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Significance

Although metabolism is vital for 
the function of natural killer (NK) 
cells, the importance of individual 
metabolic pathways and 
redundancy between specific 
metabolites require further 
elucidation. Clarifying these 
underlying mechanisms will be 
crucial for advancing NK cell- 
based anti- tumor therapies, as 
tumor microenvironments are 
often depleted of essential 
nutrients. In this study, we reveal 
that fatty acid oxidation supports 
NK cell responses to both viruses 
and tumors. When carnitine 
palmitoyltransferase I (CPT1A), a 
key enzyme for the mitochondrial 
metabolism of long- chain fatty 
acids, is ablated in NK cells, we 
observe reduced mitochondrial 
function, cellular proliferation, 
and cytotoxicity due to impaired 
immune synapse formation. Thus, 
CPT1A- mediated fatty acid 
metabolism in NK cells is critical 
for host immunity against 
infectious diseases and cancer.
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Natural killer (NK) cells are a vital part of the innate immune system capable of rapidly 
clearing mutated or infected cells from the body and promoting an immune response. 
Here, we find that NK cells activated by viral infection or tumor challenge increase 
uptake of fatty acids and their expression of carnitine palmitoyltransferase I (CPT1A), 
a critical enzyme for long- chain fatty acid oxidation. Using a mouse model with an 
NK cell–specific deletion of CPT1A, combined with stable 13C isotope tracing, we 
observe reduced mitochondrial function and fatty acid–derived aspartate production in 
CPT1A- deficient NK cells. Furthermore, CPT1A- deficient NK cells show reduced pro-
liferation after viral infection and diminished protection against cancer due to impaired 
actin cytoskeleton rearrangement. Together, our findings highlight that fatty acid oxi-
dation promotes NK cell metabolic resilience, processes that can be optimized in NK 
cell–based immunotherapies.

NK cells | virus infection | cancer | metabolism | T cells

Natural killer (NK) cells are innate lymphocytes capable of cytotoxicity and cytokine pro-
duction upon encounter with virus- infected or malignant cells. Thus, NK cells are vital for 
immune surveillance against neoplastic cells and, in particular, suppression of metastasis (1). 
The signaling cascades, RNA synthesis, protein synthesis, lipid bilayer production, and 
cytoskeletal rearrangement required for NK cell effector responses can only optimally occur 
if the cell possesses sufficient ATP and molecular substrates (2). Yet our understanding of how 
NK cell activation regulates metabolism, and conversely how specific metabolic pathways 
impact NK cell function, is very much in its infancy (3).

NK cell activation by cytokines induces key metabolic regulators, including mTOR 
(4–8) and MYC (9, 10), and up- regulates metabolic pathways, cellular proliferation, and 
cytokine secretion. In contrast to cytokine stimulation, activating receptor ligation does 
not significantly increase the metabolic rate of NK cells. This inability to up- regulate 
potentially compensatory metabolic pathways may leave activating receptor–induced 
cytotoxicity and IFN- γ secretion sensitive to inhibition by low metabolite availability. We 
have recently demonstrated that optimal NK cell cytotoxicity and IFN- γ production in 
response to tumor targets requires aerobic glycolysis (11). In agreement, optimal activating 
receptor–induced IFN- γ secretion in NK cells was shown to be glucose dependent (12).

Although glucose levels are often depleted in the tumor microenvironment, fatty acids 
have been reported to be more abundant (13–16). Thus, fatty acids represent a potentially 
rich fuel source that cytotoxic lymphocytes, such as NK cells, could use for metabolic 
requirements of their antitumor effector functions. In support of this hypothesis, fatty 
acid oxidation (FAO) has been implicated in the generation and maintenance of T cell 
memory (17–19), and naive NK cells share many phenotypic and functional traits with 
memory T cells (20, 21). Furthermore, a correlation was drawn between circulating levels 
of IL- 15 and the expression of fatty acid metabolism gene signatures by NK cells in the 
infection setting of COVID- 19 (22), suggesting that NK cell activation leads to an 
up- regulation of FAO during infection.

The oxidative metabolism of long- chain fatty acids depends on the enzyme carnitine 
palmitoyltransferase I (CPT1), of which CPT1A is the dominant isoform in NK cells. 
Deleting CPT1A prevents long- chain fatty acid entry into the mitochondria (23–25). 
Several recent studies that have suggested a role for CPT1 in NK cells appear contra-
dictory. In obese individuals (26), and patients with COVID- 19 (22) or cytomegalo-
virus (CMV) reactivation following stem cell transplantation (27), upregulation of 
CPT1 and other FAO- related genes correlated with reduced NK cell functionality. 
However, human NK cells continuously stimulated in vitro with IL- 15 have lower 
CPT1A expression compared to NK cells given an intermittent stimulation regimen, 
and the reduced CPT1A in this setting was associated with diminished NK cell func-
tionality (28).
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These seemingly conflicting lines of evidence highlight the need 
for greater clarity in our understanding of the role of FAO in NK 
cell activation and function. Given that previous evidence is largely 
correlative, a direct and rigorous investigation of the role of 
CPT1A in NK cells is warranted. Here, we demonstrate that acti-
vated NK cells induce FAO during exposure to infection and 
cancer. Furthermore, using mice engineered with Cpt1a- deficient 
NK cells, we show that CPT1A promotes the metabolic activity 
and effector functions of NK cells, thus supporting NK cell anti-
tumor and antiviral activity.

