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Introduction: Following antigenic stimulation, T cells switch from a catabolic

metabolic state maintained by low levels of nutrient uptake to an anabolic

metabolism that sustains the biosynthetic and energetic demands of clonal

expansion, differentiation, and effector function. Much progress has been made

in understanding the transcriptional and enzymatic regulation of activated T cell

metabolism. However, less is understood of the role for regulators of anaplerosis

and cataplerosis such as phospho-enol pyruvate carboxykinases (PEPCK) in

T cells.

Methods: Assessment of PEPCK expression in mouse T cells was performed.

Pharmacological inhibitors were used to assess functional and metabolic roles for

PEPCKs in T cell activation.

Results: We show that mitochondrial PEPCK (PEPCK-M) is upregulated following T

cell activation, while cytosolic PEPCK-C was not detected. The PEPCK inhibitors

limited CD8+ T cell cytotoxic capacity and both CD4+ and CD8+ T cell inflammatory

cytokine production. The suppression of T cell effector functions by PEPCK inhibitors

was associated with decreased maximal mitochondrial respiration.

Discussion: These data suggest that PEPCKs act to modulate mitochondrial

metabolism, supporting effector function in T cells.

KEYWORDS
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Introduction

The processes of T cell activation and differentiation are linked to the regulation of

cellular metabolism. These pathways provide the energy required for growth, proliferation,

and effector functions, while metabolites can also directly modulate T cell differentiation.

Importantly, the dysregulation of cellular metabolism has been linked to immune decline in

aging (1, 2), the failure of anti-tumor T cell responses (3, 4), and autoimmunity (5, 6).

The changes in T cell functional state that follow T cell antigen receptor (TCR)

triggering are accompanied by metabolic reprogramming. TCR and costimulatory CD28
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signals promote the activation of mTOR and Myc signaling

pathways that result in upregulation of nutrient receptors and

activation of glycolytic and glutaminolysis pathways (7, 8). T cell

metabolic reprogramming is also influenced by cytokines such as

transforming growth factor b (9, 10). Both CD4+ T helper (Th) cells

and CD8+ cytotoxic T lymphocytes (CTLs) rely upon aerobic

glycolysis to meet the metabolic demands of proliferation and

effector differentiation, while mitochondrial biogenesis and

metabolism are also required for T cell activation (11–14). The

tricarboxylic acid (TCA) cycle serves to link the catabolism of

carbohydrates, fats, and proteins to oxidative phosphorylation

(OXPHOS) via the production of NADH and FADH. Glycolysis

and the TCA cycle also provide precursors for biosynthetic

pathways. The removal of intermediate metabolites in metabolic

pathways is termed cataplerosis, while effector T cells utilize these

pathways concurrent with those that replenish these metabolites

(anaplerosis)—for example, T cell growth and proliferation are

dependent upon the anaplerotic production of the TCA cycle

intermediate a-ketoglutarate from glutamine in glutaminolysis

(15, 16).

A wealth of data has defined the role of transcriptional and

enzymatic regulators of glycolysis and glutaminolysis in T cell

activation. By contrast, the specific roles of regulators of anaplerosis

and cataplerosis in T cells are poorly understood. Two isoforms of

phosphoenolpyruvate carboxykinase (PEPCK) are central players in

the regulation of this axis as enzymes that catalyze the conversion of

oxaloacetate (OAA) to phosphoenolpyruvate (PEP) (17).

Cytoplasmic PEPCK (PEPCK-C; encoded by PCK1/Pck1) is a

critical enzyme in gluconeogenesis, while mitochondrial PEPCK

(PEPCK-M; encoded by PCK2/Pck2) has a regulatory function in

mitochondrial metabolism. In tumor cells, PEPCK-C promotes

glutaminolysis and the TCA cycle flux (18), while the

downregulation of TCA cycle anaplerosis/cataplerosis and a

subsequent reduction in OXPHOS were associated with decreased

PEPCK-M expression in melanoma (19). It is worth noting that the

ectopic overexpression of PEPCK-C can partially overcome the

requirement for glycolysis in T cell activation. PEP produced

during glycolysis or following enforced PEPCK-C expression

facilitates prolonged TCR-induced Ca2+ signaling and nuclear

factor of activated T cells (NFAT) activation (20). High levels of

PEP, produced during glycolysis or following PEP supplementation,

have been shown to impede Th17 cell differentiation, whereas a

paucity of PEP, under conditions of glucose starvation, impairs Th1/

CTL responses (20, 21), highlighting the key importance of regulating

PEP levels in T cells. Furthermore, recent studies have shown that

PEPCK-C expression is elevated in memory T cell populations where

it functions to increase glycogen synthesis and metabolism to fuel the

pentose phosphate pathway (22). PEPCK-C expression is important

in memory T cells for the maintenance of high levels of glutathione

(GSH) and redox homeostasis (22, 23). By contrast, less is known of

the role of PEPCK isoforms in effector and inflammatory T cell

activation and metabolism.

In the current work, we assessed the expression levels of PEPCK

isoforms in mouse T cell subsets and used pharmacological inhibition

to ascertain the importance of PEPCK function during T cell

activation. Data indicate that PEPCK-M is expressed in effector T
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cells, while PEPCK inhibition limited CD8+ T cell cytotoxic capacity

in vitro and both CD4+ and CD8+ T cell inflammatory cytokine

production. The suppressive effects of PEPCK inhibitors on T cell

function were distinct from previously described roles of PEPCK-C in

maintaining GSH levels but were associated with decreased maximal

mitochondrial respiration.
Materials and methods

Database searches

Quantitative proteomic data were taken from the Immunological

Proteome Resource (https://immpres.co.uk) (24). The data shown

are protein copy number/cell expressed by mouse T cell populations

within the hematopoietic cell proteomes dataset, using “Pck1” and

“Pck2” as search terms, for PEPCK-C and PEPCK-M, respectively.

The protein copy numbers are estimated using the “proteomic

ruler” method (25). The data in Figure 1B are PEPCK-M protein

copy numbers within the Myc-regulated T cell proteome dataset,

originally published in (26) and available within ImmPRes. The

data shown in Figure 1C are taken from RNA-Seq datasets

originally published by Hope et al. (9) and represent fragments

per kilobase million values for Pck1 (encoding PEPCK-C) and Pck2

(encoding PEPCK-M) transcripts within OT-I T cells stimulated for

24 h with SIITFEKL peptide.

Mice

OT-I Rag1-/- and C57BL/6J mice were maintained at the

University of Leeds’ St. James’s Biomedical Services animal

facility. All experiments were performed using both male and

female mice at 7–15 weeks of age.

Cell lines

ID8-OVA-fLuc cells (27) were maintained in Iscove’s modified

Dulbecco’s medium (IMDM, Gibco) supplemented with 5% fetal

calf serum (FCS) (Gibco), L-glutamine, and antibiotics (100 U

penicillin, 100 mg/mL streptomycin). EL4-OVA cells, originally

from Klaus Okkenhaug (University of Cambridge), were

maintained as detailed above, with the addition of 400 mg/mL

G418 antibiotic. The cell lines were negative for mouse

pathogens, including mycoplasma contamination.

