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Abstract

Metabolism is critical for a host of cellular functions and provides a source of intracellular energy.
It has been recognized recently that metabolism also regulates differentiation and effector
functions of immune cells. Although initial work in this field has focused largely on T
lymphocytes, recent studies have demonstrated metabolic control of innate immune cells,
including natural killer (NK) cells. Here, we review what is known regarding the metabolic
requirements for NK cell activation, focusing on NK cell production of interferon-gamma (IFN-
7). NK cells are innate immune lymphocytes that are poised for rapid activation during the early
immune response. Although their basal metabolic rates do not change with short-term activation,
they exhibit specific metabolic requirements for activation depending upon the stimulus received.
These metabolic requirements for NK cell activation are altered by culturing NK cells with
interleukin-15, which increases NK cell metabolic rates at baseline and shifts them toward aerobic
glycolysis. We discuss the metabolic pathways important for NK cell production of IFN-y protein
and potential mechanisms whereby metabolism regulates NK cell function.

Keywords

NK cell; interferon-gamma; glycolysis; oxidative phosphorylation; mTOR; signaling;
immunometabolism

l. INTRODUCTION

Natural killer (NK) cells are lymphocytes that comprise approximately 5-15% of human
peripheral blood mononuclear cells and 2-3% of splenocytes in mice. They share their role
as cytotoxic and interferon-gamma (IFN-y)-producing cells with CD8* T cells. However,
unlike T cells, which mount an antigen-specific response days after their initial activation,
NK cells are largely antigen independent, recognize infected and transformed cells through
germline-encoded NK receptors (NKRs), and carry out their cytotoxic function within
minutes to hours.1~* NK cells produce several cytokines and chemokines that coordinate
innate and adaptive immune responses and are the major source of IFN-vy in the first hours
of infection before antigen-specific T-cell production of IFN-vy.2
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IFN-+y plays an important role in modulating the immune response, particularly host defense
against intracellular pathogens and cancers. In addition to NK cells, IFN-y is produced by
NK T cells, CD8* T cells, and T-helper 1 (Th1) CD4" T cells.® Functions of IFN-y include
supporting Th1 differentiation, boosting macrophage function, encouraging leukocyte
migration to the site of infection, and increasing major histocompatibility complex
expression for better T-cell recognition of infected or malignant cells.5-8 Mice and humans
deficient in IFN-y signaling are susceptible to tumors and infections with intracellular
pathogens such as mycobacteria.”-9 However, uncontrolled IFN-y protein production is also
detrimental to the host and overexpression of IFN-y in mice promotes autoimmunity.1011
Therefore, tight regulation of IFN-y expression is essential for balancing inflammation and
immune tolerance.

Recently, it has been found that cellular metabolism regulates IFN-y expression by NK and
T cells.22-17 In this review, we discuss the mechanisms of IFN-y regulation, metabolic
regulation of cytokine production by other immune cells, and the specific metabolic
requirements for NK cell IFN-y production in mice and humans. We conclude with
speculation about the mechanisms by which metabolism may regulate IFN-y production.

Il. REGULATION OF IFN-y PROTEIN PRODUCTION

IFN-+y protein expression is regulated at multiple levels, including epigenetically,
transcriptionally, and post-transcriptionally. Therefore, a thorough understanding of the
pathways leading to IFN-y production is important when considering potential mechanisms
of metabolic regulation of this critical cytokine in NK cells. Much of the work examining
IFN- regulation in NK cells has been done in mice, but studies with human NK cells suggest
similarities between mice and humans.18.19 Regulation of IFN-y production in NK cells
shares many aspects with T cells, including the signaling pathways and transcription factors
(TFs) required for efficient transcription. Acute transcription of /fng requires nuclear factor
kappa light-chain enhancer of activated B cells (NF-xB) activation, which is induced by the
activating receptors NKR or T-cell receptor (TCR) and/or the cytokines interleukin-1 (IL-1)
or IL-18, and signal transducer and activator of transcription 4 (STAT4), which is induced by
IL-12.20.21 However, a crucial difference between NK and T cells is that mature NK cells
have an epigenetically accessible /fng locus and constitutively express IFN-y transcript,
whereas T cells do not.21-24 Here, we review known mechanisms regulating IFN-y
production in NK cells, including induction of transcription through activating signaling,
effects of noncoding RNA, and post-transcriptional regulation through mRNA stability.

A. Transcriptional Regulation

Expression at the /fng locus is controlled by its promoter and several upstream enhancer
regions. In resting murine NK cells, the /fng locus is epigenetically “primed” and available
to the TFs T-bet and Eomes, which are expressed in mature NK cells.22-24 Human NK cells
have a similarly accessible /FNG locus.1? In both mice and humans, IFN-7 transcript is
produced constitutively at low levels, although it is unclear what is driving this transcription
and why NK cells do not constitutively produce IFN-y protein.23 It is possible that retention
of pre-formed transcripts is one of the mechanisms allowing NK cells to respond rapidly to
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activation because resting murine NK cells also constitutively express low levels of
granzyme B and perforin transcript but not protein.2® In contrast, the T-cell /fng locus is
“closed” and relatively inaccessible, requiring epigenetic changes and up-regulation of
several TFs, including T-bet and Eomes, before transcription of /fig.21.22

Interestingly, one proximal enhancer regulating both mouse and human IFN-y transcription,
CNS1, is methylated and “closed” in naive NK cells, but is de-methylated in two types of
“memory” NK cells: human cytomegalovirus-adapted NKG2C" human NK cells and
murine cytokine-induced memory-like NK cells that were treated with cytokines
(1L-12/15/18) and transferred adoptively into lymphopenic hosts.28:27 This finding provides
a potential molecular basis as to why some types of memory NK cells have an enhanced
capacity for IFN-y production.

