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Introduction
CD8+ T cells are immune cells that confer protection against different pathogens or tumors throughout the 
body and are actively being used for mediating immunotherapy. Chimeric antigen receptor T (CAR-T) cell 
therapy, an example of  adoptive T cell therapy, has shown promising efficacy against cancer, especially 
blood cancers, and holds promise for viruses and autoimmune diseases (1–4). However, eliciting effective T 
cell–mediated immunity and long-lasting memory T cell responses in adoptive therapy remains challenging 
(5, 6). Thus, understanding how the longevity and potency of  T cells can be enhanced is critical in improv-
ing T cell immunotherapy.

T cells undergo activation and differentiation in various tissues and antigenic environments, and this 
energetically demanding process depends on nutrients and metabolites (7). By supporting cell proliferation 
and controlling function, metabolic reprogramming influences how T cells adapt to the surrounding anti-
genic context in tissue environments and changes the functionality and persistence of  T cells (8). A striking 
example of  an immune microenvironment affecting T cell metabolism is in cancer. The tumor microenvi-
ronment (TME) inhibits the metabolic adaptation of  T cells by nutrient depletion, production of  immu-
nosuppressive metabolites, and reduced mitochondrial fitness leading to T cell exhaustion and functional 
defects (9). CD8+ T cell metabolic programming leads to changes in their function and differentiation also 
during viral or intracellular bacterial infections (10–16). CD8+ T cells, for example, during influenza infec-
tion without CD4+ T cell help are metabolically dysfunctional and exhibit an exhausted phenotype (17). 

T cells rely on different metabolic pathways to differentiate into effector or memory cells, and 
metabolic intervention is a promising strategy to optimize T cell function for immunotherapy. 
Pyruvate dehydrogenase (PDH) is a nexus between glycolytic and mitochondrial metabolism, 
regulating pyruvate conversion to either lactate or acetyl-CoA. Here, we retrovirally transduced 
pyruvate dehydrogenase kinase 1 (PDK1) or pyruvate dehydrogenase phosphatase 1 (PDP1), 
which control PDH activity, into CD8+ T cells to test effects on T cell function. Although PDK1 and 
PDP1 were expected to influence PDH in opposing directions, by several criteria they induced 
similar changes relative to control T cells. Seahorse metabolic flux assays showed both groups 
exhibited increased glycolysis and oxidative phosphorylation. Both groups had improved primary 
and memory recall responses following infection with murine gammaherpesvirus-68. However, 
metabolomics using labeled fuels indicated differential usage of key fuels by metabolic pathways. 
Importantly, CD8+ T cell populations after B cell lymphoma challenge were smaller in both groups, 
resulting in poorer protection, which was rescued by glutamine and acetate supplementation. 
Overall, this study indicates that PDK1 and PDP1 both enhance metabolic capacity, but the context 
of the antigenic challenge significantly influences the consequences for T cell function.
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These metabolic challenges T cells face in the context of  cancer and infections underline the importance of  
appropriate metabolic programming to support a protective T cell response.

Within cellular metabolism, glycolysis rapidly breaks down glucose providing intermediates for other 
metabolic pathways, while mitochondrial oxidative phosphorylation (OXPHOS) generates ATP molecules 
efficiently through the TCA cycle (18). T cells with tight mitochondrial cristae and enhanced OXPHOS 
can form long-lived memory cells with reduced mitochondrial reactive oxygen species (ROS) and improved 
antitumor efficacy (19). Studies that intentionally skewed metabolism toward OXPHOS and away from 
glycolysis have shown evidence of  improved persistence and T cell activity in autoimmune, cancer, and 
infection settings (11, 20, 21). In contrast, constitutively glycolytic CD8+ T cells with deletion of  Vhl, which 
degrades HIFα, a key positive regulator of  glycolysis, promoted effector T cell differentiation, which nev-
ertheless persisted long-term as effector memory T cells against chronic infection (22). These studies, and 
others, highlight the necessity of  understanding how the balance of  glycolysis and OXPHOS affects mem-
ory T cell differentiation, particularly in immunologically challenging environments, such as the presence 
of  persistent antigens.

Pyruvate, as a product of  glycolysis, can be fermented to lactate, but it can also be oxidized further in 
the TCA cycle after being converted into acetyl-CoA by the pyruvate dehydrogenase (PDH) complex. This 
pathway selection is regulated by PDH E1α phosphorylation, which inactivates the complex and drives 
lactic acid conversion. Pyruvate dehydrogenase kinase 1 (PDK1) and pyruvate dehydrogenase phosphatase 
1 (PDP1) are key regulatory isoenzymes that modify the phosphorylation of  PDH E1α, which can drive 
metabolic reprogramming in T cells (23–25). All 3 residues of  Ser232, Ser293, and Ser300 of  PDH E1α can be 
phosphorylated and dephosphorylated by PDK1 and PDP1, respectively (26). Therefore, the engineering 
of  PDH phosphorylation regulators can control fuel utilization in the mitochondria and T cell differentia-
tion. Previous studies have discovered a role for PDK1 in enhancing glycolysis after T cell activation, and 
active PDH can limit Th17 differentiation (23, 24, 27). However, it is less well understood how the balance 
between mutually antagonizing PDK and PDP changes CD8+ T cells and their resulting differentiation and 
function during different antigenic challenges.

We hypothesized that enforced Pdk1 expression would drive CD8+ T cells toward glycolytic metabo-
lism while enforced Pdp1 expression would promote mitochondrial metabolism in the T cells leading to 
different effector and memory T cell differentiation. In this study, we used animal models of  persistent 
murine gammaherpesvirus-68 (MHV-68) infection and EμMyc B cell lymphoma physiologically relevant 
to this virus (28) to understand how changes in PDH activity affected memory and effector CD8+ T cell 
differentiation. Our data suggest that retrovirally transduced PDK1 and PDP1 induced higher metabolic 
capacity in CD8+ T cells with larger primary and secondary responses against MHV-68, while they induced 
poor protection against B cell lymphoma challenge compared with the control T cells, potentially due to the 
altered glutamine and fatty acid within the TME. These data provide insights into how metabolic targeting 
of  CD8+ T cells can result in different outcomes based on the nature of  the immunological challenge.

Results
Retroviral transduction of  PDH phosphoregulatory enzymes changes PDH phosphorylation. As the PDH complex 
controls the bifurcation of  glycolysis and OXPHOS, we hypothesized that manipulating PDH complex 
activity would change the differentiation and function of  CD8+ T cells (Figure 1A). We transduced mouse 
CD8+ T cells with the pCI-CD19 retroviral vector encoding Pdk1 or Pdp1 after anti-CD3/CD28 stimulation 
in vitro. Following positive selection for the reporter CD19 extracellular domain, the purity of  the retrovi-
rally transduced cells was higher than 97% (Supplemental Figure 1; supplemental material available online 
with this article; https://doi.org/10.1172/jci.insight.187680DS1).

First, we verified protein expression after transduction of  mouse CD8+ T cells with Pdk1- or Pdp1-en-
coding retroviruses. From whole CD8+ T cell lysate, the overexpression of  PDK1 protein was verified 
in Pdk1-transduced cells compared with the empty vector (EV) control (Figure 1B and Supplemental 
Figure 2A). PDP1 protein with a heavier molecular weight was detected only in the Pdp1-transduced 
cells. This is consistent with the variant 4 isoform selected for expression in the retroviral vector, which 
has a longer N-terminal region. We also checked the phosphorylation of  PDH to confirm the kinase and 
phosphatase activity on the target substrate PDH. PDH E1α phosphorylated (p-PDH) on Ser300 (Figure 
1B) was not markedly changed in the whole-cell lysates. Thus, we also measured the presence of  the 
transduced proteins in mitochondria and other subcellular compartments. Nuclear, mitochondrial, and 
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cytosolic fractions were isolated by differential centrifugation (29). Lamin B1, ATP synthase β, and actin 
proteins were used as internal controls for nuclear, mitochondrial, and cytosolic fractions, respectively. 
The transduced PDK1 and PDP1 proteins were more abundant in the relevant transduced groups than 
in EV controls (Figure 1C and Supplemental Figure 2, B and C). As expected, PDK1 and PDP1 were 
expressed most prominently in the mitochondrial fraction. However, they were also present in the nucle-
us, consistent with known nuclear PDH activity generating acetyl-CoA for histone acetylation (30–32). 
Both enzymes were also detected at lower levels in the cytosol (Figure 1C). In contrast with the whole-ly-
sate result, more mitochondrial PDH E1α Ser300 phosphorylation was observed with Pdk1 expression, 
consistent with expectations. Meanwhile, phosphorylation was reduced with Pdp1 expression, relative to 
controls (Figure 1D and Supplemental Figure 2D). Stable expression of  transduced proteins was verified 
for at least 20 days in vitro (Supplemental Figure 2, E and F). These results showed that retroviral trans-
duction of  Pdk1 and Pdp1 led to higher protein expression levels in the mitochondria and changed the 
phosphorylation status of  PDH E1α.

Manipulation of  PDH activity enhances CD8+ T cell metabolism in vitro. To analyze the effect of  enforced 
PDK1 or PDP1 expression on glycolytic metabolism and OXPHOS, we measured the OXPHOS and gly-
colytic capacity in PDK1- and PDP1-overexpressing cells by the Seahorse glycolytic rate and mitostress 
assays. Surprisingly, when we transduced CD8+ T cells with these 2 genes, both of  them showed enhanced 
mitochondrial respiration and glycolytic rate when compared with the EV control (Figure 2, A–E). In the 
mitostress assay, the PDP1 group had the highest OCR, especially the maximal level of  OXPHOS, where-
as the PDK1 group showed a lower maximal OCR level than PDP1 but was significantly higher than the 

Figure 1. Retrovirally introduced Pdk1 or Pdp1 changes mitochondrial PDH phosphorylation status in CD8+ T cells. 
(A) Schematic summary of PDH phosphorylation regulation by PDK1 and PDP1 controlling carbon utilization in the 
mitochondrial TCA cycle. (B) Protein levels in mouse CD8+ T cells were analyzed by Western blot with retrovirally trans-
duced T cells expressing EV, Pdk1, or Pdp1. Cells harvested 5 days after transduction were lysed for protein detection 
with anti-PDK1, PDP1, phosphorylated PDH (pSer300), or actin antibodies. Numbers indicate relative abundance of 
each protein normalized relative to actin. (C) Western blot data with the transduced protein expression in subcellular 
organelle fractions enriched by differential centrifugation. Lamin B1, ATP synthase β, and actin are markers for nuclear, 
mitochondrial, and cytosolic fractions, respectively. (D) The phosphorylation status of PDH was affected by enforced 
PDK1 and PDP1 expression in enriched mitochondrial fractions. Each experiment was repeated 2 to 3 times.
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EV control (Figure 2, A and D). The spare respiratory capacity (Max-Min OXPHOS) was significantly 
increased in the PDP1 group but not in the PDK1 group. Compared with EV controls the highest levels 
of  basal and maximal glycolysis were observed in the PDK1 group. However, the PDP1 group was signifi-
cantly higher than controls for these parameters. Both groups had significantly elevated spare glycolytic 
capacity (Max-Min glycolysis) compared with the control (Figure 2, B and E). These data showed that 
enforced expression of  PDH phosphoregulatory enzymes increased both mitochondrial and glycolytic 
capacity in CD8+ T cells.

