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2 ABBREVIATIONS   

2-DG   2-Deoxy-D-glucose 

6AN   6-aminonicotinamide 

ACLY   ATP citrate lyase 

ActD   Actinomycin D 

AML    Acute myeloid leukemia 

ATP   Adenosine triphosphate 

BIP   2,2ʹ-Bipyridyl 

CE NK cell  Cytokine-enhanced Natural Killer cell 

CFSE   Carboxyfluorescein succinimidyl ester 

CHX   Cycloheximide 

CLP   Common lymphoid progenitor 

CMS   Citrate-malate shuttle 

DC   Dendritic cell 

DPI   Days post-infection 

ECAR   Extracellular acidification rate 

eIF4E   Eukaryotic translation initiation factor 4E  

EBV   Epstein-Barr virus 

FCCP   Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

FTH1   Ferritin heavy chain 1 

GAPDH   Glyceraldehyde-3-phosphate dehydrogenase 

Glut1   Glucose transporter 1 

GvL   Graft versus leukemia 

GvT   Graft versus tumor 

HBV   Hepatitis B virus 

HCMV    Human cytomegalovirus 

HPG   L-Homopropargylglycine 

HSC   Hematopoietic stem cell 

IFN-γ   Interferon gamma 

IRP   Iron regulatory protein  

KIR   Killer immunoglobulin-like receptor 
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LAMP-1  Lysosomal-associated membrane protein 1 

LAT1    L-type amino acid transporter 1 

MCMV   Murine cytomegalovirus 

MEF   Mouse embryonic fibroblast 

MHC   Major histocompatibility complex  

MIC   MHC I chain-related molecules 

mTOR   Mammalian target of rapamycin    

NADH    Nicotinamide adenine dinucleotide 

NK cell   Natural Killer cell 

NV NK cell  Naïve Natural Killer cell 

OXPHOS  Oxidative phosphorylation 

PCA   Principal component analysis 

PFU   Plaque forming unit 

PID   Primary immunodeficiency  

PBMCs   Peripheral blood mononuclear cells 

PPP   Pentose phosphate pathway 

SIREs   Searching for iron-responsive elements 

SREBP   Sterol regulatory element-binding protein 

TCA    Tricarboxylic acid cycle 

TIBC   Total iron-binding capacity 

UIBC   Unsaturated iron-binding capacity 

ULBP   UL16-binding protein 

WT   Wild type 
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3 SUMMARY 

Background and rational: The ability to lyse tumor cells without prior sensitization endows NK 

cells with great therapeutic potential for adoptive cell therapy against various malignancies. Of 

particular interest are cytokine-enhanced – “trained” or “memory-like” – NK cells due to their 

enhanced responsiveness when reactivated. The molecular mechanisms underpinning 

augmented responses of cytokine-enhanced NK cells remain unknown. Cellular metabolism 

regulates cell proliferation and effector maturation alike, both critically important to effective 

and sustained adoptive cell therapy. Here we assessed how cellular metabolism relates to 

proliferation and effector maturation of naïve (NV) vs. cytokine-enhanced (CE) NK cells. 

Results: Glycolysis was similarly induced and equally required for NV and CE NK cells to 

proliferate and acquire effector function. By contrast, upregulation of CD71 was a key 

discriminating factor between in vitro activated NV and CE NK cells, with distinctly higher cell 

surface expression on stimulated CE NK cells. Differential expression of CD71 translated into 

an increased capacity of CE NK cells to take up transferrin/iron, and was associated with higher 

proliferation rates. CD71-mediated iron uptake was a prerequisite for activation-induced NK 

cell proliferation also in vivo. In CE NK cells upregulation of the iron regulatory proteins 1 and 

2 (IRP1/2) selectively created a pseudo iron deficient state. This cellular state enabled 

increased translation of CD71 and hence proliferation of activated CE NK cells. 

Conclusions: Our data (i) identify CD71-mediated iron uptake as a metabolic checkpoint 

regulating NK cell proliferation, and (ii) assign a novel role to IRP1/2 through creating pseudo 

iron deficiency in a cell population-selective manner. Regulating CD71 in the context of pseudo 

iron deficiency enabled increased proliferation of CE NK cells – a concept with potentially broad 

relevance when aiming to improve proliferation of engineered immune cells. 
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4 INTRODUCTION 

4.1 NATURAL KILLER CELLS 

NK cells were classically defined as innate immune cells due to their ability to lyse tumor cells 

without prior sensitization1,2. However, recent studies in mice and humans have identified NK 

cell subsets possessing immunological memory features, defined as “adaptive” or “memory” 

NK cells3-8. It is now well accepted that NK cells have roles that span both innate and adaptive 

immune responses. NK cells are members of the innate lymphoid cell (ILC) family and, 

according to the current ILC nomenclature, belong to the group 1 ILC subset9. Cells in the ILC1 

subset typically express the transcription factor T-bet and produce interferon gamma (IFN-g) 

as their principal cytokine. However, unlike other group 1 ILC members, NK cells are unique in 

their expression of the transcription factor Eomes. More importantly, NK cells possess potent 

cytolytic function, which is in sharp contrast to other ILCs10-12. NK cells constitute 5-15% of 

circulating lymphocytes and they predominantly reside in blood, liver, spleen and bone 

marrow, and to a lesser extent in lymph nodes. NK cells are an important component of host 

protection, especially in anti-tumor and anti-viral immunity. They survey the host for infected 

or malignant cells and protect the host by directly targeting and eliminating these cells13-15. 

4.1.1 NK cell development and homeostasis 

NK cells in mice and humans arise from bone marrow (BM) CD34+ hematopoietic stem cells 

(HSCs). Initially, they were thought to develop exclusively in the BM, however, recent studies 

have indicated that they can also develop in tissues such as the thymus, secondary lymphoid 

tissue and the liver16. Maturation of NK cells is accompanied by the differential expression of 

lineage-specific surface markers that selectively identify developmental intermediates17. NK 

cell lineage commitment in mice and humans is characterized by the acquisition of the IL-15 

receptor (CD122) and thus IL-15 responsiveness. Once committed towards the NK cell lineage, 

these cells require continuous IL-15 signaling, which promotes NK cell differentiation, 

functional maturation and survival18,19. In addition to IL-15, other common γ chain (γC) 

cytokines (i.e. IL-2, IL-4, IL-7, IL-9, and IL-21) regulate NK cell development and maintenance in 

the periphery20,21. The microenvironment strongly shapes NK cell development leading to the 

generation of diverse, tissue-specific subsets with unique functions. Recent studies have 
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revealed that NK cells are remarkably diverse, with up to 30’000 phenotypically distinct subsets 

in the peripheral blood of healthy individuals22-24. 

The best characterized human NK cell subsets are identified as immature CD3–CD56brightCD16– 

and mature CD3–CD56dimCD16+ cells. CD56bright NK cells are more responsive to activation by 

cytokines (e.g. IL-2, IL-15 and IL-12) and rather have immunomodulatory roles. Activation of 

CD56bright NK cells primarily induces potent IFN-γ and TNF production, as well as induction of 

other cytokines and chemokines (e.g. GM-CSF, MCP-1, CCL3 (MIP1α), CCL4 (MIP1β), CCL5 

(RANTES)). By contrast, CD56dim NK cells are more responsive following stimulation of 

activating receptors and are less responsive towards cytokines. CD56dim cells are considered to 

be the cytotoxic effector subset, due to preformed stores of granzymes and perforin that are 

able to quickly mediate potent cytotoxic function. It should be noted that upon activation, 

CD56dim NK cells can also produce abundant amounts of IFN-γ and other proinflammatory 

cytokines25,26. 

Similar to the CD56 classification in humans, expression levels of CD27 and CD11b provide a 

functional classification of murine NK cells. CD11b–CD27+ NK cells are the most immature 

subset, followed by the double positive CD11b+CD27+ subset, whereas CD11b+CD27– NK cells 

represent the most mature one. Analogous to their human counterparts, murine NK cells also 

produce less cytokines but display enhanced cytotoxic function during peripheral maturation27. 

4.1.2 Activation of NK cells 

NK cell responses (e.g. cytotoxicity, proliferation or cytokine secretion) triggered by virus-

infected or malignant cells are often controlled by the integration of signals through multiple 

activating and inhibitory receptors28. In addition, cytokines released by immune cells, such as 

dendritic cells (DCs), macrophages and T cells are required to trigger optimal NK cell function20.  

Inhibitory and activating receptors 

Inhibitory receptors engage mostly major histocompatibility class I (MHC class I) molecules, 

which are ubiquitously expressed on the surface of nucleated cells. This self-recognition is 

important to prevent NK cell auto-reactivity. Healthy cells expressing high levels of MHC class 

I sustain self-tolerance and are protected from NK cell killing (Figure 1). By contrast, 

downregulation of MHC class I molecules during viral infection or malignant transformation 

triggers NK cells activation by removing inhibitory signals (“missing self”) (Figure 1). Prominent 
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inhibitory NK cell receptors in humans are the highly polymorphic killer immunoglobulin-

like receptors (KIRs), whilst the murine counterparts of KIRs are the Ly49 receptors. The non-

polymorphic inhibitory CD94/NKG2A receptor is expressed in both species29-31. 

Activating receptors recognize stress-induced ligands on virus-infected or malignant cells, e.g. 

MHC I chain-related molecules (MICA and MICB) or UL16-binding proteins (ULBPs). Expression 

of these stimulatory ligands on target cells can overcome constitutive inhibition delivered by 

inhibitory receptors and thus activate NK cells, a term called “induced-self recognition” (Figure 

1)31. NK cells express several activating receptors, including natural cytotoxicity receptors 

(NCRs), such as NKp46, NKp44 and NKp30; NKG2D, CD94/NKG2C, DNAM-1, NKp80, 2B4 and 

the Fc receptor CD1632. There is no evidence for a dominant activating receptor on NK cells 

with the exception of CD16. Ligation of CD16 alone with monoclonal antibodies induces NK cell 

activation33. In general, activation is achieved by co-engagement of multiple activating 

receptors, which may serve as a safeguard to prevent unrestrained activation of NK cells. 

Figure 1: NK cell inhibition and activation through virus-infected or malignant cells. 
Reprinted from Raulet and Vaunce, 200631. 

 

Cytokine-induced NK cell activation 

Cytokines, including IL-2, IL-12, IL-15 and IL-18 are known for their role in regulating 

maturation, activation and/or survival of NK cells. IL-2, produced by T cells and DCs, has been 

described to augment NK cell function. IL-2 promotes survival through the induction of an anti-

apoptotic program; and induces IFN-g production, proliferation and cytotoxicity34-37. IL-15, 

produced by DCs, macrophages and stromal cells, shares many properties with IL-2. IL15 
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augments proliferation, induces cytotoxicity, supports homeostatic proliferation and promotes 

survival of mature NK cells; in addition to its critical role in NK cell development38.  

IL-12 is produced by monocytes, macrophages and DCs and is able to augment IFN-g 

production, cytotoxicity and proliferation of NK cells37,39-42. In addition, IL-12 has been 

implicated in promoting the differentiation of NK cells in vitro and is indispensable for the 

generation of MCMV-specific memory NK cells43,44. The proinflammatory cytokine IL-18, 

produced by DCs and macrophages, is also capable of directly activating NK cells and triggers 

cytokine production and cytotoxicity45-50. 

Importantly, the combined activation of NK cells with multiple cytokines or cytokine 

stimulation in combination with activating receptors results in a robust response51,52. 

4.1.3 NK cell effector function 

NK cells are endowed with the inherent capacity to recognize and kill foreign, infected, and 

malignant cells but also have important immunomodulatory roles. Secretion of cytokines and 

chemokines by NK cells can regulate T cell proliferation, DC maturation and innate immune 

control53-56. 

Cytotoxicity 

Recognition of an aberrant target cell, e.g. virus-infected or malignant cell, triggers cytotoxic 

NK cell responses that can be subdivided into four steps. First, the lytic function of NK cells is 

triggered following formation of an immunological synapse (IS) between NK cells and target 

cells. Next, IS-induced activation of NK cells results in a cytoskeletal polarization towards the 

target cell membrane. This is followed by polarization of the microtubule organizing center 

(MTOC) and recruitment of secretory lysosomes that contain cytotoxic molecules towards the 

IS. Secretory lysosomes pass through the cortical actin network en route to the plasma 

membrane. Third, these secretory lysosomes dock with the plasma membrane and; lastly, 

secretory lysosomes fuse with the cell membrane and release cytotoxic molecules towards the 

target cell57,58.  

