mediated by 

the balance of signals through inhibitory and activating receptors. NK cell receptors 

involved in tumor recognition and killing are NKG2A, CD16, NKG2D, and the natural 

cytotoxicity receptors (NCRs): NKp30, NKp46, and NKp44.36 The NCRs and NKG2D are 

able to recognize ligands expressed and secreted by malignant cells. However, a few 

studies have shown these receptors are negatively affected by hypoxia. Balsamo et al. 
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saw a decrease in NKp46, NKp30, NKp44, and NKG2D that was unable to be rescued 

by IL-2 in NK cells exposed to 96 h of hypoxia. This correlated with impaired degranulation 

upon interaction with target cells.37 A study by Sarkar et al. showed 14-16 h of 0% O2 only 

downregulated NKG2D and intracellular perforin and granzyme B, however, IL-2 was able 

to rescue NKG2D and increase cell killing under hypoxia .38 There have also been studies 

that demonstrate a stimulatory effect of hypoxia on NK cells. In one study, NK cells that 

were incubated in 1% for 22 h and primed with IL-15 for the last 4 h increased glycolytic 

gene expression and shifted target cells toward late apoptosis in a killing assay.39 At 

levels of 1.5% O2 NK cells were shown to increase expansion rates, enhance antitumor 

effector functions, and upregulate major activating receptors and NCRs.40 The contrasting 

data may be the result of varying O2 concentrations, duration of hypoxia, activation state, 

target cell, and cytokine stimulation. Although many of these studies associate cell 

survival and cytotoxic function in hypoxia to HIF-1a, protein expression and activity was 

never investigated. Further the mechanisms of regulation and activation of HIF-1a have 

not been studied in NK cells. To improve immunotherapies through use of NK cells we 

must first understand how NK cells adapt and respond to hypoxia with HIF-1a considered.  

 The role of HIF-1a in NK cells has been studied by Krzywinska et al. Targeted 

deletion in-vivo of HIF-1a in NK cells in mice resulted in reduced cytotoxicity and IFN- γ 

production, and reduced number of tumor-infiltrating NK cells, suggesting they were 

unable to survive the hypoxic areas without HIF-1a. However, mice showed reduced 

tumor growth due to lack of NK cell production of soluble endothelial growth factor 1 

(sVEGFR-1), this consequently increased availability of VEGF and for tumor cells and 

resulted in non-productive angiogenesis41. This study demonstrates HIF-1a plays a role 
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in NK cells adaptation to hypoxia, however, is involved in inhibiting VEGF and promoting 

productive angiogenesis for tumor cell survival. This has been the only study to describe 

a role for HIF-1a in NK cells, as other in-vitro studies did not verify protein expression.38,39 

HIF-1a regulation and signaling 

 HIF-1a is regulated at multiple levels including transcriptional, translational, and 

post-translational. The primary mechanism, and the most studied, is the oxygen-

dependent post-translational regulation of HIF-1a. Under normal oxygen (normoxic) 

conditions, HIF-1a is hydroxylated by prolyl hydroxylase enzymes. These hydroxylated 

subunits are recognized by the Von Hippel-Lindau (VHL) protein, which tags it for 

ubiquitination and proteasomal degradation. However, under hypoxia HIF-1a is stabilized 

and translocates to the nucleus where it dimerizes with HIF-1b and binds to the promoter 

regions of genes that facilitate increased erythropoiesis, angiogenesis, and in cancer 

cells: invasion, metastasis, and resistance to therapies42  (Fig 2A & B).  
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Figure 2. Oxygen-dependent regulation of HIF-1a. (A) When oxygen is present HIF-
1a is hydroxylated by PHD enzymes on proline residues. The von Hippel-Lindau (VHL) 
protein recognized hydroxylated HIF-1a as a target and is ubiquitinated; a marker for 
proteasomal degradation. (B) When no oxygen is present HIF-1a is stabilized and 
dimerizes with HIF-1β in the nucleus where they bind to hypoxic response elements in 
the loci of target genes. P300 is recruited and activation of transcription of these genes 
occurs. Figure from Novus Biological website.43  

 
 Independent of O2, HIF-1a is regulated through signaling pathways that increase 

its transcription and translation. In macrophages HIF-1a translation can be upregulated 

by lipopolysaccharide through activation of the PI3K pathway.44 T cells have 
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demonstrated increased HIF-1a  protein translation with activation of the PI3K/mTOR 

pathway by CD3 stimulation.13 Human retinal epithelial cells upregulate HIF-1a post-

transcriptionally though activation of both PI3K/mTOR and the MAPK cascades by growth 

factors.45  

 Nutrient availability has also demonstrated a role in the regulation of HIF-1a. 

Glucose availability plays a major part in the activation and inhibition of mTOR. Under 

hypoxia glucose depletion has been shown to inhibit the mTORC1 complex of mTOR 

consequently inhibiting HIF-1a1. Interestingly, HIF-1a in part regulates the uptake of 

glucose and mediating the switch from oxidative phosphorylation (OXPHOS) to glycolysis 

suggesting crosstalk between HIF-1a protein regulation and glycolysis.14,46 In normoxia 

most cells favor OXPHOS as their main source of ATP, utilizing O2 as the last electron 

acceptor. When O2 concentrations are low the switch from OXPHOS to glycolysis occurs 

for cells to support their energy needs. Given the lack of oxygen in the TME, tumor cells 

possess high glycolytic activity forcing infiltrating immune cells to have to compete for 

glucose. This could in turn affect HIF-1a expression and lead to cells that are incapable 

of properly adapting to hypoxia.22  

 Although NK cells possess the ability to kill target cells efficiently both in vitro and 

in vivo there is still much work that needs to be done to be able to enhance these functions 

for use in immunotherapies. In this thesis we uncover how NK cells behave in hypoxia in 

an NK cell line, freshly isolated PBMC NK cells, and expanded NK cells. Our results 

expand on previous studies to make connections between the hypoxic response of NK 

cells and the transcription factor HIF-1a. We show that responses to hypoxia differ 

depending on activation and expansion. Importantly, the NKL cell line that has not been 
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previously studied to this extent demonstrated enhanced effector functions in hypoxia 

which could make for a good model for engineering immunotherapeutic cells for adoptive 

therapies.  
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CHAPTER 2: MATERIALS AND METHODS 

Cell culture of the cell lines 

 The NKL cell line from the peripheral blood of a patient with CD-3-CD16+CD56+ 

large granular lymphocyte leukemia was cultured in RPMI 1640 medium from Corning 

supplemented with 10% heat inactivated FBS, 5% non-essential amino acids, 5% sodium 

pyruvate, 5% penicillin streptomycin, and 100 U/ml IL-2 and maintained in a 37°C 

humidified incubator buffered with 5% CO2. Cells were cultured in T-75 flask at a density 

of 0.5-2 x 106 cells/ml of media. Media was changed and NKL cells were fed 100 U/ml IL-

2 every 3 days. For the experiments where NKL cells were plated without IL-2, these cells 

were washed and plated in complete media containing no IL-2 for 24 h prior to the start 

of the experiment. For experiments where IL-12 and IL-18 were used to stimulate the 

cells, these cells were also washed and cultured in complete media containing no IL-2 for 

24 h prior to the start of the experiment. The DLD cell line derived from human colorectal 

adenocarcinoma was cultured in RPMI 1640 medium from Corning supplemented with 

10% FBS, and 5% penicillin streptomycin and maintained in a 37°C humidified incubator 

buffered with 5% CO2. Cells were cultured in T-75 flask to 70-80% confluency. 

Cell culture and activation of PBMC NK cells 

 NK cells were obtained from buffy coats in a Leukoreduction System Chamber 

from healthy blood donors provided by Stanford Blood Center. PBMCs were isolated by 

Ficoll-paque PLUS (GE Healthcare) density gradient centrifugation in RPMI 1640 medium 

from Corning. NK cells were purified using Miltenyi Biotec’s human NK cell Isolation Kit 

(130-092-657), LS column (130-042-401), and their MidiMACS Separator (130-042302) 

and MACS Multistand (130-042-303). 