NK cells can be activated by three complementary and often overlapping routes: (1)
engagement of germline-encoded activating NKRs that recognize stress- and virally induced
ligands on target cells in the absence of a strong inhibitory NKR signal, (2) recognition of
antibody-coated target cells through the activating Fc receptor CD16 (antibody-dependent
cellular cytotoxicity), and/or (3) activation by innate and adaptive immune cytokines
including IL-1, IL-2, IL-12, I1L-15, and 1L-18.3-28 Experimentally, NK cell IFN-y production
can be induced by brief incubation (4-24 hours) with purified cytokines or cytokine-
producing antigen presenting cells, co-culture with tumor cells expressing activating ligands,
or culture with plate- or bead-bound antibodies against activating NKRs.

Most activating NKRs signal through adapters containing immunoreceptor tyrosine-based
activation motifs (ITAMs), which activate the Ras/mitogen-activated protein kinase
(MAPK), phosphoinositide 3-kinase (PI3K)/AKT, and phospholipase C-gamma (PLC-vy)
phosphorylation cascades.2%-32 Cytokine receptors for IL-2, IL-12, and IL-15 activate a
variety of STATS (Fig. 1). Combined with constitutive expression of T-bet, and likely Eomes,
in NK cells, these TFs bind the /fng promoter, intronic enhancers, and both upstream and
distal conserved noncoding sequences to induce transcription (Fig. 1.)>33 In particular,
IL-12 co-stimulation and STAT4 activation are required for optimal cytokine-induced IFN-y
transcription. In murine T cells, this appears to be due to STAT4 stabilization of the RelA
subunit of NF-xB when binding to the /fag locus.34 In T cells, AP-1, Ets-1, Runx3, NFAT,
and other STATS are also recruited, but their role in NK cell IFN-y production is unclear.21

B. Regulation by Noncoding RNA

Several microRNAs (miRNAs) have been shown to regulate IFN-y production in NK and T
cells.3%:36 These ~22 nucleotide RNA molecules recognize specific sequences on messenger
RNAs (mRNAs) and classically lead to their degradation or inhibit their translation. In NK
and T cells, miR-29 binds directly to the 3" untranslated region (UTR) of IFN-y and
represses translation.3” MiRNAs might also inhibit IFN-y production by interfering with
upstream activating signaling; for example, miR-146a decreases IRAK/TRAF6 activity in T
cells.38 However, some miRNAs play a more complex role, as is the case of miR-155. Both
overexpression and deletion of miR-155 in NK cells leads to increased IFN-y
production.39-41 Acute deletion of the miRNA-processing enzyme Dicerin all cells,
including mature NK cells, using a drug-inducible Cre model caused decreased NK cell
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IFN-y production in response to NKRs.#2 However, in a more specific model of Dicer
deletion in lymphocytes only, NK cell IFN-y production was enhanced in response to
multiple activating stimuli including NKRs.*3 These results suggest that miRNAs may play
different roles in developing versus mature NK cells, affecting how NK cells respond to
activation and controlling IFN-y translation directly.

Long noncoding RNAs (IncRNAs) are >200 nucleotide RNAs that can regulate gene
transcription and affect recruitment of TFs. The InNcRNA 7mevpg1, also known as NeST, has
been shown to regulate IFN-y production in T cells. Knock-down of NeST in Th1 cells
decreased IFN-y production, whereas induced expression increased IFN-y production.444>
Transgenic expression of this IncRNA was associated with increased H3K4 methylation, a
mark of active chromatin, at the /fg locus.*> Although NeST is the only IncRNA known to
affect IFN-y production thus far, its regulation of this cytokine suggests that there might be
other IncRNAs regulating IFN-vy production and effector function. The role of INRNAs,
including NeST, in the production of IFN-y by NK cells has not been studied.

