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SUMMARY 
 

Th17 cells are a subset of effector CD4+ T cells essential for the protection against extracellular 

bacteria and fungi. At the same time, Th17 cells have been implicated in the progression of 

autoimmune diseases, including multiple sclerosis, rheumatoid arthritis and psoriasis. Effector T 

cells require energy and building blocks for their proliferation and effector function. To that end, 

these cells switch from oxidative and mitochondrial metabolism to fast and short pathways such as 

glycolysis and glutaminolysis. Pyruvate dehydrogenase (PDH) is the central enzyme connecting 

cytoplasmic glycolysis to the mitochondrial tricarboxylic acid (TCA) cycle. The specific role of PDH 

in inflammatory Th17 cells is unknown.  

To unravel the role of this pivotal enzyme, a mutant mouse line where T cells do not express the 

catalytic subunit of the PDH complex was generated, using the Cre-Lox recombination system. In 

this study, PDH was shown to be essential for the generation of an exclusive glucose-derived citrate 

pool needed for the proliferation, survival, and effector functions of Th17 cells. In vivo, mice 

harboring a T cell-specific deletion of PDH were less susceptible to experimental autoimmune 

encephalomyelitis (EAE), a mouse model of multiple sclerosis, showing lower disease burden and 

increased survival. In vitro, the absence of PDH in Th17 cells increased glutamine and glucose 

uptake, as well as glycolysis and glutaminolysis. Similarly, lipid uptake was increased through CD36 

in a glutamine-mTOR axis-dependent manner. On the contrary, the TCA cycle was impaired, 

interfering with oxidative phosphorylation (OXPHOS) and causing levels of cellular citrate to remain 

critically low in mutant Th17 cells. Citrate is the substrate of ATP citrate synthase (ACLY), an enzyme 

responsible for the generation of acetyl-CoA, which is essential for lipid synthesis and histone 

acetylation, crucial for the transcription process. In line, PDH-deficient Th17 cells showed a reduced 

expression of Th17 signature genes. Notably, increasing cellular citrate by the addition of acetate 

in PDH-deficient Th17 cells restored their metabolism and function. PDH was identified as a pivotal 

enzyme for the maintenance of a metabolic feedback loop within central carbon metabolism that 

can be of relevance for therapeutically targeting Th17 cell-driven autoimmunity. 
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1. THE IMMUNE SYSTEM 
 

The immune system has evolved as a response to life-threatening pathogens and diseases. It 

operates in a four-phase coordinated response: recognition (detection of the infection), effector 

function (elimination of the infection), regulation (adjustment of the effector response) and 

memory (protection against recurrent infection).  

During an immune response to a pathogen, there are several stages of coordinated action. First, 

the innate immune system is activated in a range of minutes to hours upon the detection of the 

infection. This is followed by the adaptive immune response, which can persist several weeks. Only 

after eradication of the pathogen, the immunological memory is formed, which allows the rapid 

elimination of recurrent pathogens. The immunological memory can be lifelong (Murphy et al., 

2017).  

The main players of the innate and adaptive immune responses are leukocytes, which develop from 

hematopoietic stem cells in the bone marrow, giving rise to common lymphoid and myeloid 

progenitors (Murphy et al., 2017). 

1.1. The innate immune system 

The innate immunity is the first line of defense against pathogens. It is comprised of several barriers: 

anatomic (skin and mucosal membranes), physiologic (temperature, pH and chemical mediators), 

phagocytic (innate immune cells) and inflammatory (humoral and phagocytic responses to tissue 

damage). The cells involved in the innate response are mostly derived from the common myeloid 

progenitor and respond to common and evolutionary conserved structures known as pathogen-

associated molecular patterns (PAMPs) through pattern recognition receptors (PRRs) (Kindt et al., 

2007). 