 

   13 

 NK cell expansion was achieved by using the NK cell Acitvation/Expansion kit from 

Miltenyi Biotec (130-094-483). NKp46 and CD2 biotinylated antibodies were loaded on 

MACSiBead Particles according to protocol and equal concentrations of antibodies were 

used for combination of NKp46 and CD2 for expansion.  After loaded MACSiBead 

Particles were added NK cells were left alone for 4 days in NK MACS Medium (Miltenyi 

Biotec), with 5% Human AB Serum (Sigma-Aldrich), 1% Supplement (Miltenyi Biotec), 

1% penicillin streptomycin, and 400 U/ml IL-2 in 24-well plates (1x106 cells/ml) with media 

changed as needed. NK cells were then split every 3-5 days to achieve a cell density of 

1-1.5x106 NK cells per ml of media. NK cells were maintained in 37°C humidified 

incubator buffered with 5% CO2.  

Cell lysates and western blotting 

 After the completion of the experiment, the cells were immediately put into falcon 

tubes on ice and spun down at 4°C at 300 g for 5 min. The pellets were then washed in 

Eppendorf tubes in 4°C 1 X PBS at 4°C at 300 g for 5 min. The supernatant was removed, 

and pellets were snap frozen in dry ice and ethanol and stored at -20°C for lysates to be 

made. 

 Whole cell extracts were prepared in Eppendorf tubes with SDS lysis buffer 

containing, 1 mM EDTA, 1 mM PMSF, 1 mM DTT, 1 ug/ml leupeptin, 1 mM sodium 

orthovanadate, followed by sonication for 10 seconds. The tubes were placed on the rotor 

wheel for 30 min at 4°C. Lysates were then centrifuged at 4°C at 300 g for 10 min and 

boiled at 95°C for 5 min. Lysates were stored at -20°C to be used for western blotting. 

 Before western blotting lysates were heated to 95°C for 5 min centrifuged at at 300 

g for 1 min. SDS-PAGE gels were made at 8% and samples were loaded with 25-35 ul of 
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lysate with 3 ul of the Kaleidoscope Protein Ladder (Bio-Rad Laboratories) loaded.  The 

voltage was set to 150 V and let run till desired kDa. Proteins were transferred to 

nitrocellulose blotting membrane for 70 min at 250 mA. The blots were blocked with 5% 

BSA in 1 X TBS for 1 h. Blots were washed 3X in 1 X TBS for 5 min and probed with a 

primary antibody diluted in 0.05 g of BSA dissolved in 5 ml 1 X TBS overnight. After 

primary antibody incubation, blots were washed 3X in 1 X TBS 0.2% Tween for 5 min. 

The blot was them incubated in the secondary antibody at a working concentration of 

1:15,000 in 1 X TBS 0.2% Tween and 0.05 g of BSA for 1 h.  After the secondary antibody 

incubation blots were washed 3X in 1 X TBS 0.2% Tween for 5 min and 1X in 1 X TBS 

for 5 min. Blots were imaged using the Odyssey Imaging System (LI-COR Biosciences). 

Quantification was performed using the Image Studio Software. Protein intensity was 

normalized against the loading control and fold changes were calculated using Microsoft 

Excel. 

Quantitative RT-PCR  

 After the completion of the experiment, the cells were immediately put into falcon 

tubes on ice and spun down at 4°C at 300 g for 5 min. The pellets were then washed in 

Eppendorf tubes in 4°C 1 X PBS at 4°C at 300 g for 5 min. The supernatant was removed, 

and pellets were snap frozen in dry ice and ethanol and stored at -80°C for later analysis. 

 Synthesis of first strand cDNA using DNase-treated total RNA as a template in a 

reaction mixture containing 50 mM Tris-HCl (pH 8.3), 3 mM MgCl2, 10 mM DTT, 75 mM 

KCl, 1 mM dNTP, 0.1 mM oligo(dT) primer, and 50 U of Superscript II. PCR was 

performed in a mixture composed of 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM 

MgCl2, 200 μM dNTP, 0.25 μM each of the sense and antisense primers, and 1 U of 
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DNA polymerase. The amount of cDNA was judged by the intensity of the amplified 

GAPDH signal. Amplification was performed after denaturing of the samples and shown 

to be within linear for each primers’ amplification.  

Microarray  
 
 After the completion of the experiment, the cells were immediately put into falcon 

tubes on ice and spun down at 4°C at 300 g for 5 min. The pellets were then washed in 

Eppendorf tubes in 4°C 1 X PBS at 4°C at 300 g for 5 min. The supernatant was removed, 

and pellets were snap frozen in dry ice and ethanol and stored at -80°C for later analysis. 

 
Flow cytometry 

 Cell surface expression was determined for 3 days of 21% and 1% O2 incubation 

after isolation and 3 days of 21% and 1% O2 incubation 14 days of cell expansion. After 

incubation, the NK cells were immediately put into microcentrifuge tubes, put on ice, and 

spun down at 4°C at 300 g for 10 min. The pellets were then resuspended in 1 mL of 4°C 

1 X PBS and LIVE/DEAD Fixable Dead Cell Stains (ThermoFisher L34955) was added 

and incubated for 20 min 4°C in the dark. After incubation cells were spun down at 4°C 

at 300 g for 10 min and resuspended in 50 uL of FACS buffer and incubated with Human 

TruStain FcX (BioLegend 422302) for 15 min at 4°C in the dark. Cells were then stained 

for 30 min at 4°C in the dark. Cells were washed with FACS buffer at 4°C at 300 g for 10 

min. Cells were fixed in BD Cytofix Fixation Buffer (BD Biosciences 554655) according to 

instructions. Cells were then washed in FACS buffer at 4°C at 300 g for 10 min. Ten 

thousand cells per reacting was acquired using he CytoFLEX Flow Cytometer (Beckman 

Coulter Life Sciences) and analyzed using FlowJo software.  
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Xcelligence 

 The cytotoxicity of NK cells was monitored using an Xcelligence Real-Time 

System. This system measures the survival (cell index) of the adhesive target cells in 

real-time. NKL cells were plated with 100 U/ml IL-2 in duplicate starting at 80,000 cells 

per 200 uL in a TC microwell 96 U-bottom plate (Thermo Fisher Scientific). A two-fold 

serial dilution was carried out till 10,000 cells was reached. NKL cells were then incubated 

in 21% or 1% O2 for 24 h. For the PBMC NK cells, after isolation NK cells stimulated with 

100 U/ml IL-2 and with or without Combo beads and plated at 200,000, 100,000, and 

20,000 cells per well with 200 uL of media. The NK cells were then put in 21% or 1% O2 

for 72 h. Experiments that used expanded NK cells were expanded for 2 weeks then 

plated at 200,000, 100,000, and 20,000 cells per well with 200 uL of media. Then the NK 

cells were incubated in 21% or 1% O2 for 72 h. DLD-1 cells were plated 24 h before 

addition of effector cells in an E-Plate 96 PET (ACEA Biosciences) at 10,000 cells per 

well in 100 ul of media and placed in the Real-time Cell Analyzer-Multiple plate instrument 

in an incubator at 37°C with 5% CO2 until 70-80% confluence while cell index was 

recorded. After incubation NK cells were plated on the DLD-1 cells by transferring 100 ul 

of cell suspension from the NK 96 well U-bottom plate to the E-Plate 96 PET with the 

effector cells (E:T of NKL cells was 4:1, 2:1, 1:1, E:T of PBMC NK cells was 10:1, 5:1, 

1:1). Cell index values were recorded every 15 min and calculated using the RTCA 

software. The cell index represented changes in the electrical impedance that reflect the 

number of DLD-1 target cells that are alive on the biocompatible microelectrode surfaces. 

Cell index was then converted to percentage of cytolysis using the RTCA Software.  
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ELISA 

 NK cells were plated 80,000 cells per 200 uL in a 96 well plate with 200 U/mL IL-

2 and pre-incubated in 21% or 1% O2 for 24 h. Corning 96 Well TC-Treated Microplates 

were coated with 10 ug/ml of each antibody for 3 h and then washed 3 times with 1 X 

PBS. After antibody coating of the plates the NK cells were then transferred to the coated 

plate and incubated for 18 h in 21% or 1% O2. After incubation cells were spun down at 

300 X g for 5 min. Supernatant was removed and stored at 20°C until ELISA. 

 Human IFN-γ was assayed with the Human IFN-gamma DuoSet ELISA kit (R&D 

DY285B) according to manufacturer’s Concentrations were drawn from a standard curve 

on each plate. A microplate reader was set to 450 nm 

Antibodies and reagents 

 The mAb against HIF-1a, p70 S6 Kinase, and phosphorylated p70 S6 Kinase at 

Thr389 was purchased from Cell Signaling Technology. The mAb against HIF-2a was 

purchased from Novus Biologicals. Abs against ERK1-ERK2 and phosphorylated ERK1-

ERK 2 at T202 and Y204 were purchased from abcam. Recombinant human IL-2, IL-12, 

IL-15 were obtained from PeproTech. Recombinant human IL-18 was purchased from 

R&D. Inhibitors of PI3K (LY294002), MEK (PD98059), and the mammalian target of 

Rapamycin (Rapamycin) was purchased from Selleck Chemicals.  