During NK cell degranulation, lysosomal-associated membrane protein-1 (LAMP-1 or CD107a) 

and -2 (LAMP-2 or CD107b) transiently appear on the surface of NK cells. The expression of 

LAMP-1 on the NK cell surface has been used as a surrogate for NK cell cytotoxic function59. 

Major cytotoxic granule proteins found in secretory lysosomes include perforin, a membrane 
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disrupting protein; and granzymes, a family of serine proteases with various substrate 

specificities60. Perforin released onto the target cell polymerizes and forms membrane-

spanning pores that facilitate the entry of granzymes into the target cell61,62. Eleven granzymes 

have been described (A–H, K, M and N) five of these are expressed in humans (A, B, H, K and 

M) and ten are found in mice (A–G, K, M and N). Granzyme A and B are the most abundant and 

best-studied granzymes63. 

Cytokine production 

Besides their ability to kill target cells, NK cells also have critical immunomodulatory roles 

through secretion of cytokines and chemokines. Among the most prominent cytokines 

produced by NK cells are IFN-γ and TNF that regulate functions of DCs, T cells and B cells. IFN-

γ plays also a crucial role in anti-viral, anti-bacterial and anti-tumor activities mediated by NK 

cells. TNF is important to mediate apoptosis of NK cells and neighboring cells to delimit local 

immune response56,64. Chemokines produced by NK cells, i.e. CCL3 (MIP-1α), CCL4 (MIP-1β), 

CCL5 (RANTES), and CXCL8 (IL-8), attract effector lymphocytes and myeloid cells to inflamed 

tissues65-67. In contrast to activating local immune cells, NK cells can also dampen the 

inflammatory response via production of the immunosuppressive cytokine IL-1068. 

4.1.4 NK cells in viral clearance 

NK cells are thought to contribute to the control of many viral infections, including human 

immunodeficiency viruses (HIV), influenza, hepatitis C virus (HCV), and most importantly in the 

control of herpesviruses (i.e. cytomegalovirus (CMV), Epstein-Barr virus (EBV), herpes simplex 

virus (HSV))69. Several studies have demonstrated increased susceptibility and resistance to 

murine cytomegalovirus (MCMV) infection in mice after NK cell depletion and NK cell adoptive 

transfer, respectively70,71. Defects in NK cell effector functions, specifically in cytotoxicity and 

IFN-γ production, also increase susceptibility to MCMV infection55,72. Individuals with 

dysfunctional NK cells have an increased susceptibility to viral infections; particularly, 

herpesvirus susceptibility is a unifying feature of human NK cell deficiencies73-75. 

To control virus infection, NK cells can dampen viral replication, directly kill virus-infected cells 

and influence the ensuing CD8+ T cell response76. The activating receptor Ly49H, from C57BL/6 

mice, was the first NK cell receptor described to be a viral resistance gene (cmv1). Ly49H 

recognizes the MCMV m157 viral protein, which triggers release of cytotoxic granules, 
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cytokines, and chemokines, as well as a robust proliferative response in NK cells77-79. To date, 

there is no Ly49H analogue described in humans. 

4.1.5 NK cells in tumor surveillance 

As described above, NK cells are able to control malignant cells that downregulate MHC class I 

molecules and upregulate stress-induced ligands. NK cells can dampen tumor growth by direct 

cytotoxic action on tumor cells or by secretion of cytokines that orchestrates the anti-tumor 

immune responses. Several studies have shown, that the direct tumor cell lysis is primarily 

perforin-dependent80-83. Remarkably, NK cell-deficient mice display profoundly impaired 

tumor cell killing; and low NK cell activity in humans is associated with an increased cancer 

risk84,85. Since NK cells are remarkably efficient effectors against malignant cells, they hold 

great therapeutic potential for adoptive cell therapy against various malignancies. 

4.1.6 NK cells in immunotherapy 

Several attributes of NK cells make them ideal candidates for adoptive cell therapy. In addition 

to being highly cytotoxic effectors, NK cells are not restricted by antigen specificity, and they 

rapidly produce proinflammatory cytokines that potentiate adaptive immune responses86. 

NK cells from patients with cancer are often dysfunctional, displaying reduced rates of 

proliferation, decreased responses to cytokine stimulation and reduced effector function87-89. 

Thus, early immunotherapeutic strategies aimed to enhance or restore functions of 

endogenous NK cells. These strategies involved IL-2-induced activation of autologous NK cells 

ex vivo, followed by reinfusion into the patient together with combined IL-2 treatment during 

the course of therapy. Unfortunately, IL-2-activated NK cells did not impact tumor growth and 

the treatment regimen had severe side effects90. The use of allogeneic NK cells for the 

treatment of cancer patients is more promising, since allogeneic NK cells are fully functional, 

as compared to patients NK cells. In addition, allogeneic NK cells have graft-versus-

leukemia/tumor (GvL/GvT) effects without causing graft-versus-host disease (GvHD), thus 

cause less immunopathology91-93. 

Clinically relevant responses have been achieved, particularly in the treatment of hematologic 

malignancies, such as acute myeloid lymphoma (AML) and non-Hodgkin lymphoma (NHL)94-96. 

However, the activity of NK cells alone is often insufficient to fully control tumor growth; and 

the treatment of solid tumors is particularly challenging due to the restrictive tumor 
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microenvironment97-99. Thus, strategies to enhance NK cell function have been investigated 

extensively. One approach to enhance NK cell anti-tumor activity is the utilization of cytokines. 

Various cytokines have been used (IL-2, IL-12, IL-15, IL-18, IL-21 and type I interferons) for in 

vitro expansion and activation of NK cells prior to adoptive transfer100-103.  

Cytokine-enhanced NK cells 

One promising cytokine combination to maximize NK cell function is the combinatorial use of 

IL-12, IL-18 and IL-15. Stimulation with this combination induces a population of NK cells with 

“memory-like” features, such as prolonged survival and enhanced effector functions104,105. Pre-

clinal studies have shown that cytokine-enhanced (CE) NK cells have substantial potential as 

anti-leukemia cellular therapy. In in vivo tumor models of lymphoma or melanoma CE NK cells 

had enhanced effector function (IFN-g production and cytotoxicity)106-108. Also, following 

adoptive transfer into immunodeficient NOD-SCID-γc
−/− mice (NSG), IL-2-enhanced CE NK cells 

persisted longer compared to control NK cells109. Finally, in AML xenografted NSG mice, CE NK 

cells substantially reduced AML burden and improved overall survival110.  

Molecular mechanisms driving increased effector functions of CE NK cells are currently 

unknown. For T cells, it is well established that the function of a certain subset, e.g. naïve CD8+ 

T cells vs. memory CD8+ T cell, is linked to different mechanism of metabolic regulation111-113. 

Thus, altered metabolic patterns in CE NK cells could support the enhanced function. 

Elucidating the molecular mechanisms that underpin differentiation of CE NK cells and their 

superior effector functionality is an important prerequisite to improve clinical efficacy. 

4.2 IMMUNOMETABOLISM 

Immune cells travers multiple tissues, thus facing diverse conditions of nutrients and oxygen 

availability. Thus, lymphocytes need to be able to readily change, adapt and integrate their 

cellular metabolism within the extracellular environment114. In addition, immune responses 

involve rapid changes in immune cell function and activities that rely on dynamic metabolic 

reprogramming and distinct metabolic activities to support cellular demands112,113.  

Metabolism can be broadly divided into anabolic, energy-consuming, biosynthetic processes; 

and energy-generating, catabolic processes. Cells require the energy-carrying molecules 

adenosine triphosphate (ATP) for most cellular processes, which is generated via glycolysis 

and/or oxidative phosphorylation (OXPHOS). Glycolysis converts glucose to pyruvate through 
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a series of enzymatic steps that occur in the cytosol that concomitantly generates two 

molecules of ATP. Depending on the cellular activity, pyruvate can be converted into lactate 

and secreted, or fully oxidized to CO2 in the mitochondria. In the mitochondria, pyruvate is 

converted to acetyl-CoA, which is metabolized via the tricarboxylic acid (TCA) cycle. Breakdown 

of acetyl-CoA by the TCA generates the reducing equivalents nicotinamide adenine 

dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) that donate electrons to the 

electron transport chain to fuel OXPHOS, resulting in the generation of up to 34 ATP per 

molecule of glucose115. 

4.2.1 Distinct metabolic configurations to match immune cell function 

Immune cell subsets can adopt distinct metabolic configurations to meet diverse cellular 

demands, such as energy production and cellular biosynthesis. In general, quiescent, anti-

inflammatory and long-lived immune cells have low metabolic requirements. They 

predominantly depend on oxidative metabolism to efficiently produce energy required for 

homeostatic needs and immune surveillance (Figure 2A)116,117.  

In contrast, proinflammatory immune cells have increased metabolic demands, due to their 

increased rate of proliferation and effector molecule production. Activated T cells upregulate 

aerobic glycolysis, which is the conversion of glucose into lactate, despite the presence of 

oxygen, known as Warburg effect (Figure 2B)112,118-120. Secretion of lactate allows continuous 

glucose flux and enables glycolysis to rapidly keep up with ATP demands. Aerobic glycolysis 

also regenerates NAD+, which is used as a cofactor by numerous enzymes; and also promotes 

the build-up of biochemical intermediates that are necessary for nucleotide, amino acid and 

fatty acid synthesis121. In addition to supporting cellular function energetically, aerobic 

glycolysis has also been described to support cytokine production122,123. 
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Figure 2: Metabolic phenotypes of quiescent and activated lymphocytes. 
Reprinted from Gardiner and Finlay, 2017116. 
 

4.2.2 NK cell metabolism 

Similar to quiescent T cells, resting NK cells have relatively low rates of glycolysis and 

OXPHOS124,125. IFN-γ production upon short-term stimulation with cytokines or via receptor 

crosslinking is independent of increased rates of glycolysis or OXPHOS124. However, stimulation 

of NK cells for sustained periods using IL-2, IL-12, IL-15 and IL-18 (or combinations thereof) 

strongly upregulates both glycolysis and OXPHOS123,125-127.  

In activated murine NK cells, a novel metabolic configuration driving OXPHOS has recently been 

revealed. NK cells stimulated with IL-2 and IL-12 metabolize glucose primarily to pyruvate and 

lactate, whilst low TCA cycle activity is observed. Remarkably, some pyruvate enters the 

mitochondria but is not metabolized via the TCA cycle as in other lymphocytes. Instead, 

pyruvate is converted to citrate which is further metabolized by the citrate-malate shuttle 

(CMS) (Figure 3). The CMS provides an alternative mode of generating NADH in the 

mitochondria to fuel OXPHOS and ATP synthesis via the export of mitochondrial citrate in 

exchange for cytosolic malate. In addition, cytosolic NAD+ is also generated following the 2-

step conversion of citrate to malate, which is an important cofactor for GAPDH, thus facilitating 

increased rates of glycolysis128.  
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Figure 3: The citrate-malate shuttle. 
Reprinted from O’Brien and Finlay, 2019129. 

Key regulators of NK cell metabolism 

The mammalian target of rapamycin complex 1 (mTORC1) has been described as a key 

regulator of metabolism in cytokine-stimulated human and murine NK cells123,125,126,130. 

Increased mTORC1 activity in NK cells regulates increased expression of nutrient transporters 

and glycolytic enzymes, increased mitochondrial mass and production of effector molecules, 

including IFN-γ and granzyme B123,125,126. In addition, infection of mice with MCMV activates 

mTORC1 also in vivo, which regulates NK cell proliferation, IFN-γ production and cytotoxicity in 

vivo131. 