 

1.1.1. Granulocytes 

Granulocytes are a group of innate cells containing small granules in their cytoplasm. This group 

includes neutrophils, eosinophils, basophils and mast cells. Neutrophils (or polymorphonuclear 

neutrophilic leukocytes, PMNs) are phagocytic cells and the first ones involved in the response to 

most bacterial and fungal pathogens. Eosinophils are bi-lobed nuclear and phagocytic cells involved 

in the defense against parasites. Basophils are non-phagocytic cells involved in inflammation and 
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allergic responses. Mast cells are involved in mucosal protection, allergic reactions and response to 

parasitic worms (Kindt et al., 2007; Murphy et al., 2017). 

 

1.1.2. Innate lymphoid cells 

One of the most recent discoveries on the components of the innate immune system are the innate 

lymphoid cells (ILCs). Unlike most innate cells, ILCs derive from common lymphoid progenitors in 

the bone marrow, in opposition to the myeloid compartment. They are structurally and functionally 

similar to lymphocytes of the lymphoid lineage, however, they lack antigen-specific receptors 

(Abbas et al., 2015; Vivier et al., 2018). According to their functional characteristics, ILCs are 

subdivided in three groups: type 1 ILCs, type 2 ILCs and type 3 ILCs, mirroring the categories of 

effector T helper cells (Th) (confer (cf.) to section 1.2.2.2) (Spits et al., 2013).  

Group 1 ILCs are characterized by their ability to produce the pro-inflammatory cytokine interferon-

γ (IFNγ) and the main actor in this subset are natural killer (NK) cells. NK cells possess cytotoxic 

granules containing granzymes and perforin, giving them the ability to induce programmed cell 

death in their target cells. As NK cells possess invariant receptors, they are considered innate-like 

cells and the innate equivalent of CD8 cytotoxic T cells of the adaptive immune system. In addition 

to NK cells, the group 1 ILCs is also comprised of ILC1 cells, which are IFNγ-producing non-cytotoxic 

cells, the innate counterpart to Th1 cells (Murphy et al., 2017; Spits et al., 2013). 

Cells from the group 2 of ILCs (ILC2) produce Th2-like cytokines such as IL-5 and IL-13, moreover, 

they are involved in the repair of respiratory tissue after infection. However, it is worth noting that 

these cells have also been implicated in the pathology of allergic asthma (Spits et al., 2013). 

Finally, group 3 ILCs produce type 3 cytokines such as IL-17A and IL-22; similarly to the adaptive 

Th17 cells. The main example of this cell subtype are lymphoid-tissue inducer (LTi) cells, essential 

for the formation of secondary lymphoid organs (Spits et al., 2013). 

 

1.1.3. Monocytes and macrophages 

Macrophages are mature monocytes that leave the blood circulation to differentiate in all tissues 

and become resident cells. Upon activation, their functions comprise phagocytosis, activation of 

bactericidal mechanisms, as well as antigen processing and presentation for the induction of the 

adaptive arm of the immune system (cf. to sections 1.1.4.1 and 1.1.4.2) (Kindt et al., 2007). 
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1.1.4. Dendritic cells 

Dendritic cells (DCs) comprise functionally distinct groups of cells that have an important phagocytic 

function: plasmacytoid (pDCs) and conventional (cDCs) dendritic cells. pDCs produce high levels of 

type I interferons and have been proven crucial for antiviral responses. However, cDCs are 

considered as the interface between the innate and the adaptive branches of the immune system. 

Their major role is to screen the body for potential pathogens, phagocyte them and present foreign 

antigens to T cells in order to induce adaptive immunity, similarly to macrophages (Murphy et al., 

2017). 

 

1.1.4.1. Antigen processing 

Antigens are peptide fragments of foreign objects such as pathogens, or “self” molecules 

(autoantigens) and can be  recognized by antigen receptors of B or T cells (Male, 2013).  

Antigen processing can be divided in six steps: (1) acquisition of antigen, where antigen presenting 

cells, such as macrophages and DCs, uptake the antigen from the extracellular milieu through 

phagocytosis or endocytosis; (2) antigen tagging for proteolysis, where antigens are marked by 

physicochemical means for degradation such as ubiquitination or changes in pH altering the 

structure of the protein; (3) proteolysis, resulting in the degradation of the protein; (4) delivery of 

antigens to the major histocompatibility complex (MHC); (5) loading of peptides onto MHC via 

accessory proteins; and (6) display of antigen-MHC complexes at the cell surface (Pishesha et al., 

2022). 

