NK METABOLISM
Novel Natural Killer loops; Pyruvate-in, Lactate-out
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Abstract This study reports a previously unappreciated use of exogenous pyruvate by resting human CD56Dim Natural Killer cells to support energy metabolism. Exogenous pyruvate regenerates cytosolic NAD+, via metabolism to lactate, to support glycolysis while also fuelling OXPHOS via the mitochondrial citrate malate shuttle.
New research in resting human CD56Dim Natural Killer (NK) reveals a novel metabolic dependency on exogenous pyruvate to support energy metabolism and effector functions1. Previous research has focused on understanding the metabolism of activated NK cells following overnight exposure to cytokines or activating receptor ligands. These experiments revealed activation-induced metabolic rewiring of murine and human NK cells involving various different metabolic pathways2. However, NK cells are innate cells primed for immediate immune function, yet our understanding of NK cell metabolic configurations that support these immediate functions are less well developed. In this study, Kern et al. demonstrate that exogenous pyruvate, but not glucose or glutamine, is an essential fuel for CD56Dim NK cell, supporting both glycolysis and oxidative phosphorylation (OXPHOS), and enabling NK cell effector functions1.
Nicotinamide adenine dinucleotide (NAD) is a key redox cofactor for energy metabolism. Separate pools of NAD are found in the cytoplasm and the mitochondria that can exist in an oxidised form (NAD+) that accepts electrons to become reduced (NADH). For instance, during glycolysis, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) requires NAD+ as an electron acceptor, while NADH donates electrons to electron transport chain (ETC) in the mitochondria (Figure 1A). Were all the cytosolic NAD pool to be reduced to NADH, then glycolysis would be inhibited in the absence of NAD+ to support GAPDH activity. Balancing NAD+/NADH ratios is important for cellular metabolism. Aerobic glycolysis is a metabolic configuration that supports growth and proliferation (for review see3) that is described in many immune cells with high rates of glucose metabolism4. While GAPDH rapidly converts NAD+ to NADH, this is coupled to the action of Lactate Dehydrogenase (LDH) converting pyruvate to lactate and regenerating NAD+ (Figure 1A). Similar coupling occurs in the mitochondrial to balance the redox forms of NAD; Various carbon fuels, including pyruvate, are metabolised by mitochondrial enzymes generating NADH, which then passes electrons to the ETC, regenerating NAD+ (Figure 1A)5, 6, 7. 
Kern et al. show that in the absence of exogenous pyruvate, CD56dim NK cells have reduced cytotoxicity and effector molecule production, but this was not so for glucose or glutamine. These data highlight how metabolic features of immune cells might be overlooked. Standard RPMI medium used to study lymphocytes does not contain pyruvate; this was also highlighted in 2022 by a study on T cells8. In resting CD56dim NK cells extracellular pyruvate was required to sustain both glycolysis and OXPHOS; glucose primarily supported glycolysis while glutamine was dispensable for both. Therefore, in resting NK cells, exogenous pyruvate is both the preferred carbon source to support OXPHOS and an essential nutrient to sustain glycolytic flux. Using carbon-13 (13C)-labelled glucose tracing metabolomics, the authors show that glucose is not fully metabolised to pyruvate, the endpoint of glycolysis, in CD56dim NK cells but is largely diverted into the pentose phosphate pathway and towards serine biosynthesis. Similar to these findings, 13C-glucose tracing experiments of in vivo murine cytotoxic T lymphocytes showed that most glucose was diverted from glycolysis before reaching pyruvate9. Under these circumstances there is a net conversion of NAD+ to NADH by GAPDH but no glycolytic pyruvate is generated that can be converted to lactate to regenerate NAD+. This is compounded by the fact that 3-phosphoglycerate dehydrogenase (PHGDH), the first enzyme towards serine biosynthesis, also uses NAD+ as an electron acceptor. CD56dim NK cells use a novel metabolic loop to balance the cytosolic NAD+/NADH pools wherein exogenous pyruvate, following transport into the cell, is metabolised by LDH to lactate (Figure 1B). Indeed, experiments using 13C-pyruvate demonstrated this pyruvate-lactate loop, as the majority of lactate secreted by resting CD56dim NK cells was derived from exogenous pyruvate. Previous work on the role of LDH in murine NK cells highlighted its importance for this enzyme to sustain increased glycolytic rates following cytokine stimulation which was essential for NK cells’ anti-viral and anti-tumour responses10. However, Kern et al. now reveal an integral role for LDH in supporting glycolysis in resting human resting NK cell through this novel pyruvate-in lactate-out loop, thus regenerating NAD+ (Figure 1B).
