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Abstract

Natural killer (NK) cells are forced to cope with different oxygen
environments even under resting conditions. The adaptation to
low oxygen is regulated by oxygen-sensitive transcription factors,
the hypoxia-inducible factors (HIFs). The function of HIFs for NK
cell activation and metabolic rewiring remains controversial. Acti-
vated NK cells are predominantly glycolytic, but the metabolic pro-
grams that ensure the maintenance of resting NK cells are
enigmatic. By combining in situ metabolomic and transcriptomic
analyses in resting murine NK cells, our study defines HIF-1a as a
regulator of tryptophan metabolism and cellular nicotinamide ade-
nine dinucleotide (NAD") levels. The HIF-1a/NAD" axis prevents
ROS production during oxidative phosphorylation (OxPhos) and
thereby blocks DNA damage and NK cell apoptosis under steady-
state conditions. In contrast, in activated NK cells under hypoxia,
HIF-1a is required for glycolysis, and forced HIF-1a expression
boosts glycolysis and NK cell performance in vitro and in vivo. Our
data highlight two distinct pathways by which HIF-1a interferes
with NK cell metabolism. While HIF-1a-driven glycolysis is essen-
tial for NK cell activation, resting NK cell homeostasis relies on
HIF-1a-dependent tryptophan/NAD" metabolism.
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Introduction

Natural killer (NK) cells are a subset of cytotoxic innate lymphoid cells
with a unique capacity to kill aberrant cells including virus-infected
cells or malignant tumor cells (Trinchieri, 1989; Vivier et al, 2004;

Spits et al, 2016). Upon activation, NK cells release cytotoxic Gran-
zyme B and the cytokine interferon-y (IFN-y; Vivier et al, 2012; Mace
et al, 2014). NK cells reside and operate in hypoxic conditions and cel-
lular adaptation to low oxygen is mediated by hypoxia-inducible tran-
scription factors (HIFs), with HIF-1 and HIF-2 being the most
extensively studied (Schofield & Ratcliffe, 2004; Kaelin, 2008;
Semenza, 2012). HIF-1a has been implicated in the metabolic control
of various cell types, especially the use of pyruvate, by inhibiting the
entrance of pyruvate into oxidative phosphorylation (OxPhos) to
increase its fermentation to lactate (Iyer et al, 1998; Papandreou
et al, 2006; Ullah et al, 2006). NK cell activation and effector function
largely relies on aerobic glycolysis (Donnelly et al, 2014; Margais
et al, 2014; Keppel et al, 2015; Assmann et al, 2017; Isaacson &
Mandelboim, 2018; Loftus et al, 2018; Poznanski et al, 2018), and this
switch is controlled by mammalian target of rapamycin complex 1
(mTORC1), Srebp and cMyc (Donnelly et al, 2014; Margais et al, 2014;
Assmann et al, 2017; Loftus et al, 2018). In NK cells, HIF-1a is consid-
ered as dispensable for glycolysis and the metabolic activation of NK
cells (Krzywinska et al, 2017; Loftus et al, 2018; Ni et al, 2020) and
the question whether HIF-1ao promotes or impairs NK cell effector
function is a matter of debate (Krzywinska et al, 2017; Ni et al, 2020).
Taken together, the metabolic programs that ensure homeostasis of
resting NK cells in low-oxygen environments are not well understood.
Moreover, there are no studies describing a functional role for HIF-1a
in resting NK cells. Therefore, we set out to study the impact of HIF-
1o on metabolism and homeostasis of NK cells in vivo.

Results

The transcription factor HIF1a is involved in tryptophan/NAD
metabolism and NK cell homeostasis