 

1.1.4.2. Antigen presentation 

There are two classes of antigen-presenting molecules: MHC class I (MHC-I) and class II (MHC-II). 

The major differences between both classes is the cellular compartment from which the antigen is 

generated and the cells that express them. MHC-I molecules carry to the surface antigens 

recognized in the cytosol such as viral proteins. Importantly, MHC-I molecules are expressed on 

virtually all the cells of the body. On the other hand, MHC-II molecules present antigens from the 

vesicular compartment, namely proteins derived from pathogens engulfed by macrophages, DCs 

and B cells (professional antigen presenting cells, APCs). The structural differences found in MHC 

class molecules determine the T cell type that will bind to it. While CD8 T cells selectively recognize 

peptides on MHC-I molecules, CD4 T cells recognize peptides loaded on MHC-II molecules (Murphy 
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et al., 2017). The interaction between an APC and a T cell is called the “immunological synapse” (cf. 

to section 1.2.2) (Male, 2013). 

The outcome of the interaction between CD4 T cells and different types of APCs varies. For instance, 

DCs induce naïve CD4 T cell activation, expansion and differentiation into effector T cells. 

Alternatively, an activated CD4 T cell induces the activation of macrophages. Finally, the result of 

the interaction between effector CD4 T cells and a B cell is the production of antibodies (Abbas et 

al., 2015).  

 

1.2. The adaptive immune system 

Despite a coordinated innate function of the immune system, many microbes have developed a 

way to evade this early response. Therefore, a powerful adaptive immune response evolved for 

their eradication. The cells responsible for this arm of the immune response are antigen-specific 

lymphocytes, called B or T cells (also known as B or T lymphocytes, respectively) and are derived 

from the common lymphoid progenitor (Abbas et al., 2015; Murphy et al., 2017).  

B or T cells have on their surface an antigen-specific receptor that recognizes a single antigen, 

allowing them to mount pathogen-specific and specialized immune responses. The adaptive 

immune system is also able to generate immunologic memory, which in case of reoccurrence of 

infection/encounter of an auto-antigen, would induce a faster and more efficient response to the 

antigen.  

Upon recognition of an antigen by the cognate receptor, the specific lymphocyte proliferates, 

generating a high number of cells expressing that single clone’s receptor, in a process denominated 

“clonal expansion”. Finally, once the threat has been eliminated, most of the effector cells are 

eliminated by apoptosis and the immune system contracts to its basal state, although a significant 

number of antigen-specific B and T cells remain to form the immunological memory (Abbas et al., 

2015). 
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1.2.1. B cells 

B cells express the B-cell receptor (BCR) on their surface and, upon binding to the antigen in 

secondary lymphoid tissues such as the spleen, lymph nodes and Peyer’s patches, these B-

lymphocytes proliferate and differentiate into plasma cells. Plasma cells are mature B cells that 

produce antibodies with the exact same specificity as the BCR. They are responsible for the humoral 

response to the pathogen (Cyster and Allen, 2019; Murphy et al., 2017).  

Antibody molecules belong to the class of immunoglobulins (Ig) and can be either secreted (sIg) or 

membrane-bound (mIg), such as the BCR. Their structure is based on a symmetrical form of two 

identical heavy and light chains bound covalently by disulfide bonds. Each of the chains contains a 

variable region, which forms the antigen-binding site, and a constant region, which is not involved 

in antigen recognition but mediates the function of antibodies (cf. to illustration 1). Antibody 

molecules can be separated into isotypes according to the structure of the constant part of the 

heavy chain: IgA, IgD, IgE, IgG and IgM, which have different functions. IgA’s main effect is in the 

intestinal immune protection, while IgD and IgM are antigen receptors of naïve B cells. IgEs are 

involved in allergy and induce mast cell degranulation and IgGs mark antigens for opsonization by 

phagocytosis, activate the complement (as well as IgM) and NK cells (Abbas et al., 2015). Naïve B 

cells express IgD and IgM, however cytokines produced by T cells and other cells can induce the 

class switch recombination to generate IgG, IgA or IgE, thus changing the effector function of the 

antibody and specializing to the elimination of the specific pathogen (Stavnezer and Schrader, 

2014).  