Results

NK Cells Activated by Viral Infection and Cancer Induce Fatty 
Acid Uptake and CPT1A. To investigate whether NK cells induce 
FAO during infection and cancer, we infected mice with mouse 
cytomegalovirus (MCMV) and characterized their antiviral NK 
cells. On day 2 postinfection (PI), splenic NK cells become 

activated, rapidly expressing CD69 and robustly producing IFN- γ 
(29). Compared to naive NK cells, these highly activated NK cells 
took up greater amounts of long- chain fatty acids and stored more 
fat in neutral lipid droplets, as demonstrated by BODIPY FL- C16 
and BODIPY 493/503 staining, respectively (Fig. 1 A and B). 
Furthermore, antiviral NK cells up- regulated CPT1A on day 2 
PI (Fig. 1C), suggesting that activated NK cells are transporting 
increased long- chain fatty acids into the mitochondria for beta- 
oxidation (30).

When we challenged mice with the MHC class I- negative 
RMA- S lymphoma, we observed an increase in CPT1A expression 
in tumor- infiltrating NK cells on day 14 following subcutaneous 
tumor injection (Fig. 1D), comparable to viral infection. To con-
firm the importance of fatty acid oxidation in human NK cells 
during cancer, we assessed the CPT1A expression level of NK cells 
from the blood of acute myeloid leukemia (AML) patients versus 
healthy volunteers. Flow cytometry analysis of CPT1A showed 
elevated expression in the NK cells of AML patients (Fig. 1E), 
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Fig. 1.   NK cells take up fatty acids and up- regulate CPT1A during viral infection and cancer. (A–C) Mice were infected with MCMV, and splenic NK cells were 
assessed by flow cytometry on days 0 and 2 PI. Representative histograms and summary graphs show relative uptake of long- chain fatty acids (BODIPY FL- C16) 
(A), storage of neutral lipids (BODIPY 493/503) (B), and expression of CPT1A (C). Histograms show naive d0 cells (black line), d2 PI (colored line), and fluorescence 
minus one (FMO) control (gray filled). (D) Representative histogram and summary graph of CPT1A expression in NK cells from a subcutaneous RMA- S tumor or 
the peripheral blood of a naive mouse. (E) CPT1A expression in peripheral blood NK cells from healthy donors versus AML patients, as measured by the median 
fluorescence intensity (MFI) of cells. *P < 0.05, **P < 0.01, and ****P < 0.0001; Student’s t test. Data are representative of 2 to 5 independent experiments, 3 to 8  
mice per condition.
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suggesting a shared usage of FAO between activated NK cells in 
the mouse and human. Collectively, these findings suggest that 
CPT1A and FAO are induced following NK cell activation to aid 
antiviral and antitumor responses.

CPT1A- Mediated FAO Maintains NK Cell Mitochondrial 
Function, Supports the TCA Cycle, and Aids Aspartate 
Production. To elucidate the function of FAO in NK cells, we 
generated Ncr1Cre/+ x Cpt1aflox/flox mice (“NK Cpt1a−/−”), where 
CPT1A is specifically deleted in NK cells. We first assessed 
the expression of maturation markers, as well as inhibitory 
and activating receptors, of CPT1A- deficient compared to 
WT NK cells that developed together in mixed bone marrow 
chimeras. We found expression at similar frequencies to their 
WT counterparts (SI Appendix, Fig. S1 A and B), suggesting 
that the development and maturation of resting NK cells does 
not depend on CPT1A and FAO. To investigate whether the 
upregulation of long- chain fatty acid metabolism is important 
for activated NK cells, we first analyzed mitochondrial function 
in CPT1A- sufficient (wild- type) versus CPT1A- deficient NK 
cells from mixed bone marrow chimeras during MCMV 
infection. CPT1A- deficient NK cells on day 2 PI exhibited 
an increase in mitochondrial membrane potential compared 
to WT cells (Fig. 2A). Mitochondrial membrane potential is 
used to drive ATP production; however, elevated membrane 
potential can result in the mitochondria becoming dysfunctional 
(31). Indeed, potentially damaging levels of mitochondria 
superoxide (32) were found in a greater fraction of CPT1A- 
deficient NK cells than WT NK cells following virus- induced 
activation (Fig.  2B). Analysis of the oxygen consumption 
rate (OCR) of WT and CPT1A- deficent NK cells further 
supported this conclusion. Administration of FCCP to induce 
maximal oxidative respiration demonstrates a reduced maximal 
respiration rate (and thus spare respiratory capacity) of CPT1A- 
deficient NK cells, with or without IL- 12+IL- 18 stimulation to 
mimic viral infection (SI Appendix, Fig. S2A). This dysfunction 
in mitochondrial respiration does not impact glycolysis, as 
both WT and CPT1A- deficient NK cells have similar rates of 
extracellular acidification (ECAR) when measured in a Seahorse 
bioanalyzer in unstimulated and IL- 12+IL- 18 conditions. This 
finding suggests that CPT1A deficiency does not significantly 
impact glycolytic metabolism, as this would have resulted in 
changes in the rate of lactate production measured by a change 
in the ECAR rate (SI Appendix, Fig. S2 B and C). Together, these 
data suggest that FAO is required to maintain mitochondrial 
homeostasis during the NK cell response to infection.