 Antibodies used for flow cytometry were purchased from BioLegend: PE-

conjugated anti-NKp46, ant-CD16, Pcy 5.5- conjugated anti-NKG2D, FITC-conjugated 

anti-CD69, anti-CD98, APC-conjugated anti-CD56. 
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Statistical analysis 

 The Prism 9 (GraphPad) software was used for all statistical analyses. 

Comparisons between two groups was done by two-tailed parametric t-tests for paired or 

unpaired data. Statistical test for each figure is described in the figure legend.  

Significance was defined at a < 0.05.  
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CHAPTER 3: REGULATION OF HIF-1a PROTEIN BY CYTOKINE MEDIATED 

SIGNALLING IN NATURAL KILLER CELLS   

RESULTS 

 From the findings of several studies that demonstrated a critical role of the 

PI3K/mTOR pathway in cancer cells and T cells in upregulating HIF-1a protein, a study 

was designed to test how HIF-1a was regulated in NK cells. We were able to control 

oxygen concentrations of the incubator to 1% O2 to replicate that of the TME and 21% for 

normal oxygen conditions. Activating cytokines, primarily IL-2, were used to stimulate NK 

cells to test if they were able to upregulate HIF-1a protein levels. Pathways involving 

transcription, translation, and proteasomal degradation were studied to see if IL-2 

mediated signaling was acting on such to increase protein expression of HIF-1a. The 

PI3K/mTOR pathway was found to play a critical role in HIF-1a protein expression in both 

the NKL cell line and PBMC derived NK cells. 

HIF-1a increase in NK cells under hypoxia requires IL-2 

 We first examined if NK cells respond to hypoxia by upregulating HIF-1a. Protein 

levels were tested in the human NK cell line, NKL, under hypoxic (1% O2) or normoxic 

(21% O2) culture conditions with or without the IL-2. Under normoxia, no detectable 

differences were observed in the levels of HIF-1a. However, hypoxia exposure for 6 h 

significantly increased HIF-1a levels in the cells stimulated with IL-2 (Fig. 1A & B). 

Meanwhile, we observed a time dependent increase in HIF-1a levels in IL-2 stimulated 

cells exposed to 6, 12 and 24 h of hypoxia (Fig. 1C). The physiological oxygen 

concentration found in secondary lymphoid organs is around 5% O2, based on this, we 

stimulated NK cells with IL-2 and exposed them to 5% O2. No HIF-1a protein was 
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observed in cells cultured at 5% O2 in the presence or absence of IL-2 (Fig. 1D). These 

data confirm that NK cells respond to hypoxia by upregulating HIF-1a protein expression 

but only in the presence of IL-2.  

 

Figure 1. IL-2 induced accumulation of HIF-1α protein expression in hypoxic NKL 
cells. (A) Immunoblot of HIF-1α. NKL cells were incubated in the absence or presence of 
100 U/ml IL-2 for 6 h under 21% or 1% O2 concentration. Whole cell extracts were 
prepared, and immunoblotting was performed using anti-HIF-1α and β-Actin antibodies. 
(B) Density of bands was measured using Image Studio software, normalized to β-Actin. 
Results are shown as fold difference compared to 21% O2 with no IL-2. Data is 
representative of at least three independent experiments. (C) Time dependent increase 
in HIF-1α protein levels. NKL cells were incubated in the absence or presence of 100 
U/ml IL-2 for the indicated time periods under 21% or 1% oxygen concentration. Whole 
cell extracts were prepared, and immunoblotting was performed using anti-HIF-1α and β-
Actin antibodies. (D) Effect of physioxia (5% O2) on HIF-1α protein expression. IL-2 
stimulated NKL cells were incubated for 6 h under 21%, 5%, or 1% O2 concentration. 
Whole cell extracts were prepared, and immunoblotting was performed using anti-HIF-1α 
and β-Actin antibodies. 

21% 1%
0

20

40

60

80

 H
IF

-1
α

 /A
ct

in
(F

ol
d 

C
ha

ng
e)

P= 0.0002 A B

C D



 

   21 

HIF-2a protein expression is not dependent on hypoxia, but IL-2 stimulation in NK  

cells 

 Similar to HIF-1a, HIF-2a, is also known to be upregulated through hypoxia or 

cytokine stimulation in various cell types. We observed significant increases in HIF-2a 

protein expression in IL-2 stimulated NKL cells in both hypoxia and normoxia compared 

to unstimulated cells, however, no significant difference was observed between hypoxia 

and normoxia in IL-2 stimulated cells. (Fig. 2A & B).  

 

Figure 2. HIF-2α protein expression is dependent on IL-2 stimulation but not 
oxygen in NKL cells. (A) Immunoblot of HIF-2α. NKL cells were incubated in the 
absence or presence of 100 U/ml IL-2 for 24 h under 21% or 1% O2 concentration. Whole 
cell extracts were prepared, and immunoblotting was performed with anti-HIF-2α and β-
Actin antibodies. The immunoblot is representative of three independent experiments. (B) 
Density of HIF-2α bands were measured using Image Studio software, normalized to β-
Actin. Results are shown as the mean +/-SD fold change (n=3) relative to 21% O2 with 
no IL-2. Data is representative of three independent experiments. Statistical significance 
was analyzed between experimental and control results by unpaired two-sided Welch’s t-
test.  

HIF-1a increase in NK cells depends on IL-2 concentration 

 Since our previous results indicated IL-2 was a requirement for the upregulation of 
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to hypoxia was IL-2 dose dependent. NKL cells were treated with increasing 

concentrations of IL-2 ranging from 100 U/ml to 800 U/ml and found that HIF-1a protein 

levels showed a positive correlation to IL-2 concentration (Fig. 3A & B) 

 

 

Figure 3. Increase in HIF-1α protein correlates with IL-2 concentration. (A) 
Immunoblot of HIF-1α. NKL cells were incubated in the absence or presence of the 
indicated concentrations of IL-2 for 24 h under 21% or 1% O2 concentration. Whole cell 
extracts were prepared, and immunoblotting was performed using anti-HIF-1α and β-
Actin antibodies. (B) Graph of HIF-1α fold change of hypoxic NKL cells. Density of bands 
was measured using Image Studio software, normalized to β-Actin. Results are shown 
as fold difference of HIF-1α protein expression in hypoxic NK cells compared to 21% O2 
with 100 U/ml IL-2. 

IL-2 increases HIF-1a protein synthesis in NKL cells during hypoxia. 

 HIF-1α expression is regulated at multiple levels including protein 

stability/degradation, translation, and transcription, by upstream signals specific for cells 

or tissues. Since there was no increase in HIF-1a protein levels in hypoxia in the absence 

of IL-2 (Fig. 1A), we investigated whether IL-2 was required for the transcriptional 

increase of HIF-1a. RT-qPCR analysis revealed that IL-2 stimulation or hypoxia did not 
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increase HIF-1a transcript levels (Fig. 4A). These results demonstrate IL-2 does not 

regulate HIF-1a transcriptionally in NK cells exposed to hypoxia. 

 We next determined if IL-2 stimulation could affect HIF-1a levels by affecting 

protein stability. NKL cells treated with the proteasome inhibitor MG132 in the absence of 

IL-2 did not restore HIF-1a protein levels under normoxia or hypoxia. However, combining 

MG132 treatment with IL-2 stimulation restored HIF-1a proteins levels under normoxia 

supporting the oxygen-dependent degradation pathway. These results indicated that 

hypoxia influences HIF-1a protein stability and not IL-2 (Fig. 4B). These data collectively 

show that IL-2 neither functions to increase HIF-1a transcript levels nor increase HIF-1a 

protein levels by influencing protein stability.  

