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Pivotal role of exogenous pyruvate in human 
natural killer cell metabolism

Nicolas Kern1,2, Louis Picq1, Ameline Hamond1, Pierre Megy1, Sarah Benezech    1, 
Annabelle Drouillard1, Nina Lager-Lachaud3, Edern Cahoreau3, 
Marielle Moreau2, Lucie Fallone1, Anne-Laure Mathieu1, Floriant Bellvert    3, 
Carine Nizard    2, Anne-Laure Bulteau    2, Thierry Walzer    1  & 
Antoine Marçais    1 

Resting natural killer (NK) cells display immediate effector functions after 
recognizing transformed or infected cells. The environmental nutrients 
and metabolic requirements to sustain these functions are not fully 
understood. Here, we show that NK cells rely on the use of extracellular 
pyruvate to support effector functions, signal transduction and cell 
viability. Glucose-derived carbons do not generate endogenous pyruvate. 
Consequently, NK cells import extracellular pyruvate that is reduced to 
lactate to regenerate glycolytic NAD+ and is oxidized in the tricarboxylic 
acid (TCA) cycle to produce ATP. This supports serine production through 
phosphoglycerate dehydrogenase, a pathway required for optimal 
proliferation following cytokine stimulation but dispensable for effector 
functions. In addition, like mouse NK cells, human NK cells rely on a 
citrate–malate configuration of the TCA cycle that is not fed by glutamine. 
Moreover, supraphysiologic pyruvate concentrations dose-dependently 
increase the effector functions of NK cells. Overall, this study highlights the 
role of exogenous pyruvate in NK cell biology, providing knowledge that 
could be exploited to boost NK cell potential in therapeutic settings.

The importance of biosynthetic and bioenergetic metabolism in sus-
taining immune responses is increasingly recognized. A major goal in 
the field is to identify the environmental nutrients that condition the 
response of particular cell types and the metabolic configurations they 
allow. Glucose has traditionally been considered the primary fuel for 
lymphocytes, feeding glycolysis and the tricarboxylic acid (TCA) cycle 
through the mitochondrial oxidation of pyruvate, the end product of 
glycolysis. Glycolysis has a limited capacity to generate ATP compared 
with oxidative phosphorylation (OxPhos), a limitation compensated 
partly by its speed. In addition, it contributes essential metabolic inter-
mediates for biosynthetic pathways such as the pentose phosphate 
pathway (PPP), the serine–glycine–one carbon (SGOC) pathway or 

lipid synthesis. This funnelling of intermediates out of glycolysis has 
been reported in both resting and activated lymphocytes1,2. Of note, 
glycolysis consumes NAD+, a cofactor that must be quickly regenerated 
to support a number of metabolic reactions, including the SGOC path-
way and glycolysis itself. Cytoplasmic replenishment of NAD+ from its 
reduced form, NADH, relies on two processes: reduction of pyruvate 
to lactate by the enzyme lactate dehydrogenase (LDH) or through the 
electron transport chain using various mitochondrial shuttles. In acti-
vated T cells, the need to generate biosynthetic intermediates at a fast 
pace and to maintain an appropriate NAD/NADH ratio explains why 
glucose uptake and lactate excretion are massively increased even in 
the presence of oxygen, a phenomenon known as the Warburg effect3,4. 

Received: 7 July 2023

Accepted: 20 November 2024

Published online: xx xx xxxx

 Check for updates

1CIRI, Centre International de Recherche en Infectiologie, (Team Lyacts), Univ Lyon, INSERM, U1111, Université Claude Bernard Lyon 1, CNRS, UMR5308, 
ENS de Lyon, Lyon, France. 2LVMH Recherche, Saint Jean de Braye, France. 3Plateforme MetaToul FluxoMet (EAD13), Toulouse Biotechnology Institute, Bio 
& Chemical Engineering, Université de Toulouse, CNRS 5504, INRA 792, INSA TBI, INSA Toulouse, Toulouse, France.  e-mail: thierry.walzer@inserm.fr; 
Antoine.marcais@inserm.fr

http://www.nature.com/natmetab
https://doi.org/10.1038/s42255-024-01188-4
http://orcid.org/0000-0002-9587-3896
http://orcid.org/0000-0002-3259-8655
http://orcid.org/0000-0002-6569-8820
http://orcid.org/0000-0002-3315-5100
http://orcid.org/0000-0002-0857-8179
http://orcid.org/0000-0002-3591-6268
http://crossmark.crossref.org/dialog/?doi=10.1038/s42255-024-01188-4&domain=pdf
mailto:thierry.walzer@inserm.fr
mailto:Antoine.marcais@inserm.fr


Nature Metabolism

Article https://doi.org/10.1038/s42255-024-01188-4

As expected, the absence of glucose resulted in a drop in baseline and 
maximal glycolysis as measured by the extracellular acidification rate 
(ECAR) (Fig. 2a–c). Of note, the ECAR is indeed an indicator of glycolytic 
activity




 as it was abrogated by treatment with 2-deoxyglucose (Fig. 2a). 

In contrast, the absence of glucose did not alter the baseline oxygen 
consumption rate (OCR) (Fig. 2d,e), suggesting that the TCA cycle 
was fed by alternative metabolites. Glutamine can fulfil such an ana-
plerotic role; however, its absence or the inhibition of glutaminolysis 
using BPTES did not significantly affect the OCR, suggesting that it is 
poorly used by resting human NK cells (Fig. 2d–g and Extended Data 
Fig. 2a–e). In contrast, the absence of pyruvate resulted in a significant 
drop in the OCR (Fig. 2d–g), suggesting that pyruvate is the preferred 
carbon source feeding the TCA cycle in NK cells. Unexpectedly, pyruvate 
shortage also negatively affected both the basal and maximal ECAR, 
indicating a role in sustaining glycolysis (Fig. 2a–c). Thus, pyruvate 
was the only fuel tested that affected both bioenergetic pathways 
(Fig. 2h). As a result, the absence of exogenous pyruvate specifically 
led to a rapid and sustained decrease in the ATP level and ATP/ADP 
ratio as well as a decreased production rate (Fig. 2i,j and Extended 
Data Fig. 2f,o). In contrast, the absence of glucose or glutamine or 
the inhibition of glutaminolysis did not affect the ATP level (Fig. 2i 
and Extended Data Fig. 2f,g). A decrease in the ATP/ADP ratio usually 
leads to the production of AMP by adenylate kinase, which, in turn, 
activates the AMP-activated protein kinase (AMPK)19. Surprisingly, 
pyruvate shortage did not result in a significant increase in AMP or 
AMPK activity, as measured by its phosphorylation on Thr172 or the 
phosphorylation of acetyl coenzyme A (acetyl-CoA) carboxylase (ACC), 
its canonical target (Extended Data Fig. 2i–l). Glycolysis and OxPhos act 
on the redox status of the NAD–NADH couple in opposite ways. Thus, 
we tested the impact of the three fuels on the NAD/NADH ratio and 
found that exogenous pyruvate was required to maintain it, in accord-
ance with published literature20,21, whereas no impact of glucose nor 
glutamine was detected (Fig. 2k). Of note, the impact of pyruvate on 
the ECAR and OCR parameters was reduced compared with glucose in 
in vitro-activated NK cells (Extended Data Fig. 2m,n), suggesting that 
the need for exogenous pyruvate is specific to resting NK cells. Overall, 
these results show that extracellular pyruvate is required to maintain 
bioenergetic metabolism, ATP content and NAD+ levels in resting NK 
cells. These results explain the extreme impact of pyruvate shortage 
on NK cell functions.