NK cells further depend on the activity of the transcription factor c-Myc, which regulates the 

transcription of genes related to the metabolic machinery, e.g. glucose transporters and 

glycolytic enzymes. Activity of c-Myc also supports high rates of OXPHOS by regulating 

mitogenesis to provide increased mitochondrial mass. Interestingly, IL-2 and IL-12-stimulated 

NK cells initially induce c-Myc expression in an mTORC1-dependent manner. However, 

sustained expression of c-Myc is facilitated by mTORC1-independent mechanisms132.  

Another transcription factor crucial for metabolic processes in cytokine-activated NK cells is 

sterol regulatory- element binding protein (SREBP). The canonical function of SREBP is the 

transcriptional regulation of genes involved in biosynthesis and uptake of lipids133. In cytokine-

activated NK cells, however, SREBP is assigned a non-canonical function. It regulates the 

expression of the citrate-malate antiporter SLC25A1 and ATP Citrate Lyase (ACLY), both being 
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important for the CMS. SREBP thereby promotes increased rates of glycolysis and OXPHOS and 

thus is important for NK cell effector functions128.  

Most of these studies were performed on murine NK cells, and metabolism of resting and 

activated human NK cells has not been well characterized to date. 

4.3 NUTRIENTS SUPPORTING IMMUNOMETABOLISM AND EFFECTOR FUNCTION  

Major metabolic fuels that sustain lymphocytes are glucose, fatty acids and amino acids134. The 

utilization of these fuels supports distinct metabolic pathways important for lymphocyte 

function. In addition to macronutrients, which are important for fueling lymphocyte 

metabolism, micronutrients such as iron also support optimal lymphocyte function135. Several 

studies have reported that nutrient receptors, such as the high affinity glucose transporter 

(Glut1), the L-amino acid transporter LAT1/CD98 and the transferrin receptor (CD71) are 

expressed and upregulated on activated NK cells123,125,126,136,137.  

4.3.1 Fueling immunometabolism: glucose  

Glucose is a key cellular fuel that serves as a substrate for ATP production and generation of 

biomolecules138,139. Importantly, glucose also fuels the pentose phosphate pathway (PPP) to 

generate NADPH and ribose 5-phosphate; a reducing equivalent and precursor for nucleotide 

synthesis, respectively140. As described, cytokine-mediated or MCMV-induced activation of NK 

cells is a key signal for glycolytic reprogramming that support the elaboration of effector 

functions in NK cells. NK cells take up glucose via Glut1 and glucose is then metabolized by 

glycolysis to generate pyruvate. Pyruvate is either metabolized to lactate which is secreted by 

the cell, or transported into mitochondria where it is metabolized mostly through the CMS128.  

4.3.2 Fueling immunometabolism: amino acids 

Amino acids can serve as both a fuel source and a pool of biosynthetic precursors for protein 

and nucleic acid biosynthesis141. The heterodimeric amino acid transporter LAT1/CD98, with 

LAT1 being the transport competent unit, is a critical transporter of essential amino acids into 

activated lymphocytes. LAT1 preferentially imports large neutral amino acids (e.g. leucine, 

tyrosine, tryptophan) in exchange for the efflux of intracellular glutamine142-144. LAT1 is the 

predominant amino acid transporter in cytokine-activated NK cells. Amino acid uptake 

mediated by LAT1 is essential for sustaining c-Myc protein levels and thus, regulating 
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metabolic and functional responses of NK cells132. The importance of LAT1 in regulating NK cell 

function has been further demonstrated in a recent study: IL-18-activated NK cells induced 

dramatic metabolic changes via leucine-driven mTORC1 activation, which is necessary to drive 

proliferation of NK cells (Figure 4)136. Since LAT1-mediated amino acid uptake strictly 

depends on glutamine, glutamine uptake is indispensable for the above-described 

mechanisms to support NK cell function. 

Figure 4: Leucine-driven mTORC1 activation in NK cells. 
Reprinted from Almutairi et al. 2019136. 

4.3.3 Supporting lymphocyte function: iron 

Highly proliferating cells strictly depend on iron to support basic processes, such as energy 

metabolism/respiration, DNA synthesis and repair, and cell cycle control145-150. The high 

amount of iron needed by proliferating cells, including lymphocytes, is provided by transferrin, 

which is taken up via the cell surface receptor CD71135,151-153. CD71 is commonly used as a 

lymphocyte activation marker and is expressed on activated NK cells123,126,136,154.  

Only few studies to date have investigated the importance of iron metabolism on lymphocyte 

function. A mutation in the CD71 receptor (TFRCY20H/Y20H) has recently been shown to impair T 

and B cell function due to impaired proliferation135. Reduced iron levels have been proposed 

to compromise NK cell cytotoxicity and dysfunctional NK cells and, in this setting, may 

contribute to cancer development in rats155,156. In addition, low serum ferritin levels have 

been associated with reduced NK cell activity in humans157. However, the specific impact of 

iron on NK cell-mediated immunity remains elusive. 
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Cellular iron homeostasis: IRP/IRE regulatory system 

Cellular iron homeostasis is a tightly regulated process that involves the coordination of iron 

uptake, utilization and storage. It is mainly regulated at the post-transcriptional level by the 

iron regulatory protein/iron-responsive element (IRP/IRE) regulatory system. IRP1 and IRP2 are 

RNA binding proteins that recognize IREs in distinct mRNAs, thereby controlling their stability 

and translation to protein158,159. The activities of IRP1 and IRP2 are regulated in response to 

cellular iron levels160-165. Canonical IREs are present in the 5’UTR or the 3’UTR of mRNAs 

encoding for iron acquisition, iron storage, iron utilization, ATP production and iron export. 

Under iron-deficient conditions, the IRP activity is high and IRPs bind to IREs in the 5’ or 

3’UTR of the corresponding mRNAs. Depending on the localization of the IRE, IRPs can 

differently impact protein expression. Translation of mRNAs harboring an IRE in the 5’UTR 

(e.g. FTH1 mRNA, ferritin light chain 1) is inhibited by IRP binding. In contrast, binding of IRPs 

to the 3’UTR IREs (e.g. TFRC mRNA, CD71) stabilizes mRNA and results in enhanced translation 

(Figure 5)166-168. Thus, the IRP/IRE regulatory network coordinates cellular iron homeostasis by 

selectively regulating the translation of certain mRNAs relative to the cellular iron status.  

 

 

 

 

 

 

Figure 5: IRP/IRE regulatory system. 
Adapted from Costain et al. 2019169. 
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5 AIM OF THE THESIS 

When used as adoptive cell therapeutics, cytokine-enhanced (CE) NK cells, compared to naïve 

(NV) NK cells, have superior efficacy in vivo, both in tumor models of lymphoma and melanoma, 

as well as in patients with acute myeloid leukemia. The aim of this thesis was to investigate 

how cellular metabolism relates to proliferation and effector maturation of NV and CE NK cells. 
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6 RESULTS 

Naive and cytokine-enhanced NK cells similarly rely on glycolysis for IFN-g production 

Enhanced recall responses of cytokine-enhanced (CE) NK cells reflect a promising feature for 

immune cell therapy against cancer106,107,110. If and how CE NK cell metabolism underpins 

cytokine production, target cell clearance and proliferation remains unknown. To elucidate 

these key features of CE NK cells we used an established in vitro CE NK cell model that allowed 

us to compare naïve (NV) vs. CE NK cells104. Briefly, we primed freshly isolated human NK cells 

with IL-12 and IL-18 (IL-12/ IL-18) for 16 h, followed by a rest period in low dose IL-15 (IL-15 

LD) to support survival. After 7 days of rest features of NV vs CE NK cells upon stimulation were 

compared (Figure 6A). In line with previous data priming of NK cells with IL-12/ IL-18 

augmented their capacity to produce IFN-g upon re-stimulation (Figure 6B). Of note, NK cells 

were similarly activated upon stimulation, as indicated by CD69 expression (Figure 6C). To 

explore how cellular metabolism relates to the function of NV vs. CE NK cells at the 

transcriptional level, RNA sequencing (RNA-seq) was performed using unstimulated and 

cytokine-stimulated cells. Both unstimulated as well as activated NV and CE NK cells clustered 

separately in the principal component analysis (PCA). Activation was, however, a much 

stronger overall discriminating factor, indicating a relative similarity between the 

transcriptomes of NV and CE NK cells (Figure 6D). 

Rapid upregulation of aerobic glycolysis is a metabolic hallmark of activated lymphocytes, 

including NK cells118,123,126. Unexpectedly, both NV and CE NK cells similarly upregulated gene 

transcripts encoding for glycolytic enzymes upon stimulation, with the exception of HK2 which 

was higher in CE than in NV NK cells (Figure 6E). In line with the transcriptome data, metabolic 

flux assays showed increased basal and maximal glycolytic rates of activated compared to 

unstimulated cells, yet no difference between NV and CE NK cells was observed (Figure 6F). 

Likewise, uptake of the glucose analogue 2-NBDG was not different between unstimulated and 

activated NV and CE NK cells (Figure 6G). To assess whether increased glycolytic metabolism 

was linked to the capacity of NV and CE NK cells to produce IFN-g, we stimulated NV and CE NK 

cells with IL-12/ IL-18 in the presence of the hexokinase inhibitor 2-deoxy-d-glucose (2-DG). 

Inhibition of glycolysis during cytokine stimulation similarly reduced IFNG mRNA abundance 

and IFN-g secretion in NV and CE NK cells (Figure 6H and 6I, left panel). Likewise, culturing NK 

cells in low glucose reduced production of IFN-g in both subsets (Figure 6I, right panel). 
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Together these data identified a similar increase in basal and maximal glycolytic activity upon 

activation of NV and CE NK cells, which was in both subsets required for efficient production 

of the key inflammatory cytokine IFN-g. 
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Figure 6: Naïve and cytokine-enhanced NK cells similarly rely on glycolysis for IFN-g production 

(A) Schematic of the experiment used to generate CE NK cells. (B) IFN-g production by NV and CE NK cells unstimulated (no stim) or 

stimulated with IL-12/ IL-18 (mean ± SEM, n=18 donors). (C) GMFI of CD69 expression on NV and CE NK cells unstimulated (no stim) or 

stimulated with IL-12/ IL-18 (mean ± SEM, n=13 donors). (D) PCA of the transcriptome data, depicting the group relationships in NV and 

CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18. The proportion of component variance is indicated as percentage 

(n=5 donors). (E) Heatmap of relative expression of mRNA encoding for glycolysis genes from NV and CE NK cells unstimulated (no stim) or 

stimulated with IL-12/ IL-18 of the transcriptome data (n=5 donors). (F) Left panel: Representative mitochondrial perturbation assay of 

NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18. Glycolysis (extracellular acidification rate - ECAR) was measured 

‘‘in Seahorse’’ after injection of oligomycin, FCCP, and rotenone. Right panel: Basal and maximal rate of ECAR in NV and CE NK cells 

unstimulated (no stim) or stimulated with IL-12/ IL-18 analyzed by mitochondrial perturbation assay (mean ± SEM, n=12 donors). (G) 

Left panel: Representative histogram of NBDG uptake in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18. Right 

panel: GMFI of NBDG uptake in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18 (mean ± SEM, n=15 donors). (H) 

Expression of IFNG mRNA in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18, IL-12/ IL-18 + 2-DG. Transcript 

levels were determined relative to 18S mRNA levels and normalized to unstimulated (no stim) NV NK cells (mean ± SEM, n=6 donors). 