T cell culture and stimulation

OT-I T cells were obtained from the lymph nodes of OT-I

Rag1-/- mice. Single-cell suspensions were prepared by dissociating

lymph nodes using a 70-mM filter, with the cell purity of CD8+ T

cells being >90%. The OT-I T cells were cultured in IMDM

supplemented with 5% FCS, L-glutamine, antibiotics (100 U

penic i l l in , 100 mg/mL streptomycin) and 50 mM 2-

mercaptoethanol. The OT-I T cells were activated using

SIINFEKL peptide (Cambridge Peptides) for the time periods

indicated in the figure legends. In some experiments, the control
frontiersin.org
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OT-I T cells were left unstimulated in vitro. 3-Mercaptopicolinic

acid (Cayman Chemicals) was added to culture media at a final

concentration of 100 mM unless otherwise stated. The PEPCK

inhibitor 5-chloro-N-{4-[(cyclopropylmethyl)-1-(2-fluorbenyzl)-

2,6-dioxo-2,3,6,9-tetrahydro-1H-purin=8=yl)methyl]phenyl}-1,3-

dimethyl-1H-pyrazole-4-sulfonamide (iPCK2) was synthesized as

previously described (28) and was added to the culture media at a

final concentration of 5 mM. Where indicated, 1 mM L-glutathione

(GSH, Tocris), 50 mM glycogen phosphorylase inhibitor (Cayman

Chemicals), and 1 mM phospho-enol pyruvate monopotassium salt

(PEP, Merck) were added to culture. For the generation of cytotoxic

T lymphocytes (CTLs), OT-I T cells were activated ± 3-MP or

iPCK2 with 10–8 M SIINFEKL for 2 days, followed by 4 days of

differentiation with 20 ng/mL recombinant human IL-2. For the

analysis of cytokine production, day 6 CTLs were re-stimulated

with 10-7–10–8 M SIINFEKL for 4 h in the presence of 2.5 mg/mL

brefeldin A (Sigma). For Th1 and Th17 differentiation, CD4+ T cells

were purified from C57BL/6 lymph nodes by negative selection

using magnetic beads (Miltenyi Biotech). T cells were activated in

48-well plates for 3 days (Th1) or 6 days (Th17) with plate-bound

CD3e (Clone 145-2C11, BioLegend) and CD28 mAb (Clone 37.51,

BioLegend) with the following recombinant cytokines (all

Peprotech): Th1—10 ng/mL mouse IL-12, 10 ng/mL human IL-2;

Th17—1 ng/mL mouse TGFb, 20 ng/mL mouse IL-6, 5 mg/mL anti-

IFNg (Clone XMG1.2, BioLegend), 5 mg/mL blocking anti-CD25

(Clone PC61, BioLegend). Brefeldin A was added to the Th1 and

Th17 cultures for the final 4 h of culture prior to intracellular

staining and flow cytometry.

Western blotting

Lysates from naïve OT-I T cells or from day 6 activated OT-I T

cells, generated as described above, were prepared in RIPA lysis

buffer, and protein concentrations were assessed by using Bradford
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Assay (Thermo Fisher) and 15 mg protein/sample loaded on

polyacrylamide gels. Western blotting was performed as

previously described using Li-COR Odyssey Imaging System (29).

The antibodies used were rabbit polyclonal anti-PEPCK-M (#6924,

Cell Signaling Technology), mouse anti-b-actin (Clone AC-15,

Sigma), goat anti-rabbit AF680, and goat anti-mouse AF790

(Molecular Probes).

Flow cytometry

The following antibodies were used: CD4-allophycocyanin

(APC) (Clone GK1.5), CD8b-phycoerythrin (PE) cyanine 7 (Cy7)

(Clone YTS156.7.7), CD69-peridinin chlorophyll protein (PerCP)

Cy5.5 (Clone H1.2F3), CD71-fluorescein isothiocyanate (FITC)

(Clone R17217), PD-1-PE (29F.1A12), granzyme B-Pacific Blue

(Clone GB11), Tbet-PE (Clone 4B10), IFNg-alexa flour 488 (AF488)
(Clone XMG1.2), TNFa-PerCP Cy5.5 (Clone MP6-XT22), IL-17A-

APC (Clone TC11-18H10.1) (all BioLegend), and retinoic acid-

related orphan receptor (ROR) gamma-PE (Clone B20,

eBioscience). For live cell discrimination, the cells were stained

with live/dead aqua dyes (Life Technologies). For intracellular

staining, the cells were fixed in eBioscience FoxP3 fix/

permeabilization buffers prior to staining in the permeabilization

buffer. The samples were acquired with LSRII (Becton Dickinson)

or Cytoflex S (Beckman) flow cytometers, and data were analyzed

using FlowJo Software (Treestar).

IL-2 ELISA

OT-I T cells were activated with 10–6 M SIINFEKL ± 3-MP in the

presence of 2.5 mg/mL CD25 blocking antibody to prevent IL-2

consumption, and supernatants were collected at 24 h. The levels of

supernatant IL-2 were assessed by ELISA using the mouse IL-2 DuoSet

kit according to the manufacturers’ instructions (R&D Systems).
FIGURE 1

Expression of PEPCK-M in effector T cells. PEPCK-M protein copy numbers/cell in mouse T cell subsets (A) and in control and Myc-deficient mouse
CD8+ T cells stimulated for 24 h with CD3 and CD28 antibodies (B). The data are from Immunological Proteome Resource (immpres.co.uk), and the
datasets used to generate (B) were published in (26). The values are means, and the error bars represent SD from n = 3 biological replicates (T cells
from an individual mouse). (C) Expression of Pck1 (encoding PEPCK-C) and Pck2 (encoding PEPCK-M) transcripts expressed as fragments per
kilobase million (FPKM) in OT-I T cells activated for 24 h with SIITFEKL antigen. The circles represent individual values from four biological replicate
samples. Data are from RNA-sequencing datasets originally published in (9). (D) Effector OT-I CTLs were generated by 2 days of OVA-peptide
stimulation, followed by 4 days of expansion and differentiation in IL-2. Western blot analysis of PEPCK-M expression in control naïve and the
resultant effector CTLs was performed. b-actin reprobes serve as protein loading controls. PEPCK-M expression represent densitometric values of
PEPCK-M/actin. The data are from one of three repeated experiments.
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Quantitative RT-PCR

OT-I T cells were activated with 10–6 M SIINFEKL ± 3-MP for

24 h, and cell pellets were stored at -80°C. RNA was prepared using

PureLink® RNA Mini Kit (Invitrogen), and cDNA synthesis was

performed using the RevertAid First Strand cDNA synthesis kit

(Thermo Scientific). Gzmb expression was quantified using the

ddCT method and Taqman reagents using the QuantStudio 7

Real-Time PCR system ((Applied Biosystems). The relative

expression of Rpl13a was used to normalize the gene expression

across samples. The following Taqman probes were used: Gzmb –

Mm00442837_m1; Rpl13a – Mm05910660_g1.