To interrogate which specific mitochondrial metabolic pathways 
are fueled by long- chain fatty acids in NK cells, we performed a 
stable isotope tracing experiment using 13C- labeled palmitate. 
Purified WT and CPT1A- deficient NK cells were incubated in 
media containing FA- depleted FBS and 200 μM 13C- labeled palmi-
tate. NK cells incorporated palmitate- derived carbons into the TCA 
cycle intermediates citrate and malate, in addition to one of its down-
stream products, aspartate (Fig. 2C). Compared to CPT1A- deficient 
NK cells, WT NK cells showed greater 13C incorporation into all 
intermediates, but particularly aspartate (Fig. 2 C and D). We per-
formed the same experiment with 13C- labeled glucose and observed 
that CPT1A- deficient NK cells do not switch to use glucose to gen-
erate aspartate in the absence of palmitate (Fig. 2E and SI Appendix, 
Fig. S2D). Furthermore, 13C- labeled carbon was incorporated into 
a far smaller fraction of aspartate following incubation with 
13C- labeled glucose than palmitate (Fig. 2 D and E), whereas citrate 
appeared to be similarly derived from both metabolites (Fig. 2 F and 
G). These findings suggest that supporting aspartate may represent 

an important role of FAO in NK cells. Additionally, FAO in NK 
cells can supply acetyl- CoA to help sustain the TCA cycle, and sub-
sequently the electron transport chain, producing ATP for the ener-
getic needs of the cell, as well as maintaining mitochondrial 
membrane potential and optimal function.

CPT1A Is Critical for NK Cell but Not T Cell Proliferation during Viral 
Infection. Aspartate is a key biosynthetic precursor for DNA, RNA, 
and protein synthesis (33). FAO has been shown to be important 
for supporting aspartate- dependent de novo nucleotide synthesis 
required for DNA replication in proliferating endothelial cells (25). 
Thus, we assessed the importance of long- chain fatty acid metabolism 
for the clonal expansion of antiviral NK cells. Using a well- established 
model to assess adaptive NK cell responses against viral infection 
(29), we cotransferred an equal number of congenically distinct WT 
(CD45.1+) and CPT1A- deficient (CD45.2+) NK cells into Ly49H- 
deficient mice (CD45.1+ CD45.2+) and infected the recipients with 
MCMV. At day 7 PI, WT Ly49H+ NK cells, which are capable of 
recognizing the MCMV- encoded glycoprotein m157 on infected 
cells (34, 35), were found in far greater abundance compared to their 
CPT1A- deficient counterparts (Fig. 3A), suggesting that CPT1A 
expression and FAO are required for optimal NK cell expansion. 
Through adoptive transfer of CTV- labeled WT or CPT1A- deficient 
NK cells, we measured the amount of cell division at day 4 PI, and 
found the percentage of undivided cells to be significantly greater 
in the CPT1A- deficient NK cell population than WT (Fig. 3B), 
suggesting that the defect in expansion of CPT1A- deficient Ly49H+ 
NK cells was due to a difference in proliferation. Thus, CPT1A is 
critical in fueling the proliferation of NK cells during viral infection.

Despite this proliferation defect, the CPT1A- deficient NK cells 
were phenotypically similar to WT NK cells at day 7 PI with respect 
to their expression of receptors and activation/maturation markers, 
including Ly49H, KLRG1, CX3CR1, and Ly6C (Fig. 3C) (36, 37). 
To test whether CPT1A deficiency impacted the early effector 
functions of activated NK cells during MCMV infection, we 
assessed IFN- γ and granzyme B production. In contrast to the 
clonal proliferation of antiviral NK cells, WT and NK Cpt1a−/− 
NK cells produced similar levels of IFN- γ and granzyme B 
(Fig. 3D), demonstrating that production of these two effector 
molecules is not dependent on CPT1A.