In vivo, targeted deletion of HIF-1o was achieved by crosses of the
loxP-flanked HIF-1o allele'” to the Ncrl (NKp46) promoter-driven
Cre recombinase'’, specific to NKp46-expressing innate lymphoid
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cells, including NK cells (HIF-1o*/%*/Ncr1®* mice, termed HIF-1o
KO). We first analyzed NK cells in organs that harbor a substantial
number of NK cells but exhibit different oxygen partial pressures
(pO,), namely the bone marrow (pO, = 40-50 mmHg), liver
(pO, = 30-40 mmHg), and spleen (pO, = 20 mmHg; Jagannathan
et al, 2016). Mice with an NK cell-specific deletion of HIF-1a0 show
reduced NK cell numbers in the spleen and, hence, the organ with
the lowest pO, (Fig 1A), whereas NK cells from the bone marrow
and liver were not affected (Fig EV1A-D). This is in line with previ-
ous reports from our laboratory that demonstrated a decrease in
splenic NK cells upon loss of HIF-1a, while neither maturation nor
the receptor repertoire of NK cells were affected (Krzywinska
et al, 2017). To understand the underlying mechanism accounting
for the perturbed NK cell homeostasis in situ, we avoided any meta-
bolic bias introduced by positive selection (binding to activating NK
cell receptors), artificial culture conditions (high glucose media) or
high-dose cytokine exposure as used during ex vivo NK cell expan-
sion/stimulation (Crabtree, 1929). Instead, we captured the impact
of HIF-1a on resting splenic NK cells in situ with combined untar-
geted mass spectrometry-based metabolomics and transcriptomic
analysis after rapid negative “no touch” selection (purity 90%;
Fig 1B). In line with the role of HIF-1a in glycolysis in various cell
types, HIF-1a-deficient NK cells exhibit decreased levels of the glyco-
lytic end product lactic acid along with a reduction of the amino
acids glutamine, glutamate, proline, and arginine (Fig 1C). Unex-
pectedly, we observed a drastic decrease in the essential amino acid
tryptophan, the downstream tryptophan metabolite methyl-
quinoline as well as the NAD precursor, Niacinamide (NAM),
suggesting a role for HIF-1a in tryptophan/NAD metabolism in NK
cells under homeostatic conditions. This was further corroborated
by reduced mRNA expression of the transporter Slc36a4 for the
amino acids tryptophan, glutamine, and proline and the rate-limiting
enzyme in tryptophan catabolism Indolamin-2,3-Dioxygenase (Ido1)
in the absence of HIF-1a (Figs 1D, and EV1E and F). To get further
insights, we used targeted metabolomics on the tryptophan/NAD
metabolome, which allows to capture more subtle HIF1a-dependent
changes. This procedure identified reduced levels of the tryptophan
catabolite kynurenine (KYN) as well as the NAD precursors nicotinic
acid mononucleotide (NAMN), nicotinic acid riboside (NAR; Fig 1E),
and N-methylnicotinamide (MNA), while other metabolites along
this pathway remained unchanged (Fig EV1g). While the mRNA
expression of enzymes that convert NAD precursors into NAD was
not affected (Fig 1D), HIF-1a-deficient cells had a decreased NAD/
NADH ratio (Fig 1F). Although the quantification of NAD/NADH
ratio here is based on total NAD and NADH, this suggests a so far
unanticipated role of HIF-lo in tryptophan metabolism and the
maintenance of free NAD" levels in resting, nonactivated NK cells.

HIF1a deficiency leads to DNA damage and NK cell death under
homeostatic conditions

NAD™ plays a crucial role in mitochondrial redox homeostasis and
DNA damage repair upon oxidative stress (Fang et al, 2016;
Sedlackova & Korolchuk, 2020). Consistently, HIF-1a-deficient NK
cells generate increased mitochondrial reactive oxidative species
(ROS) and suffer from increased DNA damage (Mah et al, 2010) and
cell death (Fig 2A—C). Of note, bone marrow and liver NK cells from
HIF1la KO mice do not show elevated ROS levels or increased DNA
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damage (Fig EV1H and I). ROS formation is frequently associated
with proton leakage upon OxPhos in mitochondria (Murphy, 2009).
Therefore, we performed real-time measurement of the oxygen con-
sumption rate (OCR) as a measure of mitochondrial respiration with
a Seahorse analyzer on splenic NK cells of both genotypes. In line,
HIF-1a-deficient NK cells exhibit increased mitochondrial respiration
(OCR) and enhanced proton leakage (Fig 2D) as determined by
Seahorse assays. A previous study had reported increased OxPhos
in HIFla-deficient NK cells (Ni et al, 2020), without analyzing ROS
production. Our data and the fact that HIF-1a-deficient NK cells gen-
erate less ATP despite increased OxPhos (Fig 2E) suggest an uncou-
pling of mitochondrial respiration and ATP production.

Radioactive labeling revealed fatty acid oxidation as the major
anaplerotic pathway and the preferred carbon source for OxPhos in
HIF-1o-deficient NK cells (Fig 2F), whereas glutaminolysis remained
unaffected (Fig 2G). Consistently, loss of HIF-1a is associated with
enhanced expression of genes involved in fatty acid metabolism
(Fig 2H). Of note, increased oxidation of fatty acids in the mitochon-
dria has been shown to be a source of net ROS production
(Murphy, 2009).

Consistent with previous reports, loss of HIF-lo results in
enhanced ROS production during OxPhos and DNA damage (Kim
et al, 2006; Zhang et al, 2008). However, our data add novel insight
and suggest perturbed tryptophan/NAD metabolism and depletion
of NAD precursors in HIFla-deficient NK cells as the underlying
mechanism.

In contrast to resting conditions, NK cells engage glycolysis upon
activation (Gardiner & Finlay, 2017; Isaacson & Mandelboim, 2018).
In line with previous reports, HIF-1a is dispensable for glycolysis in
NK cells under normoxic conditions (20% O,; Loftus et al, 2018;
Fig 3A). Yet, HIF-1a becomes a central player for glycolysis under
hypoxic conditions, when loss of HIF-1a decreases the extracellular
acidification rate (ECAR), a surrogate measurement for glycolysis in
the Seahorse assay ECAR (Fig 3A). In line with our previous studies
(Krzywinska et al, 2017), HIF-1a-deficient NK cells show impaired
NK cell reactivity in vitro as demonstrated by NK cell degranulation
(CD107a") and IFN-y expression upon activation by PMA /ionomycin
under normoxia and hypoxia (Fig 3B). Supplementation of NAD" or
NAM fails to rescue the defect in NK cell activation (Fig 3C), and it is
tempting to speculate that this phenomenon is caused by the anti-
glycolytic effect (Fig 3D; Luengo et al, 2021). This indicates that rest-
ing NK cell homeostasis relies on HIF-1a-dependent tryptophan/
NAD metabolism, whereas HIF-1a-driven glycolysis is essential for
NK cell activation.