In vitro cytotoxicity assay

Target ID8-OVA-fLuc cells were seeded in 48-well plates for

6 h, prior to the addition of day 6 CTLs at the ratios indicated in the

figures. Following overnight culture, the plates were gently washed

in PBS to remove T cells and target cell debris prior to the

assessment of luciferase activity by the addition of luciferin (Regis

Technologies) and IVIS imaging. Specific cell lysis was calculated by

the comparison of luminescence wells in experimental wells to

target only and blank wells.

EL4-OVA tumor model and ACT
experiments

EL4-OVA cells (1 × 106) were injected subcutaneously into the

flank of C57BL/6 mice. After 5 days, the mice were randomly

divided into three groups; the control mice received no ACT, while

the additional groups received intravenous injections via the tail

vein of either control or 3-MP CTLs (5 × 106/mouse). Tumor mass

was assessed by caliper measurements every 2 to 3 days, until the

tumors in any control group mice reached a diameter of 15 mm.

Seahorse metabolic assays

Mitostress test and glycolysis stress kits (Agilent) were used to

measure metabolic profiles using a Seahorse XFe96 analyzer. The

activated T cells were washed (3×) in PBS prior to transfer to the

Seahorse assay plates (1 × 105/well) and adhered using Cell-Tak

solution (22.4 mg/mL, Corning) in complete XF assay medium.

Oligomycin (1 mM), carbonyl cyanide-p-trifluoromethoxy

phenylhydrazone FCCP (1.5 mM), and rotenone/antimycin A

(500 nM) were injected using the Mitostress test protocol. For

glycolysis stress tests, glucose was omitted from the base media.

Glucose (10 mM), oligomycin (1 mM), and 2-deoxyglucose (50

mM) were injected using the glycolysis test protocol. Data were

collected in Wave software and analyzed using GraphPad Prism.

Data analysis and statistics

Statistical significance (p-value < 0.05) was determined by paired

or unpaired Student’s t-test and one- or two-way ANOVA with

Tukey’s multiple-comparisons tests using GraphPad Prism, as stated

in the figure legends. The dots in graphs represent biological replicate

samples, and the error bars represent SDs, unless otherwise stated.
Frontiers in Immunology 04
The values for biological replicates represent the mean values of

technical replicates performed in a single independent experiment.

Study approval

The mouse breeding and experiments performed were reviewed

and approved by the University of Leeds Animal Welfare and

Ethical Review Committee and were subject to the conditions of

UK Home Office Project License PDAD2D507, held by RJS.
Results

Expression of PEPCK-M in effector T cells

We used publicly available datasets to assess the expression of

cytosolic and mitochondrial PEPCK isoforms in mouse T cells.

Quantitative mass spectrometry data from the Immunological

Proteome Resource (ImmPRes) (24) showed that PEPCK-M was

expressed at low levels in naïve CD4+ and CD8+ T cells (Figure 1A).

The expression levels of PEPCK-M were elevated in most activated

mouse T cell populations, compared with naïve cells, with the

highest levels being in effector CD8+ cytotoxic T lymphocyte (CTL)

populations. The analysis of a further ImmPRes proteomic dataset,

originally published by Marchingo and colleagues (26), showed that

the upregulation of PEPCK-M in CD8+ T cells following TCR

stimulation was strictly Myc-dependent (Figure 1B). By contrast,

PEPCK-C was not detected in any of the T cell mass spectrometry

datasets available within ImmPRes. Consistent with the proteomic

data, the analysis of our published RNA-sequencing data (9)

demonstrated that the Pck1 transcripts were absent whereas the

Pck2 transcripts were readily detectable in activated CD8+ OT-I

TCR transgenic T cells (Figure 1C). Furthermore, Western blot

analysis demonstrated that the PEPCK-M protein was expressed at

low but detectable levels in naïve OT-I T cells and upregulated in

CTLs (Figure 1D, Supplementary Figure 1). These data together

suggest that PEPCK-M is expressed in effector T cells and that

PEPCK-M/Pck2 upregulation is part of the TCR-driven, Myc-

dependent transcriptional program that regulates T cell

metabolic reprogramming.

PEPCK inhibitors limit CD8+ T cell cytolytic
activity

To assess the role of PEPCKs in T cell activation, we used the

well-characterized inhibitor 3-mercaptopicolinic acid (3-MP)

(30, 31). 3-MP is a competitive inhibitor of PEP/OAA binding

and binds a second allosteric site in the PEPCK structure (30). The

CD8+ OT-I T cells were stimulated in vitro with cognate SIINFEKL

peptide ± 3-MP for 48 h, and T cell activation was assessed. The

flow cytometry analysis demonstrated that 3-MP did not impact on

T cell growth, as assessed by FSC-A analysis, nor upon the TCR-

induced upregulation of activation marker CD69, transferrin

receptor CD71, exhaustion-associated immune checkpoint

receptor PD-1, or transcription factor Tbet (Figures 2A–F;

Supplementary Figures 2B–D). Furthermore, 3-MP did not affect
frontiersin.org
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the viability of activated OT-I T cells (Figure 2G), TCR-induced IL-

2 production (Figure 2H), or IL-2Ra/CD25 expression (Figure 2I).

By contrast, 3-MP limited the TCR-induced upregulation of

cytolytic effector granzyme B protein (Figures 3A, B) and mRNA

(Figure 3C) expression in a dose-dependent manner (Figure 3D).

Importantly, a second structurally distinct PEPCK inhibitor, iPCK2

(28), also selectively inhibited TCR-induced granzyme B but not

CD71 expression or cell viability in OT-I T cells (Figures 3E–G).

To determine if this reduced level of granzyme B expression

impeded cytotoxic activity, effector OT-I CTLs were generated in

the presence or absence of 3-MP by stimulating the cells for 2 days

with SIINFEKL peptide followed by 4 days of differentiation using

high-dose IL-2 as per our previously described protocol (32).

Surprisingly, 3-MP did not impede the population expansion of

OT-I CTLs over the course of the 6-day differentiation protocol

(Figure 4A), while the analysis of antigen-induced T cell

proliferation, by assessing the dilution of cell trace violet,

s imi lar ly demonst ra ted a neg l ig ib le e ff ec t o f 3-MP
Frontiers in Immunology 05
(Supplementary Figure 2D). However, as was the case following

48 h of activation, the day 6 CTLs generated in the presence of 3-

MP (hereafter termed “3-MP CTLs”) had reduced levels of

granzyme B, but not Tbet, compared with control CTLs

(Figures 4B, C). Furthermore, 3-MP OT-I CTLs had impaired

capacity to kill OVA-expressing ID8 tumor cell targets in vitro, as

shown by a shift in the titration curve (Figure 4D).