Illustration 1 : Antibody molecules are constituted of different parts. 

Antibodies consist of two heavy- and two light-chains connected through disulfide bonds. 

Each chain possesses a variable region that forms the antigen-binding site and a constant 

region that determines the antibody isotype. (Created in BioRender) 
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1.2.2. T cells 

Similar to B cells, T cells express an antigen-specific T-cell receptor (TCR) on their surface and are 

activated following an interaction with APCs through an immunological synapse. The TCR is a 

heterodimer of αβ chains. However, for intracellular signal transduction, the TCR relies on its 

constitutively associated CD3 complex. This complex is composed of heterodimers of CD3εδ and 

CD3γδ and homodimer CD3ζζ, that contain the immunoreceptor tyrosine-based activation motifs 

(ITAMs) (cf. to illustration 2) (Bettini et al., 2017; Birnbaum et al., 2014).  

 

The activation of T cells by APCs is mediated by three signals: (1) interaction between the TCR and 

peptide-MHC (class I or II) complex, stabilized by interaction with CD8 or CD4 co-receptor, 

respectively, (2) co-stimulatory signals such as the interaction of CD28 with CD80/86, CD2 to CD48 

or CD40L to CD40, and (3) secretion of cytokines by the APC (cf. to illustrations 3 and 4) (Male, 2013; 

Moser and Leo, 2010). 

Illustration 2 : T cells express the TCR-CD3 complex for antigen recognition and 
intracellular signaling. 

The T-cell receptor (TCR) is formed by the αβ heterodimer, which is in charge of the antigen 

recognition. It is associated to the CD3 complex, essential for the intracellular signal transduction 

through the immunoreceptor tyrosine-based activation motifs (ITAMs). The CD3 complex is 

constituted of the heterodimers of CD3εδ and CD3γδ and homodimer CD3ζζ. (Created in 

BioRender). 
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Importantly, it is crucial to maintain a large repertoire of antigen-receptor interactions in T cells, 

while avoiding exacerbated immune reactions to self-antigens, which could lead to severe 

autoimmune diseases. Therefore, during their development in the thymus, T cells undergo two 

selection processes: the positive and negative selection. In the positive selection, immature 

thymocytes that interact with intermediate affinity to self-peptides are selected for further 

maturation. On the other hand, cells that bind with too high affinity to self-antigens are eliminated 

through the process of negative selection (Klein et al., 2014; Moser and Leo, 2010). 

 

1.2.2.1 CD8 T cells 

CD8 T cells are also known as cytotoxic T lymphocytes (CTLs). These cells recognize antigens 

presented by MHC-I molecules and are capable of killing aberrant cells such as viral infected or 

cancer cells by secreting the pore-forming molecule perforin. These pores allow the entry of CD8-

produced proteases (e.g. granzyme B) into target cells, which finally induce apoptosis of the latter 

(cf. to illustration 4) (Moser and Leo, 2010). 

Illustration 3 : The interaction of a dendritic cell and naïve CD4 T cells in the 

immunological synapse. 

Upon encounter with an antigen, dendritic cells present the antigen-derived peptides to 

naïve CD4 T cells through interaction of their MHC-II with TCR-CD4. However other signals 

are required for the activation of naïve T cells such as co-stimulatory signals (CD80/86 

binding to CD28 or CD40 binding to CD40L) and cytokine secretion. (Created in BioRender) 
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1.2.2.2 CD4 T cells 

Unlike CD8 T cells, CD4 expressing T cells, also referred to as T helper (Th) cells, eliminate pathogens 

by orchestrating the recruitment and activation of other leukocytes. 