Carbon export from the mitochondria fuels lactate production. These findings were unexpected from our 
hypothesis wherein PDK1 was expected to skew the cells toward higher glycolysis and lower OXPHOS, 
whereas PDP1 would display the inverse phenotype. Regarding carbon source utilization, it is increasingly 
reported that the intermediate molecules of  glycolysis and TCA cycle are not solely committed to one 
pathway but can be transferred in and out of  mitochondria to be used in other pathways, such as anaplero-
sis/cataplerosis and alternative TCA cycle (33–37). TCA intermediate molecules malate and oxaloacetate 
can be exported to the cytosol and used for regenerating pyruvate by ME1 (38, 39) or gluconeogenesis or 
pyruvate conversion from phosphoenolpyruvate (PEP) by cPEPCK (or PCK1) (40, 41). As these 2 enzymes 
can bridge the mitochondrial TCA cycle and cytosolic pyruvate, we thought the unexpected increase in 
lactic acid production with increased PDH activity could have been derived from TCA cycle intermediates 
being exported to the cytosol, then converted first to PEP and then lactate, followed by export from the cell 
(Figure 1A). Thus, we measured the ECAR (lactate export) of  CD8+ T cells after treatment with inhibitors 
of  ME1 or cytosolic PEPCK using cells transduced with PDP1. Both ME1 or PEPCK inhibitor treatments 
resulted in reductions in lactate production, measured by ECAR levels (Figure 2C). This was consistent 
with roles for ME1 and PEPCK in the process of  converting TCA cycle intermediates ultimately to lactate. 
These data support the model that a proportion of  carbons preferentially routed to the mitochondria by 
enforced PDP1 expression subsequently exit the mitochondria and reenter the cytoplasm, where they are 
converted to pyruvate, then to lactate, followed by export from the cell.

Overall, these results suggest that the transduction of  PDK1 and PDP1 induced higher metabolic 
capacity, indicated by OXPHOS and glycolytic rate, with the export of  TCA intermediates contributing to 
conversion into lactate and higher ECAR readings.

Transcriptional profiles of  CD8+ T cells with enforced Pdk1 or Pdp1 expression. We next compared the tran-
scriptional landscape of  3 groups of  transduced CD8+ T cells, Pdk1, Pdp1, and EV, to understand how the 
enforced expression of  PDH phosphorylation regulators affected CD8+ T cell transcription. The trans-
duced cells were cultured with IL-2 and then analyzed by bulk RNA sequencing. Statistically significant 
differentially expressed genes (DEGs) were analyzed to compare EV versus Pdk1, EV versus Pdp1, and Pdk1 
versus Pdp1. Principal component (PC) analysis showed consistent clustering of  replicates among groups 
(Figure 3A). PC1 separated EV samples from Pdk1/Pdp1 samples and explained 46.1% of  the variance 
while Pdk1 and Pdp1 were separated by PC2 with 12.7% of  variance explained, suggesting differences in 
expression between Pdk1- and Pdp1-transduced cells were relatively small in comparison to EV. Inspection 
of  the significant DEGs with the largest fold-changes confirmed the upregulation of  transduced genes, Pdk1 
or Pdp1, validating effective expression of  these genes in transduced T cells (Figure 3, B and C). Interesting-
ly, Pdk1 and Pdp1 groups both shared increased expression of  Bax, Bst2, Jund, Raly, Ccdc85b, and Lamtor2. 
JunD is an activator protein 1 (AP-1) family protein controlling T cell differentiation and is known to regu-
late cytokine production and proliferation (42, 43). Raly is an immune response and inflammatory response 
gene upregulated in both groups (44). It encodes an RNA-binding protein that regulates alternative splicing 
of  AP-1 transcription factors FOS and FOSB. Bax and BST-2 proteins are also involved in T cell prolifera-
tion and effector function (45, 46). While Pdk1 and Pdp1 groups showed a significant increase in these genes 
related to cell proliferation and survival compared with EV, few significant DEGs were identified between 
Pdk1 and Pdp1 (Supplemental Figure 3A).

To functionally annotate sets of  DEGs from each comparison, we performed an overrepresentation 
analysis (ORA) using a variety of  gene set collections (Gene Ontology [GO] Biological Process and Cellu-
lar Component). Enriched gene sets from the Biological Process collection again demonstrated similarity 
between Pdk1 and Pdp1 groups compared with EV (Figure 3, D and E, and Supplemental Data 1). Pdk1 
induced 20 pathways, which could be separated into 2 highly overlapping groups of  electron transport 
chain/ATP synthesis and OXPHOS pathways (Figure 3D and Supplemental Figure 3B). Similarly, Pdp1 
induced 30 pathways clustered into OXPHOS, nucleotide metabolism, and nucleobase/nitrogen compound 
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catabolism (Figure 3E and Supplemental Figure 3C). In Cellular Component GO gene sets, 21 (Pdk1) and 
12 (Pdp1) gene sets related to mitochondrial membrane structure and mitochondrial respiratory chain com-
plexes were enriched in both Pdk1 and Pdp1 groups (Figure 3, F and G). These results suggest that the 2 
genes opposing PDH phosphorylation state indeed change CD8+ T cell metabolism on a transcriptional 
level in a similar way, consistent with the metabolic phenotypes detected with the Seahorse assay (Figure 
2). Importantly, major differences between control and Pdk1 or Pdp1 groups were limited to metabolic pro-
cesses, indicating that enforced expression of  these genes does not have effects on other cellular processes 
beyond modulating cellular metabolism.

Glucose and lactate tracing show less profound changes in metabolite labeling. As both PDK1 and PDP1 groups 
exhibited similar changes in glycolysis and mitochondrial metabolism measured by both transcriptional 
and functional assays, we next tested whether there was differential usage of  key metabolic fuels between 
these groups.

As our manipulations affected pyruvate metabolism, and the major sources of  pyruvate are glucose 
and lactate, we also tested whether labeling of  13C glucose or lactate induced different levels of  13C-labeled 
metabolites. Surprisingly, we did not observe consistent changes in the labeling of  glycolytic or TCA cycle 
intermediates in either PDK1 or PDP1 groups (Supplemental Figure 4). In the glycolysis pathway, fruc-
tose-1,6-bisphosphate labeling was increased with PDP1 transduction at 6 hours, but the downstream 
3-phosphoglycerate labeling was reduced in PDK1 and PDP1 groups (Supplemental Figure 4A). This result 
is different from the Seahorse assay result (Figure 2), where the glucose-dependent metabolic capacity was 
enhanced in both groups. We postulate that this is due to the different nutrient sources present in the 2 
assays. This glucose carbon-tracing result suggests that there were no consistent changes in the way cells 
utilize glucose in the TCA cycle (Supplemental Figure 4B) and glycolysis.

Another metabolite important for T cell differentiation in the nutrient microenvironment is lactate. 
Although lactate present in the microenvironment is known to be immunosuppressive, it can also be used 
as a fuel source that contributes to the TCA cycle (47–51). Therefore, we examined metabolite labeling after 
transduced CD8+ T cells were incubated with 13C sodium lactate for 1 or 6 hours. The levels of  13C3 lactate 

Figure 2. Enforced PDK1 or PDP1 expression induces higher metabolic capacity in CD8+ T cells. Metabolic profiles of CD8+ T cells expressing PDK1 and 
PDP1 were analyzed by Seahorse assay. Cells were cultured in vitro with IL-2 for 3 days and were analyzed for (A) oxygen consumption rate with mitostress 
assay for mitochondrial respiratory capacity and (B) glycoPER with glycolytic rate assay for glycolytic capacity. (C) Pdp1-transduced cells were incubated 
with the inhibitors of ME1 or cPEPCK for 1.5 hours before analysis by glycolytic rate assay with media control– and EV-transduced cells. (D) Basal, maximal 
OXPHOS, and spare respiratory capacity from A. (E) Basal, compensatory, and spare glycolytic capacity levels from B. Each experiment was repeated 3 
times. n = 4–8 technical replicates per group; 1-way ANOVA corrected for multiple comparisons with Tukey’s multiple comparisons test. *P < 0.05; **P < 
0.01; ***P < 0.001;****P < 0.0001. Data are mean ± SD. OCR, oxygen consumption rate; ECAR, extracellular acidification rate; ME1, malic enzyme 1; cPEP-
CK, cytosolic phosphoenolpyruvate carboxykinase; glycoPER, glycolytic proton efflux rate.
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and 13C3 pyruvate, which indicate the lactate uptake and pyruvate conversion rate, were not significantly 
different, though lactate uptake was slightly elevated in the PDP1 group (Supplemental Figure 5, A and B). 
13C labeling in citrate was modestly lower in PDK1 relative to the control, while it was modestly higher in 
PDP1-transduced cells compared with the control group (Supplemental Figure 5, C and D). There were no 
statistically significant differences in labeling of  other TCA cycle or glycolysis pathway metabolites (Sup-
plemental Figure 5, E–G). Together, the glucose- and lactate-labeling experiments imply that utilization of  
these 2 nutrients was not strikingly different based on PDK1 or PDP1 transduction, except that lactate-de-
rived citrate accumulated less in the PDK1 group.