C. Post-Transcriptional Regulation

Post-transcriptional regulation is another important mechanism for controlling IFN-y protein
production. The secondary structure of the 5° UTR of human, but not mouse, IFN-y mRNA
activates PKR, which inhibits translation of IFN-y transcript.*64” The 3" UTR of murine
IFN-y has several AU-rich elements that signal for rapid degradation and deletion of this
region in a mouse model led to high circulating levels of IFN-y.11 Several cytokines,
including IL-12, stabilize IFN-vy transcript in T cells through a p38 MAPK-dependent
pathway involving AU-binding proteins such as tristetraprolin.48-50 Knockout of
tristetraprolin in T cells led to a doubling of the half-life of the IFN--y transcript and
increased expression upon activation.59 In NK cells, there is also evidence that the stability
of IFN-y mRNA is increased upon activation because stimulation with IL-2/12 increases
IFN-y mRNA processing efficiency, export from the nucleus, and half-life compared with
IL-12 alone or no stimulation.>1:52 Therefore, 1L-12 signaling stabilizes IFN-y in both T and
NK cells, athough the mechanisms may not be shared between cell types. It is unclear what
post-transcriptional mechanism NK cells use to control the translation of pre-formed
transcript, but this process is likely unique to NK cells because T cells do not appear to
express IFN-y transcript without translation of protein.

In summary, IFN-7 is transcribed constitutively at low levels in NK cells and increased
expression and translation upon activation is tightly regulated by TF signaling and
stabilization of mMRNA. In addition to these regulatory strategies, recent studies have
suggested that metabolism also regulates NK cell IFN-y production.

lll. METABOLIC REGULATION IN T CELLS, MACROPHAGES, AND
DENDRITIC CELLS

The study of immunometabolism examines how changes in metabolic pathway usage
regulate and are regulated by immune cell activation and function. Significant progress has
been made in elucidating the importance of metabolism for development, differentiation,
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activation, effector function, and/or memory formation in murine T cells, macrophages, and
dendritic cells (DCs).53-56 Several recent studies have demonstrated that NK cell functions,
in particular IFN-y production, are also metabolically regulated.12-15 Here, we review
briefly the major metabolic pathways and how metabolism regulates activation and cytokine
production in these immune cell types.

A. Cellular Metabolic Pathways

Major cellular metabolic pathways active in immune cells are shown in Figure 2. The main
fuel used by most cells is glucose, which is processed by glycolysis into pyruvate, high-
energy electrons carried by NADH and two molecules of ATP. The rate of glycolysis is
regulated by diverse signals including the cell’s energy balance, the abundance of
downstream intermediates, and cell signaling events.>” Several metabolic regulators,
including mTOR, HIF-1a, ERRa, and c-myc, increase the rate of glycolysis through up-
regulation of glycolytic enzymes and/or glucose transporters.>3 Aerobic glycolysis, or
fermentation of pyruvate into lactate in the presence of oxygen, is a distinguishing feature of
proliferating cells first described in cancer cells and T lymphocytes.58:59 Glucose can be
diverted from glycolysis to fuel nucleotide synthesis, regeneration of the reducing agent
NADPH,®0 and glycosylation of proteins for their correct folding, function, and
expression.®1

Pyruvate from glycolysis is converted into acetyl-CoA to enter the tricarboxylic acid (TCA)
cycle. The TCA cycle occurs in the mitochondria and processes acetyl-CoA into CO, and
high-energy electrons. It contains multiple entry and exit points into other metabolic
pathways, and can be fueled by glycolysis, glutamine, or fatty acid oxidation (FAO). TCA
intermediates such as citrate can be used for several biosynthetic reactions, including fatty
acid (FA) and amino acid synthesis.®2 Acetyl-CoA is required for acetylation, which can
regulate metabolism directly by promoting degradation of metabolic enzymes and affect the
transcription of many genes indirectly through acetylation of histones, which allows greater
chromatin accessibility.51

Conversion of the high-energy electrons produced by the TCA cycle and glycolysis into
energy in the form of ATP occurs during oxidative phosphorylation (OXPHOS), which takes
place in the mitochondrial membrane. A series of enzymes accepts electrons from carriers
such as NADH and create a proton gradient that fuels ATP synthesis.53 OXPHOS processing
of one molecule of glucose yields approximately 30 ATP molecules, making it much more
efficient than anaerobic glycolysis. Reactive oxygen species (ROS) are also generated and
can serve as intracellular signals or, in excess, can induce damage and an oxidative stress
response.84-66

B. T-Cell Activation Induces Aerobic Glycolysis and Releases Enzymatic Repression of

IFN-y

Naive murine T cells are relatively metabolically quiescent and rely primarily upon glucose
for energy production through OXPHOS (Fig. 2, left panel).87 T cells up-regulate aerobic
glycolysis following activation with a variety of mitogens, including TCR activation, which
requires CD28 co-stimulation to enhance T-cell metabolism (Fig. 2, middle panel).67-71
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Increased glycolytic flux encourages differentiation into inflammatory effector cells (i.e.
Th1, Th2, or Th17 cells), whereas blockade of glycolysis or mTOR, which regulates
glycolysis positively, promotes regulatory T-cell (Treg) differentiation.>3 Although not
essential for all aspects of T-cell activation (e.g. IL-2 production), increased glycolytic
activity is necessary for maximal IFN-y production.16:17 Although NK cells and T cells use
similar ITAM signaling pathways downstream of their activating receptors, NK cells do not
exhibit increased glycolysis with short-term receptor stimulation.12

Aerobic glycolysis assists in the rapid proliferation of T cells by shunting glucose toward
production of biosynthetic precursors needed for proliferation, including nucleotide
precursors, amino acids, and FAs for lipid membranes, although it is not strictly required
(Fig. 2).17:72.73 1t was shown recently that the glycolytic enzyme GAPDH affects IFN-y
expression directly in CD8* T cells by binding to and preventing translation of IFN-y
transcript.1” Increased glycolysis after activation sequesters GAPDH, allowing for efficient
translation of IFN-y. Therefore, glycolysis not only enhances the ability of activated T cells
to proliferate, but also controls production of the IFN-y protein directly. Whether glycolytic
enzymes control IFN-+y translation in NK cells is unknown.