There are several subsets of Th cells with different roles in the immune system. The differentiation 

into each subset depends on the cytokine milieu during activation (cf. to illustration 5). For example, 

IL-12 promotes the differentiation of naïve Th cells into Th1 cells, while IL-4 induces Th2 cell 

differentiation and IL-1β, IL-6, IL-21, IL-23 and TGFβ promote Th17 cell generation. Th1, Th2 and 

Th17 are considered as the effector CD4 T cells (Teff). Notably, IL-2 and TGFβ induce the 

differentiation of naïve Th cells into regulatory T cells (Treg) which are responsible of suppressing 

the CD4 and CD8 effector responses (Saravia et al., 2019). 

Each Th subset can also be categorized by the expression of signature transcription factors (TF) and 

cytokines and have different functions (cf. to illustration 5). 

Illustration 4 : CD8 T cell effector function.  

CD8 T cells recognize MHC-I bound antigens through interaction with their T-cell 

receptor (TCR) and CD8 co-receptor. To induce apoptosis of the target cell, CD8 T 

cells produce pore-forming molecule perforin (PFN), which allows the entry of 

protease granzyme B (GzmB) causing apoptosis. (Created in BioRender) 
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Th1 cells express the T-box transcription factor (T-bet) and signal transducer and activator of 

transcription 1 (STAT1) and STAT4, while producing IFNγ in response to intracellular pathogens. 

Th1-produced IFNγ also blocks the differentiation into the Th2 and Th17 subsets (Abbas et al., 2015; 

Luckheeram et al., 2012). 

Th2 cells express as master TFs GATA-3 and STAT6, and produce IL-4, IL-5 and IL-13. IL-4 and IL-13 

induce B cells to produce IgE. IgE bind to mast cells and induce an allergic reaction and are involved 

Illustration 5 : T helper subsets differentiation and function.  

Upon activation by APCs, naïve CD4 T cells differentiate into different T helper subsets according to the 

cytokine milieu. T helper (Th) 1 cells differentiate in an IL-12 context, express transcription factors (TF) Tbet, 

STAT1 and STAT4, produce IFNγ and are involved in the clearance of intracellular pathogens. Th2 cells are 

generated by IL-4, express GATA-3 and STAT6, and yield IL-4, IL-5 and IL-13 to fight against helminthic 

infections. Naïve CD4 T cells differentiate to Th17 cells when IL-1β, IL-6, IL-21, IL-23 and TGFβ are present in 

the milieu. Th17 express RORγT and STAT3 and produce IL-17 and IL-22 to defend the host against extracellular 

bacteria and fungi. Tregs are generated by IL-2 and TGFβ to express FoxP3 and STAT5, produce IL-10 and TGFβ 

and suppress effector immune responses. (Created in BioRender) 
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in mucosal immunity. Finally, Th2-produced IL-5 activates eosinophils to fight helminthic infections. 

The expression GATA-3 in this T cell subset strongly inhibits Tbet-associated genes (Abbas et al., 

2015; Luckheeram et al., 2012; Murphy et al., 2017).  

Th17 cells’ master regulators are retinoic acid receptor-related orphan receptor-γt (RORγT) and 

STAT3. RORγT regulates the expression of Th17 cell-signature genes, such as Il17a and Il17f, 

encoding for IL-17A and IL-17F respectively, the main cytokines produced by this subset. They 

induce the recruitment of neutrophils to the site of inflammation, contributing to the elimination 

of extracellular bacteria and fungi. Th17 cells are also able to produce IL-22, which has an important 

role in maintaining epithelial integrity (Abbas et al., 2015; Luckheeram et al., 2012; Murphy et al., 

2017). 

Finally, Treg cells express forkhead box P3 (FoxP3) as master TF. Their differentiation is also 

regulated by the expression of STAT5 and CD25. Treg produce anti-inflammatory cytokines IL-10 

and TGFβ to limit and suppress the immune response by Teff cells (Luckheeram et al., 2012; Moser 

and Leo, 2010; Murphy et al., 2017). 