Glutamine-derived TCA cycle intermediates, glutathione, and proline are differentially enriched with PDK1 and 
PDP1 transduction. Among the nutrients and carbon sources, glutamine is the most abundant nonessential 
amino acid in the body and is important in T cell activation and metabolic programming (52, 53). Thus, 
we cultured cells with 13C5

15N2 glutamine for carbon and nitrogen tracing to track the utilization of  glu-
tamine-derived carbon and nitrogen in CD8+ T cells. There was no difference in the uptake of  labeled 
glutamine between experimental groups (Supplemental Figure 6A and Supplemental Data 2). Similarly, 

Figure 3. RNA transcription 
profiles were similar between 
Pdk1- and Pdp1-transduced cells. 
Mouse CD8+ T cells retrovirally 
transduced with EV, Pdk1, or 
Pdp1 were cultured with IL-2 for 
4 days and analyzed using bulk 
RNA sequencing. (A) Principal 
component analysis plots of EV, 
Pdk1, and Pdp1 groups. (B and 
C) Volcano plots showing the 
differentially expressed genes 
(DEGs) for (B) Pdk1 versus EV 
and (C) Pdp1 versus EV. (D–G) 
Functionally enriched pathways 
from overrepresentation (ORA) 
analysis of curated GO set 
collections of Biological Process 
pathways and Cellular Compo-
nent pathways. Pdk1 and Pdp1 
were individually compared with 
EV. DEGs with adjusted P value 
under 0.05 and fold-change over 
0.5 were analyzed. Per group 3 
or 4 technical replicate samples 
were analyzed.
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comparable levels of  labeled glutamate were present in all groups, indicating similar glutaminase activi-
ty (Supplemental Figure 6B). Interestingly, labeled antioxidant 13C5 glutathione (GSH) synthesized from 
glutamate was enriched in both groups, especially in PDP1, after 6 hours (Figure 4A). Similar increases in 
GSH accumulation with different isotopologs were also observed with the total labeled GSH after 6 hours 
(Supplemental Figure 6C).

Among TCA cycle intermediates after the entry of  glutamine-derived α-ketoglutarate into the TCA 
cycle, 13C5 α-ketoglutarate and 13C4 succinate were increased in PDK1 relative to EV, which was most appar-
ent after 6 hours (Figure 4, B and C). Similar differences with the same trend were also observed in malate 
and fumarate, but the differences were not significant (Supplemental Figure 6, D and E). Similar to the 
lactate-labeling results, 13C2 citrate was reduced in PDK1 compared with EV and PDP1 after 1 hour of  
incubation, but this was marginally higher in both PDK1 and PDP1 after 6 hours (Figure 4D). Similar 
trends of  13C incorporation were observed in 13C3 and 13C4 citrate (Supplemental Figure 6, F and G). This 
suggests that glutamine-derived carbons were replenishing TCA cycle intermediates, which can generate 
NADH and FADH2 to a greater extent in the PDK1 group (54).

13C glutamine-derived 13C5 proline was enriched in the PDP1 group at 6 hours (Figure 4E). A simi-
lar difference was also observed in the total labeled prolines of  different isotopologs (Supplemental Fig-
ure 6H). The altered utilization of  glutamine-derived carbons correlated with the hypothesized changes 
in pyruvate-derived TCA intermediates with PDK1 and PDP1 transduction. Since PDK1 suppresses the 
pyruvate-derived acetyl-CoA incorporation into the TCA cycle, glutamine likely supplements the supply 
of  TCA cycle intermediates. The PDP1 group, on the other hand, may utilize glutamine to generate other 
metabolites, such as proline and GSH, as the cells have sufficient TCA intermediates to maintain the cycle. 
These results demonstrate that PDK1 increases the carbon flux from glutamine to the TCA cycle while 
PDP1 also shows the accumulation in proline and GSH.

Palmitate oxidation and incorporation into TCA cycle intermediates were altered after PDK1 and PDP1 trans-
duction. Fatty acid is another source for both energy metabolism and biosynthetic intermediates for T cell 
growth and memory differentiation (13, 55). Thus, we traced 13C palmitate as a carbon source to under-
stand how PDK1 and PDP1 transduction changed the way cells used and accumulated fatty acid–derived 
carbons. Similar to the glutamine-tracing experiment, the activated CD8+ T cells were incubated with 13C 
palmitate for 1 or 6 hours before the cells were analyzed. First, we observed slightly increased M+14-la-
beled palmitate in PDK1 and PDP1 groups compared with EV controls, especially at 1 hour (Figure 5A). 
A similar trend of  increased fatty acid accumulation in PDK1 and PDP1 groups was observed in the M+16 
palmitate without statistical significance (Supplemental Figure 7A). Tetradecanoic acid and octadecanoic 
acid, 14- and 18-carbon saturated fatty acids, were also detected with minor changes in the PDP1 group 
without statistical significance (Supplemental Figure 7, B–E). Interestingly, reduced acylcarnitine accumu-
lation in PDK1 with various lengths of  2, 14, and 16 carbons was observed while PDP1 induced acetyl-
carnitine enrichment (Figure 5, B–D). These results suggest that the fatty acid–derived carbons were more 
actively broken down in PDP1-transduced cells.

Once the acylcarnitine is transported into mitochondria, the acyl-CoA is broken down into multiple 
acetyl-CoA molecules after β-oxidation. The resulting acetyl-CoA can be used for de novo lipid synthesis 
or energy generation in the TCA cycle (55). Different levels of  TCA cycle intermediates were observed 
in the PDK1 and PDP1 groups. Citrates with different labeling from M+3 to M+5 were decreased in the 
PDK1 group, while more M+4 citrates were labeled after 6 hours of  incubation in PDP1 (Figure 5, E 
and F). M+2 citrate did not show significant changes but followed the same trend (Supplemental Figure 
7F). In the later part of  the TCA cycle, M+4-labeled malate levels were also higher at 1 and 6 hours in 
the PDP1 group than PDK1 group (Figure 5G). Succinate and fumarate followed a similar pattern of  
decreased palmitate-derived 13C labeling with PDK1 and relatively higher labeling in PDP1 transduction 
without statistical significance (Supplemental Figure 7, G and H). Interestingly, M+5 glutamate levels 
were higher in the PDP1 group than in the other 2 groups (Figure 5H).

These data indicate enhanced fatty acid metabolism in the PDP1 group, which contributes to the production 
of TCA cycle intermediates. Increased glutamate labeling may indicate palmitate-derived carbons being diverted 
to glutamate production, as there is already a sufficient supply of intermediates to fuel the TCA cycle (21).

These 13C palmitate-tracing results suggest that fatty acid oxidation and TCA cycle incorporation were 
differentially affected by the transduction of  PDK1 versus PDP1 despite similar overall mitochondrial res-
piration observed in both groups (Figures 2 and 3).
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PDK1- and PDP1-transduced CD8+ T cells show enhanced primary response in mice with MHV-68 infection. 
To test the role of  enforced PDK1 or PDP1 expression on the T cell response in vivo, we elected to use 
the MHV-68 model system, a persistent virus infection model that induces a potent CD8+ T cell response 
does not subject T cells to exhaustion (56). We adoptively transferred transduced OT-I CD8+ T cells into 
B6 mice infected by MHV-68 encoding OVA, which was recognized by the OT-I transgenic T cell receptor. 
Recipient CD45.2+ mice were infected with MHV-68-OVA 4 days before the adoptive cell transfer (ACT) 
of  transduced OT-I cells (Figure 6A). Spleens and lungs were harvested during the primary response to 
measure the cell expansion and phenotype with flow cytometry. We first analyzed the magnitude of  the 
primary splenic CD8+ T cell response at day 10 after transfer by measuring the proportion of  CD45.1+ 
OT-I cells among live CD8+ cells. The CD8+ T cell responses were consistently higher in both of  the 
groups compared with EV in spleens and lungs (Figure 6B and Supplemental Figure 8, A and B). To test 
if  these differences were attributable to cell proliferation, we measured the Ki-67 protein as an indica-
tor of  cell division. Neither PDK1 nor PDP1 populations showed significant changes in Ki-67 staining 
(Figure 6C). PDK1 and PDP1 groups in the lung had a marginally increased proportion of  Ki-67+ cells. 
Regarding cell survival and apoptosis, annexin V and 7-aminoactinomycin D (7-AAD) staining did not 
show significant changes in the proportions of  early apoptotic or live cell populations (Figure 6D). The 
differences in T cell population sizes could not be attributed solely to more proliferation or cell survival 
but were likely due to small changes in both attributes. To evaluate T cell function, we measured the pro-
duction of  effector molecules granzyme B (GzmB) and IFN-γ after 5 hours of  stimulation with cognate 
antigen. Similar proportions of  PDK1- and PDP1-transduced T cells produced effector molecules when 
compared with EV cells, indicating in vivo effector functions were not compromised (Figure 6E). We also 
conducted experiments to measure MHV-68-OVA virus titers from the lungs of  the infected mice by viral 

Figure 4. 13C15N glutamine tracing reveals glutamine-derived TCA cycle intermediates, GSH, and proline were 
differentially enriched in PDK1 or PDP1 groups. CD8+ T cells transduced with EV, PDK1, or PDP1 were incubated with 
13C15N glutamine and analyzed with ultrahigh-performance liquid chromatography–mass spectrometry (UHPLC-MS) for 
metabolite quantification. Detected metabolites showing significant statistical differences (P < 0.05) included M+2 
citrate, M+5 α-ketoglutarate, M+4 succinate, M+5 GSH, and M+5 proline. Labeled metabolite levels of (A) 13C

5
 GSH, (B) 

13C
5
 α-ketoglutarate, (C) 13C

4
 succinate, (D) 13C

2
 citrate, and (E) 13C

5
 proline are shown as bar graphs. Groups not compared 

indicate no statistical significance. n = 3 technical replicates per group; 1-way ANOVA corrected for multiple compari-
sons with Tukey’s multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001. Data are mean ± SD.
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plaque assay. As viral titers peak days 5–7, to allow sufficient time for T cell activity to be manifest, T cells 
were adoptively transferred 2 days after MHV-68 infection in these experiments. The viral loads were not 
significantly different between the engineered and the control T cell groups (Supplemental Figure 9), indi-
cating all groups mounted T cell responses robust enough to control the infection to an equivalent degree. 
These results show that in MHV-68 infection, the T cell effector response was larger in magnitude with 
PDK1 or PDP1 expression, and there was no detrimental impact on effector functions.

Memory CD8+ T cells with PDK1 or PDP1 transduction showed enhanced secondary responses after MHV-68 
rechallenge. We measured the efficiency with which each T cell population established memory by detect-
ing donor cells 30 days after adoptive transfer. In lungs and spleens, all 3 groups of  transduced OT-I cells 
established memory similarly (Supplemental Figure 10A). This is consistent with the similar early differ-
entiation of  memory precursor effector cells and short-lived effector cells during the day 10 effector peak 
(Supplemental Figure 10B).