Glucose and pyruvate fuel complementary metabolic 
pathways
To identify the metabolic pathways affected by exogenous pyruvate, 
we performed metabolomics analysis of resting NK cells cultured in the 
presence or absence of pyruvate. We first quantified glucose and pyru-
vate consumption and lactate excretion by nuclear magnetic resonance 
(NMR) methods. We detected pyruvate consumption, whereas glucose 
consumption was too limited to be significant (Fig. 3a). The absence 
of exogenous pyruvate did not affect glucose consumption but led to 
a decreased excretion of lactate (Fig. 3a,b), confirming the ECAR data. 
To track the source of lactate, we cultured resting NK cells with [U-13C]
glucose. The proportion of lactate labelled with glucose-derived 13C 
increased from 20% in complete medium to 75% in the absence of pyru-
vate (Fig. 3c), showing that lactate generation from glucose-derived 
carbons is limited in the presence of exogenous pyruvate and sug-
gesting that its absence partially redirects glucose-derived carbons. 
To investigate this point further, we quantified glucose-derived 13C 
incorporation in carbohydrate metabolic pathways by mass spectrom-
etry (MS). Early glycolytic intermediates were predominantly detected 
as fully labelled isotopologues demonstrating functional glycolysis 
(Fig. 3d and Extended Data Fig. 3a). In addition, intermediates of the 
PPP, an important source of NADPH and nucleotide precursors branch-
ing off glycolysis, were also pervasively labelled in the presence of [13C]
glucose (Fig. 3d and Extended Data Fig. 3a). The absence of exogenous 
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Consequent to lactate excretion, glucose-derived carbons are diverted 
away from the TCA cycle, which must then be fed by alternative nutri-
ents. In activated T cells, the main nutrient fulfilling this anaplerotic 
role is glutamine through glutaminolysis; however, recent findings 
demonstrated that other physiologic carbon sources, including lactate 
and ketones, contribute to TCA cycle replenishment2,5,6. In addition, in 
various memory T cell subsets, the TCA cycle can be fed by fatty acids, 
although the physiological relevance of this is unclear7,8. Finally, SGOC 
metabolism has emerged early as a key metabolic node in proliferating 
T cells, providing necessary building blocks for de novo nucleotide 
synthesis9,10. In contrast to this wealth of data, natural killer (NK) cell 
metabolism has received less attention. NK cells are innate lymphocytes 
that display immediate effector functions even in the resting state. 
Indirect evidence suggests that their basal bioenergetic metabolism is 
rather low11–14 and depends on mitochondrial activity in both humans 
and mice15,16. However, most studies performed to date have used  
cells activated by high-dose cytokine treatment for several days, 
whereas much less is known about resting NK cells—that is, untouched 
NK cells freshly isolated from the blood and not purposely stimulated. 
Besides, the identity of the mitochondrial fuels, the molecular links 
between glycolysis and OxPhos, and the relevance of the SGOC path-
way in NK cells are unknown. Here, we investigated the carbon sources 
required by resting NK cells and how they fuel basal NK cell metabolism 
to sustain their immediate functions.





























Results
Exogenous pyruvate conditions NK cell responses
We first tested the relative roles of three circulating primary carbon 
sources—glucose, glutamine and pyruvate—in sustaining NK cell func-
tions. To keep cells as close as possible to their physiological state, we 
sorted resting CD56dim NK cells from the blood of healthy donors (see 
the experimental set-up in Extended Data Fig. 1a) and cultured them 
without overt cytokine stimulation but with low-dose interleukin-15 
(IL-15) to maintain cell viability. We then deprived cells of the differ-
ent fuels one by one (glucose, pyruvate or glutamine) or treated them 
with BPTES, an inhibitor of glutaminolysis, before stimulation with the 
lymphoblastic cell line K562, a classic NK cell target. The analysis of 
interferon-γ (IFNγ) and macrophage inflammatory 1β (MIP1β) produc-
tion and degranulation capacities (CD107a surface exposure) showed 
that all three functions were abrogated by the absence of pyruvate, 
whereas they persisted despite the shortage of glucose and glutamine 
or the inhibition of glutaminolysis (Fig. 1a and Extended Data Fig. 1b). 
In addition, the stimulation of cytokine production by IL-12/IL-18 was 
equally sensitive to pyruvate shortage (Extended Data Fig. 1c). We also 
measured NK cell cytotoxicity towards K562 cells using a technique 
adapted to low cell numbers17. Lack of pyruvate abrogated NK cell 
cytotoxicity, whereas glucose and glutaminolysis were dispensable 
(Fig. 1b). We then assessed the capacity of NK cells to respond to IL-15, 
as signal transduction downstream of surface receptors is conditioned 
by an appropriate bioenergetic metabolism18. As depicted in Fig. 1c, 
the phosphorylation of STAT5, S6 and AKT in response to IL-15 was 
diminished in the absence of pyruvate, whereas the absence of glucose 
did not significantly affect 




signalling. The absence of glutamine or 

the inhibition of glutaminolysis negatively affected only S6 phospho-
rylation. Moreover, the absence of exogenous pyruvate prevented the 
ability of IL-15 to preserve NK cell viability (Fig. 1d). In contrast, glucose 
deprivation did not significantly decrease survival compared with the 
complete medium condition. Of note, cells did not yet enter apoptosis 
after a 4-h culture in the absence of pyruvate (Extended Data Fig. 1d). 
Taken together, these results reveal a profound impact of exogenous 
pyruvate on human NK cell survival and effector functions.





Exogenous pyruvate controls resting NK cells’ bioenergetics
Next, the impact of the different fuels on the bioenergetic metabolism 
of resting NK cells was measured using extracellular flux analysis (EFA). 
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pyruvate did not significantly affect the level or labelling of glycolytic 
intermediates upstream of pyruvate (Fig. 3e and Extended Data Fig. 3a). 
Importantly, late glycolytic metabolites, such as 2-/3-phosphoglycerate 
(2/3PG) and especially pyruvate, were less labelled by glucose-derived 
carbons than upstream metabolites (Fig. 3d). Moreover, the absence of 
exogenous pyruvate led to a sharp decline in the quantity of intracel-
lular pyruvate itself (Fig. 3e), suggesting that intracellular pyruvate is 

not generated by glycolysis but instead obtained from the extracellular 
environment. This was confirmed by the labelling pattern of intracel-
lular pyruvate when analysing cells cultured in a medium containing 
either [13C]glucose or [13C]pyruvate (Fig. 3f). These data and the fact 
that 2/3PG was present in trace amounts (<3 pmol per million cells; 
Fig. 3d) suggest that glycolytic intermediates were diverted to feed 
adjacent anabolic pathways between fructose 1,6-bisphosphate and 
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Fig. 1 | Pyruvate but not glucose depletion negatively affects NK cells.  
a,b, Sorted CD56dim NK cells were preincubated in complete medium (CM), 
without glucose (no Glc), without pyruvate (no Pyr) or with BPTES (CM + BPTES) 
for 3 h and incubated with K562 cells expressing the NanoLuc luciferase for 4 h. 
The proportion of cells positive for CD107a, IFNγ and MIP1β was measured by 
flow cytometry. Representative dot plots (left) and the proportion of positive 
cells (mean ± s.d.) for each experiment (right, n = 8 independent donors) are 
shown (a). The percentage of K562 lysis, calculated as explained in the Methods 
(mean ± s.d., n = 6 independent donors), is shown for the indicated effector/
target ratio (b). c, Sorted CD56dim NK cells were cultured for 4 h in the indicated 

medium. No Gln, without glutamine. The mean fluorescence intensity (MFI) of 
pSTAT5, pS6 and pAKT S473 was measured by flow cytometry and normalized to 
the complete medium condition for each experiment. The mean fluorescence 
intensity (mean ± s.d.) in independent donors (n = 4) is shown. d, Sorted CD56dim 
NK cells were cultured in the indicated medium for 24 h. The absolute numbers of 
live NK cells (mean ± s.d., n = 3 independent donors) measured by flow cytometry 
are shown. Individual points representing independent donors are shown in a 
and c. In a–c, one-way ANOVA tests were performed with corrections for multiple 
testing. A two-tailed t test was performed comparing the complete medium and 
without pyruvate conditions in d. Exact P values are shown.
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pyruvate, thus limiting the endogenous production of the latter and 
explaining the reliance of NK cells on exogenous pyruvate. The SGOC 
pathway that branches off glycolysis at the 3PG stage could be respon-
sible for this leak. This hypothesis was supported by the expression of 
phosphoglycerate dehydrogenase (PHGDH), the enzyme initiating 
the SGOC pathway (Fig. 3g). Furthermore, we observed that the quan-
tity of phosphoserine, the product of PHGDH, as well as serine itself, 
the first product of SGOC, was reduced in the absence of pyruvate 
(Fig. 3h and Extended Data Fig. 3b). Moreover, treating the cells with 
PKUMDL-WQ-2101 