 To determine if IL-2 played a role in HIF-1a translation, NKL cells were incubated 

with IL-2 under normoxia or hypoxia for 18 h. NKL cells were then treated with the protein 

synthesis inhibitor cycloheximide (CHX) and further incubated for 6 h under the same 

conditions (Fig. 4C). HIF-1a protein levels were inhibited after treatment of CHX. These 

results indicate IL-2 does not affect HIF-1a proteins stability and that continuous protein 

synthesis under hypoxic conditions is required for HIF-1a protein expression. 
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Figure 4. IL-2 increase in HIF-1a protein expression is regulated by protein 
synthesis. (A) RT-qPCR analysis for HIF-1α mRNA. NKL cells were incubated in the 
absence or presence of 100 U/ml IL-2 for 24 h under 21% or 1% O2 concentrations. Total 
RNA was prepared, and RT-qPCR analysis was performed. HIF-1a mRNA was 
normalized to β-Actin. Results expressed as mean ± SEM fold change with respect to the 
mRNA levels from NKL cells without IL-2 in the presence of 21% O2. Mean ± SEM was 
calculated from three different experiments done in triplicates. (B) Immunoblot of HIF-1α 
expression with treatment of MG132. NKL cells we incubated with or without 100 U/ml IL-
2 in the presence or absence of 10 μg/ml of MG132 for 6 h under 21% or 1% O2 
concentrations. Whole cell extracts were prepared, and immunoblotting was done using 
anti- HIF-1α and β-Actin antibodies. Blot is representative of 3 trials. (C) Immunoblot of 
HIF-1α expression with treatment of CHX. NKL cells were incubated for 18 h then 
incubated in the presence or absence of 10 μg/ml CHX for an additional 6 h. Whole cell 
extracts were prepared, and immunoblotting was done using anti-HIF-1α and β-Actin 
antibodies. 
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HIF-1a protein is upregulated via the PI3K/mTOR signaling pathway under  

hypoxia in NK cells. 

 The PI3K/mTOR and MAPK pathways mediate HIF-1a independent of oxygen in 

many cell types. Given that IL-2 signals through these pathways we hypothesized that IL-

2 was mediated protein translation through one of these pathways. We tested the effect 

of the PI3K inhibitor LY294002, and the MEK inhibitor PD98059, on HIF-1a protein 

expression in NKL cells. Under hypoxic conditions, LY294002 treatment significantly 

reduced HIF-1a protein levels in IL-2 stimulated NKL cells, while unaffected by PD98059 

(Fig. 5A & B). Partial inhibition of HIF-1a protein levels was also seen with exposure to 

the mTORC1 inhibitor, Rapamycin, in IL-2 stimulated NKL cells in hypoxia (Fig. 5C & D). 

These results demonstrate that the PI3K/mTOR pathway is required for hypoxia induced 

HIF-1a upregulation in NK cells. 
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Figure 5. Role of the PI3K/mTOR signaling pathway in IL-2 mediated HIF-1a 
expression. (A) Immunoblot of HIF-1a protein. IL-2 stimulated NKL cells were incubated 
for 6 h under 21% or 1% O2 in the presence or absence of 50 μM PD98059 (MAPK 
inhibitor) or 50 μM LY294002 (PI3K inhibitor). Whole cell lysates were made and 
immunoblotted with anti-HIF-1α and β-Actin antibodies. (B) Density of bands was 
measured using Image Studio software, normalized to β-Actin. Results are shown as the 
fold difference of incubation in 1% O2 relative to uninhibited. Data is representative of 
three independent experiments. (C) IL-2 stimulated NKL cells were incubated for 6 h 
under 21% or 1% O2 in the presence or absence of 10 nM Rapamycin. Whole cell lysates 
were made, and immunoblotting was performed with anti-HIF-1α and β-Actin antibodies. 
(B) Density of bands was measured using Image Studio software, normalized to β-Actin. 
Results are shown as the fold difference of incubation in 1% O2 relative to uninhibited. 
Data is representative of three independent experiments. Statistical significance was 
analyzed between experimental and control (uninhibited) results by unpaired two-sided 
Welch’s t-test. 
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IL-12 and IL-18 upregulate HIF-1a protein in NKL cells 

 In addition to IL-2, other proinflammatory cytokines such as IL-12 and IL-18 are 

produced in the TME. Earlier studies have revealed IL-12 and IL-18 have a synergistic 

effect on NK cells triggering an innate immune response by producing large amounts of 

cytokines.  Given this, we tested whether IL-12 and IL-18 were able to upregulate HIF-1a 

in NKL cells by starving the cells of IL-2 for 24 h and then stimulating them with increasing 

concentrations of IL-12 and IL-18 or both and incubating them in normoxia or hypoxia for 

24 h. NKL cells showed increasing HIF-1a with increasing concentration of both IL-12 

and IL-18. NKL cells exposed to both IL-12 and IL-18 showed the most HIF-1a 

expression.  

 

Figure 6. NKL cells express HIF-1a by IL-12 and IL-18 stimulation. Immunoblot of 
HIF-1a protein. NKL cells were starved of IL-2 for 24 and stimulated with increasing 
concentrations of IL-12, IL-18, or both. Cells were then incubated for 24 h under 21% or 
1% O2. Whole cell lysates were made and immunoblotted with anti-HIF-1α and β-Actin 
antibodies. Blot is representative of 2 independent experiments. 
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HIF-1a protein detection in human PBMC NK cells 

 To further illustrate these findings, we sought to replicate these experiments using 

NK cells derived from human peripheral blood mononuclear cells (PBMCs). Fresh 

isolated NK cells were plated with IL-2 and activated with or without antibodies against 

NKp46 and CD2 in combination (Combo) and incubated in normoxia or hypoxia. After 

incubation HIF-1a protein expression was not detected. 

 The inability to detect HIF-1a protein levels in freshly isolated NK cells led to the 

question of whether ex-vivo expanded NK cells were able to express HIF-1a. PBMC 

derived NK cells were isolated and then expanded for two weeks using IL-2 and 

antibodies against NKp46 and CD2. NK cells were then plated with IL-2 in normoxia or 

hypoxia. HIF-1a protein expression was increased across all donors in hypoxic NK cells 

that were activated using either IL-2 alone or a combination of both antibodies and IL-2 

during expansion (Fig 7A & B).  

   
 
Figure 7. HIF-1α protein expression in ex-vivo expanded PBMC NK cells. (A) 
Western blots of HIF-1α expression in freshly isolated NK cells. NK cells were stimulated 
with 400 U/ml IL-2 and incubated with 20 uM of the PHD inhibitor CHX or the 10 ug/ml of 
the proteasomal degradation inhibitor MG132 for 72 h under 21% or 1% O2. Whole cell 
lysates were made and immunoblotted with anti-HIF-1α and β-tubulin antibodies. IL-2 
only condition is representative of 6 different donors and DMOG is representative of 2 
different donors. (B) Western blots of HIF-1α expression after 2-week expansion. NK cells 
were expanded for 2 weeks using IL-2 only, or a combination of both anti-CD2 and anti-
NKp46 coated beads (Combo) and IL-2. NK cells were then incubated with 400 U/ml IL-
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2 for 72 h under 21% or 1% O2. Whole cell lysates were made and immunoblotted with 
anti-HIF-1α and β-tubulin antibodies. Blot is representative of 6 different donors. 

 
IL-2 and hypoxia is required for ex-vivo expanded NK cells to express HIF-1a  

protein. 

 Because the previous results using the NK cell lines demonstrated a requirement 

of IL-2 for HIF-1a upregulation in hypoxia, we hypothesized that this was also true for the 

expanded PBMC NK cells. HIF-1a protein levels were quantified in NK cells that were 

expanded for at least two weeks using combination of both antibodies against NKp46 and 

CD2 that were added at isolation and IL-2. Expanded PBMC NK cells were then plated 

with or without IL-2 and incubated in normoxia or hypoxia. Expanded NK cells significantly 

increased HIF-1a levels in hypoxic cells but only with IL-2 stimulation (Fig. 8A & B). 