(I) Left panel: IFN-g production by NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18, IL-12/ IL-18 + 2-DG (mean ± 

SEM, n=6 donors). Right panel: IFN-g production by NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18 in 10mM 

glucose and in 2mM glucose (mean ± SEM, n=5 donors). Statistical significance was assessed by paired two-tailed Student’s t-test (C, F, 

H, I) or linear-regression analysis (B, G, H, I). *p < 0.05, **p < 0.01, *** p < 0.001, ns, not significant. 
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Activated CE NK cells are characterized by high levels of cell-surface CD71 and rapid cell 

proliferation 

To further characterize the metabolic profile of NV vs. CE NK cells, we analyzed surface 

expression of the nutrient transporters CD98 and CD71 reported to be upregulated on 

activated NK cells123,126,130,154. Upon stimulation, a slight and comparable increase in CD98 

expression on both NK cell subsets was observed (Figure 7A). In contrast, upregulation of the 

transferrin receptor CD71 was much greater on CE vs. NV NK cells, both when expressed as 

GMFI and percentage of positive cells (Figure 7B). Increased cell surface expression of CD71 

was reflected by an overall greater cellular abundance of CD71 protein as assessed by 

immunoblot analysis of whole cell lysates (Figure 7C). To test whether differential cell surface 

expression of CD71 could also be driven by NK cell stimulation via activating receptors, both 

subsets were stimulated with HLA-deficient target cells (K562 cell line). Similar to cytokine 

stimulation, upregulation of CD71 was more prominent on K562-exposed CE than NV NK cells 

(Figure 7D). To assess the functional capacity of increased CD71 expression, we used 

fluorescently labeled transferrin to monitor transferrin uptake in NV and CE NK cells. These 

experiments revealed increased transferrin uptake in activated CE as compared to NV NK cells 

(Figure 7E).  

Expression of CD71 and rates of proliferation have previously been linked in various cell 

systems170-172. To test whether this association also applied to NK cells, proliferation of NV and 

CE NK cells was monitored using CFSE dilution assays. Under both steady-state conditions and 

upon stimulation, CE NK cells proliferated to a greater extent than their NV counterparts 

(Figure 7F). In line with differential proliferation rates, stimulated CE NK cells clustered when 

testing abundance of transcripts encoding for cell-cycle progression genes (Figure 7G). To 

elucidate if increased transferrin uptake was linked to increased cell proliferation, we used the 

intracellular iron chelator 2,2ʹ-bipyridyl (BIP)173. These experiments revealed that BIP inhibited 

NK cell proliferation in a dose-dependent manner in both NV and CE NK cells (Figure 7H). Of 

note, BIP had minimal effects on cell viability (data not shown), and no effect on NK cell 

activation as assessed by CD69 expression (Figure 7I).  

The pentose phosphate pathway (PPP), providing ribose 5-phosphate and NADPH for 

nucleotide synthesis and reducing equivalents, respectively, supports cell proliferation140. In 

line with the increased proliferation observed in CE NK cells, cytokine stimulation increased 
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mRNA abundance of several PPP-related genes more prominently in CE than NV NK cells 

(Figure 7J, left panel). The PPP inhibitor 6-aminonicotinamide (6AN) prevented expansion of 

cytokine-stimulated NK cells, further supporting the relevance of the PPP in promoting 

proliferation of both NV and CE NK cells (Figure 7J, right panel)174,175. Together, these 

experiments identified (i) preferential upregulation of CD71 on activated CE vs. NV NK cells, 

and (ii) increased proliferation of activated CE over NV NK cells, which relied on PPP activity. 
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Figure 7: Activated CE NK cells are characterized by high levels of cell-surface CD71 and rapid cell proliferation 

(A) Left panel: Representative histogram of CD98 expression on NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-

18. Right panel: MFI of CD98 expression on NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18 (mean ± SEM, n=8 

donors). (B) Left panel: Representative histogram of CD71 expression on NV and CE NK cells unstimulated (no stim) or stimulated with 

IL-12/ IL-18. Right panel: GMFI and percentage of CD71 expression on NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ 

IL-18 (mean ± SEM, n=14 donors). (C) Left panel: Representative Western blot of total CD71 expression in NV and CE NK cells 

unstimulated (no stim) or stimulated with IL-12/ IL-18. Right panel: Total CD71 expression normalized to actin in NV and CE NK cells 

unstimulated (no stim) or stimulated with IL-12/ IL-18 (mean ± SEM, n=13 donors). (D) Left panel: GMFI of CD71 expression on NV and 

CE NK cells unstimulated (no stim) or stimulated with K562 (mean ± SEM, n=6). Right panel: Percentage of CD71+ NK cells on NV and CE 

NK cells unstimulated (no stim) or stimulated with K562 (mean ± SEM, n=6 donors). (E) Left panel: Representative histogram of Tf-488 

uptake in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18. Right panel: GMFI of Tf-488 uptake in NV and CE NK 

cells unstimulated (no stim) or stimulated with IL-12/ IL-18 (mean ± SEM, n=10 donors). (F) Left panel: Schematic of the experiment used 

to analyze CFSE dilution in NV and CE NK cells. Middle panel: Representative histogram of CFSE dilution in NV and CE NK cells unstimulated 

(no stim) or stimulated with IL-12/ IL-18. Right panel: Percentage of proliferated NV and CE NK cells unstimulated (no stim) or stimulated 

with IL-12/ IL-18 analyzed by CFSE dilution (mean ± SEM, n=13 donors). (G) Heatmap of relative expression of mRNA encoding for cell cycle 

genes (GO:0006098) in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18 (n=5 donors). (H) Percentage of 

proliferated NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18, IL-12/ IL-18 + BIP (1, 10 and 50 µM) analyzed by 

CFSE dilution (mean ± SEM, n=11 donors for unstimulated, IL-12/ IL-18 and IL-12/ IL-18 + BIP 10 µM stimulation, n=8 donors for IL-12/ 

IL-18 + BIP 1 µM stimulation, n=3 donors IL-12/ IL-18 + BIP 50 µM stimulation). (I) GMFI of CD69 expression on NV and CE NK cells 

unstimulated (no stim) or stimulated with IL-12/ IL-18, IL-12/ IL-18 + BIP 100 µM (mean ± SEM, n=5 donors). (J) Left panel: Heatmap of 

relative expression of mRNA encoding for PPP genes (GO:0006098) in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ 

IL-18 (n=5 donors). Right panel: Percentage of proliferated cells in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-

18, IL-12/ IL-18 + 6AN 50 µM analyzed by CFSE dilution (mean ± SEM, n=6 donors). Statistical significance was assessed by paired two-

tailed Student’s t-test (F, H, I, J) or linear-regression analysis (A, B, C, E). *p < 0.05, **p < 0.01, *** p < 0.001, ns, not significant. 

  



 

 24 

CD71-mediated iron uptake and dietary iron availability impact NK cell function 

Recently, a mutation in the TFRC gene (TFRCY20H/Y20H) has been shown to impair B and T cell 

function, causing a primary immunodeficiency (PID). The mutation affects receptor-mediated 

endocytosis and compromises CD71-mediated iron uptake both in human cells and when 

introduced into mice. NK cell numbers in patients harboring this mutation are normal, 

however, functional properties have not been previously assessed135. To test whether CD71 

function and NK cell proliferation are linked, we assessed CFSE dilution in IL-15 LD and IL-12/ 

IL-18-stimulated wild type (WT) and TfrcY20H/Y20H murine NK cells, ex vivo. These experiments 

revealed a striking lack of IL-15 LD and IL-12/ IL-18-induced proliferation among NK cells 

harboring the Tfrc mutation (Figure 8A).  

Given this strong phenotype we wondered whether mild iron deficiency might be sufficient to 

cause NK cell dysfunction. To explore this notion, we first established systemic iron deficiency 

in a mouse model (Figure 8B, left panel). As expected, mice maintained on an iron-deficient 

diet for 6 weeks displayed reduced iron, ferritin and hematocrit levels in peripheral blood, 

while the unsaturated iron-binding capacity (UIBC) and the total iron-binding capacity (TIBC) 

increased as compared to mice kept on control diet (Figure 8B, right panel). While splenic T 

and B cell numbers were normal in mice with iron deficiency, NK cell numbers tended to be 

lower, possibly indicating selective sensitivity of these cells to systemic iron abundance (Figure 

8C). No impact of iron deficiency on the NK cell maturation phenotype was observed (Figure 

8D). However, upon MCMV infection, splenic NK cell-mediated viral control and IFN-

g production by NK cells tended to be reduced in mice maintained on iron-deficient diet, 

indicating impaired NK cell function (Figure 8E, left panel, and 8F). Noteworthy, replication of 

∆m157 MCMV evading NK cell-mediated control was unaffected by reduced iron levels (Figure 

8E, right panel)176. Together, these data established that CD71-mediated iron uptake had an 

important role in regulating NK cell proliferation. Further, reduced systemic iron levels 

significantly impaired immune control of MCMV infection in vivo, possibly by reducing NK-cell 

function. It remains to be elucidated, whether impaired NK cell-mediated immunity resulted 

from NK cell intrinsic or extrinsic factors. 
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Figure 8: CD71-mediated iron uptake and dietary iron availability impact NK cell function  

(A) Left panel: Schematic of the experiment used to analyze CFSE dilution in WT and TfrcY20H/Y20H NK cells from spleen. Middle panel: 

Representative histogram of CFSE dilution in WT and TfrcY20H/Y20H NK1.1+ NK cells from spleen with IL-12/ IL-18 stimulation. Right panel: 

Percentage of proliferated WT and TfrcY20H/Y20H NK1.1+ NK cells from spleen in IL-15 LD or stimulated with IL-12/ IL-18 analyzed by CFSE dilution 

(mean ± SEM, n=5 for WT NK cells, n=6 for TfrcY20H/Y20H NK cells). (B) Left panel: Schematic of MCMV infection experiment of mice fed +/– 

iron feed for 6 weeks. Right panel: Serum levels of iron, ferritin, UIBC, TIBC; and hematocrit from mice fed +/– iron feed for 6 weeks 

(mean ± SEM, n=8-18 for iron, ferritin, UIBC and TIBC and n=3 for hematocrit). (C) Left panel: Percentage of NK1.1+ NK cells in spleen of 

mice fed +/– iron feed for 6 weeks (mean ± SEM, n=5). Right panel: Percentage of CD8+, CD4+, CD19+ cells in spleen of mice fed +/– iron 

feed for 6 weeks (mean ± SEM, n=5). (D) Left panel: Percentage of CD27+CD11b–, CD27+CD11b+, CD27–CD11b+ on NK1.1+ NK cells in 

spleen of mice fed +/– iron feed for 6 weeks (mean ± SEM, n=5). Right panel: Percentage of KLRG1+ and CD62L+ on NK1.1+ NK cells in 

spleen of mice fed +/– iron feed for 6 weeks (mean ± SEM, n=5). (E) Left panel: Viral titer in liver and spleen of WT MCMV-infected mice 

fed +/– iron feed for 6 weeks 3 dpi (each dot represents data from cells isolated from one mouse, data displayed as fold change 

difference normalized to mice fed + iron feed, horizontal line indicates median, n=10). Right panel: Viral titer in liver and spleen of 

Δm157 MCMV infected-mice fed an +/– iron feed for 6 weeks 3 dpi. (each dot represents data from cells isolated from one mouse, data 

displayed as fold change difference normalized to mice fed + iron feed, horizontal line indicates median, n=9-10). (F) Percentage of IFN-

γ+ in NK1.1+ NK cells in liver and spleen of WT MCMV-infected mice fed +/– feed for 6 weeks 1.5 dpi (mean ± SEM, n=4-5). Statistical 

significance was assessed by unpaired two-tailed Student’s t-test (A, B, C, D, E, F). *p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001, 

ns, not significant. 
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CD71 supports NK cell proliferation and optimal effector function during viral infection 

In order to test the functional importance of CD71-mediated iron uptake for NK cells, we 

generated mice specifically lacking CD71 in NK cells, by crossing Ncr1Cre mice with Tfrcfl/fl mice 

(Tfrcfl/flNcr1Cre)177. Under homeostatic conditions, percentage and absolute numbers of NK 

cells in Tfrcfl/flNcr1Cre mice were slightly reduced in both liver and spleen as compared to 

Tfrcfl/fl littermate controls (Figure 9A). Percentage and absolute numbers of CD8+ and CD4+ T 

cells, as well as CD19+ B cells, were unaffected by NK cell specific deletion of CD71 (Figure 9B 

and 9C). Further, expression of terminal NK cell maturation markers was comparable between 

Tfrcfl/flNcr1Cre and Tfrcfl/fl mice (CD27, CD11b, KLRG1, CD62L and Ly6C) (Figure 9D and 9E). 

Likewise, the NK cell activating receptor, Ly49H, which is important for controlling MCMV 

infection, was equally expressed on Tfrcfl/flNcr1Cre and Tfrcfl/fl NK cells (Figure 9F)79. 