(hereafter PKUM), a specific, allosteric inhibitor of 

PHGDH22 (Extended Data Fig. 3c), restored ATP and NAD+ levels as well 
as NK cell effector capacities in the absence of pyruvate (Fig. 3i and 
Extended Data Fig. 3d,e). Altogether, these results demonstrate the 
influence of this pathway on the redox and bioenergetic equilibria and, 
ultimately, the effector potential of resting NK cells. We next investi-
gated the cellular fate of exogenous pyruvate. In complete medium, 
around half of the excreted lactate was labelled when [U-13C]pyruvate 
was provided to NK cells (Fig. 3c), indicating that exogenous pyruvate 
is reduced to lactate by LDH (Fig. 3g). As pyruvate can feed the TCA 
cycle, we measured the labelling of TCA cycle intermediates. As shown 
in Fig. 3j (left), TCA cycle intermediates were only marginally labelled 
by glucose-derived carbons when exogenous pyruvate was present. 
Instead, these intermediates were labelled when [13C]pyruvate was pro-
vided (Fig. 3j (right) and Extended Data Fig. 3a), confirming that exog-
enous pyruvate is the preferred carbon source entering mitochondria. 

Q11

Interestingly, labelling was limited to citrate, isocitrate and malate, a 
pattern reminiscent of the citrate–malate shuttle (CMS)




 previously 

described in murine NK cells16. Absolute quantification of the TCA 
cycle intermediates confirmed these findings, showing an imbalance 
between the different intermediates, with a far greater concentration 
of citrate and malate compared with α-ketoglutarate and succinate 
(Fig. 3k). Of note, the absence of exogenous pyruvate led to a decline 
in citrate concentration, which resulted in proportionally higher label-
ling of this metabolite by glucose-derived carbons (Fig. 3j (middle),k 
and Extended Data Fig. 3a). Importantly, the decrease in citrate levels 
observed in the absence of pyruvate was abolished by PHGDH inhibi-
tion, whereas lactate levels were not significantly affected, indicating 
that the carbon flux feeding the SGOC pathway can be specifically 
redirected towards the TCA cycle (Fig. 3k and Extended Data Fig. 3f). 
Pyruvate can enter the TCA cycle by carboxylation to generate oxaloac-
etate or decarboxylation by pyruvate dehydrogenase (PDH) to gener-
ate acetyl-CoA.




 The isotopologue enrichment observed for citrate 

and malate (m + 2) (Extended Data Fig. 3a) suggested that pyruvate 
entered the TCA cycle through the generation of acetyl-CoA. This was 
confirmed by the fact that PDH inhibition using devimistat completely 
abolished mitochondrial respiration as measured by a Seahorse assay 
(Extended Data Fig. 3g). Overall, these data show that pyruvate produc-
tion through glycolysis is limited. As a result, endogenous pyruvate is 
not sufficient to sustain the TCA cycle and lactate production in resting 
NK cells, thus explaining their need for an exogenous source of this 
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Fig. 2 | Exogenous pyruvate controls bioenergetic metabolism. a–g, Sorted 
CD56dim NK cells were cultured in the indicated medium for 4 h. The ECAR (a–c) 
and OCR (d–g) were measured. A representative experiment (a and d) and the 
results (mean ± s.d.) obtained from three (no glutamine condition) to five (all 
other conditions) independent donors (b, c, e, f and g) are shown. h, Energetic 
map corresponding to the results shown in b and e (mean ± s.e.m.). i, ATP levels 
(mean ± s.d.) in 17 independent donors. j, ATP production rate was calculated, 
and a representative experiment (mean ± s.e.m., out of three independent 

donors) is shown. k, NAD/NADH ratio (mean ± s.d.) in 4 (no glutamine condition) 
to 10 (all other conditions) independent donors. Individual points representing 
independent donors are shown in b, c, e, f, g, i and k. One-way ANOVA tests were 
performed with corrections for multiple testing in b, c, f and g. Two-tailed  
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metabolite. Our data suggest that the limited pyruvate production is 
due to a diversion of carbon fluxes towards serine synthesis.

Pyruvate oxidation maintains ATP and effector functions
To test how pyruvate maintains NAD+ and ATP levels, we treated NK 
cells with GSK-2837808A (hereafter GSK, an inhibitor of LDHA and 
glycolysis) or oligomycin (an inhibitor of mitochondrial ATP synthase 
and OxPhos). As depicted in Fig. 4a, LDH inhibition reduced the NAD/
NADH ratio to the levels measured following pyruvate deprivation, 
whereas the effect of oligomycin was milder. Partial inhibition of mito-
chondrial metabolism by inhibiting PDH using devimistat or the CMS 
using BMS-303141 similarly had no effect on the NAD/NADH ratio




 

(Extended Data Fig. 4a). These data suggest that the NAD+ pool was 
maintained primarily by the reduction of pyruvate to lactate in the 
cytoplasm. Supporting this hypothesis, α-ketobutyrate, a keto acid 

Q16

that can act as a substrate for LDH23, fully complemented the absence 
of pyruvate and allowed NAD+ regeneration (Fig. 4b). Regarding ATP 
levels, GSK and oligomycin separately had a moderate effect when 
the cells were grown in complete medium (Fig. 4c). Similarly, PDH or 
CMS inhibition did not affect ATP levels (Extended Data Fig. 4b). In 
contrast, in the absence of glucose, oligomycin treatment led to a near 
disappearance of ATP similar to what was observed in the absence of 
pyruvate. Of note, NK cell functions were spared by LDH or CMS inhi-
bition but inhibited by oligomycin or devimistat treatment (Fig. 4d,e 
and Extended Data Fig. 4c). Taken together, these results suggest that 
pyruvate primarily sustains NAD+ replenishment through LDH and 
ATP generation by OxPhos. However, in the absence of stimulation, 
glycolysis can compensate for OxPhos inhibition to maintain ATP levels 
when glucose is present, further underlining the plasticity of glucose 
usage by NK cells.
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Fig. 3 | Pyruvate has a pivotal role in maintaining metabolic homoeostasis 
in NK cells. a,b, Sorted CD56dim NK cells were cultured for 4 h in the indicated 
medium, and glucose and pyruvate (a) or lactate (b) were quantified from 
supernatants by NMR.