Treatment with the proteasomal degradation inhibitor, MG132, verified HIF-1a protein is 

not synthesized without IL-2 and is not stabilized without hypoxia (Fig. 8C). These data 

confirm that NK cells respond to hypoxia by upregulating HIF-1a protein expression but 

only after expansion. 
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Figure 8. HIF-1α protein expression in ex-vivo expanded PBMC NK cells. (A) NK 
cells were expanded for 2 weeks using a combination of antibodies against CD2 and 
NKp46 and 400 U/ml IL-2. NK cells were then incubated in the absence or presence of 
400 U/ml IL-2 for 72 h under 21% or 1% O2. Whole cell extracts were prepared, and 
immunoblotting was performed with anti-HIF-1α and β-Actin. (B) Density of bands was 
measured using Image Studio software and normalized to β-Actin. Results are shown as 
fold difference compared to atmospheric O2 with no IL-2. Data is representative of three 
donors. (C) Immunoblot of HIF-1α expression with treatment of MG132. NK cells were 
incubated in the presence or absence of 400 U/ml of IL-2, and in the presence or absence 
10 ug/ml of MG132 for last the 24 h of a 72 h incubation in 21% or 1% O2. Whole extracts 
were prepared and immunoblotted with anti- HIF-1α and β-Actin Data is representative of 
two donors.  
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Upregulation of HIF-1a protein in expanded hypoxic NK cells requires IL-2 via  

PI3K/mTOR signaling pathway 

 To verify the role of the PI3K/mTOR pathway for hypoxia induced HIF-1a 

upregulation in NK cells. The expanded PBMC NK cells were treated with the PI3K 

inhibitor LY294002, the MEK inhibitor PD98059, and the mTOR inhibitor Rapamycin. As 

seen in the NKL cell line, LY294002 and Rapamycin treatment significantly reduced HIF-

1a protein levels in hypoxic IL-2 stimulated expanded NK cells, while PD98059 had no 

effect (Fig 9). These results further confirm that PI3K/mTOR is the required pathway in 

which regulation of HIF-1a protein synthesis occurs in NK cells. 
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Figure 9. Role of the PI3K/mTOR pathway in IL-2 mediated HIF-1a expression. NK 
cells were expanded for 2 weeks using a combination of antibodies against CD2 and 
NKp46 and 400 U/ml IL-2. NK cells were then incubated with 400 U/ml IL-2 for 72 h under 
21% or 1% O2 with the last 24 h in the presence of PD98059 (MAPK inhibitor), LY294002 
(PI3K inhibitor), or Rapamycin (mTOR inhibitor). Whole cell extracts were prepared, and 
immunoblotting was performed with anti-HIF-1α and β-Actin. Blot is representative of 
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three donors. Statistical significance was analyzed between experimental and control 
results by unpaired two-sided Welch’s t-test. 
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CHAPTER 4: THE EFFECTS OF HYPOXIA ON NATURAL KILLER CELL EFFECTOR  

FUNCTIONS AND PHENOTYPE 

RESULTS 

 Our results from Chapter 2 described the mechanism of IL-2 mediated HIF-1a 

protein expression in hypoxic NK cells. This next chapter investigates the affects that 

hypoxia on the effector function of NK cells. We examined how the phenotype was 

affected in the NKL cell line, and freshly isolated and expanded NK cells. Each had 

different changes in phenotype that somewhat correlated with their cytotoxic functions. 

PBMC NK cells expanded using two different methods using either IL-2 only or IL-2 and 

beads coated with a combination of antibodies against NKp46 and CD-2 (Combo) at 

isolation (see methods for details on expansion after activation).  

Hypoxia does not downregulate activating receptors in NKL cells 

 Since the effector functions of NK cell are regulated by signals from their receptors, 

we first investigated the effect hypoxia had on NK cell phenotype. Surface expression of 

major receptors on NK cells were assessed by flow cytometry. There was no significant 

difference seen in activating receptors NKG2D and NKp46 in NKL cells. However, the 

activating receptor NKp30 was upregulated under hypoxia (P=0.0427). CD16 which is 

known to be involved in antibody- dependent cellular cytotoxicity was not affected by 

hypoxia either. The inhibitory receptor NKG2A and the amino acid transporter CD98 were 

not affected either though a significant increase in the IL-2 receptor CD25 was seen with 

in hypoxia (P=0.0003) (Fig 1). These data show the NKL cell lines phenotype is not 

negatively affected by hypoxia. 
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Figure 1. NKL cells do not downregulate surface markers in hypoxia. NKL cells were 
stimulated with IL-2 and incubated in normoxia or hypoxia for 24 h. Expression of surface 
receptors was analyzed by flow cytometry. MFI fold change is relative to 21% O2. 
Statistical significance was analyzed between normoxia and hypoxia results by a paired 
two-sided t-test. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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were preincubated in normoxia or hypoxia for 24 h and then activated with various 

antibodies or ligands, to NK cell receptors, commonly secreted or expressed by malignant 
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cells for an additional 18 h. Interestingly, cells activated with the NKG2D ligand - ULBP-

1, NKp30, and CD16 all had significant increases in extracellular IFN-γ production in 

hypoxia than normoxia. NKp46 and IL-2 only stimulation revealed no significant difference 

of IFN-γ in normoxia and hypoxia with very little IFN-γ production. The concentration of 

IFN-γ for unstimulated NKL cells was below the quantitation limit (Fig 2). 

 

Figure 2. Effect of hypoxia receptor stimulation on IFN-γ production in normoxia 
and hypoxia. NKL cells IL-2 starved for 24 h and then plated with 200 U/ml IL-2 and 
incubated in normoxia or hypoxia for 24 h. after incubation NKL cells were transferred to 
various antibody coated plated at 10 ug/ml of antibody each for 18 h. After incubation 
supernatant was collected and an ELISA was performed to test the concentration of IFN-
γ. Results are reported as the mean of 4 independent experiments. Statistical significance 
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was analyzed between 21% O2 and 1% O2 results by parametric two-sided paired t-test. 
ns = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001. 

 
 Since we did not see a significant loss of activating receptors in the NKL cell line 

during hypoxic exposure (Fig 1) we decided to test if hypoxia affected the NKL cells killing 

capacity. The colon cancer cell line, DLD-1 which lacks MHC class I expression was used 

as a target cell. The NKL cell line was stimulated with IL-2 and incubated in normoxia or 

hypoxia for 24 h. After the incubation the cells were plated with the DLD-1 cells and the 

cell index of the DLD-1 cells was measured in real-time by Xcelligence. NKL cells that 

were pre-incubated in hypoxia had a continuous higher killing capacity in real-time at all 

E:T ratios than normoxic NKL cells (Fig 3A). Normoxic NKL cells seeded at E:T ratio 2:1 

and 1:1 reached 50% cytolysis significantly slower than hypoxic NKL cells (Fig 3B & C). 

These results show that pre-incubation of IL-2 stimulated NKL cells in hypoxia has an 

enhanced effect on their cytotoxicity. 
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Figure 3. Increased cell killing capability against DLD-1 cells in NKL cells pre-
incubated in hypoxia compared to normoxia. Real-time measurement of NKL cells 
killing of DLD-1 cells by Xcelligence (A) NKL cells were stimulated with IL-2, seeded in 
duplicate in a 96-well U bottom plate, and incubated in normoxia or hypoxia for 24 h. DLD-
1 cells were seeded in duplicate at equal densities of 10,000 cells per well on E-plates 
and incubated to 70-80% confluence while cell index was measured. After 24 h incubation 
NKL cells were added to the DLD-1 cells and cell index was measured and recorded 
every 15 min. The cytolytic activity at difference time-points was calculated as the 
percentage of cytolysis using RTCA Software Pro and is representative of three 
independent experiments (B). Graph of fold-change of time to 50% cytolysis for 20,000 
NKL cells (C) and 10,0000 NKL cells. 