C. Macrophages and DCs Also Induce Aerobic Glycolysis with Activation

Similar to T cells, murine macrophages and DCs switch to aerobic glycolysis after
activation, although the role of increased glycolytic flux appears to be different than in T
cells. Pro-inflammatory (M1) macrophages switch to aerobic glycolysis upon activation,>4:56
shunting TCA intermediates and OXPHOS enzymes toward the production of ROS and
nitric oxide (Fig. 2, middle panel).”#7> A high glycolytic rate also assists in macrophage
production of IL-1p in two ways: (1) buildup of the TCA intermediate succinate stabilizes
HIF-1a., which enhances IL-1p transcription,’® and (2) glycolysis increases activity of the
NLRP3 inflammasome.’” Therefore, glycolysis affects production of cytokines in
macrophages as well as T cells.

Metabolic changes during dendritic cell activation are more complex. Murine bone marrow-
derived DCs (BMDCs) have increased glucose consumption and glycolytic rates within
minutes of activation through TLRs.”8-80 Increased glycolytic flux is thought to aid rapid
cytokine synthesis by increasing citrate levels for FA synthesis, which fuels massive
expansion of the endoplasmic reticulum (ER) and Golgi complex membranes.55:80 After
prolonged activation (12 hours), BMDCs rely exclusively on aerobic glycolysis, possibly
because their production of nitric oxide inhibits OXPHOS.81 Although primary murine DCs
do not produce nitric oxide, they also up-regulate glycolysis and decrease OXPHOS upon
activation.8 It is interesting to speculate whether there are similar mechanisms for ER/Golgi
expansion in NK cells to combat the protein folding stress of rapidly producing cytokines or
cytotoxic granules.

D. Roles of OXPHOS in Immune Cell Activation and Cytokine Production

The ability to up-regulate OXPHOS is important for the generation of Tregs, memory T
cells, and anti-inflammatory/tolerogenic (M2) macrophages (Fig. 2, right panel).>3.75
Memory CD4* and CD8* T cells have greater mitochondrial mass and are highly oxidative,
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which is thought to support longevity and an increased ability to reactivate.82-84 Disruption
of FA processing in T cells decreases the number of memory CD8* T cells and their ability
to produce IFN-y upon re-stimulation.8° Because both NK cells and memory T cells
produce IFN-vy efficiently and quickly upon activation, there may be similarities in
metabolic regulation between these two cell types.

OXPHOQOS is also important for T-cell activation via generation of ROS. TCR signaling
induces mitochondrial ROS,%465 which can activate several signaling pathways, in particular
MAPK_56 In murine CD8* T cells, the lymphocyte expansion molecule assists in the
formation of the mitochondrial electron transport chain, increases ROS, improves memory
formation, and enhances effector functions including IFN-y production.86 However, direct
regulation of IFN-y production by ROS has not been shown.

In conclusion, metabolic signals can alter cytokine production directly by several means.
Increased glycolytic flux can draw glycolytic enzymes away from their roles repressing
mMRNA translation. Metabolites can be shunted to fuel cell growth, to prepare the cell for
cytokine production, or to generate effector molecules. Different cell types also use different
strategies to fuel specific functions and, although various mechanisms of metabolic control
have been found in other immune cell types, their relevance to NK cells has not been fully
defined.

IV. METABOLIC REGULATION OF IFN-y PRODUCTION BY MURINE NK

CELLS

Although T and NK cells share many signaling pathways for activation, constitutive
transcription of IFN-vy in NK cells suggests that transcription and translation, and therefore
potential mechanisms of metabolic regulation, are quite different in these two cell types.
Here, we review primary studies on the metabolism of murine NK cells, specifically their
metabolic rates during activation (Fig. 3) and metabolic signals required for IFN-y
production (summarized in Table 1). We compare short versus extended stimulation and /n
vitroversus in vivo models of metabolic manipulation.