 Wells cultured without cells were used as blanks. Values 

from four independent donors are shown. Sorted CD56dim NK cells were 
cultured for 4 h in the presence of [13C]glucose or [13C]pyruvate. c, Lactate 
labelling (mean ± s.d., n = 4 independent donors) measured by NMR. d, Heatmap 
depicting the relative contribution of [13C]glucose to the indicated metabolites 
of glycolysis and the PPP (n = 6 independent donors), measured by MS. e, Total 
abundance of the indicated metabolites in NK cells cultured with or without 
pyruvate, measured by MS. Absolute quantities (mean ± s.d., n = 3 independent 
donors) are shown. f, Pyruvate labelling (mean ± s.d., n = 7, 6 and 8 independent 
donors for the [13C]glucose in the presence of exogenous pyruvate, [13C]pyruvate, 
and [13C]glucose in the absence of exogenous pyruvate conditions, respectively) 
measured by MS. g, Expression of the indicated proteins on freshly sorted 
CD56dim NK cells, measured by capillary western blotting (n = 4 independent 
donors). h, Absolute serine abundance in sorted CD56dim NK cells cultured with 

or without pyruvate, measured by MS (n = 3 independent donors). i, ATP level 
and NAD/NADH ratio (mean ± s.d., n = 11 independent donors for ATP and n = 6 
independent donors for the NAD/NADH ratio) measured in sorted CD56dim NK 
cells cultured in the indicated medium for 4 h. j, Heatmap depicting the relative 
contribution of [13C]glucose (with pyruvate (left) or without pyruvate (middle)) 
or [13C]pyruvate (right) to the indicated metabolites of the TCA cycle (n = 6 
independent donors). k, Total abundance of the indicated TCA metabolites in 
NK cells cultured with or without pyruvate and with or without PKUM, measured 
by MS. Absolute quantities (mean ± s.d., n = 3 independent donors) are shown. 
Individual points representing independent donors are shown in a, b, e, f, h, 
i and k. One-way ANOVA tests were performed with corrections for multiple 
testing in a, e, f and i. Two-tailed t tests were performed comparing the indicated 
conditions in a, b, c, h and k. Exact P values are shown. ND, not detected; MW, 
molecular mass; CS, citrate synthase; 6GP, glucose 6-phosphate; F6P, fructose 
6-phosphate; FbP, fructose 1,6-bisphosphate; 6PG, 6-phosphogluconate; P5P, 
pentose 5-phosphate; Sed7P, sedoheptulose 7-phosphate; αKG, α-ketoglutarate.
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Physiological relevance of the findings
Pyruvate is present in the blood at relatively low concentrations 
(40–150 µM). We wondered whether this concentration is sufficient 
to sustain NK cell metabolism and function. To address this question, 
we cultured sorted NK cells in a medium containing a dose range of 
pyruvate spanning physiological values. As shown in Fig. 5a–d, physi-
ological pyruvate concentrations consistently improved the readout 
tested compared with the absence of pyruvate. However, supraphysi-
ological pyruvate concentrations boosted NK cell capacities. Thus, 
physiological pyruvate concentrations are in the dynamic range of 
the sensitivity of NK cells, allowing them to sense variations in this 
metabolite. β-Hydroxybutyrate (another keto acid) and lactate, both 
present in the circulation, were observed to feed the TCA cycle in effec-
tor CD8+ T cells through acetyl-CoA generation5,6. However, they were 
unable to complement the absence of pyruvate in NK cells (Extended 
Data Fig. 5a–d). We next decided to test the role of the SGOC pathway 
for NK cell functions in a medium with or without serine. As shown 
earlier, 4-h PHGDH inhibition did not affect the immediate functions 
of NK cells (Fig. 5e and Extended Data Fig. 3d,e); this result was not 
influenced by the presence of serine in the extracellular medium or by 
overnight inhibition of PHGDH before stimulation (Fig. 5e). Following 
cytokine stimulation, NK cells become activated and proliferate, a 
characteristic harnessed in the context of immunotherapies. Indeed, 
following stimulation with a cocktail of IL-15 and IL-18, purified NK cells 
proliferated vigorously, as demonstrated by the dilution of the cell trace 
violet dye (Fig. 5f,g). The presence of PKUM or the absence of serine 
in the medium inhibited this response, displaying an additive effect. 
Importantly, PHGDH inhibition and serine deprivation were not toxic 
as they prevented NK cell proliferation without affecting the survival 
of the undivided cells (Fig. 5h). Altogether, these results underline the 
nonredundant roles of de novo serine synthesis and uptake from the 
extracellular medium for optimal NK cell proliferation.

Discussion
Resting NK cells display immediate effector functions without the 
need for prior priming. Thus, in contrast to T and B cells that engage 
in metabolic reprogramming before acquiring their functions, NK cell 
functions must be sustained by the cells’ basal metabolism. Despite 
this, NK cell metabolism has received little attention, perhaps owing 
to the difficulty of isolating these cells in sufficient numbers for meta-
bolic studies. In this study, we addressed the fuel requirements of rest-
ing NK cells.




 We showed that resting human NK cells are functionally 

auxotrophic for pyruvate, the end product of glycolysis. Indeed, the 
absence of exogenous pyruvate results in a concomitant decrease in 
glycolysis and OxPhos, causing a rapid drop in ATP levels. As a con-
sequence, an exogenous supply of pyruvate is required to sustain 
immediate NK cell effector functions against a tumoral cell line. In 
addition, survival and signal transduction are also negatively affected 
by the absence of pyruvate. Interestingly, variations in cytoplasmic ATP 
concentrations have been previously associated with signalling defects 
of the PI3K/AKT pathway, with PIK3δ—the PI3K isoform expressed 
in lymphocytes—presenting an elevated Km for ATP




 (118 µM)18. The 

60–70% decrease we report here would bring the global cellular ATP 
concentration around that value, which may explain the decrease in 
S6 and AKT phosphorylation. Whether local variations in ATP concen-
tration could be more drastic and reach the Km of JAK1 (15 µM)24, the 
kinase responsible for signal transducer and activator of transcription 
5 (STAT5) phosphorylation in NK cells, would require further investiga-
tion. Importantly, the drop in ATP levels we observed did not lead to an 
increase in AMP levels or activation of AMPK, suggesting that it was not 
properly sensed, ultimately leading to cell death. Whether this is due 
to suboptimal activity of sensors such as adenylate kinase (responsible 
for AMP generation) or other mechanisms such as direct inhibition of 
AMPK by increased concentrations of fructose 1,6-bisphosphate25 is 
currently unknown.
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measured by flow cytometry (mean ± s.d., n = 4 independent donors, except for 
CD107a at 4 h (n = 3 independent donors)) after 4 h of K562 stimulation is shown.




 

f–h, Resting NK cells labelled with cell trace violet (CTV) were stimulated with 
IL-15/IL-18 in a medium with or without serine and in the presence or absence 
of PKUM and analysed by flow cytometry after 5 days. A representative FACS 
histogram overlay out of four independent experiments is shown (f). The 
proportion of divided cells (mean ± s.e.m., n = 4 independent donors) measured 
by flow cytometry in the indicated condition is shown (g). The number of 
undivided and divided cells (mean ± s.d., n = 4 independent donors) counted by 
flow cytometry in the indicated condition is shown (h). One-way ANOVA tests 
were performed with corrections for multiple testing in e, g and h. Exact P values 
are shown.
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Our results also suggest that glucose is not needed, at least tempo-
rarily, to sustain the effector functions of NK cells. A similar conclusion 
was reached in a previous study in humans, whereas the opposite was 
shown in murine