NK cell activation by MCMV drives proliferation of Ly49H+ NK cells3. To examine whether 

deletion of CD71 affects antigen-specific NK cell expansion in vivo, we co-transferred congenic 

Ly49H+ WT and Tfrcfl/flNcr1Cre NK cells into Ly49H-deficient (Klra8-/-) recipients (Figure 9G, left 

panel). We then infected recipient mice with MCMV and tracked expansion of transferred NK 

cells. WT NK cells robustly expanded in liver, spleen, lung and blood, constituting 80-90 % of 

the Ly49H+ NK cell pool at 7 and 30 days post-infection (dpi) when compared to Tfrcfl/flNcr1Cre 

NK cells (Figure 9G, right panel). We next addressed whether expansion of NK cells in 

lymphopenic hosts, which is driven by the availability of common-g-chain-dependent 

cytokines, was also dependent on CD7121,178. To this end we transferred WT and Tfrcfl/flNcr1Cre 

NK cells at equal ratios into Rag2-/-IL2rg-/- recipient mice (Figure 9H, left panel)179,180. Similar to 

the infection experiment, at 6 dpi frequencies of Tfrcfl/flNcr1Cre NK cells were much lower than 

those of WT cells (Figure 9H, right panel). Reduced numbers of Tfrcfl/flNcr1Cre NK cells in both 

adoptive transfer experiments could have resulted from either a lack of expansion, increased 

cell death or a combination of both. To assess how deletion of CD71 in NK cells related to their 

proliferation in vivo, WT and Tfrcfl/flNcr1Cre NK cells were labeled with CFSE and transferred 

into recipient mice at equal ratios (Figure 9I, left panel). Recipients were then infected with 

MCMV and donor cells harvested at 3.5 dpi. CFSE dilution, and hence proliferation, of 

adoptively transferred Tfrcfl/flNcr1Cre NK cells in liver and spleen was significantly lower than 

that of WT cells (Figure 9I, right panel). These findings were further confirmed in in vitro 
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proliferation studies, in which IL-15 LD and IL-12/ IL-18-stimulated Tfrcfl/flNcr1Cre NK cells 

showed reduced proliferation compared to control cells (Figure 9J).  

To address whether deletion of CD71 affects NK cell-mediated viral control, we challenged 

Tfrcfl/fl and Tfrcfl/flNcr1Cre mice with MCMV (Figure 9K, left panel). In line with the competitive 

transfer assays described above, a significant reduction in both percentage and absolute 

numbers of NK cells at 3.5 and 5.5 dpi was observed in both liver and spleen of Tfrcfl/flNcr1Cre 

mice (Figure 9K, middle and right panel). Insufficient expansion of NK cells was associated with 

higher splenic viral titers among Tfrcfl/flNcr1Cre mice at 3.5 dpi, with a similar trend observed 

in the liver (Figure 9L). In addition, IFN-g production of splenic and liver infiltrating 

Tfrcfl/flNcr1Cre NK cells was reduced upon MCMV infection (Figure 9M). Of note, despite poor 

expansion and reduced effector capacity, CD71 deficiency did not impair terminal maturation 

of MCMV-challenged CD71 deficient NK cells, as indicated by CD27, CD11b and KLRG1 

expression (Figure 9N). Altogether, these data indicated a critical role of CD71 in NK cell 

proliferation both during infection and in a lymphopenic environment. 
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Figure 9: CD71 supports NK cell proliferation and optimal effector function during viral infection 

(A) Left panel: Percentage and absolute numbers of NK1.1+ NK cells in liver of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=10). Right 

panel: Percentage and absolute numbers of NK1.1+ NK cells in spleen of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=17-22). (B) Left 

panel: Percentage and absolute numbers of CD8+ cells in liver of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=10). Middle panel: 

Percentage and absolute numbers of CD4+ cells in liver of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=4). Right panel: Percentage 

and absolute numbers of CD19+ cells in liver of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=10). (C) Left panel: Percentage and 

absolute numbers of CD8+ cells in spleen of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=9-19). Middle panel: Percentage and absolute 

numbers of CD4+ cells in spleen of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=11-22). Right panel: Percentage and absolute numbers 

of CD19+ cells in spleen of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=12-22). (D) Left panel: Percentage of CD27+CD11b–, 

CD27+CD11b+, CD27–CD11b+ on NK1.1+ NK cells in liver of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=10). Right panel: Percentage 

of CD62L+ and Ly6C+ on NK1.1+ NK cells in liver of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=6). (E) Left panel: Percentage of 

CD27+CD11b–, CD27+CD11b+, CD27–CD11b+ on NK1.1+ NK cells in spleen of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=5). Right 

panel: Percentage of KLRG1+, CD62L+ and Ly6C+ on NK1.1+ NK cells in spleen of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=5). (F) 

Percentage of Ly49H+ on NK1.1+ NK cells in liver and spleen of Tfrcfl/fl and Tfrcfl/flNcr1Cre mice (mean ± SEM, n=5-6). (G) Left panel: 

Schematic of adoptive transfer experiment into Klra8-/- recipients to track expansion of WT and Tfrcfl/fl NK cells upon MCMV infection. 

Middle panel: Representative flow plot gated on adoptively transferred CD45.1+ and CD45.2+ (Ly49H+NK1.1+) NK cells in liver of WT 

MCMV-infected recipients 7 dpi. Right panel: Percentage of adoptively transferred WT (Ly49H+NK1.1+CD45.1+) and Tfrcfl/flNcr1Cre 

(Ly49H+NK1.1+CD45.2+) NK cells in liver, spleen, lung and blood of WT MCMV-infected recipients 7 and 30 dpi (each dot represents data 

from cells isolated from one mouse, bars indicate ± SEM, two independent experiments, 1st n= 5 for 7 dpi and n=3-5 for 30 dpi, 2nd n=4 

for 7 dpi and n=2 for 30 dpi). (H) Left panel: Schematic of adoptive transfer experiment into Rag2-/-IL2rg-/- recipients to track expansion 

of WT and Tfrcfl/fl NK cells. Right panel: Percentage of adoptively transferred WT (Ly49H+NK1.1+CD45.1+) and Tfrcfl/flNcr1Cre 

(Ly49H+NK1.1+CD45.2+) NK cells in liver, spleen, lung and blood 6 dpt (each dot represents data from cells isolated from one mouse, 

bars indicate ± SEM, n= 3-4). (I) Left panel: Schematic of adoptive transfer experiment into Klra8-/- recipients to analyze CFSE dilution in 

WT and Tfrcfl/fl NK cells upon WT MCMV infection. Middle panel: Representative histogram of CFSE dilution in adoptively transferred 

WT and Tfrcfl/flNcr1Cre NK1.1+ NK cells in liver of WT MCMV-infected recipients 3.5 dpi. Right panel: GMFI of CFSE of adoptively 

transferred WT (Ly49H+NK1.1+CD45.1+) and Tfrcfl/flNcr1Cre (Ly49H+NK1.1+CD45.2+) NK cells in liver and spleen of WT MCMV-infected 

recipients 3.5 dpi (mean ± SEM, two independent experiments, 1st n=5, 2nd n=4). (J) Percentage of proliferated Tfrcfl/fl and Tfrcfl/flNcr1Cre 

NK1.1+ NK cells from spleen in IL-15 LD or stimulated with IL-12/ IL-18 analyzed by CFSE dilution (mean ± SEM, n=3-4). (K) Left panel: 

Schematic of MCMV infection experiment of Tfrcfl/fl and Tfrcfl/flNcr1cre mice. Middle panel: Percentage and absolute number of NK1.1+ 

NK cells in liver of WT MCMV-infected Tfrcfl/fl and Tfrcfl/flNcr1cre mice 3.5 and 5.5 dpi (mean ± SEM, n=4-6). Right panel: Percentage and 

absolute number of NK1.1+ NK cells in spleen of WT MCMV-infected Tfrcfl/fl and Tfrcfl/flNcr1cre mice 3.5 and 5.5 dpi (mean ± SEM, n=3-

6). (L) Viral titer in liver and spleen of WT MCMV-infected Tfrcfl/fl and Tfrcfl/flNcr1cre mice 3.5 dpi (each dot represents data from cells 

isolated from one mouse, horizontal line indicates median, n=5). (M) Percentage of IFN-γ+ in NK1.1+ NK cells in liver and spleen of WT 

MCMV-infected Tfrcfl/fl and Tfrcfl/flNcr1cre mice 1.5 dpi (mean ± SEM, n=4). (N) Left panel: Percentage of CD27+CD11b–, CD27+CD11b+, 

CD27–CD11b+ on NK1.1+ NK cells in spleen of WT MCMV-infected Tfrcfl/fl and Tfrcfl/flNcr1Cre mice 5.5 dpi (mean ± SEM, n=3-5). Right 

panel: Percentage of KLRG1+ on NK1.1+ NK cells in spleen of WT MCMV-infected Tfrcfl/fl and Tfrcfl/flNcr1Cre mice 5.5 dpi (mean ± SEM, 

n=3-5). Statistical significance was assessed by unpaired two-tailed Student’s t-test (A, B, C, D, E, F, I, J, K, L, M, N, O). *p < 0.05, **p < 

0.01, *** p < 0.001, **** p < 0.0001, ns, not significant. 
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Glycolysis is required for induction of CD71 in activated NK cells 

Our experiments established (i) iron uptake via CD71 as a critical metabolic checkpoint 

controlling NK cell proliferation; and (ii) highly preferential upregulation of CD71 on activated 

CE vs. NV NK cells. These findings prompted us to ask how CD71 per se was regulated in NV 

and CE NK cells. To address this question, we first assessed whether induction of CD71 relied 

on NK cell transcriptional activity. As in previous experiments, CD71 was induced to a greater 

extent in cytokine-stimulated CE than NV NK cells (Figure 10A). In both subsets inhibition of 

transcription (using Actinomcyin D) entirely prevented stimulation-induced upregulation of 

CD71, as did blocking of translation (using cycloheximide) (Figure 10A). Thus, transcription and 

translation were similarly required in both cell subsets. Glycolytic reprogramming has 

previously been demonstrated to drive transcription in activated NK cells123. As glycolysis was 

similarly triggered in activated NV and CE NK cells (Figure 6F), we examined the possibility that 

glycolytic metabolism may differentially impact TFRC (which encodes CD71) transcription 

between NV and CE NK cells. TFRC mRNA abundance was indeed higher in activated CE than 

NV NK cells, yet similarly reduced when inhibiting glycolysis with 2-DG (Figure 10B). Cell surface 

expression of CD71 and total CD71 levels followed the same pattern when exposing cells to 2-

DG (Figure 10C). Dependence on glucose to induce CD71 expression was recapitulated upon 

activation of NK cells in low glucose medium and translated into reduced transferrin uptake in 

2-DG treated NK cells (Figure 10D and 10E). Glycolysis thus enabled transcription and 

translation of CD71. However, no evidence was found that glycolysis regulated the differential 

abundance of CD71 in activated CE vs. NV NK cells.  

c-Myc has been established as a key regulator of TFRC transcription in various immune 

cells153,181. Given the increased abundance of TFRC mRNA among activated CE over NV NK cells 

(Figure 10B), preferential c-Myc induction in CE NK cells could explain differential regulation of 

CD71 between activated CE and NV NK cells. Yet, c-Myc was robustly but equally induced in 

both NK cell subsets (Figure 10F). Together these data established a symmetric need in 

activated NV and CE NK cells for (i) continuous transcription and translation to support 

expression of CD71 and (ii) glycolytic reprogramming as a metabolic requirement for CD71 

expression.  
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Figure 10: Glycolysis is required for induction of CD71 in activated NK cells 

(A) Left panel: Representative Western blot of total CD71 expression in NV and CE NK cells unstimulated (no stim) or stimulated with 

IL-12/ IL-18, IL-12/ IL-18 + ActD (1 and 10 µM) and IL-12/ IL-18 + CHX (10 and 100 µg/ ml). Middle panel: Total CD71 expression normalized 

to actin in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18, IL-12/ IL-18 + ActD 10 µM (mean ± SEM, n=3 donors). 