A. Resting NK Cells Use Low Levels of Glucose-Driven OXPHOS and Up-Regulate Their
Metabolic Pathways after Extended Stimulation

Studies with freshly isolated murine splenic NK cells have demonstrated that naive NK cells
rely on glucose-driven OXPHOS at baseline, similar to resting T cells.12 Production of IFN-
v protein after short-term (46 h) stimulation with either cytokines or NKR stimulation was
not accompanied by significant changes in flux through glycolysis (measured as
extracellular acidification rate, ECAR) or OXPHOS (measured as oxygen consumption rate,
OCR) within 6 hours of activation (Fig. 3).12:87

However, we and others have observed significant up-regulation of glycolysis and OXPHOS
after culture in 1L-15.12.14 |L-15 is produced by multiple cell types and supports NK cell
differentiation, survival, proliferation, and cytotoxicity.88:89 In cell culture, “low” doses of
IL-15 (1-10 ng/mL) promote survival but not proliferation of NK cells, whereas “high”
doses (50-100 ng/mL) induce proliferation and increased cytotoxicity, but not IFN-y
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production, in the absence of a second signal.12 One caveat to /i vitro studies is that it is not
clear how these dosages correspond to IL-15 produced /n vivo during inflammation because
IL-15 is presented to NK cells in #rans by DCs and other antigen-presenting cells expressing
the IL-15Ra chain.®® However, the fact that NK cells proliferate rapidly after viral infection,
for example, during murine cytomegalovirus (MCMV) infection,®! suggests that IL-15
signals /n vivo in the context of an inflammatory challenge are similar to the “high” dose
levels required to induce proliferation /n vitro. After 18 hours of culture with high-dose
IL-15, NK cells increased their maximal respiratory capacity and basal OCR and ECAR
significantly.24 Longer (72-120 hours) culture in high-dose IL-15 led to increases in both
ECAR and OCR, with a decreased OCR:ECAR ratio, suggesting a greater reliance on
glycolysis (Fig. 3).12:14 This parallels findings in T cells, in which several days of activation
induces a transition to aerobic glycolysis.

Up-regulation of glycolysis after activation in T cells has been attributed to the activity of
master metabolic regulators such as c-myc, HIF-1a, ERRa, and mTOR.>3 Marcais et al.
demonstrated that high-dose IL-15 up-regulates mTOR signaling preferentially in NK cells,
suggesting a mechanism by which glycolysis is enhanced.!# NK cells also require mTOR for
development and activation through IL-15 signaling, as demonstrated in mice with NK-
specific deletion of Mror.1* Nandagopal et al. showed that blockade of PI3K signaling
upstream of mTOR also blocks 1L-15-induced enhancement of NK cell IFN-y production.92
These data link mTOR to NK cell development and IL-15-induced IFN-y production,
although it is challenging to differentiate the relative contributions of glycolysis versus other
downstream targets of mTOR.93-95

Together, these findings demonstrate that short-term activation of NK cells is not
accompanied by changes in metabolic flux, but extended (3 days) stimulation with high-dose
IL-15 leads to up-regulation of metabolism, enhancing glycolysis preferentially. Although it
is clear that extended activation of NK cells can alter cellular metabolism, further studies
investigating different routes of activation will be important to gain insight into how and
why NK cells increase glycolysis and OXPHOS. The observation that prolonged activation
alters NK cell metabolism significantly is particularly relevant to the many experiments in
the literature using IL-2 or IL-15 /n vitro-expanded NK cells. As the role of metabolism in
NK cell function is further investigated, caution should be used in interpreting findings from
in vitro-expanded NK cells and extension of those findings to naive NK cells 7n vivo that
have not been highly activated.

B. IFN-y Production by Naive NK Cells Requires Glycolysis and OXPHOS if Activated by
Receptors but Not Cytokines

Although short-term (<6 hours) activation was not accompanied by changes in the rate of
glycolysis or OXPHOS, metabolism is required for NK cell IFN-y production within this
time period. Interestingly, there was a difference in the metabolic requirements when NK
cells were stimulated through NKRs versus cytokines.12 IFN-y production stimulated
through the NK1.1 or Ly49D receptors was almost completely blocked by glucose
deprivation or OXPHOS inhibition. However, IFN-y produced downstream of IL-12/18
signaling was not susceptible to inhibition of OXPHOS, glycolysis, or FAO (OXPHOS
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inhibition is shown in Fig. 4). IFN-y was even produced in 1L-12/18-stimulated NK cells
with blockade of multiple metabolic fuels (glucose, glutamine, FA).12 Therefore, IFN-y
production induced by IL-12/18 appears to be relatively metabolism independent and these
findings suggest that there might be significant flexibility in the fuels that NK cells use to
assist with the production of IFN-y. This is in contrast to T cells, in which glycolysis is
required for IFN-y production in response to both receptor stimulation and IL-12/1L-18.16.17
It is not clear why stimulation by receptors versus cytokines leads to dramatically
differential metabolic requirements in NK cells. The requirement for OXPHOS in NKR-
activated NK cells is unlikely to be due to a lack of ROS because supplementation with
H,0, does not rescue IFN-y production under OXPHOS inhibition.12 This and several other
hypotheses are discussed in section VI.