Importantly, it has been extensively described that Th cells maintain a certain plasticity concerning 

the acquisition of subset features, which would allow the differentiated cells to adapt to the 

microenvironment and respond to molecular signals. For instance, Th17 in culture with IL-12 can 

express IFNγ (Luckheeram et al., 2012; Male, 2013). On the other hand, other specific 

subpopulations have been reported in the inflamed central nervous system (CNS) and the gut, such 

as CD4 T cells co-expressing Tbet and RORγT. These cells are able to produce both, IFNγ and IL-17 

cytokines (Luckheeram et al., 2012). 
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2. AUTOIMMUNITY AND AUTOIMMUNE DISEASES 
 

Immunologic tolerance is an essential mechanism to maintain a functioning organism. This requires 

reactivity against pathogens while limiting tissue-destructive inflammatory immune responses and 

attacks against self-antigens. As previously mentioned, T cells responding strongly to self-antigens 

are eliminated during the process of thymic selection (Abbas et al., 2015; Male, 2013; Moser and 

Leo, 2010). However, some auto-reactive lymphocytes escape this central tolerance mechanism. 

Nevertheless, different layers of peripheral tolerance act in a coordinated way, namely by driving 

the differentiation of suppressive Treg cells instead of Teff cells, and elimination from the 

lymphocytic repertoire of over-activated cells by a mechanism of activation-induced cell death. 

Nonetheless, some cells manage to escape all the layers of self-tolerance, which can lead to 

autoimmune diseases. Although uncommon individually, collectively, these disorders affect up to 

5% of the western population (Murphy et al., 2017).  

Autoimmune diseases can be grouped according to the location and distribution of the autoantigen 

into organ-specific autoimmune diseases or systemic autoimmune diseases. For instance, 

Hashimoto’s thyroiditis is an organ-specific autoimmune disease as the antigen targeted is only 

expressed in the thyroid. On the contrary, systemic lupus erythematosus (SLE) is a systemic 

autoimmune disease, as patients generate autoantibodies and autoreactive T cells against DNA, 

chromatin proteins and small nuclear ribonucleoprotein antigens, which are expressed ubiquitously 

throughout the body (Kindt et al., 2007; Male, 2013; Murphy et al., 2017). 

 

2.1. Mechanisms of autoimmunity 

The exact causes of autoimmune diseases are not yet clear. However, certain factors have been 

shown to correlate with autoimmunity. For example, it has been reported that genetic factors play 

an important role in the development of certain autoimmune diseases, particularly the human 

leukocyte antigen (HLA) allele (human equivalent to the MHC molecules). Namely, people 

expressing the HLA-B27 allele are 100 to 200 times more predisposed to suffer from ankylosing 

spondylitis, a type of arthritis with inflammation in the joints and ligaments of the spine. There are 

nonetheless other genetic factors associated with autoimmune diseases other than the HLA-allele. 

One of those examples are polymorphisms on the insulin gene affecting the level of expression of 

the antigen in the thymus, which have been associated with type 1 diabetes (Abbas et al., 2015; 

Sieper and Poddubnyy, 2017). Other studies have shown that viral and bacterial infections can 
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contribute to the development of autoimmunity, such as an invading pathogen that presents 

antigens that cross-react with self-antigens, a phenomenon known as molecular mimicry, the 

response to that pathogen can lead to uncontrolled parallel activation of the immune response 

against the “self”. Finally, it has also been seen that injuries to certain tissues, releasing sequestered 

self-antigens that have never been presented to the immune system, can lead to autoimmunity 

(Abbas et al., 2015). 

 

2.2. Multiple sclerosis 

What all the autoimmune diseases have in common is that the body's own structures are attacked 

by an uncontrolled immune reaction, sometimes with devastating consequences for the whole 

organism. Multiple sclerosis (MS) is a chronic inflammatory autoimmune disease in which 

autoreactive CD4 T cells recognize myelin and attack the central nervous system (CNS), causing 

lesions or plaques in the white matter of the CNS (Aranami and Yamamura, 2008). MS affects more 

than one million people worldwide and the symptoms usually manifest between the ages of 30 and 

40 years old and strikes more women than men (approximatively to a ratio of 3:1) (Constantinescu 

et al., 2011; Kindt et al., 2007).  