Next, we assessed the capacity of 3-MP CTLs to clear tumors in

vivo using an adoptive T cell transfer (ACT) model. EL4-OVA

lymphoma cells were injected into the flanks of C57BL/6 mice and

allowed to establish tumors for 5 days, following which the mice

received intravenous ACT using high numbers (5 × 106) of either

control or 3-MP OT-I CTLs. The data indicated that both control

and 3-MP CTLs were competent to control EL4-OVA tumor

growth in all of the mice assessed (Supplementary Figure 3).

Taken together, these data indicate that 3-MP has a selective

inhibitory effect on CD8+ T cell activation, reducing granzyme B

expression and limiting in vitro CTL activity, but not population
FIGURE 2

PEPCK inhibitors do not prevent T cell activation marker expression. The OT-I TCR transgenic T cells were stimulated with cognate peptide SIINFEKL
(TCR) ± 3-MP (100 mM) for 24 h (H) or 48 h (A–G), (I). (A) The data shown are representative histograms of activated or control OT-I T cells’ forward
scatter area (FSC-A) or expression of the indicated cell surface or intracellular markers as assessed by flow cytometry analysis. The values in
histograms are geometric mean fluorescence intensities (MFI). Paired biological replicate comparisons of activated control and 3-MP treated OT-I T
cells from repeat flow cytometry experiments show the geometric MFI of FSC-A (B), CD69 (C), CD71 (D), PD-1 (E), Tbet (F), and CD25 (I) (n = 3-7).
The proportions of live cells were determined by flow cytometry (n = 5) (G). Paired biological replicate comparisons of levels of supernatant IL-2
were assessed by using ELISA (n = 3) (H). In all cases, the dots joined by lines represent paired samples from an independent experiment. NS, not
significant as determined by ratio paired T-test.
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expansion. However, at high effector/target ratios or following ACT

using high numbers of CTLs, 3-MP CTLs retain the capacity to kill

cancer cells both in vitro and in vivo.

PEPCK inhibition limits T cell inflammatory
cytokine production

We set out to determine whether PEPCK inhibition impacted

upon the acquisition of other T cell effector functions. To this end,

day 6 OT-I CTLs generated in the presence or absence of 3-MP were

re-stimulated with SIINFEKL peptide and effector cytokine

production assessed by intracellular staining and flow cytometry.

The proportions of 3-MP CTLs competent to produce IFNg, but not
TNF, were reduced (Figures 5A, B). A further analysis demonstrated

that the decreased proportions of 3-MP CTLs were IFNg+TNF+

“double-producers” and IFNg+TNF- “single-producers”, whereas the
higher proportions were IFNg−TNF+ single-producers, compared

with control CTLs (Figure 5C). An analysis of the levels of IFNg
and TNF produced on a per cell basis, as assessed by geometric mean

fluorescence intensity of staining, demonstrated that IFNg+TNF+

double-producers typically produced higher levels of cytokines than

single-producers for both control and 3-MP CTLs (Figures 5D, E).

However, the levels of per-cell IFNg were reduced by ~50% in both
Frontiers in Immunology 06
double-producer IFNg+TNF+ and single-producer IFNg+TNF- 3-MP

CTLs compared with the corresponding control CTL populations

(Figure 5D). By contrast, the levels of per-cell TNF were unaffected in

double-producer IFNg+TNF+ and slightly elevated in single-producer
IFNg−TNF+ 3-MP CTLs compared with the corresponding control

CTL populations (Figure 5E). Despite this, the average TNF

geometric mean fluorescence in all gated TNF+ cells was mildly but

statistically significantly reduced in 3-MP treated cultures compared

with the controls (Figure 5E), reflecting the reduced proportions of

the potent IFNg+TNF+ double-producers present in these conditions.
Further experiments demonstrated that CTLs grown in the presence

of an alternative inhibitor, iPCK2, also had a reduced capacity to

produce inflammatory cytokines, particularly IFNg, upon antigenic

restimulation compared with control CTLs (Supplementary Figure 4).

It was of interest to determine whether 3-MP had similar effects

on CD4+ T cell cytokine production. Polyclonal C57BL/6 lymph

node CD4+ T cells were activated with CD3 and CD28 antibodies in

the presence of IL-12 for 3 days, and the levels of the canonical Th1

cytokine IFNg and transcription factor Tbet were assessed by using

flow cytometry. As with the results determined for CD8+ T cells, 3-

MP did not impact upon the upregulation of Tbet expression in

CD4+ T cells but impeded IFNg production (Figures 6A, B). In

parallel experiments, the impact of 3-MP on Th17 cell
FIGURE 3

The PEPCK inhibitors reduce the TCR-induced upregulation of granzyme B expression. OT-I TCR transgenic T cells were stimulated with cognate
peptide SIINFEKL (TCR) ± 3-MP (25–100 mM, as indicated) or iPCK2 (5 mM) for 48 h. (A) Representative histograms of intracellular granzyme (B) The
values in histograms are geometric mean fluorescence intensities. (B) The paired biological replicate comparisons of activated control and 3-MP
treated OT-I T cells from repeat flow cytometry experiments show the geometric MFI of granzyme B (n = 7). (C) 3-MP limits TCR-induced Gzmb
transcription as determined by qRT-PCR. The values represent means ± SD from biological replicates (n = 4). (D) Dose-dependent inhibition of
granzyme B expression by 3-MP. Each line represents data from an independent experiment with values normalized to no inhibitor control samples.
iPCK2 inhibits TCR-induced impede granzyme B expression (E) but not CD71 (F) or cell viability (G) (n = 4 to 5). In all cases, the dots joined by lines
represent paired samples from an independent experiment (B), (E–G). NS, not significant. *p < 0.05, **p < 0.01, ***p < 0.001 as determined by ratio
paired T-test or one-way ANOVA (C).
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differentiation was assessed. CD4+ T cells were activated under

Th17-polarizing conditions for 6 days, and the levels of key Th17-

associated transcription factor RORgt and IL-17A were assessed by

using flow cytometry. Similar to the results for Th1 differentiation,

the levels of RORgt were comparable in the control and 3-MP Th17

cells, whereas the proportion of IL-17A+ cells was reduced by ~50%

by 3-MP (Figures 6C, D). These results together demonstrate that

PEPCK inhibition does not impede the upregulation of lineage-

defining transcription factors such as Tbet or RORgt during T cell

differentiation but instead reduces the capacity of effector CD8+ and

CD4+ T cells to produce inflammatory cytokines.

Metabolic effects underpin the inhibitory
effects of 3-MP

We sought to define the mechanisms underpinning the effects

of 3-MP on inflammatory T cell effector responses. Previous reports

indicated that the effects of PEPCK-C inhibition on memory T cells

could be reversed by the addition of GSH to T cell cultures and were
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phenocopied by glycogen phosphorylase inhibitors (GPI) (22).