Next, we tested whether our metabolic engineering approach affected the quality of  the memory CD8+ 
T cell response. To interrogate the function of  memory CD8+ T cells, we tested the recall response upon 
secondary antigenic challenge. The transduced OT-I cells were transferred into MHV-68-OVA–infected 
mice, similar to the primary immune response model. Instead of  harvesting the cells during the peak of  
the effector response, transferred cells were allowed to establish memory for 30–51 days after transfer (Fig-
ure 7A). Memory OT-I cells were isolated from the spleen, and the CD45.1+ cells were transferred into 

Figure 5. 13C palmitate tracing reveals altered fatty acid breakdown and TCA cycle incorporation in PDK1 or PDP1 groups. CD8+ T cells transduced with 
EV, PDK1, or PDP1 were incubated with 13C palmitate and analyzed with UHPLC-MS for metabolite quantification. Detected metabolites showing significant 
statistical differences (P < 0.05) included (A) M+14 palmitate and (B–D) acyl-carnitines of different lengths. (E and F) Isotopologs of citrate with different 
numbers of 13C, (G) M+4 malate, and (H) M+5 glutamate. Relative metabolite levels of these labeled isotopologs are shown as bar graphs. Groups not 
compared indicate no statistical significance. n = 3 technical replicates per group; 1-way ANOVA corrected for multiple comparisons with Tukey’s multiple 
comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001. Data are mean ± SD.
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CD45.2+ recipients infected with the same virus 1 day prior. Memory cells were allowed to mount the 
secondary effector responses for 5 to 7 days after transfer.

Secondary effector responses were measured by flow cytometry by detecting CD45.1+ OT-I cells from 
the spleen. The clonal expansion of  CD45.1+ cells was larger in the secondary responses in PDK1 and 
PDP1 groups compared with EV (Figure 7B). Levels of  the proliferation marker Ki-67 were also higher, 
especially in PDK1, indicating greater proliferation drove the larger secondary effector CD8+ T cell expan-
sion (Figure 7C). Also, cell survival and apoptosis were measured by flow cytometry staining for annexin V 
and 7-AAD, markers for apoptosis and cell death, respectively. Among CD45.1+ OT-I cells, the proportion 
of  dead cells (annexin V+7-AAD+) was higher in EV compared with the 2 other groups (Figure 7D). There 
was also a reduction in early apoptotic cells (annexin V+7-AAD–) in the PDK1 and PDP1 groups. There 
was a corresponding increase in live cells (annexin V–7-AAD–), suggesting that the PDK1 and PDP1 trans-
duction induced enhanced cell survival and reduced apoptosis in CD8+ T cells after antigenic rechallenge. 
Interestingly, the cells in the secondary response showed different levels of  effector molecule GzmB and 
cytokine IFN-γ. The PDK1 and PDP1 group cells showed higher levels of  cytokine production and higher 
proportions of  cells producing effector molecules, indicating better functional responses with the engi-
neered memory cells (Figure 7E). Consistent with the enhanced primary immune response, the quality and 
quantity of  the transduced CD8+ T cells were improved in the memory recall response.

CD8+ T cells transduced with PDK1 or PDP1 show compromised protection against mouse B cell lymphoma, which is 
rescued by glutamine and acetate supplementation. As immunosuppressed patients infected with gammaherpesvi-
ruses can develop lymphoma (57, 58), we investigated the role of  engineered CD8+ T cells in the control of  the 
physiologically relevant EμMyc B cell lymphoma. Our previous studies have shown that MHV-68–induced 
memory cells protect mice against the growth of  this tumor when tumor cells express a native viral antigen 
(28). In the current study, the EμMyc B cell lymphoma cell line was retrovirally transduced with OVA antigen 
and luciferase to be targeted by OT-I cells and to allow tumor monitoring following luciferin injection in vivo.

Figure 6. Engineered OT-I CD8+ T cells induce an enhanced primary response upon MHV-68 challenge. (A) Wild-type CD45.1+ OT-I T cells retrovirally trans-
duced by EV, PDK1, or PDP1 before adoptive transfer into CD45.2+ C57BL/6 mice infected by MHV-68-OVA 4 days before ACT. (B–D) At 10 days later, primary 
effector CD45.1+ OT-I cells, proliferation marker Ki-67, and apoptosis/cell death markers annexin V/7-aminoactinomycin D (7-AAD) staining from spleens 
and lungs were measured by flow cytometry. (E) Production of effector molecules IFN-γ and GzmB after SIINFEKL peptide stimulation. Corresponding flow 
cytometry plots and dot plots are shown. Experiments were repeated 3 times. n = 8 biologically independent samples per group; 1-way ANOVA corrected 
for multiple comparisons with Tukey’s multiple comparisons test. **P < 0.01; ***P < 0.001.
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B6 mice were irradiated with a sublethal dose of  radiation (5 Gy) 1 day before tumor injection to induce 
lymphodepletion, mimic the immunocompromised condition, and better define the efficacy of  transferred 
antigen-specific CD8+ T cells. After 1 day, EμMyc B cell lymphoma cells were injected intraperitoneally 
into the mice. After 4 days, when tumors started growing in the peritoneum, transduced OT-I CD8+ T cells 
or PBS were adoptively transferred into tumor-bearing mice (Figure 8A).

Mouse survival and tumor growth in the peritoneum were monitored every 4 days in vivo by lucifer-
in injection (Figure 8, B and C). In the initial 8 to 12 days, tumors grew aggressively in all experimental 
groups. After this phase, OT-I T cell–mediated immunity controlled the tumors while mice without OT-I 
T cells (PBS) all died (Figure 8B). While most of  the mice in the PDK1 and PDP1 groups either died or 
had easily detectable tumors by day 16, mice in the EV group controlled the tumor better. Survival was 
also worse in the recipients of  OT-I cells transduced with PDK1 or PDP1 compared with EV (Figure 8C).

Next, we analyzed the OT-I cells from the ascites of  the tumor-injected mice. There was no difference 
in the frequencies of  exhausted OT-I cells in the ascites (Supplemental Figure 11A). Higher frequencies of  
apoptotic and dead cells were detected in draining lymph nodes in the PDK1 and PDP1 groups, relative to 
the control (Figure 8E), but not in the ascites (Supplemental Figure 11B). The proportion of  proliferating 
cells and cells capable of  producing IFN-γ or GzmB was not significantly different in either the ascites or 
lymph nodes (Supplemental Figure 11, C–E). These data indicate PDK1 and PDP1 retained effector and 
proliferative activity but were deficient in survival in draining lymph nodes.

Figure 7. Engineered OT-I memory CD8+ T cells induce an enhanced secondary response after MHV-68 challenge. (A) Day 30–51 memory CD8+ OT-I cells 
from MHV-68-OVA–infected mice were isolated and transferred into naive recipient B6 mice infected by MHV-68-OVA 1 day before ACT, and the secondary 
effector cells were characterized after 5 or 7 days by flow cytometry. (B–E) CD45.1+ OT-I cell expansion, expression of Ki-67, apoptosis/cell death marker 
annexin V/7-AAD, and production of effector molecules IFN-γ and GzmB after SIINFEKL peptide stimulation. Graphs show the proportion of cells positive 
for effector molecules and geometric mean fluorescence intensity (gMFI). Experiments were repeated 3 times. n = 8–10 biologically independent samples 
per group; 1-way ANOVA corrected for multiple comparisons with Tukey’s multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Therefore, while PDK1- and PDP1-transduced CD8+ T cells mounted better responses in the virus 
infection model (Figures 6 and 7), their antitumor responses were compromised (Figure 8). This may be 
due to the restricted metabolic flexibility of  CD8+ T cells by the enforced expression of  genes regulating 
PDH activity, and this is more critical in a tumor than in a virus infection model.

Supplementation with glutamine or the short-chain fatty acid acetate can enhance antitumor immunity 
(59–62). Our metabolomics data (Figures 4 and 5) indicated PDK1 or PDP1 groups preferentially metab-
olized glutamine and fatty acids, so we hypothesized that deficiency in these nutrients in the TME may be 
responsible for the poorer protection observed using these transduced T cells. To test this, we administered 
daily glutamine and sodium acetate supplements intraperitoneally to EμMyc B cell lymphoma–bearing 
mice that received CD8+ T cells transduced with EV, PDK1, or PDP1 (Figure 9A).

Tumors grew well in all groups receiving glutamine/acetate supplementation for the first 12 days. Inter-
estingly, we observed that the overall survival of  the PDK1 and PDP1 groups after glutamine/acetate 
supplementation was marginally higher than EV control (Figure 9B). We also observed that the mice that 
survived initial tumor growth after 16 days controlled the tumors better with PDK1- and PDP1-trans-
duced OT-I cells compared with EV until day 30 (Figure 9C). These data indicate that when PDK1- or 
PDP1-transduced T cells receive plentiful glutamine and acetate, this restores their tumor-protective ability 
to be at least comparable to and possibly a little better than control CD8+ T cells.

Discussion
Although previous studies have examined the role of  PDK1 and glycolysis in CD8+ T cell differentiation 
(23), the consequences of  altering the expression of  PDK1 and the opposing phosphatase PDP1 in vivo 
remain to be investigated. The focus of  this study was the intentional activation or inhibition of  PDH 
activity to measure effects on effector and memory CD8+ T cell responses. Contrary to expectations, we 
found either enforced PDK1 or PDP1 expression resulted in enhanced CD8+ T cell metabolic capacity 
and increased primary and secondary responses in a virus infection model. Critically, these enhanced 
responses did not extend to conferring better protection in a B cell lymphoma model, which we ascribe 
to the absence of  key metabolic fuels, illustrating a key role for immunological context in CD8+ T cell 
metabolic reprogramming.

Both the retrovirally transduced Pdk1 and Pdp1 genes increased glycolytic and OXPHOS capacity, but 
they showed different fuel utilization with glutamine and palmitate in CD8+ T cells. These engineered cells 
showed similar phenotypes not only with respect to in vitro metabolism but also after in vivo antigenic chal-
lenge. Cells transduced with PDK1 and PDP1 expanded more in both primary and secondary challenges 
by MHV-68, and this was due to reduced apoptosis and increased proliferation in the secondary response. 
Although the recall responses to MHV-68 induced more effector molecule production (GzmB+IFN-γ+) in 
the engineered cells, the EμMyc B cell lymphoma challenge showed worse tumor protection with larger 
tumors and shorter survival time in recipients of  the engineered cells. This reduced T cell protection was 
rescued when glutamine and acetate were supplemented to tumor-bearing mice.