 

2.2.1. Clinical symptoms and progression 

MS symptoms can evolve from mild (slight numbness of the limbs) to severe (paralysis or loss of 

vision) (Kindt et al., 2007).  

The clinical course varies according to the subtype of MS. The most common subtype is the 

relapsing-remitting MS (RRMS) affecting 87% of MS patients. These patients suffer from flare-ups 

of disease in between periods without symptomatic progression. Another subtype is the secondary 

progressive MS (SPMS), where after each flare-up there is neurological deterioration. In addition, 

there are primary progressive MS (PPMS) patients that suffer from visible neurological 

deterioration since onset of the disease. Finally, some patients experience one episode of 

demyelination without a second one, those are described as clinically isolated MS syndrome 

patients (Constantinescu et al., 2011; Ghasemi et al., 2017). 
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2.2.2. MS pathogenesis 

MS is a disease where autoreactive T cells that recognize myelin basic protein (MBP), proteolipid 

protein (PLP) and/or myelin oligodendrocyte glycoprotein (MOG), migrate from the blood vessels 

into brain tissue crossing the blood-brain barrier (BBB). Once the T cells infiltrate the CNS, the 

microglia (macrophage-like cells from the CNS) present the autoantigen through their MHC-II 

inducing the production of cytokines. This, in turn, recruits more immune cells to the site of 

inflammation, aggravating the damage and leading to demyelination of neurons, thus impairing 

their function (Murphy et al., 2017). 

 

2.2.3. Experimental autoimmune encephalomyelitis 

Experimental autoimmune encephalomyelitis (EAE) is a model developed almost 90 years ago to 

mimic MS symptoms in mice. EAE is a disease model mediated by T cells and is induced by 

immunization with myelin oligodendrocyte glycoprotein (MOG) in combination with complete 

Freund’s adjuvant and pertussis toxin injections. After 9 days, mice start to develop MS-like motor 

symptoms (cf. to illustration 6) (Constantinescu et al., 2011; Kindt et al., 2007; Rangachari and 

Kuchroo, 2013; Rivers et al., 1933; Rivers and Schwentker, 1935). 

Studies have shown that Th17 cells and signaling directing Th17 differentiation are the main drivers 

of EAE, as the development of symptoms is impaired when IL-17, IL-17 receptor or IL-23 are blocked 

(Hu et al., 2010; Komiyama et al., 2006; Langrish et al., 2005; Park et al., 2005; Sarma et al., 2009). 

In the same line, the disease symptoms become more severe in the mice upon T-cell specific RORγT 

overexpression, while Tbet expression was deemed not necessary for the development of the 

disease (Martinez et al., 2014; O’Connor et al., 2013). Taken together, these studies show that EAE 

is a valuable model to analyze the function of Th17 cells in vivo and may give us further insights on 

the origin and development of MS. 
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Illustration 6 : Induction of EAE, a mouse model of multiple sclerosis. 

To induce EAE, an intraperitoneal (ip) injection of pertussis toxin (PTx) and subcutaneous injection 

of the MOG peptide is performed at day 0. At day 2, a second ip injection of PTx is administered. 

The mice are scored daily according to their EAE motor symptoms. A score of 1 is given once the tail 

goes limp, a 2 when the hind legs are partially paralyzed, a 3 when the hind legs are completely 

paralyzed, a 4 when the front legs become partially paralyzed and a 5 when the mouse is moribund. 

(Created in BioRender) 
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3. T CELL METABOLISM 
 

Nutrients and metabolites are essential for the functioning of T cells. Moreover, there has been 

ample evidence that cells adapt their metabolism depending on their energy requirements (Buck 

et al., 2015; Franchina et al., 2018; Guerra et al., 2020; Kurniawan et al., 2020b; Rangel Rivera et 

al., 2021). The main sources of energy in T cells are glucose, amino acids and fatty acids. There are 

different metabolic pathways that can follow the uptake of these nutrients to support the T cell 

function and survival. Their common goal is to produce energy in the form of adenosine 

triphosphate (ATP) as well as building-blocks for biomass, such as proteins and nucleotides (Buck 

et al., 2015).  

