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Abstract

Infection triggers expansion and effector differentiation of T cells specific for microbial antigens 

in association with metabolic reprograming. Here, we show that the glycolytic enzyme lactate 

dehydrogenase A (LDHA) is induced in CD8+ T effector cells via phosphoinositide 3-kinase 

(PI3K) signaling. In turn, ablation of LDHA inhibits PI3K-dependent phosphorylation of Akt and 

its transcription factor target Foxo1, causing defective antimicrobial immunity. LDHA deficiency 

cripples cellular redox control and diminishes ATP production in effector T cells, resulting in 

attenuated PI3K signaling. Thus, nutrient metabolism and growth factor signaling are highly 

integrated processes with glycolytic ATP serving as a rheostat to gauge PI3K-Akt-Foxo1 signaling 

in T cell immunity control. Such a bioenergetic mechanism for the signaling regulation may 

explain the century-old phenomenon known as the Warburg effect.

One-Sentence Summary:

A PI3K and LDHA circuit enables T cell immunity.
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In response to antigen stimulation, naïve T (Tn) cells differentiate into effector T (Teff) cells 

with rewired metabolic pathways (1–4). LDHA, a glycolysis enzyme that converts pyruvate 

to lactate, promotes Teff cytokine expression (5). However, glycolytic control of Teff 

responses to infection has yet to be defined, with a recent study questing its importance (6). 

To this end, we infected mice with Listeria monocytogenes expressing chicken ovalbumin 

protein as an antigen (LM-OVA) (7). H-2Kb-OVA+ Teff cells expressed approximate five­

fold higher LDHA than CD8+ Tn cells (Fig. 1A and fig. S1). Activation of Tn cells with 

increasing doses of anti-CD3 progressively induced LDHA expression (Fig. 1B, fig. S2A 

and B), in line with induction of the LDHA transcriptional regulator c-Myc (Fig. 1B and 

fig. S2B) (8). Notably, although proximal T cell receptor (TCR) signaling, marked by 

phospho-Zap70 and phospho-LAT, was saturated at low concentration of anti-CD3 (fig. 

S2C), PI3K-dependent Akt phosphorylation showed a response curve similar to c-Myc and 

LDHA (Fig. 1B and fig. S2B). Indeed, blockade of PI3K signaling repressed c-Myc and 

LDHA expression (Fig. 1C and fig. S2D). By contrast, phospho-Zap70 and phospho-LAT 

were minimally affected (fig. S2E). These observations, together with previous findings that 

PI3K-Akt signaling promotes expression of the glucose transporter Glut1 (9), support a 

multifaceted role for PI3K in control of glucose metabolism in Teff cells.

To investigate LDHA function in Teff cells, we utilized Tbx21Cre mice that targeted 

H-2Kb-OVA+ Teff cells (fig. S3A to C). Ldhafl/fl (designated as wild-type, WT) and 

Tbx21CreLdhafl/fl (designated as knock-out, KO) mice were infected with LM-OVA 

followed by rechallenge, as protective immunity is dependent on T cells during a recall 

response (7). We found that KO mice had barely detectable antigen-specific Teff cells 

in contrast to robust expansion in WT mice (Fig. 1D). Defective T cell responses 

were observed throughout the course of bacterial infection (Fig. 1E), and pathogen was 

efficiently cleared in WT, but not KO, mice (Fig. 1F and fig. S3D to G). Similarly 

diminished expansion of Teff cells was observed in KO mice infected with lymphocytic 

choriomeningitis virus (fig. S4A and B). Furthermore, although WT Teff cells displayed a 

fully activated CD44hiCD62Llo phenotype, KO Teff cells expressed high levels of CD62L 

(fig. S4C to F). LDHA deficiency also resulted in higher proportions of KLRG-1loCD127hi 

memory precursors effector cells (MPECs) at the expense of KLRG-1hiCD127lo short-lived 

effector cells (SLECs) (fig. S4C to F) (10). Similar dysregulation of CD62L and KLRG1 

was observed in Teff cells in KO mice infected with LM-OVA (fig. S5). Notably, attenuation 

of glucose metabolism with 2-deoxyd-glucose affected Teff cell expansion, but not CD62L 

or KLRG1 expression (fig. S5), revealing a qualitatively distinct function for LDHA in 

control of T cell activation and differentiation.