 NK cells14,26. The reason for this discrepancy is unclear 

but could stem from a disparity in the respective organ of origin of the 
cells or specific experimental conditions. Interestingly, stimulation 
results in a rapid metabolic shift characterized by high dependence 
on glucose13. The mechanisms explaining the initial steps of this repro-
gramming are mostly unknown. In naive T cells, a large pool of preexist-
ing glycolytic enzymes and the mRNA for hexokinase 2 ensure a rapid 
onset of glycolysis27. Other regulatory steps, such as post-translational 
activation of glycolytic




 enzymes, have also been described28,29. The 

mechanisms at play in NK cells remain to be deciphered.
The apparent paradox of the end product of glycolysis being 

required exogenously to sustain the ECAR is explained by the fact that 
NK cells do not generate pyruvate. Indeed, metabolomics data show 
that less than 10% of endogenous pyruvate originates from glucose. 
Instead, they indicate that glycolytic intermediates are funnelled out 
of glycolysis, thus preventing the production of endogenous pyru-
vate (Extended Data Fig. 5e). Interestingly, several lines of evidence 
point to the SGOC pathway as a major leak point upstream of pyruvate 
generation. Indeed, fructose 1,6-bisphosphate is abundant, whereas 
2/3PG is not, which would be consistent with an exit of glucose-derived 
carbons between these two points, where SGOC originates. Citrate 
levels are restored by SGOC inhibition, supporting the hypothesis




 that 

glucose-derived carbons are directed to the SGOC pathway instead of 
feeding the TCA cycle unless SGOC is inhibited. The fact that we did not 
detect glucose-derived labelling of SGOC intermediates points towards 
a limited activity of this pathway in resting NK cells, an observation 
correlating with the low level of glucose consumption. Of note, the 
activity of PHGDH, the first rate-limiting enzyme of this pathway, can 
have a far-reaching impact on cellular metabolism even in situations 
of limited net output30.

PHGDH intervenes in glycolysis downstream of GAPDH and thus 
after NAD+ consumption. Moreover, it requires NAD+ as a cofactor31, 
which probably explains the decrease in serine levels when pyruvate 
is absent and worsens the NAD+/NADH imbalance. Supporting this 
hypothesis, PKUM treatment rescued NAD+ levels following pyruvate 
deprivation. In addition, inhibition of PHGDH rescued ATP levels as well 
as the defect in effector capacities observed in the absence of pyruvate; 
these effects probably rely on the observed rescue of citrate levels, 
allowing OxPhos to resume.




 Thus, it appears that SGOC is temporally 

dispensable for NK cell physiology.
Why is this pathway favoured in NK cells? SGOC metabolism is 

essential for sustaining proliferation but dispensable for the acquisi-
tion of effector functions in CD8+ T cells10—findings that are reminiscent 
of our study. A limited but continuous activity of this pathway would 
keep NK cells poised for proliferation following stimulation, whereas 
overt stimulation would lead 




to activation. Moreover, recent data 

obtained in macaques suggested that peripheral NK cells are subject 
to more dynamic turnover in vivo than was previously appreciated32. In 
this context, continuous feeding of the SGOC pathway would sustain 
this homoeostatic proliferation. Another possibility would be that 
serine is required for the long term to sustain NK cell cytotoxicity, as 
suggested in a recent study underlining the role of this amino acid for 
the synthesis of sphingomyelin and an optimal membrane topology33. 
In addition to generating serine and glycine, SGOC metabolism is also 
central to cellular redox equilibrium, nucleotide synthesis and methyla-
tion reactions31,34. In addition, PHGDH activity could also coordinate 
independent pathways active in resting NK cells, such as the PPP or TCA 
cycle, through yet undefined mechanisms as shown in diverse tumour 
cell lines30. Identifying the underlying reason for SGOC usage in resting 
NK cells will require further investigation.

Consequent to the inability of NK cells to generate endogenous 
pyruvate, glycolysis is uncoupled from mitochondria at the cellular 
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level in these cells, a finding well in line with recent reports35. However, 
in most studies to date, lactate and ketones have been designated as 
the main circulating carbon sources imported to feed the TCA cycle 
to generate energy5,35,36. Interestingly, neither lactate nor ketones 
can replace pyruvate in resting NK cells in our settings. Regarding 
lactate, we attribute this specificity to the fact that NK cells have highly 
restricted amounts of NAD+ and are thus unable to reduce lactate to 
pyruvate before oxidation in mitochondria. Interestingly, this abso-
lute requirement for NAD+ replenishment is reminiscent of highly 
proliferating cells4. However, in contrast to highly metabolic cells 
that can increase pyruvate production to compensate for insufficient 
NAD+ regeneration by mitochondria, resting NK cells are unable to do 
so. Therefore, they rely on surrounding cells for pyruvate supply and 
hence for the control of their redox status.

Exogenous pyruvate sustains both glycolysis and OxPhos. How-
ever, we observed that OxPhos has a nonredundant role in sustaining 
effector functions even in the presence of glucose. This agrees with 
earlier reports showing that mitochondrial activity is required for the 
functions of human NK cells15. EFA measurement of the ATP production 
rate by Seahorse assays and our data using glycolysis and OxPhos or TCA 
cycle inhibitors suggest that both contribute to ATP production. Thus, 
the role of mitochondrial ATP has to be discarded unless glycolysis and 
mitochondria feed distinct cellular ATP pools with separate usage, as 
recently proposed in T cells18, or unless the glycolytic ATP production 
rate becomes limiting following stimulation. We would instead pro-
pose that mitochondrial activity could provide specific molecules (for 
example, ROS) required for optimal cellular response to challenge37.

Mechanistically, the fact that the dominant citrate isotopologue 
is labelled as m + 2, combined with the fact that the inhibition of PDH 
inhibits OxPhos, indicates that pyruvate enters the TCA cycle through 
decarboxylation to acetyl-CoA. Moreover, the preferential labelling 
of citrate/isocitrate and malate by pyruvate and their net excess over 
α-ketoglutarate or succinate indicate that the TCA cycle is in a CMS con-
figuration. This confirms previous reports in cytokine-activated murine 
NK cells16,38 and explains why glutamine is not used as an anaplerotic 
substrate. Of note, we observed a limited impact of CMS inhibition on 
NAD+ regeneration, underlining the nonredundant role of LDH and the 
importance of the cytosolic NAD+/NADH pool. Similarly, immediate effec-
tor functions were resistant to CMS inhibition, whereas PDH or ATP syn-
thase inhibition resulted in their repression. We interpret these results as 
denoting the plasticity of the TCA cycle configuration in human NK cells.

Interestingly, our data showed that the EC50 of pyruvate in vitro 
was above or around the physiologic range of pyruvate serum con-
centrations for the different readouts. This suggests that NK cells 
operate well below their maximal capacities at physiological pyruvate 
concentrations and can unfold spare effector capacities in the pres-
ence of supraphysiologic concentrations of pyruvate. In the context 
of cellular therapy, this could orient future therapeutic developments.

Methods
The research reported in this article complies with all relevant French 
ethical regulations (under the convention EFS 16-2066).

Human samples
Peripheral blood samples from healthy participants were obtained 
from the French blood agency (Etablissement Français du sang, Lyon, 
France) after the donors’ informed consent had been obtained. Human 
peripheral blood mononuclear cells (PBMCs) were separated from 
peripheral blood by Ficoll gradient centrifugation (Eurobio Labora-
toires et AbCys) at room temperature. PBMCs were kept overnight in 
complete medium at 4 °C.

NK cell sorting and culture
For the isolation of CD56dim NK cells, a first step of enrichment was 
performed using an NK cell isolation kit (Miltenyi Biotec) following the 
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manufacturer’s instructions. CD56dimCD3− NK cells were then sorted 
(BD FACS Aria II, purity >99%). Freshly sorted NK cells were left to 
recover from the sort overnight at 37 °C with a nonstimulating dose of 
IL-15 (1 ng ml−1, Peprotech) in RPMI 1640 medium containing 10% FBS, 
2 mM HEPES, 2 mM glutamine, 1 mM pyruvate and 1% penicillin/strepto-
mycin (HCL Technologies). The following day, cells were washed twice 
in PBS + 0.5% BSA and resuspended in RPMI 1640 medium powder (US 
Biological) reconstituted following the manufacturer’s instructions. 
The medium was supplemented with 1× amino acid solution (R7131, 
Sigma), 2 mM HEPES (Gibco) and 1% penicillin/ streptomycin (HCL 
Technologies). To avoid the addition of undefined metabolites from 
FBS, we complemented the medium with 0.5% BSA. Glucose (5.5 mM), 
pyruvate (1 mM) and glutamine (2 mM) were added or not as indicated. 
Low-dose IL-15 (1 ng ml−1) was present in all media. Where indicated, 
cells were cultured with or without BPTES (10 µM), PKUM (12.5 µM), 
GSK (10 µM), oligomycin (1.5 µM), devimistat (150 µM), BMS-303141 
(5 µM), β-hydroxybutyrate (1 mM) or α-ketobutyrate (1 mM). For sur-
vival experiments, 10,000 NK cells were plated in a 96-well culture plate 
in the indicated medium at 37 °C and 5% CO2. The absolute numbers of 
live NK cells were counted at the indicated times by propidium iodide 
staining using a BD Accuri C6 Plus flow cytometer.