Our finding that CPT1A is required for optimal clonal expan-
sion of NK cells during MCMV infection suggests NK cells are 
more reliant on FAO than CD8+ T cells, as a previous study sug-
gested the formation of effector and memory T cells in response 
to Listeria monocytogenes to be unaffected by CPT1A deficiency 
(38). Indeed, following MCMV infection in mixed WT:VavCre/+ 
Cpt1a flox/flox bone marrow chimeric mice, expansion and memory 
formation of M45-  and m139- specific CD8+ T cells (specific for 
contracting and inflationary T cell epitopes found in MCMV, 
respectively) was not affected by a lack of CPT1A (Fig. 3E), in 
agreement with the previous study (38). Thus, the expansion of 
antiviral NK cells demonstrated an exquisite dependence on FAO 
compared to antiviral CD8+ T cells responding to the same 
pathogen.

CPT1A Promotes Optimal NK Cell Cytotoxicity and Antitumor 
Function. To investigate the significance of CPT1A upregulation 
by intratumoral NK cells, we first investigated whether NK cell 
cytotoxicity requires CPT1A using an in vivo “missing self ” killing 
assay (39, 40). We injected an equal number of distinctly labeled 
MHC class I–deficient splenocytes (B2m−/−) and MHC- I sufficient 
splenocytes into either NK Cpt1a−/− mice or WT littermates. 
Twenty- four hours following injection, the WT mice had cleared 
a greater proportion of the B2m−/− splenocytes compared to the 

http://www.pnas.org/lookup/doi/10.1073/pnas.2319254121#supplementary-materials
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NK Cpt1a−/− mice (Fig. 4A), suggesting CPT1A- mediated fatty 
acid oxidation fuels NK cell cytotoxicity. We next challenged 
NK Cpt1a−/− mice and their WT littermates with the NK cell–
sensitive, lung metastasis–forming B16- F10 melanoma. Mice 

with CPT1A- deficient NK cells were less protected compared to 
their WT counterparts, resulting in a greater lung tumor burden 
(Fig. 4B). Thus, CPT1A supports NK cell cytotoxicity against 
cancer cells in vivo.
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Fig. 2.   CPT1A- mediated fatty acid oxidation maintains mitochondrial homeostasis and helps sustain the TCA cycle and aspartate production. (A and B) WT or 
NK Cpt1a−/− mice were infected with MCMV, and naive (d0) or activated (d2 PI) NK cells were stained with MitoTracker Orange CMTMRos (A) or MitoSOX Red (B). 
Representative histograms and summary graphs (for d2 PI) are shown. (C+D+G) 13C- labeled palmitate was incubated with WT or NK Cpt1a−/− NK cells for 4 h, 
and incorporation of 13C into aspartate, citrate, and malate was measured. Relative abundance of isotopologues visualized as pie charts in (C). Comparison of 
aspartate (D+E) or citrate (F+G) isotopologue abundance between WT and NK Cpt1a−/− NK cells following incubation with 13C- labeled palmitate (D+F) or glucose 
(E+G). *P < 0.05, **P < 0.01, and ***P < 0.001; Student’s t test. Data are representative of 1 to 3 independent experiments, 3 to 5 mice per condition.
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To determine the mechanistic defect behind the suboptimal 
killing capacity of CPT1A- deficient NK cells, we assessed the 
ability of WT or NK Cpt1a−/− NK cells to broadly degranulate 
via cell membrane expression of CD107a or production of 
IFN- γ in response to activating receptor cross- linking in vitro. 
CPT1A- deficient NK cells expressed similar levels of CD107a 
and IFN- γ as their WT counterparts (Fig. 4C), suggesting 
CPT1A deficiency does not impact these effector functions. To 
test the ability of NK cells to direct their degranulation toward 
a target cell, we next investigated the ability of WT and CPT1A-  
deficient NK cells to form lytic synapses. Synapses were iden-
tified by F- actin ring formation at the site of receptor engage-
ment, which is critical to optimal synapse formation (41). 
Following activating receptor cross- linking by incubation on 
antibody- coated slides, F- actin rapidly relocated from the center 
of the NK cell to form a synaptic ring in the majority of WT 
cells; however, in the majority of CPT1A- deficient NK cells, 
the actin remained dispersed throughout the cell (Fig. 4 D and 

E). The inability or delay in formation of actin rings may pro-
vide an explanation for the reduced cytotoxicity of CPT1A-  
deficient NK cells, as target cell contacts will result in reduced 
or delayed lytic hits delivered against targets. Thus, our findings 
suggest that CPT1A- mediated FAO fuels actin rearrangement, 
aiding the cytotoxicity of NK cells against tumor targets and 
thus host immunity against cancer.