Right panel: Total CD71 expression normalized to actin in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18, IL-12/ 

IL-18 + CHX 100 µg/ml (mean ± SEM, n=2 donors). (B) Expression of TFRC mRNA in NV and CE NK cells unstimulated (no stim) or 

stimulated with IL-12/ IL-18, IL-12/ IL-18 + 2-DG. Transcript levels were determined relative to 18S mRNA levels and normalized to 

unstimulated (no stim) NV NK cells (mean ± SEM, n=6 donors). (C) Left panel: GMFI of CD71 expression on NV and CE NK cells unstimulated 

(no stim) or stimulated with IL-12/ IL-18, IL-12/ IL-18 + 2-DG (mean ± SEM, n=6 donors). Middle panel: Representative Western blot of 

total CD71 expression in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18, IL-12/ IL-18 + 2-DG. Right panel: 

Total CD71 expression normalized to actin in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18, IL-12/ IL-18 + 2DG 

(mean ± SEM, n=5 donors). (D) GMFI of CD71 expression on NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18 in 

10mM glucose and in 2mM glucose (mean ± SEM, n=5 donors). (E) GMFI of Tf-488 uptake in NV and CE NK cells unstimulated (no stim) or 

stimulated with IL-12/ IL-18, IL-12/ IL-18 + 2-DG (mean ± SEM, n=5 donors). (F) Left panel: Representative Western blot of total c-Myc 

expression in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18. Right panel: Total c-Myc expression normalized 

to actin in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18 (mean ± SEM, n=6 donors). Statistical significance 

was assessed by paired two-tailed Student’s t-test (A, B, C, D, E, F) or linear-regression analysis (B, C, E). *p < 0.05, **p < 0.01, *** p < 

0.001, ns, not significant. 
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Cytokine priming induces the IRP/IRE regulatory system 

Many genes involved in cellular iron homeostasis contain iron responsive elements (IREs) in 

the 5’ or 3’UTR of their mRNA. Iron regulatory proteins 1 and 2 (IRP1 and IRP2) bind IREs, 

thereby controlling mRNA stability and translation158,159. TFRC mRNA contains 5 IREs in the 

3’UTR; binding of IRPs stabilizes the mRNA and facilitates translation166,167. As described, 

this would occur under iron-deficient conditions182,183. Hence, we hypothesized that 

increased abundance of IRPs, selectively in CE NK cells, could be a possible mechanism 

regulating enhanced CD71 expression in activated CE NK cells. At the mRNA level, 

abundance of both IRP transcripts, ACO1 and IREB2, was similar in NV and CE NK cells (Figure 

11A, left panel). Protein abundance of IRP1 and IRP2 was, however, higher in quiescent and 

activated CE NK cells (Figure 11A, right panel). This finding was compatible with a novel role 

for IRPs, generating a pseudo iron deficient state in a cell subset-specific manner, thereby 

post-transcriptionally controlling abundance of a distinct set of proteins.  

To extend this observation we analyzed transcript abundance of known IRE containing 

mRNAs expressed in NK cells (Figure 11B). We included the critical eukaryotic translation 

initiation factor 4E (eIF4E) in the list of IRE containing mRNAs, since searching for iron-

responsive elements (SIRE) algorithm revealed an IRE-like motif in the 3’UTR of the EIF4E 

mRNA (Figure 11C)184. This analysis prompted us to assess the transcriptional and 

translational pattern for EIF4E. The pattern observed for CD71 was somewhat recapitulated, 

activated CE NK cells expressed more EIF4E transcript and clearly more eIF4E protein (Figure 

11D). Yet, already quiescent CE NK cells expressed increased levels of eIF4E compared to 

NV NK cells. Of note, despite higher abundance of eIF4E, global protein translation was not 

discernibly different between activated NV and CE NK cells, as assessed by using L-

homopropargylglycine (HPG) incorporation assays (Figure 11E). In addition, we noted 

increased FTH1 mRNA abundance in activated CE NK cells (Figure 11B). FTH1 mRNA contains 

an IRE in the 5’UTR and binding of IRPs to 5’UTRs IREs inhibits translation168. This 

constellation enabled us to test the hypothesis of a pseudo iron deficiency driven by 

selective increase in IRPs abundance in CE NK cells. Indeed, despite higher transcript levels, 

protein abundance of ferritin heavy chain 1 (the gene product of FTH1) was, if anything, 

lower in both unstimulated and activated CE NK cells (Figure 11F). This finding was highly 

suggestive of IRPs, with their CE and NV NK cell specific abundance, being involved in 
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regulating FTH1 mRNA translation. Together these data established a regulatory axis, 

selectively induced in CE NK cells, in which pseudo iron deficiency enables increased 

translation of CD71 – and hence proliferation – of activated CE NK cells. 
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Figure 11: Cytokine priming induces the IRP/IRE regulatory system 

(A) Left panel: Expression of ACO1 and IREB2 mRNA in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18 of 

transcriptome data (n=5 donors). Middle panel: Representative Western blot of total IRP1 and IRP2 expression in NV and CE NK cells 

unstimulated (no stim) or stimulated with IL-12/ IL-18. Right panel: Total IRP1 and IRP2 expression normalized to actin in NV and CE NK 

cells unstimulated (no stim) or stimulated with IL-12/ IL-18 (mean ± SEM, n=7 donors for IRP1, n=6 donors for IRP2). (B) Heatmap of 

relative expression of mRNAs encoding for genes harboring IREs in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ 

IL-18 (n=5 donors). (C) Representation of the IRE-like motif in EIF4E mRNA. Squared region indicates the IRE core region predicted by SIREs 

software. (D) Left panel: Expression of EIF4E mRNA in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18 of 

transcriptome data (n=5 donors). Middle panel: Representative Western blot of total eIF4E expression in NV and CE NK cells unstimulated 

(no stim) or stimulated with IL-12/ IL-18. Right panel: Total eIF4E expression normalized to actin in NV and CE NK cells unstimulated (no 

stim) or stimulated with IL-12/ IL-18 (mean ± SEM, n=6 donors). (E) Left panel: Representative histogram of HPG incorporation in NV and 

CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18. Right panel: GMFI of HPG incorporation in NV and CE NK cells 

unstimulated (no stim) or stimulated with IL-12/ IL-18 (mean ± SEM, n=5 donors). (F) Left panel: Representative Western blot of total 

ferritin heavy chain 1 expression in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18. Right panel: Total ferritin 

heavy chain 1 expression normalized to actin in NV and CE NK cells unstimulated (no stim) or stimulated with IL-12/ IL-18 (mean ± SEM, 

n=4 donors). Statistical significance was assessed by paired two-tailed Student’s t-test (A, D, F) or linear-regression analysis (E). *p < 0.05, 

**p < 0.01, ns, not significant. 
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7 DISCUSSION 

The key findings of this study were (i) that CD71-mediated iron uptake was a prerequisite for 

activation-induced NK cell proliferation, and (ii) differential IRPs abundance between NV and 

CE NK cells, creating a pseudo iron deficient state in CE NK cells, which selectively supports 

CD71 translation and hence proliferation. 

CD71 is widely used as an activation marker, with its cell surface expression induced on various 

activated immune cells including NK cells123,125,126,136,154,181. We confirmed upregulation of 

CD71 on IL-12/ IL-18-stimulated NK cells. However, the functional importance of CD71 in host 

defense, and specifically for NK cell function, has not been investigated in any detail so far. Iron 

deficiency has been proposed to compromise NK cell cytotoxicity; and dysfunctional NK cells 

in this setting may contribute to cancer development in rats155,156. In addition, low serum 

ferritin levels have been associated with reduced NK cell activity in humans157. These 

findings suggest a role for iron metabolism in NK cell-mediated immunity and tumor 

surveillance. 

We found that reduced serum iron levels increased susceptibility to MCMV, presumably as 

a consequence of reduced NK cell function. This association was only observed in splenic NK 

cells but not in the liver, perhaps due to hepatic iron stores. Indeed, the liver functions as 

the major iron storage site in the body, serving as an iron buffer185. Many eukaryotic proteins 

require iron is as a cofactor, such as iron-sulfur cluster protein, heme-binding proteins and 

ribonucleotide reductases. These iron-dependent proteins support basic processes, such as 

energy metabolism/respiration, DNA synthesis and repair, and cell cycle control145-150. The high 

amount of iron needed by proliferating cells, including lymphocytes, is provided by transferrin. 

Transferrin, which – under physiologic circumstances – is iron saturated at around 30%, is 

taken up by proliferating cells via the cell surface receptor CD71151,152. Intriguingly, a mutation 

in the CD71 receptor (TFRCY20H/Y20H) has recently been shown to impair T and B cell function. 

Specifically, in affected individuals activated T and B cells fail to proliferate, causing a primary 

immunodeficiency (PID). Of note, in these patients NK cell numbers were reported normal, yet 

their functional properties were not assessed135. Our own data now demonstrate the 

functional importance of this CD71 mutation also in NK cell-mediated proliferation, adding 

complexity to this PID. Selective deletion of CD71 in NK cells also resulted in severe 
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proliferation deficits, both in response to viral infection as well as in the context of 

lymphopenia. Terminal maturation of NK cells lacking CD71 was not affected with Cre 

recombinase induced by the Ncr1 promotor, i.e. late during NK cell development. However, 

it is possible that earlier deletion may affect maturation of NK cells. T cells devoid of CD71, 

for example, arrest very early in their development186. NK cell numbers in liver and spleen 

of Tfrcfl/flNcr1Cre mice were only slightly reduced; similar to patients carrying the above-

described mutation in the TFRC gene who present largely normal lymphocyte counts, except 

for a reduction in memory B cell counts135. This suggested that, under steady state conditions, 

adequate iron acquisition was maintained in a CD71-independent manner. Several CD71-

independet mechanisms for cellular iron acquisition have indeed been reported. In human 

erythroid precursor cells receptor-mediated ferritin uptake has been described, and CD71-

deficient hamster ovary cells, nonetheless, acquire transferrin bound iron187-190. A variety of 

other cells; including hepatocytes, HeLa cells, fibroblasts, and mature erythrocytes, have been 

shown to take up non-transferrin bound iron directly191-194. Thus, it is plausible that the iron 

demand of NK cells under homeostatic conditions is met in a CD71-independent manner. 

Our data emphasizes, however, that CD71 expression is a prerequisite for activation-induced 

NK cell proliferation. The ability of CE NK cells to rapidly upregulate CD71 was striking, and 

enhanced expression was linked to their capacity for increased proliferation when compared 

to naïve counterparts. While iron is indispensable for growth and survival, excess iron 

catalyzing the formation of reactive oxygen species can be toxic195. Therefore, iron import, 

export, and storage are all tightly regulated, which occurs in a highly dynamic manner and at 

the post-transcriptional level via the IRP/IRE regulatory system151,196. Iron availability regulates 

the RNA binding of IRPs to IREs harbored by a distinct set of mRNAs. Under iron-deplete 

conditions, the binding of IRP1 and IRP2 to the 3’ TFRC IREs stabilizes TFRC mRNA, facilitating 

enhanced translation of CD71 and increased iron uptake183,197. Remarkably, quiescent and 

activated CE NK cells expressed higher levels of IRP1 and IRP2 when compared to NV NK cells. 

Both NK cell subsets were cultured under identical conditions with serum in the medium being 

rich in iron. In vitro iron-deficiency thus could be excluded as a cause for selectively increased 

IRP expression. By increasing the expression of IRP1 and IRP2 in CE NK cells only – despite 

comparable iron levels between both subsets – a pseudo iron deficient state was thus 
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established in a cell subset-specific manner, thereby post-transcriptionally controlling levels 

of CD71. 