Therefore, we assessed the impact of GSH supplementation and

GPI on TCR-induced OT-I T cell granzyme B expression in the

presence or absence of 3-MP. The addition of GSH did not reverse

the 3-MP-mediated inhibition, while GPI had no effect on TCR-

induced granzyme B expression (Figure 7A). These data indicate

that the effects of 3-MP reported here are mechanistically distinct

from the effects of Pck1 deletion in previous studies. A further

possibility was that the 3-MP treatment limited T cell activation by

impacting on the cellular abundance of PEP. However, the addition

of PEP to the T cell culture media did not alleviate the effects of 3-

MP inhibition (Figures 7B, C).

Metabolic analyses using the Seahorse analyzer Mitostress test

indicated that OT-I CD8+ T cells activated for 24 h in the presence

of 3-MP had a comparable basal oxygen consumption rate (OCR)

(Figures 7D, E), but reduced spare respiratory capacity (SRC)

(Figure 7F), relative to the control cells. A further analysis, using

the glycolysis stress test and assessment of extracellular acidification

rate (ECAR), indicated that the 3-MP-treated cells displayed a trend
FIGURE 4

PEPCK inhibition reduces in vitro CD8+ T cell cytolytic capacity. (A) Effector CTLs were generated by 2 days of stimulation with SIINFEKL peptide,
followed by 4 days of culture with high-dose IL-2 in the presence or absence of 100 mM 3-MP. The population expansion of activated OT-I T cells
was determined by viable cell counting and is expressed as fold change. The values represent mean values from n = 3 biological replicates.
Granzyme B (B) and Tbet (C) expression levels in day 6 CTLs were determined by intracellular staining and flow cytometry. The values represent
geometric MFI from paired biological replicate samples from independent experiments (n = 5–7). **p < 0.01; ns, not significant as determined by
paired Student’s t-test. (D) Specific lysis of ID8-OVA target cells by control or 3-MP OT-I CTLs at the stated effector/target ratios (E:T) in three
independent experiments (Exp1– Exp3). The error bars represent SD from n = 3 replicate samples. The statistical analysis was carried out by using
two-way ANOVA.
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for lower glycolysis; however, this did not reach statistical

significance (Figures 7G, H). These data suggest that PEPCKs in

activated T cells have subtle effects in mitochondrial metabolism,

while 3-MP treatment impedes these functions.
Discussion

In this paper, our initial analyses focused on assessing which

PEPCK isoforms were expressed during T cell activation. The

analysis of mouse T cell proteomic and transcriptomic datasets

indicated that PEPCK-M is expressed in effector T cell populations.

Neither PEPCK-C protein nor its transcript Pck1 was detected in

resting or effector populations, consistent with previously published

data indicating that PEPCK-C is expressed selectively in memory T

cells (22). Further experiments determined that pharmacological

PEPCK inhibition impedes T cell cytotoxic function and

inflammatory cytokine production. These data implicate PEPCKs

as key metabolic regulators of T cell effector function and as

potential targets to modulate T cell metabolism and function.
Frontiers in Immunology 08
PEPCK-C is a rate-limiting enzyme in hepatic gluconeogenesis

with a high protein expression detected in the kidney, gut, and liver

(33). A previous study indicated that this isoform was upregulated

in memory T cells but was low/undetectable in naïve and effector T

cells (22). Here PEPCK-C protein and Pck1 mRNA were not

detected in naïve and effector mouse T cell subsets in publicly

available proteomic and RNA-Seq datasets, whereas PEPCK-M/

Pck2 was widely expressed. These data suggest that PEPCK-C has

an important role in T cell memory, whereas PEPCK-M may have a

role in T cell effector functions. Consistent with this, Pck1-

haploinsufficiency does not impair effector T cell responses

during bacterial infections but limits the generation of memory T

cell populations (22). Nonetheless, the current study, using

inhibitors that affect both PEPCK isoforms, does not specifically

preclude an involvement of either isoform in T cell

effector responses.

3-MP was established as an inhibitor of PEPCK in the 1970s

(31, 34) and, more recently, was shown to act as a competitive

inhibitor of PEP/OAA binding and to bind a second allosteric site in

the PEPCK structure (30). Throughout the current study, we used

concentrations of 3-MP and iPCK2 previously shown to have a high
FIGURE 5

PEPCK inhibition limits CD8+ T cell inflammatory cytokine production. (A–E) Effector CTLs were generated by stimulation with SIINFEKL (2 days) and
differentiation in IL-2 (4 days) in the presence or absence of 100 mM 3MP. The resultant CTLs were re-stimulated with SIINFEKL (TCR) and levels of
IFNg and TNF production assessed by FACS following gating on live cells. (A) Representative dotplots of IFNg and TNF expression. (B) Proportions of
total IFNg+ and TNF+ cells following the re-stimulation of OT-I CTLs. (C) Proportions of IFNg+TNF+, IFNg+TNF-, and IFNg+TNF+ following the re-
stimulation of OT-I CTLs. The graphs show the geometric mean fluorescence intensity of IFNg (D) and TNF (E) cytokine staining in gated total-
positive, double-positive (IFNg+TNF+) or single-positive (IFNg+TNF-/IFNg+TNF+) cells from paired biological replicate samples taken from independent
experiments (n = 6). NS, not significant; *p < 0.05, **p < 0.01, *** p <0.001, ****p < 0.0001 as determined by paired Student’s t-test.
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specificity for PEPCK (28, 35). Nonetheless, we are mindful that

there is always the possibility of unexpected, off-target effects in any

pharmacological study and that, in future studies, genetic

approaches will be required. In the present work, we showed that

3-MP did not have a global inhibitory effect on T cell activation but

instead reduced the maximal expression of granzyme B in CD8+ T

cells and inflammatory cytokine production by both CD4+ and

CD8+ T cells. A second structurally distinct inhibitor, iPCK2 (28),

also reduced granzyme B expression and cytokine production,

strengthening the evidence for a role for PEPCKs in these

processes. CTLs generated in the presence of 3-MP were less

cytotoxic than the control counterparts on a cell/cell basis but

were able to kill target cells in vitro and control tumor growth in

vivo if supplied in sufficient numbers. Furthermore, 3-MP did not

impair Th1 and Th17 differentiation per se, as the levels of lineage-

defining transcription factors Tbet and RORgt were not impaired,

but rather reduced the capacity of T cells to produce high levels of

cytokines. Previous studies linked PEPCK-C expression in memory

T cells to the maintenance of GSH levels and redox balance via the

regulation of glycogen synthesis and metabolism (22). By contrast,

neither GSH nor glycogen phosphorylase inhibition affected

granzyme B expression in control or 3-MP-treated T cells,

suggesting a different mechanism being key to the results of the

present study. PEP supplementation did not rescue the effects of 3-

MP on TCR-induced granzyme B expression, suggesting that 3-MP

does not inhibit T cell activation simply via limiting the PEP levels.