Discussion

Our findings highlight the importance of fatty acid metabolism 
for optimal NK cell function against viral infection and tumors, 
demonstrating the role FAO plays in supporting mitochondrial 
function, TCA cycle turnover, aspartate production, and actin 
polarization for immune synapse formation (SI Appendix, Fig. S3). 
NK cell responses to cytokine stimulation are supported by the 
upregulation of compensatory metabolic pathways (4, 6), mak-
ing them adaptable to glucose or glutamine deprivation, and the 
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Fig. 3.   CPT1A expression promotes the clonal expansion of NK cells during viral infection. Congenic WT and CPT1A- deficient splenic NK cells were transferred 
into Ly49H- deficient mice, which were then infected with MCMV to drive expansion of the transferred Ly49H+ NK cells. (A) Representative dot plots and percentage 
summary of WT and CPT1A- deficient NK cells that make up the Ly49H+ population at d0 and d7 PI. (B) Splenic NK cells were stained with cell trace violet (CTV) prior to 
transfer, mice were killed at day 4 PI, and dilution of CTV was measured to assess cell division of Ly49H+ NK cells in the spleen and liver. Representative histograms and 
summary graphs are shown. (C) Representative histograms of Ly49H, KLRG1, CX3CR1, and Ly6C expression by WT (black line) and NK Cpt1a−/− (filled) NK cells at day 7 
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http://www.pnas.org/lookup/doi/10.1073/pnas.2319254121#supplementary-materials
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inhibition of the electron transport chain or aerobic glycolysis 
(11, 12, 42, 43). Here, because we observed normal production 
of IFN- γ by CPT1A- deficient NK cells during MCMV infec-
tion, a process largely driven by exposure to the proinflamma-
tory cytokines IL- 12 and IL- 18 produced during infection, 
our data suggest that cytokine- stimulated NK cells also adapt 
to decreased FAO.

In contrast to cytokine exposure, NK cell responses mediated 
by receptor ligation are highly sensitive to metabolic perturba-
tions, as observed in Ly49H- dependent NK cell expansion of 
CPT1A- deficient NK cells here, as well as in previous studies 
(11, 43). Furthermore, we observed defective immune synapse 
formation in the CPT1A- deficient NK cells, demonstrating 
vulnerability to metabolic limitation. Thus, cytokine- driven 
functions of NK cells (e.g., IFN- γ production) appear to be 
more resilient to metabolic limitation than activating 
receptor- driven NK cell responses (e.g., clonal proliferation and 
cytotoxicity). Perhaps one explanation for this discrepancy is 
that the cytoskeletal reorganization involved in receptor- driven 
functions has higher energetic demands (44) relative to the 
cytokine- driven IFN- γ secretion. Actin polymerization under-
lying cytoskeletal remodeling may be more energetically 
demanding due to the forces required for optimal target cell 

engagement (45), as the cytotoxic cell exerts significant force 
on the target cell membrane during killing (46).

Ensuring the metabolic capacity of NK cells is sufficient for 
optimal cytotoxic functionality is desirable in the clinical setting, 
and thus, we should aim to increase the metabolic resilience of 
engineered NK cell products (e.g., CAR- NK cells) used for anti-
tumor therapy. Enhanced metabolic function can be achieved 
through pretreatment or coadministration with cytokines (47, 
48); however, such strategies risk overactivating the NK cells 
before they meet their targets, making them less potent and/or 
exhausted, the latter due to sustained killing (28, 49, 50). Thus, 
genetic or pharmaceutic induction of rate- limiting metabolic 
enzymes such as CPT1A may represent a promising approach 
to endow NK cells with a higher metabolic capacity to support 
activating receptor- driven tumor control, and reducing the func-
tional impairment often found in NK cells infused into 
nutrient- limited environments.