NK cells have a unique capacity to restrict metastatic spread of
circulating cancer cells®. Therefore, we aimed to determine the
impact of HIF-1a expression on NK cell effector function and immu-
nosurveillance of metastatic tumor cells in vivo. To this end, we
injected syngeneic B16F10 melanoma cells intravenously into HIF-
1o KO mice as well as the corresponding WT littermates and ana-
lyzed the number of pulmonary metastases 2-week postinjection.
Consistent with our in vitro observations, loss of HIF-1a in NK cells
leads to increased pulmonary metastasis of intravenously injected
melanoma cells (Fig 3E). Given the profound effect of HIF1la on NK
cell-dependent pulmonary metastasis in vivo, we decided to analyze
abundance and phenotype of NK cells in lungs from mice after i.v.
injection of B16 melanoma cells. As shown in Fig 3F, the increase in
pulmonary metastasis HIF1a KO mice is associated with a decrease

© 2023 The Authors
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Figure 1. The transcription factor HIF1a contributes to tryptophan/NAD metabolism and maintenance of resting NK cells.

A NK cell count, defined as CD45" CD3~ NKp46" CD49b", in spleens of WT and HIF-1a KO mice (n = 2).

B Experimental design for in situ experiments.

C Heatmap of the downregulated metabolites from the untargeted metabolomics performed on six samples of freshly isolated NK cells from WT and HIF-1a KO mice.

D Gene expression analysis of genes from the NAD—tryptophan pathway and key amino acid transporters from bulk RNA-sequencing performed on six samples of
freshly isolated NK cells from WT and HIF-1a KO mice.

E The NAD—tryptophan pathway (Trp, tryptophan; Kyn, kynurenine; QA, quinolinic acid; NAAD, nicotinic acid adenine dinucleotide; NA, nicotinic acid; NAMN, nicotinic
acid mononucleotide; NMN, nicotinamide mononucleotide; NAM, nicotinamide; MNA, methylnicotinamide; NAR, nicotinic acid riboside; NAD, nicotinamide adenine
dinucleotide) and its key enzymes (IDO, indoleamine-2,3-dioxygenase; KMO, kynurenine 3-monooxygenase; KYNU, kynureninase; HAAO, 3-hydroxyanthranilate 3,4-
dioxygenase; QPRT, quinolinate phosphoribosyl-transferase; NMNAT, NMN adenyl-transferase; NAPRT, NA phosphoribosyl-transferase; NADS, NAD synthase; NAMPT,
NAM phosphoribosyl-transferase; NRK, NR kinase) and analysis of metabolites quantification from untargeted (tryptophan, methyl-quinoline and NAM) and targeted
(NAAD, NA, NMN, MNA and kynurenine) metabolomics.

F NAD/NADH ratio (n =1).

Data information: Statistical significance was determined by an unpaired Student’s t-test. Bars represent mean values, error bars indicate the s.e.m., (n) represents the
number of independent experiments, and each data point represents a biological sample from a mouse (A) or from NK cells pooled from 3 to 5 mice (D-F). Statistical

significance is indicated as *P < 0.05, **P < 0.01, and ***P < 0.001.
Source data are available online for this figure.

in pulmonary NK cell frequencies and total numbers, along with a
decrease in pulmonary Granzyme B and IFN-y" NK cells. This is
consistent with previous reports from our laboratory, where we
have shown that loss of HIF1a leads to impaired NK cell infiltration
in vivo (Krzywinska et al, 2017).

Next, we now performed in vitro killing assays with B16 mela-
noma cells with a customized killing assay for B16 cells by increas-
ing the coincubation with NK cells to 24 h and the addition of IL-15
to ensure NK cell survival over this period. However, as shown
below, the loss of HIFla did not affect NK cell-dependent lysis of
B16 cells in normoxia or hypoxia (Fig 3G). This is in line with previ-
ous reports from our laboratory that HIFla does not affect the in
vitro killing of MHC-I-proficient cells (Krzywinska et al, 2017) and
suggests that HIF-1a is required NK cell infiltration into metastatic
lesions.