To probe CD8+ T cell-intrinsic defects caused by LDHA deficiency, we crossed 

Tbx21CreLdhafl/fl mice to the OT-I TCR-transgenic background. In a co-transfer setting, 

time-dependent out-competition of KO OT-I T cells by WT OT-I T cells was observed in 

association with diminished proliferation (fig. S6A, Fig. 2A and B). Mitochondrial reactive 

oxygen species (ROS) has been implicated in the control of T cell proliferation (11). 

Although WT OT-I T cells had higher levels of total ROS, mitochondrial ROS was higher 

in KO OT-I T cells (fig. S6B and C). This suggested that their diminished expansion was 

unlikely caused by defective mitochondrial activity. In addition, KO OT-I T cells expressed 

lower levels of effector molecules IFN-γ, TNF-α and granzyme B (fig. S7). Furthermore, 
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KO OT-I T cells failed to downregulate CD62L and differentiate to SLECs (Fig. 2C and fig. 

S8A). Thus, LDHA deficiency causes a multitude of T cell-intrinsic defects in activation, 

proliferation, and differentiation.

Teff cell heterogeneity is governed by growth factor signaling that modulates the 

transcriptional programs of T cells (12). Notably, the transcription factor Foxo1 promotes 

CD62L expression and MPEC generation (7, 13, 14), with its activity negatively regulated 

by Akt-induced phosphorylation (15, 16). Indeed, diminished phosphorylation of Akt and 

Foxo1 was observed in KO OT-I T cells (Fig. 2D and fig. S8B). In addition, defective 

phosphorylation of the mTORC1 target S6 was observed in KO OT-I T cells (fig. S8C). 

However, this would be unlikely to account for the severe defects of LDHA-deficient T 

cells, as ablation of mTORC1 causes an approximate two-fold reduction of antigen-specific 

T cells (17). To determine whether compromised Akt-induced Foxo1 phosphorylation might 

account for Teff cell defects observed in KO mice, we used a mouse strain expressing a 

phosphorylation-resistant form of Foxo1 (Fig. 2E and fig. S9A) (18). Compared to WT 

mice, Tbx21CreFoxo1AAA/+ mice had barely detectable H-2Kb-OVA+ Teff cells, which also 

failed to downregulate CD62L or upregulate KLRG-1 (Fig. 2F and fig. S9B to D). Thus, 

LDHA promotes Akt-Foxo1 signaling in CD8+ Teff cells with ectopic activation of Foxo1 

recapitulating the defects associated with LDHA deficiency.

To determine whether LDHA broadly promoted Akt-Foxo1 signaling in CD8+ T cells, we 

crossed Ldhafl/fl mice with Cd4Cre mice to delete Ldha in Tn cells (Fig. 3A). Notably, 

LDHA deficiency had negligible effects on Akt-Foxo1 signaling in Tn cells; yet, activated 

KO T cells had diminished Akt and Foxo1, but not Zap70 or LAT, phosphorylation (Fig. 3B 

and fig. S10A), which was recapitulated with a LDHA inhibitor in WT T cells (fig. S10B). 

LDHA-catalyzed pyruvate to lactate conversion defines an efficient pathwayof carbon 

disposal with its deficiency predicted to diminish glycolysis-associated ATP production. 

Indeed, phosphorylation of the cellular energy sensor AMPKα (19) was higher in KO Teff 

cells (Fig. 3B and fig. S10A), in association with reduced ATP levels and glucose usage (fig. 

S11A and B).