Experiments using 13C-pyruvate revealed a second interesting finding; 13C from pyruvate were traced into the citrate and malate pools but not that of ketoglutarate and succinate. The abundance of citrate/malate per cell was vastly greater than for ketoglutarate/succinate. This data, together with that showing that glutamine was not required for OXPHOS in these cells, strongly argues that human CD56Dim NK cells are metabolising pyruvate via the citrate malate shuttle (CMS, Figure 1B). The CMS is a non-canonical TCA cycle, involving both mitochondrial and cytoplasmic compartments, first described in murine NK cells, then later in a number of non-immune cell types10, 11. While CMS generates NADH in the mitochondria via PDH and malate dehydrogenase (MDH2) to couple to the ETC, it also produces NAD+ in the cytosol via MDH1. Therefore, pyruvate metabolism regenerates cytoplasmic NAD+  via 2 enzymes, coupling GAPDH and PHGDH activities to those of LDH and MDH1 (Figure 1B). 
Kern and colleagues studied the metabolism of human CD56Dim NK cells as close to ex vivo as possible but nonetheless the cells were cultured for between 4 hours and overnight in IL15, a survival factor that also supports homeostatic proliferation in vivo. Through shunting glycolytic metabolites into biosynthetic metabolism, NK cells can generate one carbon units and ribose for the synthesis of nucleotides and nucleic acids, and glycerol and fatty acids for the synthesis of membranes. The mechanisms through which cells accumulate intracellular serine for use as a biosynthetic precursor are not fully understood, partly because it is a non-essential amino acid synthesised primarily by the kidney and available for uptake by circulating cells. Effector T cells rely more on exogenous serine rather than de novo serine synthesis to support biosynthesis even when glucose is not limiting12. In contrast, de novo  serine synthesis through serine-glycine one carbon metabolism occurs in other immune cells, such as macrophages13, 14, 15.Why immune cells use one mechanism versus another to provide serine is not fully understood. Experiments measuring CD56Dim NK cell proliferation argue that both exogenous serine and de novo serine synthesis is required for maximum proliferative responses. Another point to consider is that an additional output of the CMS is cytosolic acetyl-CoA that might be used for de novo lipid synthesis or acetylation reactions. It would be interesting to know if this metabolic configuration impacts upon histone acetylation and the epigenetic landscape of the NK cell.
In summary, Kern et al. describe a pivotal role for exogenous pyruvate in supporting the metabolism, proliferation and effector responses of CD56Dim NK cells. Central to this is a pyruvate-lactate loop that balances the cytosolic NAD+/NADH pool to allow continued diversion of glycolytic intermediates towards biosynthetic processes.
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Figure 1: Metabolic configurations for glucose metabolism
(A) Aerobic glycolysis is a configuration where there is high flux of glucose metabolised to pyruvate and lactate metabolism (Black arrows) while the is relatively low flux of  pyruvate into the mitochondrial (Blue arrows). Glucose metabolised to pyruvate results in the GAPDH dependent conversion of NAD+ to NADH. To maintain high rates of glycolytic flux LDH metabolised pyruvate to lactate, thus regenerating NAD+, to be used again by GAPDH. Pyruvate that enters the mitochondria is converted to Acetyl-CoA by PDH, generating NADH. Acetyl-CoA feeds into the TCA cycle generating more NADH. In the mitochondria NADH is coupled to the ETC that accepts electrons thus regenerating NAD+. Exogenous pyruvate is not used in this metabolic configuration (stop sign). Created in BioRender. Finlay, D. (2024) https://BioRender.com/t52z347
(B) In resting human CD56Dim NK cells glucose is metabolised (Black arrows) to generate biosynthetic molecules in the pentose phosphate pathway (PPP) and serine synthesis pathway. GAPDH and PHGDH, the first enzyme towards serine synthesis, both use NAD+ and generate NADH. Glucose is not metabolised to pyruvate (stop sign). To maintain redox balance, exogenous pyruvate it taken up, converted to lactate by LDH, and the lactate exported out of the cell again. This pyruvate-lactate loop is shown with purple arrows. Exogenous is also transported into the mitochondria, converted to Acetyl-CoA and enters a citrate malate shuttle. Oxaloacetate (OAA) and acetyl-CoA make citrate, which is exported into the cytosol and converted back into cytosolic OAA and acetyl-CoA by ATP citrate lyase (ACLY). OAA is converted to malate yielding a cytosolic NAD+ that can be used by GAPDH or PHGDH. Malate returns to the mitochondria and is converted back to OAA yielding a mitochondrial NADH. In the mitochondria NADH is coupled to the ETC that accepts electrons thus regenerating NAD+. There is minimal flux through the TCA cycle in resting human CD56Dim NK cells. Black dashed boxes show how enzymes and the ETC are coupled to maintain a balances NAD+/NADH ratio. Created in BioRender. Finlay, D. (2024) https://BioRender.com/j40z177.