Our findings suggest a dichotomous requirement of CPT1A in 
clonal expansion of NK cells versus CD8+ T cells. This distinction 
may be attributed to differences in the resilience or magnitude of 
the mitochondrial spare respiratory capacity (SRC) between these 
two cell types. FAO and CPT1A expression have been demonstrated 
to support SRC, as SRC is reduced in the peripheral blood 
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Fig. 4.   CPT1A enhances NK cell cytotoxicity and antitumor function. (A) Splenocytes from β2M- deficient and WT mice were stained with CTV or CTB, mixed at 
a 1:1 ratio, and transferred as NK cell targets into WT or NK Cpt1a−/− mice. Mice were bled 24 h later, and in vivo killing of the β2M- deficient splenocytes was 
assessed by the change in the ratio relative to the cotransferred WT splenocytes. (B) WT or NK Cpt1a−/− mice were challenged with B16- F10 melanoma i.v., and 
the number of lung metastases was determined 14 d later. (C) Representative plots show IFN- γ and CD107a expression by WT and NK Cpt1a−/− NK cells after 4 h  
stimulation with plate- bound Ly49H antibodies. (D and E) Purified WT or CPT1A- deficient NK cells were incubated in a chamber slide precoated with Ly49H 
antibodies. Cells were fixed/permeabilized and stained with an anti- actin antibody to visualize the actin cytoskeleton. Images show WT and CPT1A- deficient NK 
cells that have or have not, respectively, formed an actin ring, a critical step in the formation of an optimal immunological synapse (D), and the graph shows 
quantification of actin ring formation by WT and CPT1A- deficient NK cells (E). *P < 0.05, **P < 0.01, and ****P < 0.0001; Student’s t test. Data are representative 
of 2 to 5 independent experiments, 2 to 9 mice per condition.
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mononuclear cells of patients with inborn errors of mitochondrial 
fatty acid oxidation (51). Furthermore, CPT1A has been shown to 
support increased spare respiratory capacity in the platelets of indi-
viduals with pulmonary hypertension (52). Interestingly, the SRC 
of peptide- stimulated and IL- 2 cultured CD8+ T cells showed no 
dependence on CPT1A (38, 53), whereas culturing peptide-  
stimulated CD8+ T cells in IL- 15 causes their SRC to be more 
CPT1A dependent (53). Thus, IL- 2 versus IL- 15 may drive differ-
ent metabolic requirements, and lymphocytes such as NK cells that 
are entirely dependent upon IL- 15 for their survival may therefore 
possess greater dependence on CPT1A to maintain SRC. In support 
of a greater dependence on FAO in innate lymphocytes (relative to 
adaptive lymphocytes), ILC2 and ILC3 cells take up more 
long- chain fatty acids than regulatory T cells in the small intestinal 
lamina propria of naive mice (54). Furthermore, FAO in ILC2 cells 
may support maintenance of SRC (54). Altogether, these findings 
suggest CPT1A may be critical for supporting the SRC of innate 
lymphocytes such as NK cells and ILCs, whereas redundant meta-
bolic pathways are present in CD8+ T cells.

Although disruption of CPT1A did not adversely impact T cell 
responses, overexpression of CPT1A has been shown to increase 
CD8+ T cell memory formation (53). Similarly, overexpression of 
CPT1A in macrophages during fatty acid–rich conditions resulted 
in enhanced function, including reduced accumulation of inhib-
itory triglycerides and increased phagocytosis (55, 56). However, 
CPT1A expression and FAO have also been shown to be 
up- regulated in activated T cells by PD- 1 engagement, suggesting 
induction of FAO in T cells may dampen activation in certain 
contexts (57). Thus, a potential “sweet spot” for CPT1A expression 
in immune cells may exist that requires careful regulation. 
Likewise, determining whether CPT1A overexpression is always 
beneficial for NK cell function will be critical for clinical manip-
ulations. Last, therapeutic inhibition of CPT1A is currently being 
investigated in various disease settings, including liver fibrosis (58), 
retinopathy (25), and cancer (59, 60). Our study highlights the 
importance of CPT1A and FAO for optimal NK cell responses 
against cancer, emphasizing important considerations in the devel-
opment and implementation of therapies that target FAO. As 
such, it is imperative to be mindful of the potentially counterpro-
ductive activity of CPT1A inhibitors on specific immune cells.

Methods
Mice. All mice used in this study were housed and bred under specific pathogen- 
free conditions at Memorial Sloan Kettering Cancer Center and handled in accord-
ance with the guidelines of the Institutional Animal Care and Use Committee 
(IACUC). The following mouse strains on a C57BL/6 background were used in this 
study: C57BL/6 (CD45.2), C57BL/6 CD45.1 (STEM, single targeted exon mutant) 
(61), B6 CD45.1 x CD45.2, Ncr1Cre(62), Cpt1aflox(25), VavCre, Ncr1Cre x Cpt1aflox/flox, 
VavCre x Cpt1aflox/flox, Klra8−/− (Ly49H- deficient) (63), B2m−/−. Experiments were 
conducted using age-  and sex- matched mice in accordance with approved insti-
tutional protocols.

Mixed Bone Marrow Chimeras and Adoptive Transfers. Wild- type B6 
CD45.1 x CD45.2 mice were lethally irradiated with 900 Gy and reconstituted 
with an equal mixture of bone marrow cells from WT (CD45.1) and either Ncr1Cre 
x Cpt1aflox/flox or VavCre x Cpt1aflox/flox (CD45.2) mice. Intraperitoneal injection of 
mixed bone marrow chimeric mice with 200 μg of anti- NK1.1 (clone PK136) 
ensured depletion of any residual donor or host mature NK cells. Experiments 
were generally performed 8 to 10 wk following radiation and bone marrow 
transfer.

Adoptive cotransfer studies were performed by intravenously injecting an 
equal number of Ly49H+ NK cells from WT (CD45.1) and gene- deficient (CD45.2) 
mice, or from mixed bone marrow chimeras, into Klra8−/− recipients before infect-
ing recipient mice with MCMV.

Viral Infection. Mixed bone marrow chimeric mice or Klra8−/− mice in adoptive 
transfer experiments received 7.5 × 103 or 7.5 × 102 plaque- forming units (PFU) 
of MCMV (salivary gland–passaged Smith strain), respectively, by i.p. injection.