Given that 3-MP did not appear to impede the glycolytic flux, it is

possible indeed that enolase-dependent PEP production
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compensates for direct effects on PEP levels resulting from

PEPCK inhibition. It is worth noting that cytotoxic effector

proteins such as granzyme B are among the most abundant

proteins expressed by CTLs (36). Selective reductions in

granzyme B and cytokine expression following 3-MP treatment

implies that PEPCK function is important when the demand for

gene transcription and protein synthesis is high. Our metabolic

analyses determined that 3-MP-treated CD8+ T cells had reduced

maximal, stressed mitochondrial respiration rates but had similar

levels of glycolytic flux. Similarly, previous studies determined that

the downregulation of PCK2 impairs OXPHOS in cancer cells (19).

However, the lack of effect of the inhibitors on T cell population

expansion suggests that there are likely more subtle effects of

PEPCK inhibition rather than a simple reduced capacity for

energetic metabolism.

Our working hypothesis is that the inhibition of PEPCK-M

underlies the effects of 3-MP and iPCK2 on T cell activation.

Nonetheless, we cannot formally rule out a role for either isoform

at present. Recent studies have shown that Pck2-/- mice are viable

and fertile (37) and that PEPCK-M plays a role in the maintenance

of a mitochondrial PEP cycle, alongside pyruvate carboxylase and

pyruvate kinase, that is important to regulate pancreatic b cell

insulin secretion (37, 38). A role for PEPCK-M in regulating LPS-

driven Kupffer cell inflammatory responses has been suggested (39).

Future work will require an in-depth analysis of immune

phenotypes and anti-tumor immune responses of T cell-

conditional Pck1-/- and Pck2-/- mouse strains to address the

question of the precise role of PEPCK-C and PEPCK-M in T cell
FIGURE 6

PEPCK inhibition limits CD4+ T cell inflammatory cytokine production. The purified C57BL/6 CD4+ T cells were stimulated under Th1-polarizing
conditions for 3 days (A, B) or Th17-polarizing conditions for 6 days (C, D) in the presence or absence of 100 mM 3-MP and levels of lineage-specific
transcription factor and cytokines assessed by flow cytometry. The dot plots show the representative analyses of intracellular staining for Tbet and
IFNg (A) and RORgt and IL-17A (C). In all of the graphs, the circles represent values from paired biological replicate samples from independent
experiments (n = 2–4). NS, not significant; *p < 0.05 as determined by paired Student’s t-test.
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effector responses. Furthermore, metabolomic analyses of control

and Pck1-/- and Pck2-/- T cells will reveal the precise consequences of

PEPCK function during effector T cell responses.

While the 3-MP-treated OT-I T cells had impaired effector

functions in vitro, our adoptive T cell transfer experiments showed

that they were still competent to clear EL4-OVA tumors. It is

possible that the in vivo defects of 3-MP CTLs might be revealed by

using lower numbers of CTLs in ACT experiments or by treating

tumor-bearing mice directly with PEPCK inhibitors. In this regard,

several recent studies have reported the differing effects of 3-MP

treatment on in vivo T cell responses to tumors. Ma and colleagues

reported that the 3-MP treatment resulted in the accelerated growth

of B16-OVA melanoma, while Pck1 heterozygous OT-I T cells were
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inferior to control cells in controlling tumor growth following ACT

(22). The adoptive transfer of PEPCK-C-overexpressing tumor-

reactive T cells has been shown to result in more effective tumor

control than control T cell ACT in several studies (20, 22). By

contrast, a recent study reported that 3-MP treatment decreased

Treg proliferation and increased the proportions of IFNg-producing
CD8+ T cells within B16 tumors, without impacting overtly on

overall tumor growth (40). The interpretation of these studies is

complicated as 3-MP will have direct and indirect effects on many

different cell populations in vivo, and the overall outcome on tumor

growth and anti-tumor immunity will be highly context-dependent.

Nonetheless, these previous studies and the work presented here

add to a growing body of evidence that implicates PEPCK isoforms
FIGURE 7

3-MP impacts upon mitochondrial respiration. The OT-I T cells were activated with SIINFEKL peptide (TCR) in the presence or absence of 100 mM 3-
MP, 1 mM GSH, and 50 mM glycogen phosphorylase inhibitor (GPI) (A) or 3-MP and 1 mM PEP (B, C) for 48 h and granzyme B assessed by
intracellular staining and flow cytometry. For (A, B), the bars represent mean values from biological replicate values (n = 3 to 4) ± SD. (C)
Representative histograms showing the levels of intracellular granzyme B under the stated activation conditions. (D) The OT-I T cells were activated
for 24 h ± 3-MP, and then the analysis of oxygen consumption rates (OCR) was performed using the Seahorse Mitostress test. The values represent
means, and the error bars represent the SEM of technical replicates (n = 5) from one of three repeat experiments. The mean basal OCR (E) and
spare respiratory capacity (SRC) (F) values were calculated from biological replicate experiments (n = 3). (G) The analysis of extracellular acidification
rates (ECAR) was performed using the glycolysis stress test. The values represent means, and the error bars represent the SEM of technical replicates
(n = 5) from one of three repeat experiments. (H) The glycolysis (glucose-induced ECAR – basal ECAR) values were calculated from replicate
experiments (n = 3). NS, not significant; *p < 0.05 as assessed by one-way ANOVA, with Holm–Sidak correction for multiple comparisons (A, B) or
paired Student’s t-test (E, F, H).
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as key regulators of T cell metabolism and activation that can be

targeted to influence T cell responses.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The animal study was approved by University of Leeds Animal

Welfare and Ethical Review Committee. The study was conducted in

accordance with the local legislation and institutional requirements.
Author contributions

RB: Conceptualization, Investigation, Methodology, Writing –

review & editing. HC: Conceptualization, Investigation,

Methodology, Writing – review & editing. DW: Investigation,

Methodology, Writing – review & editing. GC: Supervision,

Writing – review & editing. JP: Methodology, Resources, Writing –

review & editing. RS: Conceptualization, Funding acquisition,

Investigation, Methodology, Project administration, Writing –

original draft.
Funding

The author(s) declared that financial support was received for

this work and/or its publication. The work was supported by grant

23269 from Cancer Research UK (to RS) and a University of Leeds

PhD scholarship (to HC).
Frontiers in Immunology 11
Conflict of interest

The author(s) declared that this work was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

The author RS declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Generative AI statement

The author(s) declared that generative AI was not used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2026.1706167/

full#supplementary-material
References

1. Quinn KM, Palchaudhuri R, Palmer CS, La Gruta NL. The clock is ticking: the
impact of ageing on T cell metabolism. Clin Transl Immunol. (2019) 8:e01091.
doi: 10.1002/cti2.1091

2. Nian Y, Iske J, Maenosono R, Minami K, Heinbokel T, Quante M, et al. Targeting
age-specific changes in CD4(+) T cell metabolism ameliorates alloimmune responses
and prolongs graft survival. Aging Cell. (2021) 20:e13299. doi: 10.1111/acel.13299

3. O'Sullivan D, Sanin DE, Pearce EJ, Pearce EL. Metabolic interventions in the immune
response to cancer. Nat Rev Immunol. (2019) 19:324–35. doi: 10.1038/s41577-019-0140-9