Our results demonstrated that enforced expression of  PDK1 and PDP1 induced a transcriptional pro-
gram distinct from EV-transduced cells, while PDK1 and PDP1 groups were transcriptionally similar to 
each other. Genes induced by the engineering were mostly related to mitochondrial metabolism, cell sur-
vival, and proliferation rather than genes relating to other immunological pathways including broader dif-
ferentiation processes in CD8+ T cells. It will be informative to study the transcriptional profile and their 
heterogeneity in in vivo models, such as tumor and viral infections, in future research.

Two previous studies found that glutamine was redirected into the TCA cycle when pyruvate supply 
to the mitochondria was reduced (63, 64). Our data indicate that a similar process is occurring in CD8+ 
T cells after PDK1 expression, as increased glutamine-derived TCA cycle intermediates were observed 
in PDK1-expressing T cells. This previous work supports our observations that CD8+ T cells with PDK1 
or PDP1 metabolized nutrients differently by utilizing more glutamine or fatty acids, respectively, in the 
TCA cycle (64). It is noteworthy that different lengths (13C14-18) of  fatty acids, even longer than palmi-
tate, were synthesized marginally higher in PDP1-transduced cells while some of  them were lower in the 
PDK1 group without reaching statistical significance. Combined with the enriched 13C14 and 13C16 acylcar-
nitines and 13C2 acetylcarnitines in the PDP1 group, the data suggest higher levels of  fatty acid oxidation 
and de novo synthesis are occurring at the same time in the PDP1 group. Meanwhile, the PDP1 group 
also showed enriched 13C citrate and 13C glutamate compared with the PDK1 group. This may indicate 
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sufficient intermediates are produced to sustain the TCA cycle in the PDP1 group, so excess carbons can 
be exported from the mitochondria as citrate or glutamate for use in other metabolic pathways (21).

In addition, citrate from 13C lactate was also enriched in the PDP1 group compared with the PDK1 
group. It is increasingly appreciated that citrate in immune cells can lead to epigenetic modification via 
acetyl-CoA (48, 65). In Th1 cells, H3K9 acetylation controls the expression of  IFN-γ independent of  the 
3′UTR (21), which may explain the enhanced IFN-γ responses we observed in the secondary responses to 
MHV-68. Thus, the consistent differences in labeled citrate levels derived from palmitate, glutamine, and 
lactate imply that PDP1-transduced cells may have higher histone acetylation activity. PDH activity in the 
nucleus is another possible regulatory mechanism known to modify H3K27, H3K9, and H3K18 acetyl-
ation, increasing expression of  cell cycle and activation genes (31, 32). We could detect PDP1 in nuclei 
as well as mitochondria, consistent with a recent study where PDP1 induced Hif1α/Pdk1 in nuclei under 
hypoxia (30). This homeostatic loop can control histone acetylation and potentially preserve acetyl-CoA 
levels in the cell. This suggests an interesting PDP1 regulatory feedback mechanism possible in CD8+ T 
cells, as PDP1 inducing PDK1 and glycolytic metabolism may partly explain the similar phenotypes of  
PDK1 and PDP1 group CD8+ T cells, even though they function in opposite directions and utilize nutrients 
differently. For maintaining acetyl-CoA levels, other sources, such as acetate, can generate acetyl-CoA and 
support histone acetylation in effector T cells by acetyl-CoA synthetase under glucose-restricted conditions 
(66). It is possible that PDK1 and PDP1 groups used glutamine differently for anaplerotic replenishment 
while citrate from other fuels was used outside of  the TCA cycle (67). Since we observed different levels of  

Figure 8. CD8+ T cells overexpressing PDH regulatory enzymes show compromised efficacy against tumor challenge. (A) B6 mice received 300,000 
EμMyc-OVA B cell lymphoma cells expressing luciferase by intraperitoneal injection. Then, 4 days later, 25,000 transduced CD8+ T cells (EV/Pdk1/Pdp1) were 
adoptively transferred into B lymphoma–bearing mice. (B) In vivo IVIS imaging of mouse tumors over the course of 32 days. (C) Kaplan-Meier survival anal-
ysis of the tumor-bearing mice showing significant reductions in PDK1 (P = 0.0064 Mantel-Cox log-rank test) and PDP1 (P = 0.0316) groups compared with 
EV. (D) Flow cytometry analysis of OT-I cells in vivo. A total of 1 million EμMyc-OVA tumor cells were injected into B6 mice, followed by 500,000 transduced 
OT-I CD8+ T cells 4 days later. T cells were analyzed by flow cytometry 6 days after adoptive transfer. (E) Apoptosis and cell death marker staining of OT-I cells 
from inguinal lymph nodes of the B cell lymphoma model. Experiments were repeated 2 times. n = 5–10 biologically independent samples per group; 1-way 
ANOVA corrected for multiple comparisons with Tukey’s multiple comparisons test. *P < 0.05; **P < 0.01; ****P < 0.0001. Data are mean ± SD.
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citrate derived from glutamine, palmitate, and lactate with PDK1 and PDP1 transduction, it will be inter-
esting to investigate how different nutrient sources supply acetyl-CoA and histone acetylation in T cells.

An unanticipated metabolomic result was that 13C glucose tracing showed no significant differences in 
glycolytic and TCA cycle metabolite levels between groups. The presence of  palmitate and lactate in media 
used for metabolomics assays but not Seahorse assays could be a key reason. The availability of  lactate and 
palmitate and their usage by PDK1- and PDP1-transduced cells likely reduced the requirements for glu-
cose, such that glucose utilization was similar to control T cells in metabolomics studies. Meanwhile, the 
media used in Seahorse assays without lactate and fatty acid showed enhanced glycolysis that was inhibited 
by 2-DG in both groups.

Enforced expression of  PDP1 resulted in increased ECAR readings in Seahorse assays, suggesting 
some of  the increased carbon flux to the mitochondrial TCA cycle ultimately returned to the cytosol. Our 
data show that ME1 and PEPCK both contribute to this process, converting the TCA cycle intermediate 
malate to pyruvate. This is consistent with the known role of  PEPCK in tumor control and IFN-γ pro-
duction as the metabolite PEP suppresses SERCA-mediated calcium uptake and sustains cytosolic Ca2+/
nuclear factor of  activated T cells signaling (68). Our result verifies that supporting glycolytic demand 
from TCA intermediates through PEPCK is important in effector CD8+ T cells. Furthermore, PEPCK is 
known to drive gluconeogenesis and glycogen storage in memory CD8+ T cells, generating glucose-6-phos-
phate in pentose phosphate pathway for NADPH and subsequent GSH production (41). The contribution 
of  PEPCK to the first step of  gluconeogenesis in PDP1-transduced CD8+ T cells in which TCA cycle 
flux was increased can further support this concept. Another connection between the TCA cycle and 
pyruvate regeneration is through malic enzymes (MEs). ME1 is known to increase lactate production and 
glucose uptake in breast cancer cells, leading to glycolytic metabolism (38). Also, ME2 increases glycolytic 

Figure 9. Glutamine and fatty acid supplementation improves tumor protection with engineered OT-I T cells. Using the same EμMyc-OVA mice as 
described in Figure 8, (A) glutamine (200 mg/kg) and sodium acetate (1 g/kg) were intraperitoneally delivered into tumor-bearing mice for glutamine 
and fatty acid supplementation. Supplementation was given daily from day 4 to the endpoints. (B) Kaplan-Meier survival analysis of the tumor-bear-
ing mice with nutrient supplementation showed enhancement of T cell protective capacity in PDK1 (P = 0.5964 Mantel-Cox log-rank test) and PDP1 
(P = 0.2393) groups compared with EV. (C) In vivo IVIS imaging of mouse tumors over the course of 36 days. Results were pooled from 2 independent 
experiments. N = 10 (no OT-I control) or N = 15 mice per group.
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flux and lactate production, contributing to osteoblast proliferation and differentiation, for which glucose 
consumption is important, similar to T cell activation (69). These studies are consistent with our results 
showing the diversion of  TCA intermediates to pyruvate and lactate in PDP1-transduced cells.

A previous study overexpressed the glycolytic gene phosphoglycerate mutase 1 (Pgam1), which aug-
mented glycolytic flux, induced terminally differentiated CD8+ T cells, and impaired long-term memory in 
the Vaccinia virus model (11). An important distinction between this report and the current study is where 
the intervention is in the glycolysis pathway. PGAM1 regulates upstream glycolysis while PDK1 promotes 
lactate production at the last step of  glycolysis. This suggests the steps in between may contribute to the 
differentiation of  T cells. PEP, for instance, is downstream of  PGAM1 and enhances effector T cell differ-
entiation. By promoting lactate fermentation and PEP consumption, the accumulation of  this metabolite 
may be alleviated in PDK1 compared with PGAM1-overexpressing cells. The intact memory cells observed 
with PDK1 overexpression show that interventions in glycolytic metabolism can show diverse memory 
differentiation phenotypes and outcomes for T cell therapy.

These metabolic phenotypes in PDK1 and PDP1 groups suggest how disruption of  PDH homeostasis 
could converge on similar phenotypes. This unexpected result could be explained by 3 possible mecha-
nisms: (a) Nuclear localization of  PDP1 and active PDH can induce PDK1, leading to enhanced glycolytic 
metabolism to maintain PDH homeostasis. (b) Compensatory pathways connecting mitochondria and gly-
colysis, such as ME1 and PEPCK, can generate glycolytic metabolites, pyruvate and PEP, to drive converg-
ing metabolic phenotypes. (c) Different fuel source utilization, including fatty acid and glutamine, could 
compensate for changes in PDH activity to meet the metabolic demand, such as TCA anaplerosis by gluta-
mine in the PDK1 group, and may lead to similar phenotypes with respect to enhanced rates of  glycolysis 
and OXPHOS. Enhanced glycolysis and OXPHOS, together with improved effector molecule production, 
are similar to those seen in secondary effector cells, which likely explains the superior secondary responses 
we observed in the MHV-68 model (70–72).