To investigate whether reduced ATP production in antigen-experienced KO T cells 

accounted for diminished Akt-Foxo1 signaling, we restored ATP with streptolysin O 

(SLO) (fig. S11C and D) (20). As expected, anti-CD3/CD28-induced Akt and Foxo1 

phosphorylation was inhibited in the absence of LDHA, which was unaltered by the addition 

of ATP (Fig. 3C and fig. S11E). SLO alone inhibited Akt and Foxo1 phosphorylation; 

by contrast ATP supplementation together with SLO enhanced Akt-Foxo1 signaling and 

corrected the defects associated with LDHA deficiency (Fig. 3C and fig. S11E). As the 

proximal TCR signaling was unaffected (fig. S12), we examined whether the differential 

bioenergetic states impacted the generation of PI3K-catalized phosphatidylinositol (3,4,5)­

trisphosphate (PIP3), a rate-limiting step for PDK1-mediated Akt phosphorylation (21). 

Indeed, KO T cells produced lower amounts of PIP3, which was unaffected by ATP 

supplementation (Fig. 3D). Inclusion of SLO in the absence or presence of ATP inhibited 

or enhanced PIP3 generation, respectively, nullifying the differences between WT and KO T 

cells (Fig. 3D). Similar to murine T cells, blockade of LDHA-mediated aerobic glycolysis 

almost completely inhibited Akt-Foxo1 signaling in antigen-experienced human T cells, 

Xu et al. Page 3

Science. Author manuscript; available in PMC 2021 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which could be corrected by SLO-assisted intracellular delivery of ATP (fig. S13). These 

observations reveal an evolutionarily conserved ATP-sensing property of the PI3K pathway.

LDHA-catalyzed conversion of pyruvate to lactate regenerated cytosolic oxidized 

nicotinamide adenine dinucleotide (NAD+) to support glycolytic ATP generation (Fig. 4A). 

Indeed, the NAD+/NADH ratio was lower in activated KO T cells (Fig. 4B), in association 

with a lower extracellular acidification rate (ECAR), but a higher oxygen consumption 

rate (OCR) (Fig. 4C, fig. S14A and B). The mitochondrial electron transport chain (ETC)­

mediated oxygen reduction promotes ATP synthesis through oxidative phosphorylation as 

well as glycolysis when coupled with redox shuttle systems (Fig. 4A and fig. S14C). To 

delineate contribution of these ETC-dependent sources of ATP to Akt-Foxo1 signaling, we 

utilized an ATP synthase inhibitor oligomycin and an uncoupler FCCP (Fig. 4C–D and 

fig. S14C). Oligomycin attenuated Akt and Foxo1 phosphorylation in WT T cells, whereas 

Akt-Foxo1 signaling in KO T cells was barely detectable (Fig. 4E and fig. S14D). Notably, 

treatment with FCCP or oligomycin plus FCCP enhanced Akt-Foxo1 signaling in WT T 

cells in an ETC-dependent manner, but not in KO T cells (Fig. 4E, fig. S14D and S15), 

in agreement with their higher spare respiratory capacity (SRC) (Fig. 4C). In contrast to 

activated T cells, WT and KO Tn cells exhibited comparable ECAR and OCR (fig. S16A to 

C), and oligomycin or FCCP inhibited Akt and Foxo1 phosphorylation (fig. S16D). Thus, 

Akt-Foxo1 signaling is supported by mitochondrial and glycolytic ATP in Tn and Teff cells, 

respectively. Furthermore, glycolytic ATP production is enabled primarily by LDHA with 

ETC playing a subsidiary role (fig. S17).

Antigen stimulation of CD8+ T cells induces glucose uptake to support effector functions 

(8, 22–25). A selective role for glycolytic ATP to fuel PI3K signaling in Teff cells can 

be consequent to remodeling of the mitochondrial network (26), which may spare it as an 

energy house for glucose anabolism including acetyl-CoA-mediated gene regulation (5). 