4. DePeaux K, Delgoffe GM. Metabolic barriers to cancer immunotherapy. Nat Rev
Immunol. (2021) 21:785–97. doi: 10.1038/s41577-021-00541-y

5. Weyand CM, Wu B, Goronzy JJ. The metabolic signature of T cells in rheumatoid
arthritis. Curr Opin Rheumatol. (2020) 32:159–67. doi: 10.1097/bor.0000000000000683

6. Wu B, Goronzy JJ, Weyand CM. Metabolic fitness of T cells in autoimmune disease.
Immunometabolism. (2020) 2(2):e200017. doi: 10.20900/immunometab20200017

7. Wang R, Dillon CP, Shi LZ, Milasta S, Carter R, Finkelstein D, et al. The
transcription factor Myc controls metabolic reprogramming upon T lymphocyte
activation. Immunity. (2011) 35:871–82. doi: 10.1016/j.immuni.2011.09.021
8. Salmond RJ. mTOR regulation of glycolytic metabolism in T cells. Front Cell Dev
Biol. (2018) 6:122. doi: 10.3389/fcell.2018.00122

9. Hope HC, Pickersgill G, Ginefra P, Vannini N, Cook GP, Salmond RJ. TGFbeta
limits Myc-dependent TCR-induced metabolic reprogramming in CD8(+) T cells.
Front Immunol. (2022) 13:913184. doi: 10.3389/fimmu.2022.913184

10. Salmond RJ. Regulation of T cell activation and metabolism by transforming
growth factor-beta. Biol (Basel). (2023) 12(2):297. doi: 10.3390/biology12020297

11. MacIver NJ, Michalek RD, Rathmell JC. Metabolic regulation of T lymphocytes.
Annu Rev Immunol. (2013) 31:259–83. doi: 10.1146/annurev-immunol-032712-095956

12. Ron-Harel N, Santos D, Ghergurovich JM, Sage PT, Reddy A, Lovitch SB, et al.
Mitochondrial biogenesis and proteome remodeling promote one-carbon metabolism
for T cell activation. Cell Metab. (2016) 24:104–17. doi: 10.1016/j.cmet.2016.06.007

13. Buck MD, Sowell RT, Kaech SM, Pearce EL. Metabolic instruction of immunity.
Cell. (2017) 169:570–86. doi: 10.1016/j.cell.2017.04.004

14. Klein Geltink RI, O'Sullivan D, Corrado M, Bremser A, Buck MD, Buescher JM,
et al. Mitochondrial priming by CD28. Cell. (2017) 171:385–97:e11. doi: 10.1016/
j.cell.2017.08.018
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2026.1706167/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1706167/full#supplementary-material
https://doi.org/10.1002/cti2.1091
https://doi.org/10.1111/acel.13299
https://doi.org/10.1038/s41577-019-0140-9
https://doi.org/10.1038/s41577-021-00541-y
https://doi.org/10.1097/bor.0000000000000683
https://doi.org/10.20900/immunometab20200017
https://doi.org/10.1016/j.immuni.2011.09.021
https://doi.org/10.3389/fcell.2018.00122
https://doi.org/10.3389/fimmu.2022.913184
https://doi.org/10.3390/biology12020297
https://doi.org/10.1146/annurev-immunol-032712-095956
https://doi.org/10.1016/j.cmet.2016.06.007
https://doi.org/10.1016/j.cell.2017.04.004
https://doi.org/10.1016/j.cell.2017.08.018
https://doi.org/10.1016/j.cell.2017.08.018
https://doi.org/10.3389/fimmu.2026.1706167
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Brownlie et al. 10.3389/fimmu.2026.1706167
15. Klysz D, Tai X, Robert PA, Craveiro M, Cretenet G, Oburoglu L, et al. Glutamine-
dependent alpha-ketoglutarate production regulates the balance between T helper 1 cell
and regulatory T cell generation. Sci Signal. (2015) 8:ra97. doi: 10.1126/
scisignal.aab2610

16. Xu T, Stewart KM, Wang X, Liu K, Xie M, Ryu JK, et al. Metabolic control of T(H)
17 and induced T(reg) cell balance by an epigenetic mechanism. Nature. (2017)
548:228–33. doi: 10.1038/nature23475

17. Owen OE, Kalhan SC, Hanson RW. The key role of anaplerosis and cataplerosis for
citric acid cycle function. J Biol Chem. (2002) 277:30409–12. doi: 10.1074/
jbc.r200006200

18. Montal ED, Dewi R, Bhalla K, Ou L, Hwang BJ, Ropell AE, et al. PEPCK
coordinates the regulation of central carbon metabolism to promote cancer cell
growth. Mol Cell. (2015) 60:571–83. doi: 10.1016/j.molcel.2015.09.025

19. Luo S, Li Y, Ma R, Liu J, Xu P, Zhang H, et al. Downregulation of PCK2 remodels
tricarboxylic acid cycle in tumor-repopulating cells of melanoma. Oncogene. (2017)
36:3609–17. doi: 10.1038/onc.2016.520

20. Ho PC, Bihuniak JD, Macintyre AN, Staron M, Liu X, Amezquita R, et al.
Phosphoenolpyruvate is a metabolic checkpoint of anti-tumor T cell responses. Cell.
(2015) 162:1217–28. doi: 10.1016/j.cell.2015.08.012

21. Huang TY, Hirota M, Sasaki D, Kalra RS, Chien HC, Tamai M, et al.
Phosphoenolpyruvate regulates the Th17 transcriptional program and inhibits
autoimmunity. Cell Rep. (2023) 42:112205. doi: 10.1016/j.celrep.2023.112205

22. Ma R, Ji T, Zhang H, Dong W, Chen X, Xu P, et al. A Pck1-directed glycogen
metabolic program regulates formation and maintenance of memory CD8(+) T cells.
Nat Cell Biol. (2018) 20:21–7. doi: 10.1038/s41556-017-0002-2

23. Zhang H, Tang K, Ma J, Zhou L, Liu J, Zeng L, et al. Ketogenesis-generated beta-
hydroxybutyrate is an epigenetic regulator of CD8(+) T-cell memory development. Nat
Cell Biol. (2020) 22:18–25. doi: 10.1038/s41556-019-0440-0

24. Brenes AJ, Lamond AI, Cantrell DA. The immunological proteome resource. Nat
Immunol. (2023) 24:731. doi: 10.1038/s41590-023-01483-4

25. Wisniewski JR, Hein MY, Cox J, Mann M. A "proteomic ruler" for protein copy
number and concentration estimation without spike-in standards.Mol Cell Proteomics.
(2014) 13:3497–506. doi: 10.1074/mcp.M113.037309

26. Marchingo JM, Sinclair LV, Howden AJ, Cantrell DA. Quantitative analysis of how
Myc controls T cell proteomes and metabolic pathways during T cell activation. Elife.
(2020) 9:e53725. doi: 10.7554/elife.53725