References
1.	Nicolas Kern et al. Pivotal role of 1 exogenous pyruvate in human Natural Killer cell metabolism. Nature Metabolism (2024).

2.	Sohn, H. & Cooper, M.A. Metabolic regulation of NK cell function: implications for immunotherapy. Immunometabolism (Cobham) 5, e00020 (2023).

3.	Vander Heiden, M.G., Cantley, L.C. & Thompson, C.B. Understanding the Warburg effect: the metabolic requirements of cell proliferation. Science 324, 1029-1033 (2009).

4.	Loftus, R.M. & Finlay, D.K. Immunometabolism: cellular metabolism turns immune regulator. J Biol Chem 291, 1-10 (2016).

5.	Schimmer, S. et al. Fatty acids are crucial to fuel NK cells upon acute retrovirus infection. Front Immunol 14, 1296355 (2023).

6.	O'Brien, K.L. & Finlay, D.K. Immunometabolism and natural killer cell responses. Nature reviews. Immunology (2019).

7.	Sheppard, S. et al. Fatty acid oxidation fuels natural killer cell responses against infection and cancer. Proceedings of the National Academy of Sciences of the United States of America 121, e2319254121 (2024).

8.	Kaymak, I. et al. Carbon source availability drives nutrient utilization in CD8(+) T cells. Cell Metab 34, 1298-1311 e1296 (2022).

9.	Ma, E.H. et al. Metabolic Profiling Using Stable Isotope Tracing Reveals Distinct Patterns of Glucose Utilization by Physiologically Activated CD8(+) T Cells. Immunity 51, 856-870 e855 (2019).

10.	Assmann, N. et al. Srebp-controlled glucose metabolism is essential for NK cell functional responses. Nat Immunol 18, 1197-1206 (2017).

11.	Arnold, P.K. et al. A non-canonical tricarboxylic acid cycle underlies cellular identity. Nature 603, 477-481 (2022).

12.	Ma, E.H. et al. Serine Is an Essential Metabolite for Effector T Cell Expansion. Cell Metab 25, 345-357 (2017).

13.	Wang, C. et al. Serine synthesis controls mitochondrial biogenesis in macrophages. Sci Adv 10, eadn2867 (2024).

14.	Wang, C. et al. Serine synthesis sustains macrophage IL-1beta production via NAD(+)-dependent protein acetylation. Molecular cell 84, 744-759 e746 (2024).

15.	Shen, L. et al. Serine metabolism antagonizes antiviral innate immunity by preventing ATP6V0d2-mediated YAP lysosomal degradation. Cell Metab 33, 971-987 e976 (2021).


image1.emf