21
% O 2

1%
 O 2

0.0

0.5

1.0

1.5

Fo
ld

 C
ha

ng
e 

of
 T

im
e 

to
 5

0%
 C

yt
ol

ys
is

 P = 0.0437

21
% O 2

1%
 O 2

0.6

0.7

0.8

0.9

1.0

1.1

Fo
ld

 C
ha

ng
e 

of
 T

im
e 

to
 5

0%
 C

yt
ol

ys
is

 

P = 0.0074

A

B C

-10.0

10.0

30.0

50.0

70.0

90.0

110.0

21.0 23.0 25.0 27.0 29.0 31.0

%
 C

yt
ol

ys
is

Time (h)

21% O2 40K
1% O2 40K
21% O2 20K
1% O2 20K
21% O2 10K
1% O2 10K
target cells onlyNKL cell 

addition



 

   39 

 
The effect of hypoxia on fresh and expanded PBMC NK cell phenotype 

 We next investigated how hypoxia affected the phenotype of both fresh and 

expanded NK cells. NK cells were isolated and plated with IL-2 and then incubated in 

normoxia or hypoxia for 72 h and analyzed by FACs. For the fresh isolated NK cells the 

activating receptor NKG2D was upregulated, while the natural cytotoxicity receptor, 

NKp46 was downregulated under hypoxia. Expression of the early activation marker 

CD69, as well as the amino acid transporter CD98 were analyzed but no significant 

change was seen under hypoxia (Fig 4A). Out of the inhibitory receptors that were 

assessed, PD-1 and LAG-3 were not expressed on fresh isolated NK cells, while NKG2A 

was expressed on cells at low levels, but there was no significant difference between 

normoxia versus hypoxia (Fig 4C). 

 After the 2-week expansion of NK cells using either IL-2 only or the Combo and IL-

2, cells were incubated in normoxia or hypoxia. NK cells expanded by IL-2 only and 

Combo and IL-2 only significantly decreased NKG2D under hypoxia. The NK cells 

expanded by Combo and IL-2 decreased NKG2D and NKp46 in 3 out of the 4 donors. 

Both the expanded groups down regulated NKp46. Interestingly, CD69 which is known to 

have a hypoxic response element in its loci was significantly upregulated under hypoxia 

in both expansion groups. CD98 was not affected by hypoxic treatment. The expanded 

NK cells did not express LAG-3 and PD-1. NKG2A was expressed in the expanded cells 

but was increased and decreased depending on donor and expansion method(Fig 4C).  
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Figure 4. PBMC NK cell receptor expression of fresh and expanded NK cells 
exposed to hypoxia or normoxia. (A) Expression of NK cell surface receptors in 
normoxia or hypoxia of freshly isolated NK cells. Freshly isolated NK cells were stimulated 
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with IL-2 and incubated in 21% O2 (left) or 1% O2 (right) for 72 h. Expression of surface 
receptors was analyzed by flow cytometry. (B) Expression of surface receptors on 
expanded NK cells in 21% O2 or 1% O2. NK cells were expanded for 2 weeks using IL-2 
only of Combo beads plus IL-2 and incubated in normoxia or hypoxia for 72 h. Expression 
of surface receptors was analyzed by flow cytometry. (B) Expression of the inhibitory 
surface receptor NKG2A in fresh (left) and expanded (right) NK cells in 21% O2 or 1% O2. 
Statistical significance was analyzed between 21% O2 and 1% O2 results by parametric 
two-sided paired t-test (ns = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001). 

 
Cytotoxicity of PBMC NK cells  

 Since decreased expression of activating receptors has been attributed to 

hindered cell killing, we next measured NK cell cytotoxicity against the DLD-1 cell line 

after normoxia and hypoxia exposure using the Xcelligence system. Percent cytolysis 

was quantified for freshly isolated NK cells and then 2 weeks after expansion after a 72 

h incubation in hypoxia or normoxia. The freshly isolated NK cells were much less 

cytotoxic than the expanded NK cells and showed a larger loss of cytotoxicity in hypoxia 

compared to normoxia than the expanded NK cells (Fig 5). Smaller differences were seen 

between normoxia and hypoxia for the IL-2 only and the Combo plus IL-2 expanded NK 

cells. The time to 50% cytolysis for E:T 10:1 and 5:1 was faster for normoxia but only by 

a few minutes (Fig 5C-F). This data shows that expansion not only increases cytotoxicity 

but rescues the impairment in killing seen for hypoxic freshly isolated NK cells.   
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Figure 5. NK PBMC Xcelligence data. Real-time measurement of PBMC NK cells 
killing of DLD-1 cells by Xcelligence (A) Fresh isolated NK cells and were stimulated 
with IL-2 and seeded in duplicate in a 96-well U bottom plate at 200,000, 100,000, and 
20,000 cells per well and incubated in normoxia or hypoxia for 72 h. DLD-1 cells were 
seeded in duplicate at equal densities of 10,000 cells per well on E-plates and incubated 
to 70-80% confluence while cell index was measured. After 72 h incubation NK cells were 
added to the DLD-1 cells at E:T ratio listed in legend and cell index was measured and 
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recorded every 15 min. (B) the same protocol was repeated after 2 weeks of expansion 
for IL-2 only and Combo plus IL-2 expanded NK cells. The cytolytic activity at difference 
time-points was calculated as the percentage of cytolysis using RTCA Software Pro and 
is representative of two independent experiments for two donors. 
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CHAPTER 5:  METABOLIC REGULATION OF HIF-1a PROTEIN EXPRESSION IN NK 

CELLS UNDER HYPOXIC CONDITIONS 

RESULTS 

  This chapter examines the role of glycolysis in the regulation of HIF-1a in NK cells 

response to hypoxia and HIF-1a and hypoxias involvement in the glycolytic switch. The 

glycolytic pathway is important for cell survival under hypoxic conditions as oxidative 

phosphorylation cannot be carried out without oxygen. The rate of glycolysis is dependent 

on the availability and uptake of glucose. It is known that cancer cells upregulate 

glycolysis to support their metabolic needs leaving immune cells in the TME to compete 

for glucose to carry out glycolysis for their effector functions. Although the direct affect 

HIF-1a has on NK cell function is unclear, it is considered to be a mediator of hypoxic 

adaptation. Here we look at how glucose availability regulates HIF-1a expression through 

activation of mTOR as well as the role HIF-1a and hypoxia play in upregulating genes for 

NK cells metabolic adaptation to hypoxia. 

Glucose availability regulates HIF-1a protein expression in NK cells through the 

mTOR Pathway 

 The first step for defining the role of metabolism in the hypoxic response of NK 

cells, was to look at how glucose availability affected HIF-1a protein expression. NKL 

cells were stimulated with IL-2 and incubated in hypoxia with glucose concentrations in 

the media ranging from 0-30 mM for 24 h. In cells that were incubated in media containing 

no glucose the induction of HIF-1a under hypoxia was inhibited. As concentrations 

increased to 10 mM HIF-1a protein expression was also increased. These data 
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demonstrate that glucose depletion under hypoxia consequently inhibits the expression 

of HIF-1a protein.  

 We next set out to explore the pathway involved in glycolytic regulation of HIF-1a. 

Glucose has demonstrated an involvement in regulating pathways such as mTOR for 

mRNA translation. Since our previous data revealed a major role for the mTOR pathway 

in regulating HIF-1a protein expression we investigated whether glucose availability was 

affecting HIF-1a through mTOR. Regulation of mTOR was examined by monitoring the 

phosphorylation of p70 S6 kinase. The phosphorylation of p70 S6 kinase was severely 

inhibited by the removal of glucose in the media. Increasing glucose concentrations 

positively correlated with increased phosphorylation of p70 S6 kinase in NK cells. These 

data imply that glucose regulates HIF-1a expression through the mTOR pathway.  

 

Figure 1. HIF-1a protein is regulated by glucose availability through the mTOR 
pathway in NKL cells. (A) Immunoblot of HIF-1a protein and phosphorylated p70 S6 
Kinase protein in NKL cells. NKL cells were stimulated with IL-2, plated in media with 
glucose concentrations ranging from 0-15 mM, and then incubated in 21% or 1% O2 for 
24 h. Whole cell extracts were prepared, and immunoblotting was performed with anti-
HIF-1α, β-Actin, p-p70 S6 kinase, and total p70 s6 Kinase. (B) Density of HIF-1α bands 
was measured using Image Studio software and normalized to β-Actin. Results of HIF-
1α are graphed as the fold change of HIF-1α relative to 0 mM glucose. HIF-1α blot is 
representative of 3 independent experiments. 
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Inhibiting glycolysis inhibits HIF-1a protein expression in NKL cells  

 We also examined the effect of the glucose analog, 2-Deoxy-D-glucose (2DG), 

which competitively inhibits glycolysis by blocking hexokinase and glucose metabolism. 