Constitutive activation of HIF1a enhances glycolysis and NK cell
effector function

To explore the functional impact of constitutive HIF activation on
NK cells, we created an NK cell-specific deletion of the negative
HIF regulator VHL in NK cells, via crosses of the loxP-flanked Vhl

allele to the Ncrl (NKp46) promoter-driven Cre recombinase,
(VHL™/™/Ncr1°") termed VHL KO (Sobecki et al, 2021; Krzy-
winska et al, 2022). NK cell reactivity is strongly linked to NK cell
maturation, which can be distinguished by the expression of
CD27/CD11b (Hayakawa & Smyth, 2006) along with the develop-
ment of a repertoire of inhibiting and activating receptors (Hun-
tington et al, 2007). Importantly, loss of VHL reduced the
frequency and number of immature splenic NK cell frequencies
but resulted in a slightly increased frequency of mature NK cells in
the spleen (Fig 4A and B), while the receptor repertoire remained
unaffected (Fig 4C). Metabolic profiling with the Seahorse analyzer
on VHL-deficient splenic NK cells revealed a decreased mitochon-
drial respiration (OCR) and proton leakage (Fig 4D). Moreover, the
absence of VHL enhanced glycolysis (Fig 4E) and NK cell reactivity
as demonstrated by increased Granzyme B expression (Fig 4F).

As VHL negatively regulates both HIF isoforms, the deletion of
VHL not only stabilizes HIF1a but also extends to the constitutive
expression of HIF-2a. To control for these effects, we crossed the
loxP-flanked Epasl allele** that encodes for HIF-20 to the Ncrl
(NKp46) promoter-driven Cre recombinase®® (EPAS1™/™/Ner1°e,
termed HIF-2o KO). In this experimental setting, we failed to detect
any effects on splenic NK cell numbers or NK cell activation upon

Figure 2. Loss HIF1a results in oxidative stress and drives apoptosis of resting NK cells.

A Analysis of mitochondrial ROS amount of freshly isolated NK cells from WT and HIF-1a KO mice (n = 3).

B Analysis of DNA damage in splenic NK cells from WT and HIF-1a KO mice by FACS measurement of y-H2AX (n = 3).

C Analysis of cell death in freshly isolated NK cells from WT and HIF-1o KO mice using Annexin V and 7AAD staining (n = 3).

D Oxygen consumption rate (OCR) analysis of freshly isolated NK cells from WT and HIF-1o KO mice assessed with sequential injection of 1 pM oligomycin, 2 uM FCCP

and 1 puM rotenone and antimycin A in normoxia (n = 8).

m

ATP quantification of freshly isolated NK cells from WT and HIF-1o KO mice (n = 2).

F  Fatty acid oxidation rate in freshly isolated NK cells from WT and HIF-1a KO mice by measurement of tritium-labeled H-O release after incorporation of [9,10->H(N)]-

palmitic acid for 6 h (n =3).

G Glutamine oxidation rate in freshly isolated NK cells from WT and HIF-1a KO mice by measurement of **C-labeled CO, release after incorporation of L-[**C(U)]-

glutamine for 6 h (n = 4).

H GSEA enrichment analysis of upregulated genes in HIF-1o samples from bulk RNA-sequencing performed on three WT samples and three KO samples of freshly

isolated NK cells from WT and HIF-1a KO mice.

Data information: Statistical significance was determined by an unpaired Student’s t-test, one-sample t-test or one-way ANOVA where appropriate. Bars represent mean
values, error bars indicate the s.e.m., (n) represents the number of independent experiments, and each data point represents a biological sample from a mouse. Statistical

significance is indicated as *P < 0.05, **P < 0.01, and ***P < 0.001.
Source data are available online for this figure.
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stimulation PMA/ionomycin under normoxia (20% O,) and hypoxia
(2% 0O,) (Fig EV2A and B), suggesting HIF-1a as the main mediator
of hypoxic responses in NK cells. However, we did not exclude that
a hypomorphic or transdominant negative form of HIF-2 protein
may be produced following Cre excision. Moreover, it is important
to mention that VHL targets several proteins outside the HIF path-
way for ubiquitination and degradation, for example, members of
the p53 and NF-«xB pathway as well as atypical protein kinase C and
RNA polymerase II (Li & Kim, 2011). Therefore, we cannot entirely
rule out that loss of VHL also modulates HIF-independent cellular
signaling events in NK cells.

© 2023 The Authors

Next, we aimed to determine the impact of VHL loss on NK cell
immunosurveillance of metastatic tumor cells in vivo and injected
syngeneic B16F10 melanoma cells intravenously into VHL KO mice
as well as the corresponding WT littermates and analyzed the num-
ber of pulmonary metastases 2-week postinjection. Consistent with
our in vitro observations, VHL deletion in NK cells reduced pulmo-
nary metastases by almost 70% (Fig 4G). Furthermore, this was
associated with an increase in Granzyme B* NK cells, whereas the
frequency of total NK cells remained unchanged (Fig 4H). This sug-
gests that forced HIF-1a-driven glycolysis can enhance NK cell effec-
tor function in vivo.
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Figure 3. HIFla is required for glycolysis and full NK cell effector function.

EMBO reports

A Extracellular acidification rate (ECAR) analysis of freshly isolated NK cells from WT and HIF-1a KO mice assessed with sequential injection of 10 mM glucose, 1 pM

oligomycin and 30 mM 2-deoxy glucose in 20% O, (NOX) or 1% O, (HOX) (n = 6).