Interestingly, the engineered CD8+ T cells in the B cell lymphoma model showed worse protective 
efficacy as opposed to enhanced T cell responses in MHV-68 infection. These contrasting results empha-
size the importance of  the nutrient microenvironment in the metabolic reprogramming of  T cells. A 
study focusing on inhibition of  mitochondrial pyruvate carrier (MPC) detailed the seemingly contradic-
tory role of  pyruvate metabolism via the TCA cycle (64). MPC inhibition imprinted a pro-memory phe-
notype through acetyl-CoA synthesis from glutamine and fatty acids, but MPC was essential for lactate 
oxidation, supporting CD8+ T cell antitumor function. Therefore, pyruvate metabolism plays a multi-
faceted role in the TME, which may explain why restrictions on pyruvate usage may be detrimental. In 
the MPC study, preconditioning with an MPC inhibitor before in vivo administration resulted in effec-
tive and persistent CAR-T cells. Glutamine and acetate supplementation can inhibit tumor growth by 
affecting T cell immunity, conventional type 1 dendritic cells, metabolism within TME, and epigenetics 
(59–62). Here, we show this supplementation can restore compromised antitumor functions in T cells 
with targeted metabolic enhancements. Thus, the enforced expression of  PDH phosphorylation regula-
tors in the current study could have constrained the metabolic flexibility in CD8+ T cells, illuminating the 
importance of  metabolic adaptation in the TME.

Under hypoxia, PDK1 is required for metabolic adaptation by attenuating mitochondrial ROS in the 
hypoxic environment (73). In this context, PDK1 is necessary for preventing electron leakage from the 
inefficient TCA cycle and permits continued glycolysis for cell survival. Pyruvate carboxylase (PC) is also 
important in anaplerosis for succinate secretion and T cell effector function while PDH inhibition improved 
cytotoxicity by increasing PC activity (33). These findings suggest that with a limited nutrient supply, gly-
colysis and PC activity facilitating anaplerosis can be important in fine-tuning the metabolic balance in 
the TME. Research on mitochondrial phosphatase PTPMT1-knockout CD8+ T cells discovered enhanced 
fatty acid and glutamine utilization while glucose and pyruvate utilization were inhibited. Persistent mito-
chondrial inflexibility in this fuel selection induced oxidative stress, exhaustion, and impaired antitumor 
immunity in CD8+ T cells (74). From previous studies and our findings, metabolic plasticity and the ability 
to adapt to fuel availability are essential for T cell tumor therapy (75). For future therapeutic approaches, ex 
vivo conditioning of  CD8+ T cells for metabolic manipulation may be an alternative approach that better 
preserves metabolic flexibility (11, 64). It is noteworthy that a recent study by Frisch et al. took a pharma-
cological approach with dichloroacetate (DCA) to temporarily inhibit PDK1 in vitro, which improved T 
cell efficacy against cancer accompanied by increased stemness characteristics and survival of  T cells (76). 
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Consistent with our result, prolonged intervention with DCA treatment in mice negated the therapeutic 
efficacy, which highlights the finding that long-term enforcement of  pyruvate conversion pathways may not 
be the best immunotherapeutic approach for tumors.

The current study also focused on T cell metabolism during infection with gammaherpesvirus MHV-
68 as a model. With increasing evidence accumulating in the past 2 years, the correlation between the 
human gammaherpesvirus Epstein-Barr virus and multiple sclerosis shows the importance of  translational 
approaches for immune responses to persistent viruses (77–79). Alteration of  T cell metabolism has been 
shown in several types of  virus infection. SARS-CoV-2 reduces glycolytic activity and glucose transporter 
1 expression and causes mitochondrial dysfunction in T cells (16). Chronic viruses, such as HIV, can also 
affect T cells by inducing exhaustion and altering metabolism by promoting glycolysis, which permits HIV 
replication in CD4+ T cells (15). T cell–mediated immunity against influenza infection depends on CD4+ T 
cells to provide help shape CD8+ T cell metabolism (27). Other immune cells are also metabolically affect-
ed during infections, including highly glycolytic myeloid-derived suppressor cells that inhibit CD4+ T cell 
glycolytic activity by lactate secretion in Staphylococcus aureus infection (80). Our study and future research 
on the metabolism of  immune cells beyond CD8+ T cells will be important in understanding how infection 
and the local environment affect the immune landscape.

Although this study demonstrated changes in murine CD8+ T cell response against different types of  
antigenic challenges, we did not study human immune responses. Future studies on human T cells against 
various infections and cancers will provide a fuller understanding of  the role of  pyruvate metabolism. Our 
study was also limited in that only retroviral transduction was used to manipulate metabolic pathways. 
Other pharmacological and genetic approaches will help provide more insights and move immunometabol-
ic intervention closer to the clinic. As other isoforms of  PDK and PDP are less studied in T cells (81–85), 
studying the combinatorial effect of  different isoforms, including splicing variants of  Pdp1 as well as the 
balance of  PDK versus PDP, will be interesting. Although our study has discussed interesting immunolog-
ical phenotypic changes, a deeper understanding of  the mechanisms of  transcriptional programming and 
epigenetic remodeling will be important.

An important implication of  this study is that therapeutic strategies utilizing metabolic intervention 
should consider the essential role of  the nutrient microenvironment where T cells are required to exert 
effector function. We predict that allowing metabolic flexibility would enhance the therapeutic potential of  
T cells, allowing them to adapt to the metabolic environment encountered in the relevant disease.

Finally, we found that enforced expression of  PDH phosphoregulatory genes in CD8+ T cells enhanced 
metabolic capacity and T cell responses against viral infection, but they led to a less protective antitumor 
response. This study will provide insights into the PDH complex as a key step of  T cell metabolism for 
controlling the balance of  glycolysis and OXPHOS, suggesting the importance of  nutrient environment 
adaptation and the necessity of  fine-tuning T cell metabolism for therapeutic purposes.

Methods
Sex as a biological variable. We conducted this study on MHV-68 infection and B cell lymphoma with both 
male and female mice.

Mice. Female C57BL/6NCrl mice were purchased from Charles River Laboratories. CD45.1 (Jackson 
Laboratory, 002014) and OT-I (Jackson Laboratory, 003831) female mice with wild-type C57BL/6 back-
grounds were originally purchased from Jackson Laboratory. These 2 mouse strains were crossed, and 
CD45.1 OT-I mice were maintained in-house at Dartmouth College. Mice of  8–12 weeks of  age were used 
for experiments, and OT-I mice were backcrossed to B6 mice every other generation.

Virus. MHV-68 virus encoding OVA (MHV-68-OVA) was provided by P. Stevenson (University of  
Queensland, Brisbane, Queensland, Australia). For the primary response, 4,000 PFU of  MHV-68 was 
resuspended in 30 μL of  PBS before being intranasally instilled. For the secondary response, 1 million PFU 
of  MHV-68 was resuspended in 100 μL of  PBS before intraperitoneally injected.

Transfection and retrovirus harvest. Three million HEK293T cells (from Patricia Ernst, University of  Col-
orado Anschutz Medical Campus) were plated on a 10 cm tissue culture dish 24 hours before transfection. 
A total of  3 μg of  retroviral vector and the same amount of  packaging vector pCL-Eco DNA plasmids were 
used for transfection. HEK293T cells were transfected using a calcium phosphate transfection protocol. 
Medium containing retrovirus was harvested 48 hours after transfection. Transfection efficiency was mea-
sured by staining with anti-mouse CD19 antibody (BioLegend, product 115512, clone 6D5). The harvested 
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virus was concentrated using Retro-X concentrator (Takara, 631456), according to the manufacturer’s pro-
tocol. The concentrated retrovirus was resuspended in T cell culture medium before being frozen.

Mouse CD8+ T cell culture and retroviral transduction. Mouse CD8+ T cells were isolated from splenocytes 
using EasySep Mouse CD8+ T cell isolation kits (STEMCELL Technologies, 19853). Isolated CD8+ T 
cells were cultured for 48 hours at 500,000 cells/mL/well with T cell culture media (86) with 5 μg/mL of  
anti-CD28 antibody (BioXcell, BE0015-1) and 25 U/mL recombinant human IL-2 (NIH National Can-
cer Institute [NCI]; TECIN) on 24-well plates precoated with 10 μg/mL of  InVivoMAb anti-mouse CD3 
(BioXcell, BE0002) antibody overnight at 4°C.

Activated cells were washed and transduced as previously described (87, 88). Briefly, 3 million cells 
were mixed with 1 mL concentrated retrovirus, 2 μg/mL Lipofectamine 2000 (Thermo Fisher Scientific), 
and 1.6 μg/mL polybrene. Cultures were centrifuged at 235g at 32°C for 90 minutes. Cells were incubated 
at 37°C with 25 U/mL recombinant human IL-2 (rhIL-2). At 16 hours after transduction, the cells were 
stained with anti-mouse CD19 antibody, and the transduced cells were positively enriched with MojoSort 
Mouse anti-APC Nanobeads (BioLegend, 480072). Transduction efficiency and CD19+ cell purity were 
checked using a Beckman Coulter Cytoflex S cytometer. The cells were then cultured with T cell culture 
medium and were counted daily to adjust the cell concentration to 0.5–1.0 million cells/mL until they were 
used for experiments.

Adoptive transfers and infection. Mice were infected with MHV-68-OVA 4 days before CD8+ T cell adop-
tive transfer for the primary response and 1 day before transfer for the secondary response.

Cells were cultured with 25 U/mL of  rhIL-2, counted, and collected before adoptive transfer. A total of  
20,000 cells in 100 μL were retro-orbitally injected into B6 MHV-68-OVA–infected mice.

Metabolic analysis. Seahorse assays were performed with an XFe96 Analyzer according to the manu-
facturer’s protocols (Agilent Technologies). XF cell culture microplate wells were coated with 20 μL of  50 
μg/mL poly-d-lysine (Gibco, A38904-01) per well for 1 hour. Poly-d-lysine was washed and dried before 
use. Seahorse XF base medium without phenol red (Agilent 103575-100) supplemented with 2 mM gluta-
mine, 10 mM glucose, 1.2 mM pyruvate, and 5 mM HEPES was used as assay media. A total of  150,000 
cells were seeded per well in the XF cell culture Microplates. We used 1 μM oligomycin, 1 μM FCCP, and 
0.5 μM rotenone/antimycin A for the mitostress test and glycolytic rate assay. cPEPCK inhibitor (Axon 
Mechem, 1165) at the 25 μM concentration (40) and ME1 inhibitor (MedChemExpress, HY-124861) at the 
50 μM concentration (89) were used for each Seahorse assay involving pathway inhibition.