C. Prolonged IL-15 Exposure Changes the Metabolic Requirements of NK Cell IFN-y

Production

Culture with IL-15 alters, not only the baseline metabolism of NK cells, but also their
metabolic requirements for IFN-y production. Although fresh murine NK cells require both
OXPHOS and glycolysis for receptor-stimulated IFN-y production, we found that cells
primed for at least 3 days in high-dose 1L-15 produce IFN-vy in response to receptor
stimulation even when OXPHOS was inhibited (Fig. 4).12 These IL-15-activated NK cells
were also significantly less susceptible to glucose deprivation. This “metabolic priming” was
not apparent at shorter time periods or with low-dose IL-15, suggesting both time- and dose-
dependent effects of 1L-15. Although high-dose IL-15 causes robust NK cell proliferation,
metabolic changes were not dependent on proliferation because IFN-y production in both
highly and poorly proliferated NK cells was no longer susceptible to OXPHOS inhibition.12

IL-15-activated NK cells make an interesting comparison with activated T cells, which
require several days of activation and undergo metabolic reprogramming during that time.>3
Both increasingly rely on glycolysis; however, whereas glycolytic inhibition limits TCR-
and 1L-12/18-stimulated IFN-y production severely, it has no effect on IL-12/18 stimulation
of NK cells that have been cultured in IL-15 and a modest effect with NKR
stimulation.12:16.17 These findings suggest fundamental differences in metabolic regulation
of IFN-y production between T cells and NK cells.

Donnelly et al. investigated the metabolic requirements of NK cells that had been expanded
in intermediate-dose I1L-15 for 7 days.13 IFN-y production in these 1L-15-expanded NK
cells in response to IL-2/12 was impaired significantly in the presence of glycolytic or
mTOR inhibitors and was accompanied by increased rates in glycolysis and OXPHOS.
Whether the requirement for glycolysis and mTOR is an intrinsic property of 1L-2/12
stimulation or is the result of IL-15 expansion is unknown.

The mechanism by which 1L-15 makes NK cells more or less dependent on specific
metabolic signals is unknown, but may be related to how IL-15 primes other NK cell
functions, including cytotoxicity. Priming by I1L-15 causes translation of pre-formed mRNA
for cytotoxic proteins,2 so it is possible that priming also enhances translation of IFN-y
MRNA.
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D. NK Cell Metabolism in Vivo

It has been technically challenging to investigate NK cell metabolism /in vivo and there is
less evidence regarding the NK-intrinsic pathways important for /n vivo NK cell function.
Donnelly et al. examined the effects of inhibiting glycolysis or mTOR on NK cell responses
to in vivo stimulation with the TLR3 ligand poly(1:C).13 Treatment of mice with inhibitors to
either pathway decreased the percentage of IFN-y* NK cells significantly 24 hours after
injection of poly(l:C). These findings suggest that TLR3-induced NK cell IFN-7y is
dependent upon glycolysis and mTOR, although the mechanism and whether it is NK
specific or due to an alteration in IL-15 or type | IFN signaling in other cell types that drive
NK cell IFN-y production in this model is unknown.

In the NK-specific model of Mtor deletion developed by Marcais et al., there was a
significant decrease in mature, peripheral NK cells despite normal bone marrow numbers.14
Mature cells that were present did produce IFN-y normally when stimulated by NKR or
IL-12/18. Interestingly, NK cells genetically lacking mTOR had no significant differences in
their ability to produce IFN-y in response to MCMYV infection at day 2 after infection.1
This is in contrast to a study by Nandagopal et al., who administered the mTOR inhibitor
rapamycin to MCMV-infected mice and observed decreased NK cell IFN-y production at
1.5 days after infection.92 However, it is difficult to compare these two studies because
Mitor-deficient NK cells are immature and present at a much lower frequency. It would be
interesting to investigate whether the effects of rapamycin on MCMV-induced NK cell IFN-
vy production are limited to mature, rather than immature, NK cells.

V. METABOLIC REQUIREMENTS FOR IFN-y IN HUMAN NK CELLS

A recent study demonstrated that human peripheral blood NK cells have metabolic
requirements similar to murine NK cells. Human NK cells have several differences
compared with murine cells, one key distinction being that, in human cells, the expression of
CD56 is linked to maturation and distinguishes less mature and cytokine-producing
CD56P119t NK cells from more mature and cytotoxic CD56%9M NK cells.%

Keating et al. found recently that, similar to murine NK cells, human NK cells have
relatively low metabolism at rest, but increase glycolysis and OXPHQS significantly after 18
hours of stimulation with IL-2 or 1L-12/15.15 Human NK cells also have specific metabolic
requirements for IFN-y production. Inhibition of OXPHOS decreased IFN-y production in
response to 1L-12/15,15 but had no effect on the small quantity of IFN-y produced in
response to 1L-2 alone.12 Limiting the rate of glycolysis by culturing cells in the presence of
galactose rather than glucose led to decreased IFN-y production by CD5619 NK cells in
response to 1L-12/15,15 although the effect of direct glycolytic inhibition is unknown.
CD56bPrght NK cells were more glycolytic and had increased metabolism after stimulation
compared with CD569M cells, suggesting either developmentally regulated differences in
metabolism or that cytokine synthesis requires increased metabolic capacity.

Inhibition of mMTOR in human NK cells inhibited significantly the ability of IL-2 alone to
up-regulate glycolysis, but glycolytic up-regulation with 1L-12/15 was unchanged.1® The
fact that mTOR was required for IL-2-driven but not IL-12/15-driven glycolysis in human
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NK cells is intriguing because I1L-2 and IL-15 use the same signaling receptors. These
results suggest that IL-12 signaling might drive increased glycolysis independently from
IL-15 and mTOR signaling.