Long-term activation of NK cells in vitro
NK cells from whole human blood were purified using an NK cell isola-
tion kit (Miltenyi Biotec). Purified NK cells were seeded at 106 cells per 
ml and cultured with 1,000 IU ml−1 IL-2 (Peprotech) in MACS medium 
(Miltenyi Biotec). An NK cell activation/expansion kit (Miltenyi Biotec) 
was used following the manufacturer’s instructions at the beginning 
of the culture. The cells were used after at least 15 days of culture for 
EFA and capillary western blot analysis. For proliferation experiments, 
purified NK cells (NK cell isolation kit, Miltenyi Biotec) were stained 
with cell trace violet (Invitrogen, C34557). Cells (0.2 × 106) were seeded 
in the indicated medium. After 5 days, proliferation was measured by 
flow cytometry (MACSQuant, Miltenyi Biotec).

Flow cytometry
Cell surface staining was performed for 30 min at 4 °C in FACS buffer 
(PBS, 2% FBS, 2 mM EDTA). Intracellular staining of cytokines and 
chemokines was performed with Cytofix/Cytoperm (BD Biosciences). 
Intracellular staining of phosphorylated proteins was performed using 
Lyse/Fix and Perm III buffers (BD Biosciences). Phosphorylated proteins 
were then stained for 40 min at room temperature. The following mon-
oclonal antibodies from eBioscience, BD Biosciences, BioLegend or 
Cell Signaling Technology were used: anti-CD56 APC (NCAM16.2, 1/50), 
anti-CD3 PerCPCy5.5 (UCHT1, 1/50), anti-pSTAT5 (47/Stat5(pY694), 
1/40), anti-pS6 (D57.2.2E, 1/400), anti-pAKT (M89-61, 1/100), anti-IFNγ 
PE (4S.B3, 1/10), anti-CD107a FITC (H4A3, 1/50) and anti-MIP1β BV421 
(D21-1351, 1/20). Viability staining was performed using the Live/Dead 
Fixable Near IR (780) viability kit (Invitrogen, 1/1,000). Sample acquisi-
tion was performed on a five-laser LSR Fortessa flow cytometer (Becton 
Dickinson). Data were analysed with FlowJo 10.5.0 software (Tree Star).

EFA assay
Sorted CD56dim NK cells were plated at 500,000 cells per well in 
CellTack-coated XF96 cell culture microplates and cultured for 4 h 
with IL-15 (1 ng ml−1) in complete Seahorse XF RPMI medium (Agi-
lent Technologies, 103576) with or without 5.5 mM glucose, 1 mM 
pyruvate and 2 mM glutamine. The OCR and ECAR were assessed 
on an XF96 Extracellular Flux Analyzer (Agilent Technologies). 
The OCR and ECAR were measured under basal conditions and 
after the sequential addition of 1.5 µM oligomycin, 3 µM carbonyl 
cyanide p-trifluoromethoxyphenylhydrazone (FCCP), 1.5 µM anti-
mycin A + 1.5 µM rotenone and 50 mM 2-deoxyglucose (all from 
Sigma-Aldrich). Data were normalized to cell numbers. OxPhos, gly-
colysis and glycolytic capacity were calculated as follows: baseline 

ECAR = (last measurement before oligomycin injection − minimum rate 
measurement after 2-deoxyglucose injection); maximal ECAR = maxi-
mal rate measurement; basal OCR = (late rate measurement before 
oligomycin injection − minimum rate measurement after rotenone A 
and antimycin injection); maximal OCR = (maximum rate measurement 
after FCCP injection − minimum rate measurement after rotenone 
A and antimycin injection); spare respiratory capacity = (maximal 
OCR − basal OCR). For the ATP rate assay, mitochondrial and glycolytic 
ATP rates were measured using an ATP rate assay test kit (Agilent Tech-
nologies) following the manufacturer’s instructions.

ATP, ATP/ADP and NAD/NADH quantification
Sorted CD56dim NK cells were seeded at 30,000 cells per well in 96-well 
plates in the indicated culture medium for 4 h. Measurements of the 
ATP level, ATP/ADP ratio and NAD/NADH ratio were performed using 
luciferase-based assays following the manufacturer’s instructions 
(CellTiter-Glo 2.0 cell viability assay and NAD/NADH-Glo assay (Pro-
mega) and ADP/ATP ratio assay kit (Merck)). Luminescence was meas-
ured using a TriStar luminometer (Berthold Technologies).

NK cell stimulation
Sorted NK cells (1 × 105) were cultured in the indicated medium for 
3 h in the presence of 1 ng ml−1 IL-15 and then cocultured for 4 h with 
K562 cells or with IL-12 (10 ng ml−1) and IL-18 (50 ng ml−1) in the pres-
ence of GolgiStop (BD Biosciences) for the last 3 h. The percentage of 
NK cells positive for CD107a, MIP1β and IFNγ was then determined by 
flow cytometry.

Measurement of NK cell cytotoxicity
Human PBMCs or sorted NK cells were cultured in the indicated 
medium for 3 h and then cocultured for 4 h at different effector/
target ratios with K562 NanoLuc+ target cells17. The supernatant was 
collected, and bioluminescence was measured using a TriStar lumi-
nometer (Berthold Technologies) after the addition of furimazine, the 
substrate of NanoLuc. Furimazine was generated from 




a hikarazine, as 

previously described39,40. The percentage of cell lysis was calculated as 
explained by Hayek et al.17.

Metabolomics analysis
Sorted CD56dim NK cells were incubated for 4 h in a medium with or 
without [U-13C]glucose or [U-13C]pyruvate (Eurisotop). Cells were iso-
lated by centrifugation at 14,000g for 5 min at 4 °C. The supernatant 
was collected and snap-frozen in liquid nitrogen. Cell pellets were 
washed two times in 1× PBS before being snap-frozen in liquid nitrogen.