B NK cell degranulation (CD107a") and IFN-y expression were analyzed by flow cytometry. Splenocytes of WT and HIF-1a KO mice were stimulated with PMA (200 ng/
ml) and ionomycin (1 pg/ml), control being unstimulated splenocytes, for 6 h at 37°C, 5% CO, and 20% O, (NOX) or 2% O, (HOX) (n = 4).

C Same as (B) compared with supplementation with 10 mM NAD" or NAM (n = 2).

D ECAR analysis of freshly isolated NK cells from WT and HIF-1o. KO mice assessed with sequential injection of 10 mM glucose, 1 uM oligomycin and 30 mM 2-deoxy

glucose in normoxia (n = 1).

E Pulmonary metastatic nodules count 14 days after intravenous injection of B16F10 tumor cells in WT and HIF-1a KO mice.
F Frequency and count of total infiltrated NK cells, and count of IFN-y* and granzyme B (GrzmB) positive NK cells in metastatic lungs of WT and HIF-1o KO mice

(n=23).

Data information: Statistical significance was determined by an unpaired Student’s t-test, one-sample t-test or one-way ANOVA where appropriate. Bars represent mean
values, error bars indicate the s.e.m., (n) represents the number of independent experiments, and each data point represents a biological sample from a mouse. Statistical

significance is indicated as *P < 0.05, **P < 0.01, and ***P < 0.001.
Source data are available online for this figure.

Discussion

In summary, this study suggests that forced HIF-1a-driven glycolysis
can enhance NK cell effector function, whereas the homeostasis of
resting NK cell homeostasis relies on HIF-1o-dependent tryptophan/
NAD metabolism. Nicotinamide adenine dinucleotide (NAD) is an
important cofactor in metabolic reactions. Its oxidized form, NAD",
can accept electrons from glycolysis and Krebs cycle’s reactions,
while its reduced form releases electrons in the electron transport
chain, leading to the production of ATP. It has been shown that
there is a tight interplay between ATP production and the balance
between NAD" and NADH. Indeed, aerobic glycolysis engaged in
proliferative cells such as activated NK cells is not only need for
ATP production but also for NAD" regeneration, and the need of
NAD™ over ATP leads to a metabolic switch to aerobic glycolysis
(Luengo et al, 2021). Thus, the metabolic shift induced by HIF-1a is
likely to influence the NAD"'/NADH balance in cells. However, this
question had not been studied yet. Our data indeed suggest a role
for HIF-1o in the maintenance of free NAD" levels in resting, nonac-
tivated NK cells.

The question whether HIF-1o promotes or impairs NK cell effec-
tor function has been controversial (Krzywinska et al, 2017; Ni
et al, 2020). Although we cannot exhaustively clarify all the contra-
dictions between our studies and the report by Ni et al, who report
enhanced NK cell function upon loss of HIF-1a, we would like to
propose some explanations for the obvious discrepancies. One likely

explanation is the use of different tumor models and, hence, target
cells. We used in this and previous studies YAC-1 and v-ABL lym-
phoma cell lines as well as LLC lung carcinoma, MC 38 colon can-
cer, and B16F10 melanoma cell lines for in vivo studies. Ni et al
mostly studied subcutaneous RMA-s and RMA tumors and in one
experiment LLC tumors with different initial numbers of subcutane-
ously injected tumor cells. Of note, Ni et al did not perform intrave-
nous injection of B16 cells as we did here, to selective study the
impact of HIF1la on NK cell surveillance of circulating melanoma
cells. Additional confounding factors could be the degree of back-
crossing to the BL6 background (in our case > 99% C57Bl/6J back-
ground) as well as varying hygiene levels in different animal
husbandry and the potential consequences on preactivation of NK
cells.

Besides that, Ni et al performed all ex vivo Seahorse analysis
under normoxic conditions and not in hypoxia. Yet, Ni et al also
observe increased OxPhos in HIFla deficient NK cells in Seahorse.
However, whether increased OxPhos affects ROS production or
DNA damage was not evaluated further in the study by Ni et al.

Finally, in contrast to our studies, Ni et al did not observe signifi-
cant differences in splenic NK cell numbers. Although there was a
trend toward decreased NK cell numbers in HIFloo KO mice with
n = 3, this trend failed to reach the level of statistical significance.
Although we cannot entirely reconcile our results with the report by
Ni et al, the above-mentioned differences might explain some of the
contradictions.

Figure 4. Forced HIF1a expression enhances NK cell glycolysis and effector potential.

A NK cell frequency and count, defined as CD45" CD3~ NK1.1* NKp46", in spleens from WT and VHL KO mice (n = 3).
B, C Expression analysis of (B) maturation markers and (C) inhibitory and activating receptors of freshly isolated NK cells from WT and VHL KO mice (n = 2).
D OCR analysis of freshly isolated NK cells from WT and VHL KO mice assessed with sequential injection of 1 uM oligomycin, 2 uM FCCP and 1 uM rotenone and

antimycin A in normoxia (n = 10).

E ECAR analysis of freshly isolated NK cells from WT and VHL KO mice assessed with sequential injection of 10 mM glucose, 1 uM oligomycin, and 30 mM 2-deoxy

glucose in 20% 0, (NOX) (n =12) or 1% O, (HOX; n = 8).