VI. POSSIBLE MECHANISMS OF METABOLIC CONTROL

A. Metabolic Regulation during Signaling and Transcription of IFN-y

Metabolic requirements for murine NK cell IFN-y production depend on the type and length
of stimulus (i.e., NKR vs. cytokine activated) and the state of the NK cells (i.e., naive vs.
IL-15-activated). There are several possible reasons for these findings. First, signaling
downstream of different receptors might have distinct metabolic requirements due to the
signaling components involved. For example, if signaling proteins characteristic of NKR
activation such as PLC-y or PKC-6 require a metabolic signal, this could explain why IFN-
v downstream of activating receptors required OXPHOS and glycolysis, whereas
stimulation from IL-12/18 did not have the same requirement.12 How metabolism might
alter signal transduction is an interesting question. ROS and other metabolites have been
shown to regulate signaling pathways, although we did not find a role for ROS in production
of IFN-y through NKR stimulation.12 Another possibility is that phosphorylation might be
altered due to decreased ATP availability with glycolytic or OXPHOS inhibition. Production
or stability of IFN-vy transcript might also be regulated by metabolism in NK cells, as is
found in T cells. This could be due to a metabolic cue required for efficient mRNA splicing,
similar to regulation of FOXP3splicing by the glycolytic enzyme enolase-1 in human T
cells.%7

Differences in signaling pathways, activation of downstream TFs, or the stability of IFN-y
mRNA would be expected to result in different levels of transcript. In response to
stimulation with 1L-12/18, NK cell IFN-y transcript increases >300 fold within 6 hours.
However, stimulation through the activating NKR NK1.1 did not lead to significant /fng
transcription above baseline during the same timeframe despite the emergence of abundant
IFN-y protein.12 Neither the high levels of IFN-g mRNA in 1L-12/18-stimulated NK cells
nor the low levels of transcript present in NK cells were altered with OXPHOS inhibition.12
These findings suggest fundamental differences in the regulation of IFN-y protein
production between cytokine and NKR pathways (i.e., transcriptional control of I1L-12/18
stimulation and post-transcriptional control of NK1.1 IFN-y production), potentially
providing the best clue as to the reason for distinct metabolic requirements for NK cell
activation.

B. Metabolic Regulation during Translation or Post-Translational Processing

Another way in which metabolism could regulate IFN-y protein production is through
translational regulation. One possible explanation for the different metabolic regulation of
NKR versus cytokine stimulation is that a metabolically regulated factor inhibits translation
of pre-formed transcript during NKR activation but is overwhelmed by increased
transcription during cytokine activation. This could be a direct effect of metabolic enzymes
or via actions on other factors such as miRNAs. One candidate metabolic enzyme is
GAPDH, which in CD8* T cells binds to and inhibits translation of IFN-y transcript unless
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recruited for glycolysis.1” However, unlike NK cells, glycolytic inhibition in T cells affects
both receptor- (TCR) and 1L-12/18-driven IFN-y production.16:17 NK cell IFN-y production
in response to 1L-12/18 is preserved with glycolytic inhibition and it is unclear whether
GAPDH is important for translational control of IFN-y in NK cells.

Metabolism could also regulate translation of IFN-y by increasing the cell’s capacity for
cytokine production because rapid translation of protein is energetically costly. Activation of
mTOR might assist in IFN-vy translation by increasing ribosomal synthesis and translational
rates.%8 NK cells increase their mitochondrial mass 7 days after MCMV infection,% which
could help them to meet the increased demand for ATP. It is not known whether NK cells
use aerobic glycolysis to increase ER/Golgi synthesis, as has been described in DCs,%® but,
theoretically, this strategy could decrease ER stress during translation of cytokines and
cytotoxic granule proteins. Therefore, metabolic changes could increase cytokine synthesis
capacity immediately, as with mTOR activation, or gradually, as with organelle synthesis.

Finally, metabolism could affect protein folding or post-translational modification of IFN-y
and thus its stability and rate of production. Glucose metabolism is required for protein
glycosylation, a crucial step in the folding and stability of many proteins, including IFN-y,
which in humans can be glycosylated at two residues, increasing secretion and
stability.100.101

VII. CONCLUSION

In conclusion, several recent studies have demonstrated for the first time that the two
primary metabolic pathways, glycolysis and OXPHQOS, are important for mouse and human
NK cell IFN-y production under certain circumstances. The master metabolic regulator
mMTOR is essential for NK cell maturation and is also necessary for maximal IFN-y
production after IL-15 stimulation. The interactions between metabolic pathways and IFN-y
production are complex and dependent on the specific stimuli used, the length of
stimulation, and the activation status of the NK cell. Application of these findings has the
potential to inform the development of new protocols for NK cell activation in the context of
immunotherapy that take into account metabolic requirements for NK cell activation. For
example, NK cells cultured with IL-15 have distinct metabolism compared with naive NK
cells and have enhanced function when metabolically stressed. This suggests that treatment
of patients with IL-2, which is used clinically for a number of diseases and shares the same
signaling pathways as IL-15, might have similar metabolic effects on NK cells. In addition,
investigation of the metabolic requirements for NK cell cytotoxicity, a key property for anti-
tumor effects of NK cells, warrants further investigation. Continued investigation of the
metabolic regulation of NK cells will provide valuable insight into the regulation of NK cell
effector functions and the metabolic programs essential for the activation of different
immune cell types.
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FIG. 1.
Signaling pathways leading to IFN-+y transcription in NK cells. NK cells up-regulate the