Isolation of Lymphocytes. Spleens, liver, lungs, and tumors were dissociated 
through a 100- μm strainer. Dissociated liver and lung were resuspended in a 
40% Percoll solution and centrifuged at 700 × g (with reduced break speed) for 
12 min at room temperature to separate lymphocytes from stromal cells. To isolate 
bone marrow cells, the femur and tibia were ground with a mortar and pestle, 
and the resulting solution was filtered through a 100- μm strainer. Red blood 
cells in the spleen, liver, lung, blood, and bone marrow were lysed using ACK 
lysis buffer (and this treatment, was repeated a second time for blood samples). 
When purifying cells from tumors or isolating NK cells for stimulation assays, 
CTV analysis, imaging, or mass spectrometry, dissociated cells were incubated 
with rat anti- mouse CD3ε, CD8α, Ly6G, CD4, CD19, and Ter- 119 antibodies (Bio 
X Cell, clones 17A2, 2.43, 1A8, GK1.5, 1D3, and TER- 119, respectively) followed 
by incubation with BioMag goat anti- rat IgG beads (QIAGEN) to remove Ab- bound 
cells without touching populations of interest.

Flow Cytometry. For metabolic dye staining, cells were resuspended in 100 μL of 
PBS containing BODIPY FL- C16, BODIPY 493/503 MitoSOX red, or MitoTracker™ 
Orange CMTMRos (Thermo Fisher Scientific) at 37 °C for 30 min. Surface staining 
of single- cell suspensions from the bone marrow and spleen was performed 
using fluorophore- conjugated antibodies in the presence of Purified Rat Anti- 
Mouse CD16/CD32 (BD Bioscience) to block nonspecific Fc binding and Fixable 
Viability Dye eFluor™ 506 (eBioscience/Thermo Fisher Scientific) or Zombie NIR™ 
(BioLegend). Intracellular staining was performed using the eBioscience™ Foxp3/
Transcription Factor Fixation/Permeabilization kit (Thermo Fisher Scientific).

The following antibodies were used for flow cytometry: CD107a (1D4B), CD3ε 
(17A2), CD11b (M1/70), CD27 (LG.7F9) CD45.1 (A20), CD45.2 (104), CD49b 
(DX5), CD69 (H1.2F3), CPT1A (8F6AE9), CX3CR1 (SA011F11), IFN- γ (XMG1.2), 
Klrg1 (2F1) Ly49G2 (4D11), Ly49H (3D10), Ly49I (YLI- 90), Ly6C (HK1.4), NK1.1 
(PK136), NKG2A/C/E (20d5), and TCRβ (H57- 597) (BioLegend, Tonbo, Thermo 
Fisher Scientific, BD Bioscience, and Abcam).

MHC class I tetramers were generated by conjugating Db/HGIRNASFI (M45) 
or Kb/TVYGFCLL (m139) monomers (NIH Tetramer Facility) to streptavidin–PE or 
streptavidin- APC (BioLegend). The M45 peptide represents an immunodominant 
“contracting” epitope from MCMV, and the m138 peptide represents a major 
“inflationary” epitope. NK cell proliferation was analyzed by labeling cells with 5 
μM CellTrace Violet (CTV Thermo Fisher) according to the manufacturer’s protocol 
prior to transfer into mice.

Flow cytometry was performed on Aurora (Cytek) or LSR II (BD Biosciences) 
cytometers. Flow cytometry data were analyzed with FlowJo software (Tree Star).

In Vitro NK Cell Stimulation. For receptor cross- linking, purified antibod-
ies against Ly49H (3D10, BioLegend) or isotype control were dispensed into  
high- binding ELISA plates at 25 μg/mL in PBS, and allowed to adhere overnight 
at 4 °C. For stimulation with cytokines, 10 ng/mL IL- 18 (recombinant mouse, 
R&D systems), 20 ng/mL of IL- 12 (recombinant mouse, R&D systems), 50 ng/
mL of IL- 15 (recombinant human, Miltenyi), or 100 ng/mL of IL- 2 (recombinant 
mouse, PeproTech) were added to the media. For all ex vivo stimulation, 2 × 
105 bead- enriched NK cells were plated in IMDM, and Brefeldin A (10 μg/mL; 
Sigma) and Golgi- Stop (0.7 μL/106 cells; BD) were added 2 h after the stimula-
tion had initiated. Cells were analyzed by flow cytometry at 4 h poststimulation.

Seahorse Bioanalyzer. A total of 4 × 105 NK cells were plated in buffer- free, 
glucose- free media (Seahorse Biosciences/Agilent Technologies) with glutamine 
(2 mM), sodium pyruvate (0.5 mM), and glucose (10 mM) for OCR and ECAR 
measurements, which were made under basal conditions and following addition 
of oligomycin (1 mM), FCCP (1 mM), rotenone (1 mM), and antimycin A (1 mM) at 
indicated time points and recorded on a Seahorse XFe96. All compounds added 
during the Seahorse run are from Seahorse Biosciences/Agilent Technologies.