F Splenocytes of WT and VHL KO mice were stimulated with PMA (200 ng/ml) and ionomycin (1 pg/ml) for 6 h at 37°C, 5% CO, and 20% O, (NOX) or 2% O, (HOX) in
complete RPMI medium. Granzyme B expression was analyzed by flow cytometry (n = 2).

G Pulmonary metastatic nodules count 14 days after intravenous injection of B16F10 tumor cells in WT and VHL KO mice.

H Frequency of total and granzyme B positive (GrzmB") infiltrated NK cell in metastatic lungs of WT and VHL KO mice (n = 1).

Data information: Statistical significance was determined by an unpaired Student’s t-test, one-sample t-test or one-way ANOVA where appropriate. Bars represent mean
values, error bars indicate the s.e.m., (n) represents the number of independent experiments, and each data point represents a biological sample from a mouse. Statistical

significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
Source data are available online for this figure.
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In summary, we demonstrate that forced HIF-la-driven glycoly-
sis enhances NK cell effector function and define a novel role of
HIF-1a in the tryptophan/NAD pathway to ensure redox homeosta-
sis of resting NK cells.

Materials and Methods

Mouse models

In vivo targeted deletions of HIF-la and VHL in NK cells were
achieved by as previously described (Krzywinska et al, 2017, 2022).
To mitigate the influence of strain variation, mice were kept in
a>99% C57Bl/6J background. Male and female mice at the age of
8-12 weeks were used at equal ratios. All animal experiments were
approved by the local animal ethics committee (Kantonales Veter-
indrsamt Zirich, licenses ZH208/18 and ZH189/18) and performed
according to local guidelines (TschV, Zurich) and the Swiss animal
protection law (TschG).

Pulmonary metastasis model

B16F10 melanoma cell line was cultured in a RPMI GlutaMAX TM
medium (Thermo Fisher) supplemented with 10% of fetal bovine
serum (FBS) and 50 U/ml penicillin—streptomycin at 37°C and 5%
CO,. Cells were resuspended in PBS and 1 x 10° (for HIFlo mouse
model) or 2 x 10° (for VHL mouse model) B16F10 cells in 50 ul of
PBS were injected into the tail vein of the animals. The lungs were
removed after 7 days for NK cell infiltration assessment and stimu-
lation assay and after 14 days for metastatic foci counting.

NK cell purification

Splenocytes, bone marrow and liver cell suspensions were obtained
from HIF-1ao WT and KO mice. NK cells from spleen and bone mar-
row were purified on ice using “EasySep™ Mouse NK Cell Isolation
Kit” following the manufacturer’s protocol. NK cells from liver were
purified as described previously (Krzywinska et al, 2017).

Stimulation assay

Splenocytes were prepared and cultured with PMA (20 ng/ml) and
ionomycin (1 pg/ml) in a complete RPMI medium for 6 h at 37°C in
normoxia (20% O,) or hypoxia (1% O,). Golgi Stop (BD), Golgi
Plug (BD) and anti-CD107a were added in the medium at the begin-
ning of stimulation. Surface and intracellular staining for granzyme
B and INF-y was performed.

Killing assay

B16F10 melanoma cells were stained with CellTrace Violet
(Thermo Fisher) following the manufacturer’s protocol prior to the
assay. Freshly isolated NK cells were co-cultured at a ratio of 10:1
(NK:target) with B16F10 target cells for 24 h in a complete RPMI
medium in normoxia (20% O,) or hypoxia (2% O,). After 24 h,
cells were trypsinized for 4 min and acquired by FACS. Sytox
Green (Thermo Fisher) was added in each FACS tube 2 min prior
to acquisition.

© 2023 The Authors
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Flow cytometry

Flow cytometry was carried out on a LSR II Fortessa or a
FACSymphony (BD Bioscience) with anti-phospho-Histone H2A.X
Monoclonal (MAS537049, Thermo Fisher), anti-CD45 (1033132,
BioLegend), anti-CD3 (100222, BioLegend), anti-NK1.1 (108748,
Biolegend), anti-NKp46 (137606, BioLegend), anti-CD107a (560648,
BD Biosciences), anti-Granzyme B (812-8898, Invitrogen), anti-
Interferon-gamma (554413, BD), and Annexin V and 7AAD (BioLe-
gend, 640934).

Seahorse metabolic flux analysis

Freshly isolated NK cells were seeded at 200,000 cells/ well either
in an 8-well or in a 96-well Seahorse plate in 180 pl of the Seahorse
RPMI medium supplemented with 10 mM glucose, 2 mM sodium
pyruvate, and 2 mM L-glutamine. For real-time measurement of
oxygen consumption rate (OCR), sequential injection of 1 uM oligo-
mycin, 2 pM FCCP and 1 puM of rotenone and antimycin A was
performed. For real-time measurement of extracellular acidification
rate (ECAR), sequential injection of 10 mM glucose, 1 uM oligo-
mycin and 30 mM of 2-deoxy glucose (2-DG) was performed.
Seahorse culture microplate was coated with Cell-Tak to make NK
to adhere to the plate. For the measurement of ECAR in hypoxia,
NK cells were preincubated in a non-CO, incubator at 1% O, for 1 h
prior measurement under hypoxia.