transcription of /fng in response to several signaling pathways, most of which converge on
the TFs STAT4 and NF-«xB to cause acute transcription. In NK cells, the /fng locus is bound
by constitutively active T-bet and Eomes. Shown here are the primary signaling pathways
downstream of cytokines and receptors leading to IFN-y transcription. IL-12-induced
STATA4 is essential for optimal cytokine co-stimulation of IFN-y. IL-2 and IL-15 share
common signaling receptors and downstream Janus kinase (JAK)/STAT, PI3K, and MAPK
signaling. There is evidence that NF-xB and STAT4 can also be activated downstream of
IL-2 in NK cells, although this signaling is poorly described (lightened). Activation
receptors can trigger IFN-y production independently of cytokine signaling and associate
with ITAM-containing adapters, leading to multiple downstream signaling cascades
including PI3K, MAPK, and PLC-v, which cause cytokine production and cytotoxicity. Red
indicates ligand; blue, receptor; green, kinase; purple, transcription factor; and teal, second
messenger.
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FIG. 2.
Major metabolic pathways and programs in immune cells. Left: Naive immune cells use

glucose to fuel glycolysis, producing ATP and pyruvate. Pyruvate is converted into acetyl-
CoA, enters into the mitochondria, and is processed by the TCA cycle into high-energy
electrons. Carriers bring these electrons to the electron transport chain for OXPHOS, which
requires oxygen to synthesize large amounts of ATP. Center: In activated effector T cells,
DCs, and M1 macrophages, glycolysis is highly up-regulated, leading to the production of
lactate. Metabolites are shunted toward nucleotide synthesis in T cells, ROS/nitric oxide in
macrophages, and fatty acid synthesis in DCs. Depleted TCA intermediates can be replaced
by glutamine. OXPHOS functions at a low level in activated effector cells. Right:
Alternatively activated M2 macrophages, Tregs, and memory T cells down-regulate
glycolysis, instead oxidizing lipids to fuel the TCA cycle. Increased mitochondrial mass
leads to greater respiratory capacity and increased OXPHOS.
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Increased rates of metabolism with prolonged IL-15 exposure, but not short-term activation.

Short-term activation (6 hours) by NKRs or cytokines does not change the rates of

glycolysis or OXPHOS despite the production of IFN-y and degranulation. Culture with
IL-15 for 3+ days increases both glycolysis and OXPHOS, with a greater enhancement of

glycolysis but, by itself, does not lead to significant IFN-y production. These IL-15-
“primed” NK cells also have different metabolic requirements for IFN-y production

compared with naive NK cells.
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Naive NK cells require OXPHOS for receptor-stimulated IFN-y production, but activation
with IL-15 eliminates this requirement. Fresh murine splenic NK cells (top and middle) or
IL-15-activated “primed” NK cells (bottom, 72-hour stimulation with 100 ng/mL IL-15)
were activated with IL-12/18 (top) or plate-bound anti-NK1.1 (center and bottom) in the
presence or absence of the OXPHOS inhibitor oligomycin (100 nM). NK cell production of

IFN-vy protein was measured after 6 hours.

Crit Rev Immunol. Author manuscript; available in PMC 2017 March 03.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mah and Cooper

TABLE 1

Metabolic Regulation of NK Cell IFN-y Production

Stimulus | Glycolytic Inhibition | OXPHOS Inhibition | mTOR Inhibition
Primary Murine NK Cells Cytokines +++ + (IL-12/15) n/a
+++(1L-12/18)
NKR + X n/a
PMA/Ca ++ + n/a
IL-15-Primed Murine NK Cells Cytokines +t0 ++ +++ Xto ++
NKR ++ +++ +
PMA/Ca nla +++ n/a
In Vivo Activated Murine NK Cells | Poly(l:C) ++ n/a ++
MCMV nla n/a ++
Human NK Cells IL-2 it ¥ +++ +to ++
IL-12/15 ++ ¥ Xto+ +++

For each stimulus, the effect of inhibition of glycolysis, OXPHOS, or mTOR on the percentage of NK cells producing IFN-vy is shown. +++,
similar or <20% change with inhibitor; ++, 20-50% decrease with inhibitor; +, 50-80% decrease with inhibitor; X, >80% decrease with inhibitor;

n/a, not available/not tested.12v13115v85

*
Culture of human NK cells in the presence of galactose, which stimulates OXPHOS preferentially compared with glycolysis, caused slightly

decreased IFN-y production in NK cells in response to 1L-12/15; direct glycolytic inhibition has not been tested.
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