In Vivo Killing Assay. A total of 25 × 106 B2m−/− splenocytes were labeled with 
either CTV or CTB, and WT control splenocytes were stained with the other. (Labels 
were alternated in target cells between experimental repeats to control for any 
effect of the different dyes.) Splenocytes were injected i.v., and mice were bled 
24 h later. Killing of B2m−/− splenocytes was measured relative to cotransferred 
WT control splenocytes.
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B16 Metastasis. For the tumor metastasis experiments, 2 × 105 B16- F10 cells 
were injected i.v., and mice were killed 14 d later. Lungs were harvested, and 
metastatic plaques were counted.

AML. We studied AML patients who received an allogeneic HCT allograft. The 
studies were executed in compliance with federal regulations pertaining to the 
protection of human research participants and were approved by the Center for 
International Blood and Marrow Transplant Research Institutional Review Board. 
Following approval from the Memorial Sloan Kettering Cancer Center (MSKCC) 
Institutional Review Board, peripheral blood mononuclear cells (PBMCs) from 
anonymous healthy donors were isolated from buffy coats obtained from the 
New York Blood Center (New York, NY) using Ficoll centrifugation. Fetal bovine 
serum with 10% dimethyl sulfoxide was used to cryopreserve isolated PBMCs. 
Informed consent for research was obtained from all individuals.

Metabolite Profiling. NK cells were incubated in complete IMDM contain-
ing fatty- acid- depleted FBS and 13C- labeled palmitate (CLM- 409, Cambridge 
Isotopes) or dialyzed FBS plus 13C- labeled glucose (CLM- 1396, Cambridge 
Isotopes) for 4 hours. FBS was fatty acid depleted using fumed Silica (or Aerosil) 
(Sigma) (64). Cells were spun at 800 × g for 3 min 4 °C, and media were aspirated. 
Metabolites were harvested in 1 mL ice- cold 80% methanol and spun down at 
20,000 × g for 20 min at 4 °C. The supernatant was collected and dried in a speed 
vacuum evaporator for 5 h. Dried samples were stored in a −80 °C freezer prior 
to derivatization. The dried pellets were resuspended in 50 μL methoxyamine 
(TS- 45950, Thermo Fisher Scientific) and shaken at 1,400 rpm at 30 °C for 2 h. 
Eighty microliters of MSTFA or MTBSTFA was added to each resuspended pellet, 
and the solution was transferred to autosampler vials with 70 μL of ethyl acetate 
(1036491000, Merck). Samples were incubated at 37 °C for 30 min before being 
run on the GC- MS.

The following analytical system was used for metabolomics analysis: Agilent 
5977B GC/Mass selective detector (MSD) with an Agilent 7890B GC and an 
Agilent 7693A autosampler. The injection volume was 1 μL, and all samples 
were run at 1:20 split mode and then at Gain 5 factor mode. The temperature 
program was as follows for both modes: The initial oven temperature 60 °C 
was held for 1 min, then programmed to increase at 7.3 °C/min to reach a final 
temperature of 250 °C, and held for 10.5 min. Helium was used as carrier gas 
with a constant linear velocity of 1 mL/min.

The Agilent metabolite profiling software packages (MassHunter Qualitative 
Analysis 10.0 and MassHunter Quantitative Analysis B.08.00) were used for 
targeted identification of differentially expressed metabolites in cells grown 

in [U- 13C] palmitate/glucose versus [U- 12C] palmitate/glucose supplemented 
media. Enrichment of 13C was determined by quantifying the abundance of 
the following ions: citrate, m/z 465–471; aspartate, m/z 418–423; and malate, 
m/z 419–423. Correction for natural isotope abundance was performed using 
IsoCorrectoR software.

Actin Ring Quantification. Cells were allowed to settle on Ly49H- coated slides 
for 15 min at 37 °C, fixed in 4% PFA/PBS at RT for 20 min, and permeabilized with 
0.1% Triton X- 100/PBS at RT for 10 min. F- actin was stained with Alexa Fluor 488–
labeled phalloidin (1:200 dilution in PBS; Invitrogen) and imaged by confocal 
microscopy (Leica- SP5/SP8- Inverted) with a 63x oil- immersion objective. Images 
were exported to ImageJ, and the percentage of cells with different distributions 
of F- actin was scored.

Statistical Analyses. For graphs, data are shown as mean ± SD, and unless 
otherwise indicated, statistical differences were evaluated using a two- tailed 
unpaired Student’s t test. Equal sample variance was assumed, unless an F test 
demonstrated significant variance where Welch’s correction was then applied. 
Statistical differences in survival were determined by log- rank (Mantel–Cox) test 
analysis. P < 0.05 was considered significant. Graphs were produced, and statis-
tical analyses were performed using GraphPad Prism.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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