The activity of IRP1 vs. IRP2 is regulated in distinct ways. IRP1 contains an iron-sulfur cluster 

and under iron-replete conditions functions as cytosolic aconitase. When iron is scarce, the 

iron-sulfur cluster becomes devoid of iron and IRP1 changes its configuration, thus becoming 

able to bind to IREs of mRNAs160-162. The herein identified increased IRP1 protein abundance 

was, by contrast, suggestive of non-iron dependent regulation. Different than IRP1, IRP2 is 

rapidly degraded in relative iron excess by the ubiquitin proteasome system163. The 

transcription factor c-Myc is a direct transcriptional activator of IRP2198. Low abundance of c-

Myc and equal transcript levels of IREB2 in unstimulated NV and CE NK cells, however, argue 

against transcriptional upregulation (via c-Myc) of IRP2 in CE NK cells. The SKP1-CUL1-FBXL5 

ubiquitin ligase protein catalyzes IRP2 ubiquitination and proteasomal degradation in the 

presence of iron. Under iron-deplete conditions, the adaptor protein FBXL5 is degraded leading 

to increased IRP2 levels164,165. Thus, the ubiquitin ligase functions as an iron sensor and a 

regulator of iron homeostasis. Future work could address whether IRP1 and IRP2 are equally 

important to stabilize TFRC mRNA in CE NK cells. Tissue specific variation in activities of IRP1 

and IRP2 have been described, and IRP1 and IRP2 knockout mice have distinct phenotypes199-

202. IRP1 and IRP2 are both overexpressed in breast cancer cells, but only IRP2 plays a growth 

promoting role203,204. Further, in prostate cancer cells, IRP2 plays the essential role in 

regulating cell growth205. These data suggest a dominant role for IRP2 in regulating cell 

proliferation. How enhanced IRP1 and IRP2 expression is regulated in CE NK cells, and if there 

is any specificity for either IRP1 or IRP2, remains to be defined. It also remains to be explored 

whether similar mechanisms operate among in vivo generated adaptive NK cells. 

Intriguingly, our data further revealed that CE NK cells selectively upregulated the expression 

of eIF4E prior to stimulation. eIF4E is the major cap-binding protein, which has been assigned 

a rate limiting role within the EIF4F translation initiation complex206. In addition, eIF4E is 

involved in nuclear export of mRNAs involved in the cell cycle207,208. Increased expression of 

eIF4E has been demonstrated in various malignant tumors, contributing to increased cell 

proliferation209-211. Further, the translation of specific mRNA subsets, regulating growth and 

survival, is selectively sensitive to the activity and amount of eIF4E in non-lymphoid cells212-214. 

Thus, alongside the pseudo iron deficient state mediated by augmented IRPs abundance, 
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increased levels of eIF4E may as well contribute to transcript-specific translational regulation 

of TFRC mRNA. Remarkably, the search for iron responsive element algorithm (SIREs) on EI4E 

mRNA revealed an IRE-like motif in the 3’UTR. The IRP/IRE regulatory system and eIF4E may 

thus work in concert to allow efficient translation of specific mRNAs in CE NK cells.  

In a mouse model of multiple sclerosis iron was reported to contribute to the production of 

GM-CFS and IL-2 in CD4+ T cells. Specifically, iron abundance was shown to prevent degradation 

of an RNA binding protein, which in turn stabilizes proinflammatory cytokine mRNA, leading to 

enhanced translation and promotes inflammatory conditions215. It will be interesting to test 

whether, in addition to the striking proliferation phenotype described in our study, similar 

mechanisms operate in NK cells. 

Several non-canonical roles for CD71 have further been described. For example, CD71 

mediates signal transduction events in T cells by interacting with the ζ chain of the T cell 

receptor-CD3 complex and ZAP70 upon stimulation and presumably influences downstream 

signaling216. In addition, in IL-2-activated NK cells the inhibitory receptor KLRG1 forms disulfide-

linked heteromers with CD71. In T cells such heteromers hinder KLRG1-mediated inhibition, 

suggesting a lower activation threshold of CD71(high) KLRG1+ T cells217. Whether CD71 has 

further non-canonical roles in NK cell function remains to be determined. 

Increased proliferation of CE NK cells was supported by a subset selective enhancement of PPP 

activity, aligning with increased mRNA levels of PPP-related genes. Cellular metabolism is 

intimately linked with cell fate by providing substrates or cofactors for epigenetic 

modifications, and therefore directly regulates DNA and histone (de-)methylation and histone 

acetylation218-221. Priming of naïve NK cells with IL-12/ IL-18 to generate CE NK cells, plausibly 

shaped the epigenetic landscape via activation-induced metabolic reprogramming. It is well-

established that metabolic reprogramming towards glycolysis is a driver of NK cell effector 

functions123,125,126,222. Acetyl-CoA, a substrate for histone acetylation, is primarily derived from 

glucose oxidized in mitochondria218,219. Induction of glycolysis, and hence generation of acetyl-

CoA, during priming could be a potential mechanism changing epigenetic marks in the 

promoters of specific genes. The TCA intermediate a-Ketoglutarate (a-KG) can alter DNA and 

histone demethylation, serving as a catalytic cofactor for JmjC domain-containing 

demethylases221. In addition, one carbon metabolism is functionally connected to histone and 

DNA methylation by providing the active methyl donor S-adenosyl-methionine (SAM)220. 
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Epigenetic modifications can be maintained over cellular and organismal generations, and 

different cellular states or types are characterized by a distinct epigenome223-225. Increased 

mRNA abundance of PPP-related genes could thus well be imprinted by epigenetic marks 

supporting increased transcription. Future studies will be needed to assess the role of 

epigenetic remodeling during the NK cell priming-phase. 

Metabolic reprogramming towards glycolysis upon stimulation was key for IFN-g production by 

NV and CE NK cells, in line with previous findings123,125,126,222. Our observations suggested that 

glycolysis regulated IFN-g production at the transcriptional level, one possible mechanism 

could be epigenetic alterations in the IFNG promotor region during stimulation. What 

specifically drives enhanced IFN-g production in CE NK cells remains unknown. In adaptive 

human memory-like NK cells, enhanced IFN-g production relies on epigenetic changes in the 

conserved noncoding sequence (CNS) 1 of the IFNG locus226. NV and CE NK cells expressed 

equal IFNG transcript levels upon stimulation, suggesting regulation at the post-transcriptional 

or post-translational level. Increased IFN-g expression among CE NK cells could be due to 

enhanced translation or protein stabilization, or the removal of a negative regulator227. 

Further, miRNAs have also been implicated in the control of IFN-g expression228,229. 

Continuous transcription and translation were needed to support CD71 expression in NV and 

CE NK cells alike. Importantly, our experiments provided evidence that glycolysis was required 

for expression of CD71 in NV and CE NK cells, possibly regulated at the transcriptional level. 

Thus, both NV and CE NK cells symmetrically rely on glycolytic reprogramming upon 

stimulation for induction of CD71. 

Pre-clinical studies have demonstrated that CE NK cells have substantial potential as anti-

cancer cellular therapy. Specifically, in in vivo tumor models of lymphoma or melanoma CE NK 

cells had enhanced effector function (IFN-g production and cytotoxicity); and they substantially 

reduced AML burden and improved overall survival in AML xenografted NSG mice106,107,110. In 

a first-in-human-phase 1 clinical trial with CE NK cells, five out of nine AML patients 

demonstrated clinical responses, including 4 complete remissions (NCT01898793)110. Several 

clinical trials are currently ongoing, further testing the efficacy of CE NK cells in the treatment 

of hematologic malignancies (NCT03068819 and NCT02782546). The striking feature of CE NK 

cells in our study was their higher proliferative rate upon encountering a second stimulus. The 
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fact that NK cell proliferation strictly depended on iron suggests that iron availability may 

influence NK cell-mediated anti-tumor responses in vivo during the course of immunotherapy. 

Engineered therapeutic T cells, e.g. CAR T cells, provide an emerging platform for the 

treatment of cancer. One key aspect to improve sustained functionality of CAR T cells is to 

engineer stably proliferating cells, which is of particular importance for the treatment of solid 

tumors230. The here described concept of a pseudo iron deficiency – that facilitated increased 

proliferation – might be relevant when aiming to improve proliferation of engineered immune 

cells used to treat cancer. 

In summary, our study identified CD71-mediated iron uptake as a key metabolic checkpoint for 

activated NK cells, acting as a go/no-go gatekeeper with regard to cell proliferation. In CE NK 

cells, surplus levels of IRPs created a pseudo iron deficient state, selectively enhancing 

translation of CD71 – hence enabling increased proliferation. 
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8 MATERIALS AND METHODS 

Mice 

Animal experiments performed at the University of Rijeka, Faculty of Medicine were approved 

by Ethical Committee of the Faculty of Medicine, University of Rijeka and Ethical Committee at 

the Croatian Ministry of Agriculture, Veterinary and Food Safety Directorate (UP/I-322-01/18-

01/44). Mice were strictly age- and sex-matched within experiments and were held in SPF 

conditions. Animal handling was in accordance with the guidelines contained in the 

International Guiding Principles for Biomedical Research Involving Animals. Wild-type C57BL/6J 

(B6, strain 000664), B6 Ly5.1 (strain 002014), Tfrcfl/fl (strain 028363) and Rag2–/–γc–/– (strain 

014593) mice were purchased from the Jackson laboratory. Ncr1Cre mice were kindly provided 

by V. Sexl (Vienna, Austria) and B6.Ly49h–/– were kindly provided by Silvia M. Vidal (Montreal, 

Canada). In some experiments mice were put on iron-deficient diet and corresponding control 

diet for 6 weeks (C1038 and C1000, Altromin). 

Animal experiments at the University of Basel were performed in accordance with local rules 

for the care and use of laboratory animals. Mice were strictly age- and sex-matched within 

experiments and were held in SPF conditions. Wild-type C57BL/6J (B6, strain 000664) mice 

were purchased from Jackson Laboratories (USA) and TfrcY20H/Y20H mice were kindly provided 

by R. Geha (Boston, USA). 

Hematologic analyses 

The serum iron, ferritin, unsaturated iron binding capacity (UIBC) and total iron binding 

capacity (TIBC) were determined using AU5800 Analyzer (Beckman Coulter). Hematocrit was 

determined using hematology analyzer DxH500 (Beckman Coulter). Measurements were 

conducted at the Clinical Institute of Laboratory Diagnostics (Clinical Hospital Center, Rijeka, 

Croatia).  

Viruses 

The bacterial artificial chromosome-derived murine cytomegalovirus (BAC-MCMV) strain 

pSM3fr-MCK-2fl clones 3.3 has previously been shown to be biologically equivalent to MCMV 

Smith strain (VR-1399; ATCC) and is herein after referred to as wild-type (WT) MCMV231. 

pSM3fr-MCK-2fl clone3.3 and Δm157 were propagated on mouse embryonic fibroblasts 
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(MEFs)232. Animals were infected intravenously (i.v.) with 2x105 plaque forming units (PFU). 

Viral titers were determined on MEFs by standard plaque assay233. 

Adoptive transfer experiments 

Adoptive co-transfer studies were performed by transferring splenocytes from WT B6 (CD45.1) 

and Tfrcfl/flNcr1Cre (CD45.2) mice in an equal ratio into B6.Ly49h–/– and, respectively, into 

Rag2–/–γc–/– recipients 1 day prior to MCMV infection.  

For cell proliferation assays in vivo, splenocytes were loaded, prior to transfer, with cell-

proliferation dye carboxyfluorescein succinimidyl ester (5 μM CFSE, Molecular probes, USA).  

Human NK cell isolation and cell culture 

Blood samples were obtained from healthy donors after written informed consent. 

Peripheral blood mononuclear cells were isolated by standard density-gradient centrifugation 

protocols (Lymphoprep; Fresenius Kabi). NK cells were negatively selected using EasySep 

negative NK cell isolation kit (Stemcell). Human NK cells were maintained in RPMI-1640 

medium (Invitrogen) supplemented with 10% heat-inactivated human AB serum, 50 U/ml 

penicillin (Invitrogen) and 50 μg/ml streptomycin (Invitrogen) (R10AB). To generate CE NK 

cells, isolated NK cells were primed in R10AB containing IL-12 (10 ng/ml, R&D systems), IL-15 

(1ng/ml, PeproTech) and IL-18 (50 ng/ml, R&D systems) over-night. The next day cells were 

washed twice with PBS and maintained in R10AB containing IL-15 (1ng/ml) until stimulation. 