Tissue preparation. Single-cell suspensions were prepared from spleens, lungs, and inguinal lymph nodes 
by macerating tissues through nylon filters (Bally Ribbon Mills). Peritoneal cells in the ascites were collect-
ed by lavage of  the peritoneal cavity with 10 mL of  PBS. Red blood cells in the samples were lysed, and 
the samples were washed and resuspended in PBS containing 2% FBS v/v and 1 mM EDTA before being 
stained for markers.

Generation of  B cell lymphoma line, in vivo challenge, and imaging. EμMyc B cell lymphoma cells on a 
C57BL/6 background (28) were transduced with cloned pCIGAR retroviral vector (from Yina Huang at 
Dartmouth College) encoding luciferase-mCherry and OVA-eGFP for luciferase and OVA expression. The 
cells were transduced using 5 μg/mL polybrene and cultured in T cell culture medium before mCherry+eG-
FP+ cells were purified using an SH800S Cell Sorter (Sony Biotechnology).

Before tumor challenge experiments, recipient mice were irradiated with 5 Gy radiation. Transduced 
EμMyc-Luc-OVA cells were injected into C57BL/6 recipient mice intraperitoneally. For mouse survival 
and tumor growth experiments, 300,000 cells were injected per mouse, and 25,000 transduced OT-I cells 
were retro-orbitally injected 4 days later. For in vivo tumor imaging, mice were administered 3 mg of  
d-luciferin (GoldBio, LUCNA) intraperitoneally followed by a 2-minute period before acquiring lumines-
cence image using a Xenogen IVIS-200 imaging system (PerkinElmer). For ascites T cell analysis, 1 million 
EμMyc-Luc-OVA cells were injected after irradiation and 500,000 transduced OT-I cells were retro-orbital-
ly injected 4 days later. Ascites were harvested 6 days after OT-I adoptive transfer by rinsing the peritoneum 
of  euthanized mice with 10 mL PBS.

Sodium acetate (VWR, 0602-500G) and l-glutamine (Corning, 25-005-CI) were diluted in PBS for 200 mg/
kg glutamine and 1 g/kg acetate in vivo supplementation experiment. The same EμMyc-OVA model was used 
with daily intraperitoneal injection of glutamine and acetate from OT-I adoptive transfer until the endpoint.

Statistics. Statistical analyses and graph visualization were performed using GraphPad Prism 10. Sta-
tistical tests and multiple comparisons used are described in the figure legends and include 1-way ANOVA 
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with Tukey’s multiple-comparison test and Kaplan-Meier survival analysis with Mantel-Cox long-rank test. 
A P value less than 0.05 was considered significant. Data represent mean ± SD.

Study approval. All animal experiments were approved by the Institutional Animal Care and Use Com-
mittee of  Dartmouth College.

Data availability. RNA-Seq data will be made available under GEO accession GSE279041.

Author contributions
TK, YKU, and EJU conceptualized the project. TK, YKU, SCK, AFV, FWK, AD, HNH, and EJU 
designed experiments. TK, YKU, JRR, SCK, and RCH performed experiments. TK, JRR, SCK, RCH, 
OMW, AMH, and EJU analyzed the data. TK, SCM, PCR, AD, HNH, and EJU discussed data interpre-
tation. TK, JRR, OMW, and EJU prepared the manuscript.

Acknowledgments
Funding and resources were provided by NIH grants CA257954 and AI115015 to EJU, NIH grant 
P30CA023108, and Dartmouth Cancer Center. 3′RNA-Seq was carried out in the Genomics and Molecu-
lar Biology Shared Resource (RRID:SCR_021293) at Dartmouth, which is supported by NIH NCI Cancer 
Center Support Grant 5P30CA023108 and NIH S10 (1S10OD030242) awards. RNA-Seq data analysis 
support was provided through Dartmouth Cancer Center Bioinformatics & Biostatistics Shared Resource 
supported by NIH NCI award P30CA023108 and Dartmouth’s Center for Quantitative Biology Genomics 
Data Sciences Core supported by NIH award 3P20GM130454-06S2. Funding and resources from bioMT 
at Dartmouth College were funded by NIH National Institute of  General Medical Sciences Centers of  
Biomedical Research Excellence award P20-GM113132.

We thank Tak Shun Fung (Memorial Sloan Kettering Cancer Center, New York, New York, USA) and Xin 
Cai (University of  Texas Southwestern Medical Center, Dallas, Texas, USA) for their advice and discus-
sions regarding PDH metabolism data.

Address correspondence to: Edward Usherwood, Microbiology and Immunology Department, Rubin level 7, 
710-53, One Medical Center Drive, Lebanon, New Hampshire 03756, USA. Email: EJU@Dartmouth.edu.

	 1.	Mitra A, et al. From bench to bedside: the history and progress of  CAR T cell therapy. Front Immunol. 2023;14:1188049.
	 2.	Schett G, et al. CAR T-cell therapy in autoimmune diseases. Lancet. 2023;402(10416):2034–2044.
	 3.	Seif  M, et al. CAR T cells beyond cancer: hope for immunomodulatory therapy of  infectious diseases. Front Immunol. 

2019;10:2711.
	 4.	Mao Y, et al. Efficacy and safety of  novel multifunctional M10 CAR-T cells in HIV-1-infected patients: a phase I, multicenter, 

single-arm, open-label study. Cell Discov. 2024;10(1):49.
	 5.	Corrado M, Pearce EL. Targeting memory T cell metabolism to improve immunity. J Clin Invest. 2022;132(1):e148546.
	 6.	Auladell M, et al. Recalling the future: immunological memory toward unpredictable influenza viruses. Front Immunol. 

2019;10:1400.
	 7.	O’Sullivan D, Pearce EL. Targeting T cell metabolism for therapy. Trends Immunol. 2015;36(2):71–80.
	 8.	Kates M, Saibil SD. Reprogramming T-cell metabolism to enhance adoptive cell therapies. Int Immunol. 2024;36(6):261–278.
	 9.	Chapman NM, Chi H. Metabolic adaptation of  lymphocytes in immunity and disease. Immunity. 2022;55(1):14–30.
	10.	Rolf  J, et al. AMPKα1: a glucose sensor that controls CD8 T-cell memory. Eur J Immunol. 2013;43(4):889–896.
	11.	Sukumar M, et al. Inhibiting glycolytic metabolism enhances CD8+ T cell memory and antitumor function. J Clin Invest. 

2013;123(10):4479–4488.
	12.	Xu K, et al. Glycolysis fuels phosphoinositide 3-kinase signaling to bolster T cell immunity. Science. 2021;371(6527):405–410.
	13.	Pearce EL, et al. Enhancing CD8 T-cell memory by modulating fatty acid metabolism. Nature. 2009;460(7251):103–107.
	14.	Wu D, Xu JF. Editorial: T cell metabolism in infection. Front Immunol. 2022;13:958276.
	15.	Pallett LJ, et al. T cell metabolism in chronic viral infection. Clin Exp Immunol. 2019;197(2):143–152.
	16.	Wik JA, Skålhegg BS. T cell metabolism in infection. Front Immunol. 2022;13:840610.
	17.	Cullen JG, et al. CD4+ T help promotes influenza virus-specific CD8+ T cell memory by limiting metabolic dysfunction. Proc 

Natl Acad Sci U S A. 2019;116(10):4481–4488.
	18.	Klein Geltink RI, et al. Unraveling the complex interplay between T cell metabolism and function. Annu Rev Immunol. 

2018;36(1):461–488.
	19.	Buck MD, et al. Mitochondrial dynamics controls T cell fate through metabolic programming. Cell. 2016;166(1):63–76.
	20.	Scherlinger M, et al. Phosphofructokinase P fine-tunes T regulatory cell metabolism, function, and stability in systemic autoim-

munity. Sci Adv. 2022;8(48):eadc9657.
	21.	Peng M, et al. Aerobic glycolysis promotes T helper 1 cell differentiation through an epigenetic mechanism. Science. 

2016;354(6311):481–484.



1 9

R E S E A R C H  A R T I C L E

JCI Insight 2025;10(16):e187680  https://doi.org/10.1172/jci.insight.187680

	22.	Phan AT, et al. Constitutive glycolytic metabolism supports CD8+ T cell effector memory differentiation during viral infection. 
Immunity. 2016;45(5):1024–1037.

	23.	Menk AV, et al. Early TCR signaling induces rapid aerobic glycolysis enabling distinct acute T cell effector functions. Cell Rep. 
2018;22(6):1509–1521.

	24.	Gerriets VA, et al. Metabolic programming and PDHK1 control CD4+ T cell subsets and inflammation. J Clin Invest. 
2015;125(1):194–207.

	25.	Heo HJ, et al. Mitochondrial pyruvate dehydrogenase phosphatase 1 regulates the early differentiation of  cardiomyocytes from 
mouse embryonic stem cells. Exp Mol Med. 2016;48(8):e254.

	26.	Rardin MJ, et al. Monitoring phosphorylation of  the pyruvate dehydrogenase complex. Anal Biochem. 2009;389(2):157–164.
	27.	Kono M, et al. Pyruvate dehydrogenase phosphatase catalytic subunit 2 limits Th17 differentiation. Proc Natl Acad Sci U S A. 

2018;115(37):9288–9293.
	28.	Preiss NK, et al. Control of  B cell lymphoma by gammaherpesvirus-induced memory CD8 T cells. J Immunol. 

2020;205(12):3372–3382.
	29.	Bossy-Wetzel E. Mitochondrial cytochrome c release in apoptosis occurs upstream of  DEVD-specific caspase activation and 

independently of  mitochondrial transmembrane depolarization. EMBO J. 1998;17(1):37–49.
	30.	Karagiota A, et al. Pyruvate dehydrogenase phosphatase 1 (PDP1) stimulates HIF activity by supporting histone acetylation 

under hypoxia. FEBS J. 2023;290(8):2165–2179.
	31.	Mocholi E, et al. Pyruvate metabolism controls chromatin remodeling during CD4+ T cell activation. Cell Rep. 2023;42(6):112583.
	32.	Sutendra G, et al. A nuclear pyruvate dehydrogenase complex is important for the generation of  acetyl-CoA and histone acetyl-

ation. Cell. 2014;158(1):84–97.
	33.	Elia I, et al. Tumor cells dictate anti-tumor immune responses by altering pyruvate utilization and succinate signaling in CD8+ T 

cells. Cell Metab. 2022;34(8):1137–1150.
	34.	Arnold PK, et al. A non-canonical tricarboxylic acid cycle underlies cellular identity. Nature. 2022;603(7901):477–481.
	35.	Doan MT, Teitell MA. Krebs and an alternative TCA cycle! Cell Res. 2022;32(6):509–510.
	36.	Inigo M, et al. Ins and outs of  the TCA cycle: the central role of  anaplerosis. Annu Rev Nutr. 2021;41(1):19–47.
	37.	Owen OE, et al. The key role of  anaplerosis and cataplerosis for citric acid cycle function. J Biol Chem. 