NKL cells were stimulated with IL-2 and incubated in media containing 5.5 mM glucose 

with increasing concentration of 2DG under hypoxia for 24 h. The induction of HIF-1a was 

reduced in a dose dependent manner and severely inhibited at 8mM. Similarly, to 

reducing glucose availability inhibiting glycolysis by 2-DG also inhibited the mTOR 

pathway as shown by the inhibition of phosphorylation of p70 S6 kinase. These results 

demonstrate a crucial role glycolysis plays in regulating the hypoxic response of NK cells. 
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Figure 2. Inhibition of glycolysis inhibits HIF-1a protein and mTOR activity in NKL 
cells. (A) Immunoblot of HIF-1a protein and phosphorylated p70 S6 Kinase protein in 
NKL cells. NKL cells were stimulated with IL-2, plated in media with increasing 
concentrations of the glycolysis inhibitor 2-DG and then incubated in 21% or 1% O2 for 
24 h. Whole cell extracts were prepared, and immunoblotting was performed with anti-
HIF-1α, β-Actin, p-p70 S6 kinase, and total p70 s6 Kinase. HIF-1α blot is representative 
of 3 independent experiments and P-p70 S6 kinase blot is representative of 2 
independent experiments. (B) Density of HIF-1α bands was measured using Image 
Studio software and normalized to β-Actin. Results of HIF-1α are graphed as the fold 
change of HIF-1α relative to 0 mM. (C) Density of P-p70 S6 kinase bands was measured 
using Image Studio software and normalized to total p70 S6 kinase. Results are graphed 
as the fold change of P-p70 S6 kinase relative to 0 mM. 
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NK cells upregulate genes for glucose uptake and metabolism under hypoxia 

 In many cell types HIF-1a mediates the transcription of genes associated with 

glycolysis. We next investigated whether hypoxia induced HIF-1a was upregulating 

metabolic genes in NK cells. A microarray array was performed on NK cells that had been 

stimulated with or without IL-2 and incubated in normoxia or hypoxia. There was a 

significant increase in the genes SLC2A3 and SLC2A14 which encode for glucose 

transporters in IL-2 stimulated NK cells that were exposed to hypoxia compared to IL-2 

stimulated NK cells in normoxia. The gene PGK1 which encodes for phosphoglycerate 

kinase 1, an enzyme that catalyzes the transfer of a phosphate group from 1,3-

bisphosphoglycerate to ADP yielding 3-phosphoglycerate and ATP during glycolysis, was 

increased in IL-2 stimulated NK cells under hypoxia.  

  We also observed significant increases in genes involved in the metabolic switch 

from OXPHOS to glycolysis The MXI1 gene was increased 13.98 fold under hypoxia and 

encodes for a protein that suppresses the activity of MYC. There was a 61.5 fold-change 

in hypoxia for the BNIP3L gene which codes for a protein involved in mitochondrial quality 

control that leads damaged mitochondrial proteins to degradation and mitophagy. 

Hypoxic mediated increase in the gene FUT11 which contributes to maintaining the 

stability of pyruvate dehydrogenase kinase 1 which is critical for attenuation of 

mitochondrial respiration. The gene GBE1 that encodes for a protein involved in the 

biosynthesis of glycogen, a storage form of glucose, had a 5.81-fold increase under 

hypoxia. Taken together these results indicate hypoxia upregulated HIF-1a target genes 

in NKL cells that are involved in skewing metabolism from OXPHOS to glycolysis. 
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Figure 3. Genes identified by microarray that were significantly upregulated in IL-2 
stimulated hypoxic NK cells compared to IL-2 stimulated normoxic NK cells. Genes 
involved in glucose uptake and glycolysis (A) or involved in the metabolic switch from 
OXPHOS to glycolysis (B). NKL cells were stimulated with IL-2 and incubated in normoxia 
or hypoxia for 24 h and total RNA was analyzed by microarray. Results are expressed 
Log2 fold-change (hypoxic NK cells relative to normoxic NK cells) and represents the 
mean of 3 separate experiments. (asterisks denote significant differences * P < 0.05, ** 
P < 0.01, *** P < 0.001) 
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CHAPTER 6: OVERALL DISCUSION 

 NK cells encounter low oxygen concentrations in secondary lymphoid organs, 

infected and inflamed tissues, and tumors, yet in vitro studies have revealed hypoxia likely 

exerts negative effects on NK cells. The mechanisms involved in NK cell adaptability to 

hypoxia have not been described. The transcription factor, HIF-1a, is widely detected and 

expressed in both innate and adaptive cell populations. This thesis outlined mechanisms 

of adaption to hypoxia by upregulation of HIF-1a protein in NK cells that involved both 

canonical and non-canonical pathways. First, we were able to show HIF-1a protein 

expression in NK cells requires hypoxia as well as cytokine stimulation, whereas HIF-2a 

required cytokine stimulation only. Contrary to current research37, we found that HIF-1a 

protein expression did not occur without IL-2, or other activating cytokines, in both the 

NKL cell line and ex-vivo expanded PBMC NK cells, although HIF-1a was observed in 

some donors under normoxic conditions with IL-2 stimulation. This was further confirmed 

using the proteasomal degradation inhibitor MG132, in which our data showed HIF-1a 

protein expression in both normoxia and hypoxia but only with IL-2. This is not an unusual 

occurrence, as peripheral T cells also require T cell receptor ligation to induce 

considerable accumulation of HIF-1a mRNA and protein.13 

 The importance of the PI3K/mTOR and MAPK pathways in regulating HIF-1a 

independent of oxygen has been described in many cell types. The MAPK pathway has 

been shown to be important in the transactivation of HIF-1a, but had little effect on protein 

levels in cancer cells.47 Some cancer cells display hyperactivation of PI3K/mTOR 

pathway that correlates with high expression of HIF-1a protein expression.48 In human 

peripheral T cells activation of the PI3K/mTOR pathway through TCR engagement 
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translation of HIF-1a.13 By inhibiting parts of each pathway we showed that IL-2 mediated 

signaling through the PI3K/mTOR but not MAPK was critical for protein expression by 

upregulating translation. Interestingly, we found that despite complete inhibition of 

phosphorylated p70 S6 kinase, HIF-1a protein expression was not completely blocked by 

rapamycin. mTOR forms two functionally distinct complexes, mTORC1 phosphorylates 

p70 S6 kinase and is sensitive to rapamycin, while mTORC2 phosphorylates AKT and is 

insensitive to rapamycin. While mTORC1 has been thoroughly studied as a regulator of 

HIF-1a, glucose metabolism, and cellular response to hypoxia, not much is known about  

the biological function of mTORC2.49 It has previously been concluded that mTORC1, but 

not mTORC2 regulates HIF-1a, however inhibition of mTORC1 has also been shown to 

activate mTORC2.50,51 Our data suggests that HIF-1a can be partially upregulated by 

mTORC2 either in parallel or by inhibition of mTORC1 in NK cells. 

 Freshly isolated NK cells were able to upregulate small levels of HIF-1a with IL-2, 

though not to the extent of the expanded NK cells. This could be due to the activation 

state and metabolism of the NK cells as expression of NKG2D and NKp46 was low at 

isolation and increased tremendously over expansion. Studies so far have shown 

metabolic differences between freshly isolated and ex-vivo expanded NK cells, with 

expanded NK cells depending more on glycolysis than OXPHOS for supplying ATP.52 

The difference in protein expression of HIF-1a between the freshly isolated and ex-vivo 

expanded NK cells may be partially explained by our findings that HIF-1a protein 

expression is dependent upon glycolysis. 