Every 2-3 days 50% of the medium was replaced with fresh IL-15 (1ng/ml). After 7 days cells 

were stimulated in R10AB containing IL-12 (10ng/ml), IL-15 (1ng/ml) and IL-18 (50ng/ml) or 

with K562 leukemia targets (effector: target ratio, 5:1) for 6 hours. When indicated, cells were 

pre-incubated with 2-deoxy-D-glucose (10mM, Sigma-Aldrich), Actinomycin D (1 and 10 μM, 

Sigma-Aldrich), Cycloheximide (10 and 100 μg/ml, Sigma-Aldrich), 2,2ʹ-Bipyridyl (1, 10, 50 and 

100 μM, Sigma-Aldrich) or 6-aminonicotinamide (50 μM, Sigma-Aldrich) for 30 min and then 

stimulated in R10AB containing IL-12 (10ng/ml), IL-15 (1ng/ml) and IL-18 (50ng/ml) for 6 

hours.  
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Flow cytometry analysis of human cells 

For surface staining NK cells were stained for 30 min at 4°C with saturating concentrations of 

antibodies. Following antibodies were used: anti-human CD71 (clone CY1G4, Biolegend), anti-

human CD69 (clone FN50, Immunotools), anti-human CD98 (clone MEM-108, Biolegend) 

Samples were acquired using a BD AccuriC6 or a CytoFLEX flow cytometer (Beckman Coulter). 

Data were analyzed with Flowjo®_V10.5 (Tree Star, USA). 

For cell proliferation assays, NK cells were loaded prior to activation with the cell-proliferation 

dye CFSE (1 μM, Molecular probes, USA) and seeded in 96-well plates. Cells were washed twice 

and maintained in R10AB with IL-15 (1ng/ml), when indicated in the presence of inhibitors. A 

fixable live-dead cell stain (Fixable Viability Dye, eBioscience or Zombie Aqua, Biolegend) was 

used to exclude dead cells prior to sample acquisition. CFSE dilution was analyzed 65 hours 

post-stimulation by flow cytometry. Samples were acquired using a BD AccuriC6 or a CytoFLEX 

flow cytometer (Beckman Coulter). Data were analyzed with Flowjo®_V10.5 (Tree Star, USA). 

Flow cytometry analysis of murine cells 

Lymphocytes from spleens were isolated by meshing organs and filtering them through a 100-

µm strainer. To isolate lymphocytes from liver, the tissue was meshed and filtered through a 

100 µm strainer and purified using a discontinuous gradient of 40% over 80% Percoll. Red 

blood cells in spleen and liver were lysed using erythrocyte lysis buffer. Cells were pretreated 

with Fc block (clone 2.4G2) and a fixable live-dead cell stain (Fixable Viability Dye, eBioscience) 

was used to exclude dead cells. Cells were stained for 30 min at 4°C with saturating 

concentrations of antibodies. Following antibodies purchased from Thermo Fisher Scientific 

were used: anti-mouse CD8α (clone 53-6.7), anti-mouse CD45.2 (clone 104), anti-mouse CD4 

(clone RM4-5), anti-mouse CD69 (clone H1.2F3), anti-mouse CD45.1 (clone A20), anti-mouse 

CD3ε (clone 145-2C11), anti-mouse CD19 (clone 1D3), anti-mouse NK1.1 (clone PK136), anti-

mouse NKp46 (clone 29A1.4), anti-mouse CD62L (clone MEL-14), anti-mouse Ly6c (clone 

HK1.4), anti-mouse KLRG1 (clone 2F1), anti-mouse Ly49H (clone 3D10), anti-mouse CD11b 

(clone M1/70) and anti-mouse CD27 (clone O323). Samples were acquired using a BD 

FACSAria. Data were analyzed with Flowjo®_V10.5 (Tree Star, USA). 
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For intracellular cytokine staining upon MCMV infection, lymphocytes from spleen and liver of 

MCMV-infected mice were isolated as indicated above. Cells were resuspended in RPMI-1640 

medium supplement with 10% fetal bovine serum (Thermo Fisher Scientific), 50 U/ml penicillin 

(Invitrogen), 50 μg/ml streptomycin (Invitrogen) and 50 μM 2-mercaptoethanol (Thermo 

Fisher Scientific) (R10FBS) in the presence of IL-2 (500 IU/ml). Cells were incubated at 37°C 

in the presence of brefeldin A (eBioscience) for 5 hours. Cells were surface-stained, followed 

by fixation and permeabilization according to the manufacturer's protocol (BD Biosciences). 

Intracellular cytokines were stained using mouse-anti IFN-γ (clones XMG1.2, Thermo Fisher 

Scientific). Samples were acquired using a BD FACSAria. Data were analyzed with 

Flowjo®_V10.5 (Tree Star, USA). 

For cell proliferation assays, lymphocytes were loaded prior to activation with the cell-

proliferation dye CFSE (1 μM, Molecular probes, USA) and seeded in U-bottom 96-well plates 

(5x105 cells/well). Cells were were stimulated in R10FBS containing IL-12 (10ng/ml, 

PeproTech), IL-15 (10 ng/ml, PeproTech) and IL-18 (50 ng/ml, R&D Systems) for 16 hours. Cells 

were washed twice and maintained in R10FBS containing IL-15 (10ng/ml). CFSE dilution was 

analyzed 65 hours post-stimulation by flow cytometry. A fixable live-dead cell stain (Fixable 

Viability Dye, eBioscience or Zombie Aqua, Biolegend) was used to exclude dead cells. Samples 

were acquired using a BD FACSAria or CytoFLEX flow cytometer (Beckman Coulter). Data were 

analyzed with Flowjo®_V10.5 (Tree Star, USA). 

Seahorse metabolic flux analyzer 

A Seahorse XF-96e extracellular flux analyzer (Seahorse Bioscience, Agilent) was used to 

determine the metabolic profile of cells. NK cells were plated (3x105 cells/well) onto Celltak 

(Corning, USA) coated cell plates. Mitochondrial perturbation experiments were carried out by 

sequential addition of oligomycin (1 μM, Sigma), FCCP (2 μM, Carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone, Sigma), and rotenone (1 μM, Sigma). Oxygen 

consumption rates (OCR, pmol/min) and extracellular acidification rates (ECAR, mpH/min) 

were monitored in real time after injection of each compound.  
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2-NBDG uptake 

NK cells were seeded in U-bottom 96-well plates (2x105 cells/well). When indicated cells were 

pre-incubated for 30 min with inhibitors and stimulated in R10AB containing IL-12 (10ng/ml), 

IL-15 (1 ng/ml) and IL-18 (50ng/ml) for 6 hours. Cells were then incubated in medium 

containing 20 μM 2-NBDG (Invitrogen) for 15 min and analyzed by flow cytometry. Samples 

were acquired using a BD AccuriC6 flow cytometer. Data were analyzed with Flowjo®_V10.5 

(Tree Star, USA). 

IFN-g measurement in human NK cells 

NK cells were seeded in U-bottom 96 well plates (2x105 cells/well) using R10AB. When 

indicated cells were pre-incubated for 30 min with inhibitors and stimulated in R10AB 

containing IL-12 (10ng/ml), IL-15 (1 ng/ml) and IL-18 (50ng/ml) for 6 hours. 

Cell supernatants were harvested after stimulation and IFN-γ was measured using a human 

Th1 cytokine bead-based immunoassay (Legendplex, Biolegend) according to manufacturer’s 

protocol.  

Transferrin uptake assay 

NK cells were seeded in U-bottom 96-well plates (2x105 cells/well). When indicated cells were 

pre-incubated for 30 min with inhibitors and stimulated in R10AB containing IL-12 (10ng/ml), 

IL-15 (1 ng/ml) and IL-18 (50ng/ml) for 4 hours. Cells were then stimulated in RPMI-1640 

medium containing 5% BSA and IL-12 (10ng/ml), IL-15 (1 ng/ml) and IL-18 (50ng/ml) for 2 

hours.  After stimulation cells were washed with RPMI-1640 containing 0.5% BSA before 

incubation with transferrin-alexa488 conjugate (Tf-488, 10 µg/ ml, Thermo Fisher Scientific) 

for 15 min. Transferrin uptake was stopped by washing cells in ice-cold acidic buffer (150 mM 

NaCl, 20 mM citric acid and pH: 5). Cells were resuspended in FACS buffer and analyzed by flow 

cytometry. Samples were acquired using a BD AccuriC6 flow cytometer. Data were analyzed 

with Flowjo®_V10.5 (Tree Star, USA). 

HPG incorporation assay 

NK cells were seeded in 96-well plates (2x105 cells/well). Cells were stimulated in R10AB 

containing IL-12 (10ng/ml), IL-15 (1 ng/ml) and IL-18 (50ng/ml) for 4.5h and afterwards 

incubated for 1.5h in methionine-free RPMI-1640 medium containing 10% dialyzed FBS and 
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IL-12 (10ng/ml), IL-15 (1 ng/ml) and IL-18 (50ng/ml). Click-IT®HPG (50 μM, Life Technologies) 

was added for the last 30 min of the incubation. HPG incorporation into NK cells was stained 

with Click-iT® reaction cocktail (Thermo Fisher Scientific) and detected by flow cytometry. 

Samples were acquired using a BD AccuriC6 flow. Data were analyzed with Flowjo®_V10.5 

(Tree Star, USA). 

Immunoblot analysis 

Protein concentrations were determined by BCA protein assay kit (Thermo Fisher Scientific). 

Total cell lysates were separated using 4%–15% Mini Protean TGX Gel (Bio-Rad, Hercules CA, 

USA), and transferred to nitrocellulose membranes using Trans-Blot Turbo Transfer (Bio-Rad, 

Hercules CA, USA). Membranes were probed with the following antibodies: anti-human CD71 

mAb (13113), anti-human IRP1 mAb (20272), anti-human IRP2 mAb (37135), anti-human FTH1 

mAb (4393), anti-human eIF4E mAb (2067), anti-human c-Myc mAb (5605) and anti-human β-

actin mAb (3700) (all from Cell Signaling, USA). Blots were stained with appropriate secondary 

antibodies and the odyssey imaging system (LICOR, Lincoln NE, USA) was used for visualization, 

and the ImageJ software (1.48v) for quantification. 

RNA sequencing 

RNA-seq was performed by Admera Health (USA). In brief, samples were isolated using ethanol 

precipitation. Quality check was performed using Tapestation RNA HS Assay (Agilent 

Technologies, USA) and quantified by Qubit RNA HS assay (Thermo Fisher Scientific). Ribosomal 

RNA depletion was performed with Ribo-zero Magnetic Gold Kit (MRZG12324, Illumina Inc., 

USA). Samples were randomly primed and fragmented based on manufacturer’s 

recommendation (NEBNext® Ultra™ RNA Library Prep Kit for Illumina®). First strand was 

synthesized using Protoscript II Reverse Transcriptase with a longer extension period (40 min 

for 42°C). All remaining steps for library construction were used according to the NEBNext® 

UltraTM RNA Library Prep Kit for Illumina®. Illumina 8-nt dual-indices were used. Samples were 

pooled and sequencing on a HiSeq with a read length configuration of 150 paired-end. 
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Quantitative real-time PCR 

RNA was isolated from NK cells using Trizol (Thermo Fisher Scientific) and chloroform (Sigma-

Aldrich) according to manufacturer’s protocol, then purified with RNeasy RNA purification mini 

kit (QIAGEN, Germany). RNA concentration was determined using the NanoDrop 2000C 

(Thermo Fisher Scientific). From purified RNA, cDNA was synthesized using the reverse-

transcriptase kit GoScriptTM Reverse Transcriptase (Promega). Quantitative PCR for IFNG, TFRC 

and 18S mRNA was done in triplicate using commercially designed primers from Life 

Technologies (Hs00989291_m1, Hs00951083_m1, Hs03003631_g1). PCR reactions were 

performed using Go Tag G2 DNA Polymerase (Promega) according to manufacturer’s 

protocol.  

Statistical analysis 

Data are presented as mean ± SEM. Statistical significance was determined by either using 

unpaired two-tailed Student’s t test or paired two-tailed Student’s t test using GraphPad Prism 

8.00 (GraphPad Software). For comparison of increases (before versus after) in paired 

samples, a simple linear-regression model was used. P values of less than 0.05 were 

considered statistically significant. 
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