ATP quantification

ATP levels were quantified using “ATP Determination Kit” (Thermo
Fisher) on freshly isolated NK cells following the manufacturer’s
instructions. Briefly, 200,000 freshly isolated NK cells were plated in
a V-bottom 96-well plate. A standard curve for ATP, ranged from
5 nM to 5 uM, was prepared. In each well, 90 pl of standard reac-
tion solution was added to the sample or standards and incubated
for 15 min on the benchtop. Finally, luminescence was measured
using a 560 nm filter.

ROS quantification

Mitochondrial ROS were measured using MitoSOX Red™ reagent
(Thermo Fisher, Invitrogen). NK cells were plated in a V-bottom 96-
well plate in 200 ul of 5 pM MitoSOX solution and incubated for
10 min at 37°C, 20% O, and 5% CO,. Cells were incubated with
Aqua Live/Dead at 1/500 for 20 min at 37°C, 20% O, and 5% CO,.
Cells were resuspended in FACS buffer, and the mean fluorescence
intensity (MFI) was acquired by flow cytometry with an LSR
Fortessa (BD Biosciences) or FACSymphony (BD Bioscience).

Glutamine oxidation rate

Glutamine oxidation was measured with freshly isolated NK cells.
The protocol was adapted from Veys et al (2019). On the first day,
NK cells were isolated and resuspended in a labeling solution of
RPMI Glutamax + penicillin/streptomycin + 5 pCi/ml L-[**C(U)]-
glutamine. In each well, 50 ul of radioactive solution was added to
500,000 NK cells in triplicate. To avoid any contamination, tripli-
cates of each mouse were plated alone in one plate and not mixed
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with other mouse replicates. The columns 1 and 12 and rows A and
H of the plates were not used and filled with 200 pl of fresh PBS.
Plates were incubated for 6 h at 37°C, 5% CO, and 20% O,. In the
meantime, filter papers of 2.5 x 2.5 cm were prepared for the next
step of the protocol. A few minutes before the end of the incubation,
a 1x hyamine solution was made with fresh pure water and the filter
papers were soaked in the solution. After incubation, 12.5 pl of 3 M
perchloric acid was added in each well and a soaked filter paper
was quickly added on top of the well. The hyamine surplus of each
filter paper was carefully removed by skimming the filter on a tis-
sue. The plate was then sealed with tape and incubated for 16 h on
the benchtop.

On the second day, scintillation vials were filled with 5 ml of
scintillation liquid. At the end of the incubation, the seal of each
plate was carefully removed to avoid any spill and each filter paper
was transferred into a scintillation vial. For the standards, 2 and
4 pl of labeling solution were added in duplicate in empty scintilla-
tion vials. Vials were shaken thoroughly, and filter papers were
allowed to disperse their radioactive material into the scintillation
liquid for 24 h in the dark at room temperature. After 24 h, the dis-
integration per minute (DPM) was measured for each vial using the
protocol for '*C measurement for 5 min.

Fatty acid oxidation rate

Fatty acid oxidation was measured with freshly isolated NK cells. The
protocol was adapted from (Veys et al, 2019). On the first day, NK
cells were isolated and resuspended in a labeling solution composed
of RPMI Glutamax + penicillin/streptomycin +20 pCi/ml [9,10-*H
(N)]-palmitic acid + 100 uM palmitate bound to fatty acid-free
BSA + 500 uM carnitine. In each well, 50 pl of radioactive solution
was added to 300,000 NK cells in triplicate. The plate was sealed with
a plastic film allowing gas exchange but enabling water loss. It was
then incubated for 6 h at 37°C, 5% CO, and 20% O,. In the meantime,
rubber stoppers with hanging wells were prepared. In brief, a filter
paper of 1 x 6 cm was rolled and inserted in a hanging well. The
hanging well was then inserted in a rubber cap of a glass vial.
The same was prepared for each well of the 96-well plate. Just before
the end of the incubation time, each filter paper was hydrated by
adding 200 pl of fresh ultrapure water in the hanging well. At the end
of the incubation, the 50 pl of the labeling solution was transferred
into a glass vial. Then, 12.5 pl of 3 M perchloric acid was added to
each vial to stop the metabolic activity of unintentionally transferred
cells. Vials were quickly closed with a rubber cap containing the hang-
ing well to avoid any loss of radioactive water. The vials were then
incubated at 37°C, 5% CO, and 20% O, for 48 h.