Quantification and isotopic profiling of intracellular metabolites 
by MS. Extraction was performed as follows. Cell pellets were taken 
up in 1 ml acetonitrile/methanol/water + 125 mM formic acid at −20 °C 
(and 50 µl of isotope dilution method standard solution for absolute 
quantification experiments). Then, the cell suspension was vortexed, 
sonicated and incubated for 45 min at −20 °C. Finally, the samples were 
dried with SpeedVac. The samples were then recovered with 100 µl 
MilliQ water




 (amino acid and central metabolite analyses) or 25 mM 

ammonium formate (pH 3.0)/methanol (98:2, v/v) (CoA run or initial 
conditions of the hydrophilic interaction liquid chromatography (LC) 
run), vortexed, sonicated, centrifuged (5 min, 14,000g) and then trans-
ferred to a vial for MS analysis. For central metabolite quantification, 
extracts were analysed by ionic chromatography coupled with MS 
(Orbitrap Q Exactive Plus mass spectrometer, Thermo Fisher Scien-
tific). Central metabolites were separated on an ionic chromatography 
column (IonPac AS11, 250 × 2 mm internal diameter; Dionex). The 
mobile phase used was a gradient of potassium hydroxide at a flow rate 
of 380 µl min−1. The mobile phase was varied as follows: 0 min, 7 mM; 
1 min, 7 mM; 9.5 min, 15 mM; 20 min, 15 mM; 30 min, 45 mM; 33 min, 
70 mM; 33.1 min, 100 mM; and 42 min, 100 mM. The column was then 
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equilibrated for 5 min at the initial conditions before the next sample 
was analysed. The duration of the analysis was 50 min. The volume 
of injection was 15 µl. High-resolution experiments were performed 
with an ICS-5000 Plus ion chromatography system (Dionex) coupled 
to an Orbitrap Q Exactive Plus mass spectrometer (Thermo Fisher 
Scientific) equipped with a heated electrospray ionization probe. MS 
analyses were performed in negative Fourier transform MS mode at a 
resolution of 70,000 (at 400 m/z) in full-scan mode, with the follow-
ing source parameters: capillary temperature, 350 °C; source heater 
temperature, 350 °C; sheath gas flow rate, 50 AU (arbitrary units); 
auxiliary gas flow rate, 10 AU; S-lens RF level, 65%; and source voltage, 
2.75 kV. Metabolites were determined by extracting the exact mass 
with a tolerance of 5 ppm.

For amino acid analyses, high-resolution experiments were per-
formed with a Vanquish HPLC system connected to an LTQ Orbitrap 
Velos mass spectrometer (Thermo Fisher Scientific) equipped with 
a heated electrospray ionization probe. MS analyses were performed 
in positive Fourier transform MS mode at a resolution of 60,000 (at 
400 m/z) in full-scan mode, with the following source parameters: 
capillary temperature, 275 °C; source heater temperature, 250 °C; 
sheath gas flow rate, 45 AU; auxiliary gas flow rate, 20 AU; S-lens RF 
level, 40%; and source voltage, 5 kV. Metabolites were determined by 
extracting the exact mass with a tolerance of 5 ppm.

Acetyl-CoA analyses were carried out on an LC–MS platform com-
posed of a Thermo Scientific Vanquish Focused UHPLC Plus system 
coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher Sci-
entific). The analysis of short polar acyl-CoA thioesters in the samples 
was performed on a Phenomenex Kinetex column (100 mm × 3.0 mm; 
1.7 µm). The column was kept at 25 °C, and the flow rate was set to 
0.35 ml min−1. The solvent system consisted of 25 mM ammonium 
formate in water (pH 8.0) (solvent A) and methanol (solvent B). The 
gradient programme started with 2% solvent B for 2 min, increasing 
up to 25% solvent B over 21 min; at 23.1 min, solvent B was increased 
up to 95% and held for 5 min for column cleaning, followed by a return 
to the initial condition within 0.1 min and 8 min of equilibration of the 
column.




 The injected sample volume was 5 µl, and the autosampler 

temperature was 4 °C. Mass detection was carried out in positive 
electrospray ionization mode. The settings of the mass spectrom-
eter were as follows: spray voltage, 4.5 kV; capillary and desolvation 
temperature, 320 and 350 °C, respectively; and maximum injection 
time, 50 ms. Nitrogen was used as sheath gas (pressure 55 units) and 
auxiliary gas (pressure 10 units). The automatic gain control was set at 
1 × 106 and a resolution of 70,000 from 300 to 1,500 m/z. MS analysis 
was performed in full-scan mode. Data acquisition was performed 
using Thermo Scientific Xcalibur software.

Absolute quantification. For absolute quantification of metabolites, the 
correlation coefficient (R2) must be ≥0.99 for each metabolite. Their 
concentrations have to be included in the dynamic range of the method.

Isotopic profile analysis. For isotopic profile analysis of metabolites, 
their concentrations have to be included in the dynamic range of the 
method. This range was determined during method validation with the 
PA–PT sample and corresponds to the total area of the cluster/number 
of isotopologues with a bias of less than 5%.

Quantification and isotopic profiling of extracellular metabolites by 
NMR. Cultivation supernatants were sampled to measure metabolite 
concentrations and 13C positional labelling in the medium during cul-
tivation. A volume of 500 µl of blank medium samples (without cells) 
and supernatants was taken after 4 h of cell cultivation.

A volume of 180 µl of these samples was mixed with 20 µl of 
an internal standard consisting of 10 mM TSP-d4 (deuterated tri-
methylsilylpropanoic acid) diluted in D2O. Proton NMR spectra 
were recorded on an Avance Neo 800-MHz spectrometer equipped 
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with a 5-mm z-gradient QCI-P (1H, 13C, 15N, 31P) cryoprobe (Brucker). 
Quantitative 1H-1D NMR analyses were performed at 280 K, using a 
zgpr30 sequence with a repetition interval of 10 s and presaturation 
at 4.697 ppm for water signal suppression. Sixty-four scans were 
accumulated (64k data points with a spectral width of 20 ppm) after 
four dummy scans. The spectra were processed using TopSpin 4.1.3 
(Bruker). Over the different conditions, 23 metabolites in the super-
natants were identified and quantified. Among them, we measured 
positional incorporation into two metabolites: pyruvate (C3) and 
lactate (C3).

Automated capillary electrophoresis western analysis
Sorted CD56dim NK cells were lysed in whole-cell extraction buffer 
(5 mM Tris–HCl, pH 7.5, 0.25 mM saccharose, 0.2 mM MgSO4, 20 mM 
EDTA, 0.4% Triton X-100, 2 mM DTT, 5 µg ml−1 leupeptin, 0.4 mM 
PMSF). Cell lysates were sonicated for five cycles of 8 s on/30 s off 
with a Bioruptor Pico ultrasonicator (Diagenode) at 4 °C and then 
spun down for supernatant collection. Protein concentration was 
determined by the DC protein assay (Bio-Rad Laboratories). Protein 
levels were determined by capillary electrophoresis immunoassay 
following the Wes user guide from Protein Simple, and primary anti-
body dilutions were determined: anti-PHGDH rabbit (NBP1-87311, 
Novus Biologicals Europe, 1/80), anti-LDHA rabbit (NBP1-48336, 
Novus Biologicals Europe, 1/200), anti-LDHB rabbit (MAB9205-SP, 
R&D Systems, 1/250), anti-AMPKα (D5A2, Cell Signaling Technology, 
1/50), anti-pAMPK Thr172 (40H9, Cell Signaling Technology, 1/10) 
and anti-pACC Ser79 (3661, Cell Signaling Technology, 1/50). Positive 
controls for pACC detection were generated by exposing NK cells 
to 1 µM MK8722 (MedChemExpress) for 1 h. After plate loading, the 
electrophoresis and immunodetection steps took place in the capillary 
system (Protein Simple Wes, Protein Simple) and were fully automated 
with instrument default settings. Peak areas were determined using 
the Compass software (Protein Simple) and normalized to citrate 
synthase (anti-rabbit, EPR8067, Abcam).

Measurement of intracellular serine
Cells (2.5 × 106) were lysed, and intracellular serine content was meas-
ured according to the manufacturer’s instructions (MAK352, Merck).

Statistics
No statistical methods were used to predetermine sample sizes, but our 
sample sizes are similar to those reported in previous publications. In a 
given experiment, samples derived from each donor were assessed for 
all conditions; as no comparison between donors was performed, they 
were not randomized. Data collection and analysis were not performed 
blind to the conditions of the experiments, except for the metabolomic 
measurements that were performed in a totally blind fashion. No data 
points were excluded. Excel 16.90 (Microsoft) was used for data collec-
tion, and GraphPad Prism 9.5.1 (GraphPad Software) was used for statis-
tical analysis. Results are expressed as the mean ± s.e.m. or mean ± s.d., 
as indicated in the figure legends. A two-tailed Student’s t test was used 
when only two groups were compared. A one-way analysis of variance 
(ANOVA) test was used for the comparison of more than two groups, 
with the Tukey or Dunnett test for multiple comparisons. Exact P values 
are shown until they fall below 0.0001. Data distribution was assumed 
to be normal, but this was not formally tested.





Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting the findings of this study are available on request from 
the corresponding authors (A.M. or T.W.). Source data are provided 
with this paper.
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Extended Data Fig. 1 |  (a) Model depicting the experimental set-up. (b) Sorted 
CD56Dim NK cells were pre-incubated in the presence or absence of extracellular 
glutamine for 3 hours and stimulated for 4 hours with K562 cells expressing 
the nanoluc. The proportion of cells expressing CD107a, IFN-γ and MIP1-β was 
measured by flow cytometry. The proportion of positive cells (Mean +/-SD, n = 3 
independent donors) is shown. (c) Sorted CD56Dim NK cells were pre-incubated in 
the presence or absence of extracellular pyruvate for 3 hours and stimulated with 
IL-12/IL-18 cells for 4 hours. The proportion of cells expressing IFN-γ and MIP1-β 

was measured by flow cytometry. The proportion of positive cells (Mean +/-SD, 
n = 3 independent donors) is shown. (d) Sorted CD56Dim NK cells were cultured 
for 4 hours in the presence or absence of pyruvate with 1 ng/ml IL-15. Annexin 
V was labelled according to manufacturer’s instructions (BD kit). PI was added 
extemporaneously, and cells were analysed by flow cytometry. The percentage 
of cells (Mean +/-SD; 2 independent donors) in the indicated cell populations is 
shown. Two-tailed T-test were performed comparing the indicated conditions in 
panel b, and c. Exact p-values are shown.
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Extended Data Fig. 2 |  (a) Sorted CD56Dim NK cells were cultured in the indicated 
medium for 4 h. ECAR (a-b) and OCR (c-e) were measured. The results (Mean 
+SD) obtained from 3 independent donors are shown. ATP/ADP ratio (f) or ATP 
levels (g) in sorted CD56Dim NK cells cultured in the indicated medium for  
4 h was measured and is shown (Mean +SD, n = 3 or 4 independent donors).  
(h-l) Sorted CD56Dim NK cells were cultured in the presence or absence 
of pyruvate for 4 h. (h) Absolute AMP concentration measured by mass 
spectrometry is shown (Mean +SD, n = 3 independent donors). The expression 
of AMPKα and p-AMPK (i-j) or p-ACC S79 (k-l) was measured by capillary WB. 
A representative image (i and k) or the result of the quantification (j and l) are 
shown (Mean +SD, n = 5 independent donors). For p-ACC quantification, sorted 

NK cells were treated for 1 h with MK8722, an activator of AMPK, to obtain 
a positive control (l). (m-n) In vitro activated NK cells were cultured in the 
indicated medium for 4 h. ECAR (m) and OCR (n) were measured. Left panels: 
One representative experiment (Mean +SD) out of three is shown. Right panels: 
individual points representing independent experiments are shown. (o) Sorted 
CD56Dim NK cells were cultured in the indicated medium and the ATP level (Mean 
+SD, n = 6 independent donors) measured at the indicated time points are 
shown. One-way ANOVAs were performed with corrections for multiple testing 
in panels a, b, c, d, e, and f. Two-tailed T-test were performed comparing the 
indicated conditions in panel g, h, j, and l. Exact p-values are shown.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 |  (a) Sorted CD56Dim NK cells were cultured for 4 hours 
in the indicated medium. Mass isotopologue distribution after culture 
with 13C-glucose (complete medium: in blue, without pyruvate: in orange) 
or 13C-pyruvate (complete medium: light orange framed) for the indicated 
metabolites (n = 6 independent donors, values obtained for each individual 
donor are shown) measured by mass-spectrometry is shown. (b) The 
concentration of intracellular p-serine in sorted CD56Dim NK cells determined by 
MS after a 4-hour culture in the indicated medium is shown (n = 3 independent 
donors, values obtained for each individual donor are shown). (c) Intracellular 
serine concentration in in vitro activated NK cells cultured for 4 h in the presence 
or absence of PKUM was measured using a kit (Sigma) and is shown (Mean +SD, 
n = 5 independent donors). (d) Sorted CD56Dim NK cells were pre-incubated in 
medium +/− pyruvate +/− PKUM for 3 hours and incubated for 4 hours with K562 
cells expressing the nanoluc. The proportion of cells expressing CD107a, IFN-γ 

and MIP1-β was measured by flow cytometry. Representative dot-plots (left 
panel) and the proportion of positive cells (Mean + SEM) for each experiment 
(right panel, n = 6 independent donors) are shown. (e) The percentage of K562 
lysis (mean + SEM, n = 4 independent donors) is shown for the indicated E:T ratio. 
(f) Total abundance of lactate in supernatant of NK cells cultured for 3 h with or 
without pyruvate and PKUM were measured by RMN. Absolute quantities (Mean 
+SD, n = 3 independent donors) are shown. (g) Sorted CD56Dim NK cells were 
cultured in the presence or absence of Devimistat for 4 h. Basal ECAR and OCR 
were measured. The results (Mean +SD) obtained from 3 independent donors 
are shown. Individual points representing independent donors are shown in all 
panels. One-way ANOVAs were performed with corrections for multiple testing 
in panels d, e, and f. Two-tailed T-test were performed comparing the indicated 
conditions in panel b, c, and g. Exact p-values are shown.
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Extended Data Fig. 4 |  Sorted CD56Dim NK cells were cultured for 4 hours in 
complete medium in the presence or absence of Devimistat or BMS 303141.  
(a) NAD/NADH ratio, (b) ATP level or (c) the proportion of cells expressing 

CD107a, IFN-γ and MIP1-β measured by flow cytometry after K562 stimulation are 
shown (Mean +SD, n = 3 independent donors). One-way ANOVAs were performed 
with corrections for multiple testing in all panels. Exact p-values are shown.
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Extended Data Fig. 5 |  (a) Sorted CD56Dim NK cells were cultured for 3 hours 
in medium containing or not pyruvate and β-Hydroxybutyrate (BHB). The 
proportion of cells expressing CD107a, IFN-γ and MIP1-β measured by flow 
cytometry after stimulation with K562 is shown (Mean +SD, n = 4 independent 
donors). Sorted CD56Dim NK cells were cultured for 4 hours in the indicated 
medium. (b) The Mean Fluorescence Intensity (MFI) for p-STAT5, p-S6 and 
p-AKT S473 was measured by flow cytometry and normalized to the complete 
medium (CM) condition for each experiment. The normalized MFI (Mean +SD) 
in independent donors (n = 4) is shown. (c) ATP level and NAD/NADH ratio were 
measured and normalized to the complete medium condition and are shown 
(Mean +SD, n = 3 independent donors for NAD/NADH ratio and 6 independent 

donors for ATP levels). (d) Sorted CD56Dim NK cells were cultured for 4 hours in 
the indicated medium. ATP level and NAD/NADH ratio are shown (upper panel). 
The proportion of cells expressing CD107a, IFN-γ and MIP1-β measured by flow 
cytometry after K562 stimulation is shown (lower panel). Heatmaps depicting 
the results are shown (n = 3 independent donors for ATP and NAD/NADH ratio 
and n = 1 for functional parameters). (e) Model summarizing the principal 
findings of this study. See text for details. Blue and orange arrows represent 
metabolic pathways fed by glucose or pyruvate respectively. One-way ANOVAs 
were performed with corrections for multiple testing in panels a, b, and c. Exact 
p-values are shown.
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