Diminished glycolytic ATP production in LDHA-deficient Teff cells impairs PI3K, but not 

proximal TCR signaling. Notably, Zap70 has an ATP Km around 3 μM (27), whereas 

PI3Kδ, the major isoform expressed in T cells, has an ATP Km around 118 μM (28), 

which may render PI3Kδ to function as an ATP sensor in gauging the bioenergetic state 

of Teff cells. As enhanced PI3K signaling is a major oncogenic event (29), future studies 

will uncover whether the PI3K-LDHA positive feedback circuit provides a mechanistic 

explanation for the Warburg effect that is observed in cancer cells (30). Such a bioenergetic 

mechanism for the regulation of signaling may also guide the development of effective 

vaccines for infectious diseases and therapeutics for cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PI3K-dependent expression of LDHA in CD8+ effector T cells is essential for antibacterial 
immunity
(A) Flow cytometric analysis of CD44 and CD62L expression in splenic naïve and H-2Kb­

OVA+ CD8+ T cells 7 days post LM-OVA infection. Immunoblotting and normalized 

expression of LDHA to β-actin. (B) Naïve CD8+ T cells were stimulated with anti-CD3 

in the presence of anti-CD28, and IL-2. Immunoblotting and normalized expression of 

p-Akt (T308) to Akt as well as c-Myc and LDHA to β-actin. (C) Naïve CD8+ T cells 

were stimulated with anti-CD3, anti-CD28, and IL-2 in the presence of the PI3K inhibitor, 

CAL-101. Immunoblotting and normalized expression of p-Akt (T308) to Akt as well as 

c-Myc and LDHA to β-actin. (D to F) Ldhafl/fl (wild-type, WT) and Tbx21CreLdhafl/fl 

(knockout, KO) mice were infected followed or not by re-challenge (RC) with LM-OVA. 

(D) Representative flow cytometry plots and frequencies of splenic H-2Kb-OVA+ CD8+ T 

cells 7 days post LM-OVA infection. (E) H-2Kb-OVA+ CD8+ T cells were enumerated 7, 

24, 60 days post-infection, and day-3 post-secondary infection. (F) Splenic bacterial burden 

from day-3-RC mice. Data are representative of three (A to C) and two (D to F, n= 3 
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per genotype, mean ± SD) independent experiments. Unpaired t tests for the measurements 

between the two groups (D and F) and multiple t tests between the two groups (E): *p<0.05 

and ***p<0.001.
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Fig. 2. LDHA deficiency impairs Akt and Foxo1 phosphorylation causing defective CD8+ T cell 
expansion and differentiation
(A to D) Congenically marked naïve Ldhafl/fl (wild-type, WT) and Tbx21CreLdhafl/fl 

(knockout, KO) OT-I T cells were CFSE-labeled, mixed at a 1:1 ratio and transferred into 

wild-type recipient mice followed by infection with LM-OVA. (A) Representative plots and 

ratios (mean ± SD) of splenic WT and KO OT-I T cells day-3 and day-7 post-infection. 

(B) Proliferation of splenic WT and KO OT-I T cells at day-3 post-infection was assessed 

by CFSE dilution. (C) Representative flow cytometry plots of CD44, CD62L, CD127, 

and KLRG-1 expression and the percentages of CD44hiCD62Llo, KLRG-1hiCD127lo, and 

KLRG-1loCD127hi populations among splenic WT and KO OT-I T cells from recipient 

mice day-7 post-infection. (D) Representative flow cytometry plots and median florescence 

intensities of p-Akt (T308), p-Foxo1 (T24), and p-Foxo1 (S256) in splenic WT and KO 

OT- I T cells. (E) A schematic of the PI3K-Akt-Foxo1 signaling pathway. Foxo1AAA was 

engineered to resist AKT-mediated repression by replacing three phosphorylation sites T24, 
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S256, and S319 with alanine (A). (F) Representative flow cytometry plots and frequencies 

of splenic H-2Kb-OVA+ CD8+ T cells in WT and Tbx21CreFoxo1AAA/+ mice 7 days post 

LM-OVA infection (n=4 per genotype, mean ± SD). Data are representative of at least three 

independent experiments (A to F). Paired t tests for the measurements between the two 

groups (C and D) and unpaired t test for the measurements between the two groups (F): 