On the third day, at the end of the incubation, scintillation vials
were filled with 5 ml of scintillation liquid. Each glass vial was care-
fully opened to avoid any spill, and the filter paper was transferred
into the scintillation vial. For the standards, 2 and 4 pl of labeling
solution were added in duplicate in empty scintillation vials. Vials
were shaken thoroughly, and filter papers were allowed to disperse
their radioactive material into the scintillation liquid for 24 h in the
dark at room temperature. The glassware material, the rubber stop-
per, and the plastic hanging well were carefully washed with plenty
of water and soap. After 24 h, the disintegration per minute (DPM)
was measured for each vial using the protocol for *H measurement
for 5 min.
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NAD quantification

NAD" and NADH were extracted from freshly isolated NK cells, and
total NAD and NADH were quantified using NAD/NADH Quantifica-
tion Kit (Sigma-Aldrich). NK cells were isolated and 1 million NK
cells were pelleted; the supernatant was removed, and 400 pl of
NADH/NAD extraction buffer was added. Extraction was performed
by two cycles of 20 min freezing on dry ice followed by 15 min of
thawing at room temperature. Samples were then vortexed for 10 s,
transferred in 10 kDa cutoff spin filters, and centrifuged for 10 min
at 14,000 g. Half of the extract was kept in the fridge until use, and
half of the extract was heated for 30 min at 60°C to decompose
NAD". A standard curve for NADH was made ranging from 0 to
20 pmoles. A master mix, composed of NAD cycling buffer and
NAD cycling enzyme mix, was freshly prepared as described in the
kit’s protocol. For each sample, 50 ul of total NAD extract and
NADH (decomposed) extract was plated in duplicate in a clear 96-
well flat bottom plate, and standards were also plated in duplicate.
In each well, 100 ul of master mix was added and mixed well by
pipetting. The plate was incubated for 5 min on the benchtop.
Finally, 10 pl of NADH Developer was added to each well and the
plate was incubated for 2 h at room temperature. At the end of the
incubation, absorbance at 450 nm was measured using a Cytation 5.

Apoptosis

NK cells were isolated and resuspended in 100 pl of ice-cold
Annexin V binding buffer. Cells were incubated for 15 min on ice.
The buffer was then removed, and cells were resuspended in 50 pl
of cold antibodies at 1/100 in Annexin buffer. After 30 min of incu-
bation at 4°C, 200 pl of ice-cold 1x Annexin V binding buffer was
added on top to dilute the antibodies. Cells were resuspended in
100 pl of ice-cold 1x Annexin V binding buffer and acquired on the
FACSymphony.

Metabolomics

Freshly isolated NK cells from 20 mice were pooled for the untar-
geted metabolomics, and NK cells from two mice were pooled for
the targeted metabolomics. Once isolated, NK cells were washed
once in cold PBS and transferred in a cryotube. After centrifugation,
the supernatant was removed, and the cell pellet was snap frozen in
liquid nitrogen. Samples were kept at —80°C until they were sent to
Creative Proteomics who performed the sample preparation and the
metabolomics experimental workflow.

RNA isolation and transcriptomic analysis

RNA was isolated from freshly isolated NK cells using RNeasy Mini
Kit® (Qiagen). In this experiment, spleens of 2 to 3 mice were
processed together. NK cell pellet was resuspended in 350 pl of
buffer RLT supplemented with 1% of B-mercaptoethanol. The sus-
pension was mixed by pipetting to help cell, and ethanol 70% was
added to each tube which was transferred to a RNeasy spin column.
The tube was then centrifuged for 15 s at 10,000 g. The flow-
through was then discarded, and 350 pl of buffer RW1 was added to
the column. The tube was centrifuged at 10,000 g for 15 s, and the
flow-through was discarded. DNase I solution (30 Kunitz units) was
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added on the membrane of the spin column and placed at room tem-
perature for 15 min. The same amount of buffer RW1 was added to
the column, and the tube was centrifuged for 15 s at 10,000 g.
Twice, 500 pl of the buffer RPE was added to the tube and centri-
fuged for 15 s at 10,000 g. The column was dried by another round
of centrifugation at full speed for 1 min using a new collection tube.
Finally, the column was placed on a 1.5 ml collection tube and
30 pl of RNase-free water was added to the column and was centri-
fuged for 1 min at 10,000 g. The tube containing the RNA was then
snapped frozen in liquid nitrogen and stored at —80°C until ship-
ment. RNA-sequencing was performed on pooled splenic NK cells of
2-3 mice per sample by Novogene Europe.

Statistical analysis

Data are represented as mean values and standard errors of the
mean (SEM). For each chart, the number of independent experi-
ments (n) is given in the legend of the figure. Statistical analysis
was performed with GraphPad Prism software 9.1. Statistical signifi-
cance was evaluated using the one-sample t-test, which compares
the mean of the sample with a hypothetical mean, or the unpaired
Student’s t-test when appropriate. The Gaussian distribution of the
values was confirmed for each group before running any test where
this hypothesis is assumed. Statistical significance is indicated as
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Data availability

The datasets produced in this study are available in the following
databases:

+ RNA-Seq data: ArrayExpress E-MTAB-12082 (https://www.ebi.ac.
uk/biostudies/arrayexpress/studies/E-MTAB-12082).

- Targeted Metabolomics: Metabolights MTBLS6863 (https://www.
ebi.ac.uk/metabolights/MTBLS6863/descriptors).

Expanded View for this article is available online.
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