2002;277(34):30409–30412.
	38.	Liao R, et al. ME1 promotes basal-like breast cancer progression and associates with poor prognosis. Sci Rep. 2018;8(1):16743.
	39.	Murai S, et al. Inhibition of  malic enzyme 1 disrupts cellular metabolism and leads to vulnerability in cancer cells in glucose-re-

stricted conditions. Oncogenesis. 2017;6(5):e329.
	40.	Montal ED, et al. Inhibition of  phosphoenolpyruvate carboxykinase blocks lactate utilization and impairs tumor growth in col-

orectal cancer. Cancer Metab. 2019;7(1):8.
	41.	Ma R, et al. A Pck1-directed glycogen metabolic program regulates formation and maintenance of  memory CD8+ T cells. Nat 

Cell Biol. 2018;20(1):21–27.
	42.	Schnoegl D, et al. AP-1 transcription factors in cytotoxic lymphocyte development and antitumor immunity. Curr Opin Immunol. 

2023;85:102397.
	43.	Meixner A, et al. JunD regulates lymphocyte proliferation and T helper cell cytokine expression. EMBO J. 2004;23(6):1325–1335.
	44.	Liang Z, et al. RALY regulate the proliferation and expression of  immune/inflammatory response genes via alternative splicing 

of  FOS. Genes Immun. 2022;23(8):246–254.
	45.	Jones RG, et al. The proapoptotic factors Bax and Bak regulate T cell proliferation through control of  endoplasmic reticulum 

Ca(2+) homeostasis. Immunity. 2007;27(2):268–280.
	46.	Urata S, et al. BST-2 controls T cell proliferation and exhaustion by shaping the early distribution of  a persistent viral infection. 

PLoS Pathog. 2018;14(7):e1007172.
	47.	Quinn WJ, et al. Lactate limits T cell proliferation via the NAD(H) redox state. Cell Rep. 2020;33(11):108500.
	48.	Feng Q, et al. Lactate increases stemness of  CD8+ T cells to augment anti-tumor immunity. Nat Commun. 2022;13(1):4981.
	49.	Rabinowitz JD, Enerbäck S. Lactate: the ugly duckling of  energy metabolism. Nat Metab. 2020;2(7):566–571.
	50.	Faubert B, et al. Lactate metabolism in human lung tumors. Cell. 2017;171(2):358–371.
	51.	Hui S, et al. Glucose feeds the TCA cycle via circulating lactate. Nature. 2017;551(7678):115–118.
	52.	Carr EL, et al. Glutamine uptake and metabolism are coordinately regulated by ERK/MAPK during T lymphocyte activation. 

J Immunol. 2010;185(2):1037–1044.
	53.	Wang R, et al. The transcription factor Myc controls metabolic reprogramming upon T lymphocyte activation. Immunity. 

2011;35(6):871–882.
	54.	Yoo HC, et al. Glutamine reliance in cell metabolism. Exp Mol Med. 2020;52(9):1496–1516.
	55.	Lochner M, et al. Fatty acid metabolism in the regulation of  T cell function. Trends Immunol. 2015;36(2):81–91.
	56.	Obar JJ, et al. Gammaherpesvirus persistence alters key CD8 T-cell memory characteristics and enhances antiviral protection. 

J Virol. 2006;80(17):8303–8315.
	57.	Tarakanova VL, et al. Murine gammaherpesvirus 68 infection is associated with lymphoproliferative disease and lymphoma in 

BALB beta2 microglobulin-deficient mice. J Virol. 2005;79(23):14668–14679.
	58.	Jha H, et al. The role of  gammaherpesviruses in cancer pathogenesis. Pathogens. 2016;5(1):18.
	59.	Miller KD, et al. Acetate acts as a metabolic immunomodulator by bolstering T-cell effector function and potentiating antitumor 

immunity in breast cancer. Nat Cancer. 2023;4(10):1491–1507.
	60.	Li Y, et al. Acetate supplementation restores chromatin accessibility and promotes tumor cell differentiation under hypoxia. 

Cell Death Dis. 2020;11(2):102.
	61.	Ishak Gabra MB, et al. Dietary glutamine supplementation suppresses epigenetically-activated oncogenic pathways to inhibit 

melanoma tumour growth. Nat Commun. 2020;11(1):3326.
	62.	Guo C, et al. SLC38A2 and glutamine signalling in cDC1s dictate anti-tumour immunity. Nature. 2023;620(7972):200–208.
	63.	Tompkins SC, et al. Disrupting mitochondrial pyruvate uptake directs glutamine into the TCA cycle away from glutathione 

synthesis and impairs hepatocellular tumorigenesis. Cell Rep. 2019;28(10):2608–2619.



2 0

R E S E A R C H  A R T I C L E

JCI Insight 2025;10(16):e187680  https://doi.org/10.1172/jci.insight.187680

	64.	Wenes M, et al. The mitochondrial pyruvate carrier regulates memory T cell differentiation and antitumor function. Cell Metab. 
2022;34(5):731–746.

	65.	An YJ, et al. Lactate as a major epigenetic carbon source for histone acetylation via nuclear LDH metabolism. Exp Mol Med. 
2023;55(10):2238–2247.

	66.	Qiu J, et al. Acetate promotes T cell effector function during glucose restriction. Cell Rep. 2019;27(7):2063–2074.
	67.	Puleston DJ, et al. Polyamine metabolism is a central determinant of  helper T cell lineage fidelity. Cell. 

2021;184(16):4186–4202.
	68.	Ho PC, et al. Phosphoenolpyruvate is a metabolic checkpoint of  anti-tumor T cell responses. Cell. 2015;162(6):1217–1228.
	69.	Lee WC, et al. Malic enzyme couples mitochondria with aerobic glycolysis in osteoblasts. Cell Rep. 2020;32(10):108108.
	70.	Van Der Windt GJW, et al. CD8 memory T cells have a bioenergetic advantage that underlies their rapid recall ability. Proc Natl 

Acad Sci U S A. 2013;110(35):14336–14341.
	71.	Cham CM, et al. Glucose deprivation inhibits multiple key gene expression events and effector functions in CD8+ T cells. Eur J 

Immunol. 2008;38(9):2438–2450.
	72.	Chang CH, et al. Posttranscriptional control of  T cell effector function by aerobic glycolysis. Cell. 2013;153(6):1239–1251.
	73.	Kim J, et al. HIF-1-mediated expression of  pyruvate dehydrogenase kinase: a metabolic switch required for cellular adaptation 

to hypoxia. Cell Metab. 2006;3(3):177–185.
	74.	Chen C, et al. Mitochondrial metabolic flexibility is critical for CD8+ T cell antitumor immunity. Sci Adv. 

2023;9(49):eadf9522.
	75.	Muoio DM. Metabolic inflexibility: when mitochondrial indecision leads to metabolic gridlock. Cell. 2014;159(6):1253–1262.
	76.	Frisch AT, et al. Redirecting glucose flux during in vitro expansion generates epigenetically and metabolically superior T cells 

for cancer immunotherapy. Cell Metab. 2025;37(4):870–885.
	77.	Bjornevik K, et al. Longitudinal analysis reveals high prevalence of  Epstein-Barr virus associated with multiple sclerosis. Science. 

2022;375(6578):296–301.
	78.	Bjornevik K, et al. Epstein-Barr virus as a leading cause of  multiple sclerosis: mechanisms and implications. Nat Rev Neurol. 

2023;19(3):160–171.
	79.	Gottlieb A, et al. Expanded T lymphocytes in the cerebrospinal fluid of  multiple sclerosis patients are specific for 

Epstein-Barr-virus-infected B cells. Proc Natl Acad Sci U S A. 2024;121(3):e2315857121.
	80.	Goldmann O, Medina E. Myeloid-derived suppressor cells impair CD4+ T cell responses during chronic Staphylococcus aureus 

infection via lactate metabolism. Cell Mol Life Sci. 2023;80(8):221.
	81.	Lee H, et al. Inhibition of  pyruvate dehydrogenase kinase 4 in CD4+ T cells ameliorates intestinal inflammation. Cell Mol 

Gastroenterol Hepatol. 2023;15(2):439–461.
	82.	Jeon J, et al. Loss of  metabolic flexibility as a result of  overexpression of  pyruvate dehydrogenase kinases in muscle, liver and 

the immune system: Therapeutic targets in metabolic diseases. J Diabetes Investig. 2021;12(1):21–31.
	83.	Shi G, McQuibban GA. The mitochondrial rhomboid protease PARL is regulated by PDK2 to integrate mitochondrial quality 

control and metabolism. Cell Rep. 2017;18(6):1458–1472.
	84.	Wu J, et al. Loss of  PDK4 switches the hepatic NF-κB/TNF pathway from pro-survival to pro-apoptosis. Hepatology. 

2018;68(3):1111–1124.
	85.	Liu Z, et al. PDK4 protein promotes tumorigenesis through activation of  cAMP-response element-binding protein (CREB)-Ras 

homolog enriched in brain (RHEB)-mTORC1 signaling cascade. J Biol Chem. 2014;289(43):29739–29749.
	86.	Chakrabarti R, et al. Mitochondrial dysfunction triggers actin polymerization necessary for rapid glycolytic activation. J Cell 

Biol. 2022;221(11):e202201160.
	87.	Wu D, et al. A method for expansion and retroviral transduction of  mouse regulatory T cells. J Immunol Methods. 

2021;488:112931.
	88.	VanSeggelen H, et al. T cells engineered with chimeric antigen receptors targeting NKG2D ligands display lethal toxicity in 

mice. Mol Ther. 2015;23(10):1600–1610.
	89.	Fernandes LM, et al. Malic Enzyme 1 (ME1) is pro-oncogenic in ApcMin/+ mice. Sci Rep. 2018;8(1):14268.


	Graphical abstract