 Interestingly, the surface expression of the early activation marker CD69 was seen 

to increase significantly in hypoxia but only on the expanded NK cells. This is in 



 

   52 

agreeance with a study by Velasquez et al. that observed no differences in CD69 after 

hypoxia incubation and IL-15 priming of freshly isolated NK cells.39 Recently, ChiP 

experiments have revealed CD69 to be a direct target of HIF-1a, containing a hypoxic 

response element in its locus.53 This explains the huge increase of CD69 expression 

under hypoxia but only with the expanded cells since most of the freshly isolated NK cells 

did not upregulate HIF-1a to significant levels. CD69 is expressed in-vivo under chronic 

inflammation and in-vitro with constant cytokine stimulation. Nevertheless, the precise 

role of CD69 is not well understood, though CD69 has been considered an activation 

marker associated with increased cytotoxicity in-vitro, there is increasing evidence that it 

acts as a negative immunoregulator seen in in-vivo studies.54 More recently, it has been 

discovered that NK cell and T cell tumor rejection is favored by CD69-/- mice or through 

downregulation of expression on cells through use of anti-CD69 monoclonal antibody.55 

Loss of CD69 correlated with downregulation of the immunosuppressive cytokine, 

transforming growth factor-β (TGF-β) and the upregulation of IFN-γ.56 Further, these 

studies saw a production of TGF-β with CD69 engagement concluding that CD69 acts as 

a negative regulator of the immune response.54,56 Interestingly, in our study the NKL cell 

line, that does not express CD69 in normoxia or hypoxia, showed an increase in effector 

functions after incubation in hypoxia. Given these results, CD69 could be a potential 

target to improve NK cell-based therapies for solid tumors, however, further work is 

necessary to elucidate the mechanisms involved in the immunosuppressive effects of 

CD69 as a target gene of HIF-1a.  

 The cytotoxicity of NK cells is dependent up the interaction between target cell 

ligands and receptors on NK cells. Activating receptors such as NKp46 and NKG2D have 
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a described role in cancer as they can recognize certain ligands expressed and secreted 

by malignant cells. However, NK cells recovered from patients with cancers ranging from 

acute myeloid leukemia, to breast cancers, to digestive malignancies have been shown 

to be deficient in these receptors.57,58,59 Previous studies report hypoxia impairs NK cell 

killing attributed to downregulation of activating receptors such as NKG2D. Interestingly, 

Sarkar et al. was able to increase NK cell killing in hypoxia by IL-2 activation though killing 

was still higher under normoxia.38 The previous studies were all done using freshly 

isolated NK cells, thus we wanted to test this with our freshly isolated and expanded NK 

cells. Our hypoxic incubation was 72 h with IL-2 to ensure upregulation of HIF-1a. In 

agreement with the other studies, we did see a decrease in cell killing of the DLD-1 cell 

line for freshly isolated NK cells. However, freshly isolated NK cells did not reduce 

expression of NKG2D in hypoxia but did reduce levels of NKp46. Interestingly, a study by 

Rocca et al. found that expression levels of NKp46 and NKp30 were positively correlated 

with cell lysis of the colorectal cancer cell line, DLD-1 and NKp46 positively correlated 

with relapse-free survival of  colorectal cancer patients.60 This could explain why cell 

killing was slowed in the freshly isolated NK cells that downregulated NKp46 but 

maintained NKG2D expression. Most of the donors’ expanded NK cells showed a larger 

decrease in NKG2D and NKp46 in hypoxia, but cell killing was not so much impaired. 

Overall, expansion increased cytotoxicity in both normoxic and hypoxic conditions. In 

addition, freshly isolated NK cells’ killing capabilities were impaired under hypoxia while 

expansion was able to restore cytotoxic functionality comparable to that of normoxia. 

 The enhanced effector functions of the NKL cell line under hypoxia may be a result 

of the unchanged phenotype we observed. Hypoxia has been shown to inhibit IFN-γ 
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production in NK cells even with cytokine stimulation yet, we saw significant increases 

with crosslinking of CD16, NKG2D, NKp46, and NKp30 to IL-2 stimulated NKL cells.61 

We also examine how hypoxia affected the cell killing against the DLD-1 cells. Unlike the 

PBMC NK cells that had slower cell killing in hypoxia, the NKL cells increased cell killing 

by about 50%. Given these results, it is surprising the lack of research that has been done 

on the NKL cell line for use or as a model for adoptive cell therapies. Whether the effector 

functions of NK cells under hypoxia are regulated by HIF-1a upregulation is still unclear 

but given that both the NKL cell line and the PBMC NK cells express HIF-1a, it is most 

likely due to multiple factors at play.   

 It has now become increasingly evident that metabolism plays an important role in 

the immune response to cancer. The metabolic reprogramming that occurs in tumor cells 

is well understood and has been thoroughly studied for years. As immunotherapeutic 

techniques have become more common in the clinic, the importance of metabolism in the 

anti-tumor immune response has come to light. Macrophages, dendritic cells, and T cells 

have demonstrated hypoxic adaptation through mTOR signaling and HIF-1a to shift 

cellular metabolism away from OXPHOS towards a reliance on glycolysis. We expected 

NK cells to behave in a similar manner to hypoxia as other immune cells. We looked for 

gene changes for metabolism as indication of a metabolic switch induced by hypoxia. 

Indeed, we did observe upregulation of genes that are known to be direct targets of HIF-

1a such as PGK1 which is directly involved in glycolysis and the glucose transporters 

SLC2A3 and SLC2A14. However, genes that were involved in the glycolytic switch 

through mitochondrial inhibition were upregulated more. The BNIP3L gene was highly 

upregulated during hypoxia and is responsible for shifting glycolysis by inducing 
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mitophagy.20 The gene MXI1 includes a HRE and codes the MAX-interacting protein 1 

which inhibits the transcriptional activity of MYC thereby reducing mitochondrial 

metabolism.63 The gene FUT11 is a known target of HIF-1a and functions to stabilize 

pyruvate dehydrogenase kinase 1 (PDK1), which actively prevents pyruvate oxidation via 

the TCA cycle.64 Hypoxia also induced the upregulation of GBE1 downstream of the HIF-

1 signaling pathway which encodes for 1,4-a glucan branching enzyme involved in 

glycogen biosynthesis.65 Glycogen storage can be important for cells starved of glucose 

to be quickly mobilized to meet the energy need.66 This also seems like a beneficial 

adaptation to possess in the nutrient deprived TME as the need for glucose could be 

caused by an upregulation of glycolysis. 

 For this study we did not examine if these proteins were eventually translated or if 

the rate glycolytic flux was increased in hypoxia. Two studies by Velasquez et al. did not 

see changes in glycolytic flux or glucose consumption under hypoxia in freshly isolated 

NK cells. However, these were unstimulated NK cells that were primed with IL-15 for only 

the last 4 h of a 22 h hypoxic incubation.39 The latter study saw no differences after 

hypoxic incubation of 26 h, with IL-15 priming for 6 h, and the last 4 h cultured with 

IL12/IL18.67 Given that cytokine stimulation is a requirement for HIF-1a expression in NK 

cells, and the genes that were observed were HIF-1a target genes, there may not have 

been sufficient time for HIF-1a upregulation and activation of transcription to see any 

difference in glycolytic flux.  

 Since deprivation of oxygen and nutrients occurs in the TME, we investigated the 

hypoxic regulation of HIF-1a in the context of glucose availability in NK cells. Our results 

demonstrated that glucose availability and glycolysis regulate HIF-1a in response to 
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hypoxia. Phosphorylation of p70 S6 kinase was inhibited during glucose deprivation and 

while using 2DG revealing involvement of mTOR. These results reveal a causal link 

between HIF-1a, mTOR, and glycolysis but it is unclear how they initiate or sustain each 

other in NK cells. In CD8+ T cells it’s been shown that the glycolytic enzyme GAPDH 

affects HIF-1a expression by binding to and preventing translation of the HIF-1a 

transcript. With upregulation of glycolysis GAPDH is used up and HIF-1a can be 

translated and transactivate genes involved in glycolysis suggesting a positive feedback 

loop.14 This mechanism has not been studied in NK cells; however, we do see evidence 

that inhibition of glycolysis and glucose availability could disrupt NK cell adaptability to 

hypoxia. 

 In conclusion, the TME is highly complex with many mechanisms at play. Indeed, 

to fully understand its affect would be to take into account influence on target cell, effector 

cell, level of hypoxia, type of stimulation, and much more. This thesis for the first time has 

mapped out the mechanism involved in NK cell upregulation of HIF-1a in hypoxia; a 

crucial step in adaptation. Furthermore, our results demonstrate regulation of HIF-1a by 

hypoxia, cytokines, glucose availability, and glycolysis. Though hypoxia negatively 

affected PBMC NK cell killing, expansion helped to increase cytotoxicity. Our findings that 

NKL cells have enhanced effector functions should be examined further to be used as a 

model for designing NK cell-based immunotherapies.  
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