27. Brownlie RJ, Garcia C, Ravasz M, Zehn D, Salmond RJ, Zamoyska R. Resistance to
TGFbeta suppression and improved anti-tumor responses in CD8(+) T cells lacking
PTPN22. Nat Commun. (2017) 8:1343. doi: 10.1038/s41467-017-01427-1

28. Arago M, Moreno-Felici J, Abas S, Rodriguez-Arevalo S, Hyrossova P, Figueras A,
et al. Pharmacology and preclinical validation of a novel anticancer compound
Frontiers in Immunology 12
targeting PEPCK-M. BioMed Pharmacother. (2020) 121:109601. doi: 10.1016/
j.biopha.2019.109601

29. Hope HC, Brownlie RJ, Fife CM, Steele L, Lorger M, Salmond RJ. Coordination of
asparagine uptake and asparagine synthetase expression modulates CD8+ T cell
activation. JCI Insight. (2021) 6(9):e137761. doi: 10.1172/jci.insight.137761

30. Balan MD, McLeod MJ, Lotosky WR, Ghaly M, Holyoak T. Inhibition and
allosteric regulation of monomeric phosphoenolpyruvate carboxykinase by 3-
mercaptopicolinic acid. Biochemistry . (2015) 54:5878–87. doi: 10.1021/
acs.biochem.5b00822

31. Robinson BH, Oei J. 3-Mercaptopicolinic acid, a preferential inhibitor of the
cytosolic phosphoenolpyruvate carboxykinase. FEBS Lett. (1975) 58:12–5. doi: 10.1016/
0014-5793(75)80214-6

32. Brownlie RJ, Wright D, Zamoyska R, Salmond RJ. Deletion of PTPN22 improves
effector and memory CD8+ T cell responses to tumors. JCI Insight. (2019) 5(6):
e127847. doi: 10.1172/jci.insight.127847

33. Available online at: https://www.proteinatlas.org/ENSG00000124253-PCK1/tissue
(Accessed September 15, 2025).

34. DiTullio NW, Berkoff CE, Blank B, Kostos V, Stack EJ, Saunders HL. 3-
mercaptopicolinic acid, an inhibitor of gluconeogenesis. Biochem J. (1974) 138:387–
94. doi: 10.1042/bj1380387

35. Urbina JA, Osorno CE, Rojas A. Inhibition of phosphoenolpyruvate carboxykinase
from Trypanosoma (Schizotrypanum) cruzi epimastigotes by 3-mercaptopicolinic acid:
in vitro and in vivo studies. Arch Biochem Biophys. (1990) 282:91–9. doi: 10.1016/0003-
9861(90)90091-c

36. Hukelmann JL, Anderson KE, Sinclair LV, Grzes KM, Murillo AB, Hawkins PT,
et al. The cytotoxic T cell proteome and its shaping by the kinase mTOR. Nat Immunol.
(2016) 17:104–12. doi: 10.1038/ni.3314

37. Abulizi A, Cardone RL, Stark R, Lewandowski SL, Zhao X, Hillion J, et al. Multi-
tissue acceleration of the mitochondrial phosphoenolpyruvate cycle improves whole-
body metabolic health. Cell Metab. (2020) 32:751–66:e11. doi: 10.1016/
j.cmet.2020.10.006

38. Lewandowski SL, Cardone RL, Foster HR, Ho T, Potapenko E, Poudel C, et al.
Pyruvate kinase controls signal strength in the insulin secretory pathway. Cell Metab.
(2020) 32:736–50:e5. doi: 10.1016/j.cmet.2020.10.007

39. Dong H, Feng Y, Yang Y, Hu Y, Jia Y, Yang S, et al. A novel function of
mitochondrial phosphoenolpyruvate carboxykinase as a regulator of inflammatory
response in Kupffer cells. Front Cell Dev Biol. (2021) 9:726931. doi: 10.3389/
fcell.2021.726931

40. Watson MJ, Vignali PDA, Mullett SJ, Overacre-Delgoffe AE, Peralta RM,
Grebinoski S, et al. Metabolic support of tumour-infiltrating regulatory T cells by
lactic acid. Nature. (2021) 591:645–51. doi: 10.1038/s41586-020-03045-2
frontiersin.org

https://doi.org/10.1126/scisignal.aab2610
https://doi.org/10.1126/scisignal.aab2610
https://doi.org/10.1038/nature23475
https://doi.org/10.1074/jbc.r200006200
https://doi.org/10.1074/jbc.r200006200
https://doi.org/10.1016/j.molcel.2015.09.025
https://doi.org/10.1038/onc.2016.520
https://doi.org/10.1016/j.cell.2015.08.012
https://doi.org/10.1016/j.celrep.2023.112205
https://doi.org/10.1038/s41556-017-0002-2
https://doi.org/10.1038/s41556-019-0440-0
https://doi.org/10.1038/s41590-023-01483-4
https://doi.org/10.1074/mcp.M113.037309
https://doi.org/10.7554/elife.53725
https://doi.org/10.1038/s41467-017-01427-1
https://doi.org/10.1016/j.biopha.2019.109601
https://doi.org/10.1016/j.biopha.2019.109601
https://doi.org/10.1172/jci.insight.137761
https://doi.org/10.1021/acs.biochem.5b00822
https://doi.org/10.1021/acs.biochem.5b00822
https://doi.org/10.1016/0014-5793(75)80214-6
https://doi.org/10.1016/0014-5793(75)80214-6
https://doi.org/10.1172/jci.insight.127847
https://www.proteinatlas.org/ENSG00000124253-PCK1/tissue
https://doi.org/10.1042/bj1380387
https://doi.org/10.1016/0003-9861(90)90091-c
https://doi.org/10.1016/0003-9861(90)90091-c
https://doi.org/10.1038/ni.3314
https://doi.org/10.1016/j.cmet.2020.10.006
https://doi.org/10.1016/j.cmet.2020.10.006
https://doi.org/10.1016/j.cmet.2020.10.007
https://doi.org/10.3389/fcell.2021.726931
https://doi.org/10.3389/fcell.2021.726931
https://doi.org/10.1038/s41586-020-03045-2
https://doi.org/10.3389/fimmu.2026.1706167
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Phospho-enol pyruvate carboxykinase inhibition limits effector function in inflammatory T cells
	Introduction
	Materials and methods
	Database searches
	Mice
	Cell lines
	T cell culture and stimulation
	Western blotting
	Flow cytometry
	IL-2 ELISA
	Quantitative RT-PCR
	In vitro cytotoxicity assay
	EL4-OVA tumor model and ACT experiments
	Seahorse metabolic assays
	Data analysis and statistics
	Study approval

	Results
	Expression of PEPCK-M in effector T cells
	PEPCK inhibitors limit CD8+ T cell cytolytic activity
	PEPCK inhibition limits T cell inflammatory cytokine production
	Metabolic effects underpin the inhibitory effects of 3-MP

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