*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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Fig. 3. Reduced glycolytic ATP production accounts for defective PI3K-Akt-Foxo1 signaling in 
LDHA-deficient T cells following antigen stimulation
(A) A schematic depicting how naïve CD8+ T cells were treated for assessment of kinase 

signaling and PIP3 generation. (B) Naïve Ldhafl/fl (wild-type, WT) and Cd4CreLdhafl/fl 

(knockout, KO) CD8+ T cells were stimulated with anti-CD3, anti-CD28, and IL-2 for 

3 days. Day-3 activated T cells and freshly isolated naïve WT and KO CD8+ T cells 

were left untreated, or labeled with biotinylated anti-CD3 and anti-CD28 and activated 

by streptavidin crosslinking. Immunoblotting and normalized expression of p-Akt (T308) 

to Akt, p-Foxo1 (T24) or p-Foxo1 (S256) to Foxo1, p-Zap70 (T319) to Zap70, p-LAT 

(T191) to LAT, and p-AMPKα (T172) to AMPKα. (C) Day-3 activated WT and KO CD8+ 

T cells were collected, rested in RPMI-1640 medium, and incubated in the absence or 

presence of ATP and/or Streptolysin O (SLO). T cells were subsequently restimulated with 

biotinylated anti-CD3 and anti-CD28 through streptavidin crosslinking. Immunoblotting and 

normalized expression of p-Akt (T308) to Akt, and p-Foxo1 (T24) or p-Foxo1 (S256) to 

Foxo1. (D) Representative immunofluorescent images of PIP3 and its quantification in WT 

and KO CD8+ T cells after receiving the indicated treatments as described in (C). Each 
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dot represents one cell and the scale bar represents 5 micrometers. Data are representative 

of three (A to C) or two (D) independent experiments. Two-way ANOVA test for the 

measurements between the two groups (D): **p<0.01 and ****p<0.0001.
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Fig. 4. Mitochondrial respiration, but not ATP production, promotes Akt-Foxo1 signaling in 
activated T cells
(A) A schematic depicting electron transfer and disposition by cytosolic LDHA and 

mitochondrial electron transport chain (ETC) associated with NADH to NAD+ conversion. 

(B) Naïve Ldhafl/fl (wild-type, WT) and Cd4CreLdhafl/fl (knockout, KO) CD8+ T cells were 

stimulated with anti-CD3, anti-CD28, and IL-2 for 3 days. The amounts of NADH and 

NAD+ were measured. The ratios of NAD+ over NADH are plotted. (C) Measurements and 

quantifications of oxygen consumption rate (OCR) and spared respiratory capacity (SRC) of 

day-3 activated WT and KO CD8+ T cells. Sequential chemical treatments are indicated 

as shown in the graph. Oligo: oligomycin; FCCP: Trifluoromethoxy carbonylcyanide 

phenylhydrazone; Ant: antimycin; Rot: rotenone. (n=5 per genotype, mean ± SD) (D) A 

schematic of mitochondrial ETC, proton distribution, and ATP synthetase activity under 

the indicated treatment conditions. (E) Day-3 activated WT and KO CD8+ T cells were 

collected, and incubated in RPMI-1640 medium in the absence or presence of oligomycin 
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and/or FCCP. T cells were subsequently restimulated with biotinylated anti-CD3 and anti­

CD28 through streptavidin crosslinking. Immunoblotting and normalized expression of p­

Akt (T308) to Akt, and p-Foxo1 (T24) or p-Foxo1 (S256) to Foxo1. Data are representative 

of three independent experiments (B, C and E). Unpaired t tests for the measurements 

between the two groups (B and C): **p<0.01 and ****p<0.0001.
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