 

3.1. Glucose metabolism 

Glucose is the primary source of energy for all T cells, however, it is also an important carbon source 

for the generation of other macromolecules. Glucose metabolism can generate cofactors such as 

nicotinamide adenine dinucleotide phosphate (NADPH), important for the generation of lipids 

(MacIver et al., 2008; Yang et al., 2015). 

Glucose uses two types of transporters to enter the cells: sodium-glucose linked transporters 

(SGLTs), which transport glucose together with sodium depending on the sodium concentration 

gradient, and glucose transporters (Gluts), which transport glucose by facilitated diffusion (Navale 

and Paranjape, 2016). Glucose is taken up by T cells mainly through Gluts, especially the most 

ubiquitously expressed glucose transporter 1 (Glut1). Glut1 has been shown to be essential for Teff 

cell differentiation and activation, although not in Treg cells (Macintyre et al., 2014; MacIver et al., 

2008; Palmer et al., 2015; Yang et al., 2015). A recent study showed that Glut3 is also essential for 

Th17 effector function, despite the fact that it is not crucial for the generation of ATP in these cells 

(Hochrein et al., 2022). Another study shows that overexpression of Glut3 in CD8 T cells induced 

more efficient memory effector function (Cribioli et al., 2022).  

 

3.1.1. Glycolysis 

As soon as glucose enters the cytoplasm of the cell, the glycolytic pathway is engaged (cf. to 

illustration 7). Once inside of the cell, a rate-limiting reaction performed by the hexokinase (HK) 
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enzyme transforms glucose into glucose-6-phosphate (G6P) to initiate glycolysis, which occurs in 

the cytosol (Palmer et al., 2015). Following this step, there is a cascade of enzymatic reactions, 

including the generation of one molecule of fructose-6-phosphate (F6P), two molecules of 

glyceraldehyde 3-phosphate (3-PG), two molecules of phosphoenolpyruvate (PEP) and finally two 

molecules of pyruvate per glucose molecule (Chaudhry and Varacallo, 2022). The generation of 

pyruvate is mediated by the pyruvate kinase (PK) of which its M2 isoform (PKM2) has been shown 

to be essential for the development of Th1 and Th17 cells (Angiari et al., 2020).  

The entire process of glycolysis provides 2 molecules of ATP per molecule of glucose without the 

need for oxygen, which is why this pathway is also known as anaerobic glycolysis, making this 

pathway a fast way to generate metabolic intermediates for the synthesis of biomolecules and 

energy (O’Neill et al., 2016).  

Importantly, certain glycolytic intermediates allow T cells to branch out into other pathways such 

as the lactic fermentation, pentose phosphate pathway (PPP), serine metabolism and one-carbon 

(1C) metabolism that are essential for T cell survival, proliferation and biosynthetic abilities (cf. to 

illustration 7) (Sugiura et al., 2022). 

3.1.1.1. Lactic fermentation 

At the end of glycolysis, pyruvate can be transformed into lactate by the lactate dehydrogenase 

(LDH) enzyme in a process known as lactic fermentation (cf. to illustration 7) (Jones and Bianchi, 

2015). Xu et al. have seen that LDH-dependent ATP production was essential for the activation of 

the PI3K-Akt-Foxo1 axis, which regulates the Th17 effector function program (K. Xu et al., 2021). 

3.1.1.2. Pentose phosphate pathway 

The pentose phosphate pathway (PPP) diverges from the glycolysis at the level of G6P. It is essential 

to generate pentoses (5-carbon sugars), needed for the generation of nucleotides and amino acid 

(AA) precursors, and NADPH to maintain the redox balance in the cells and allow fatty acid synthesis 

(cf. to illustration 7) (Domínguez-Amorocho et al., 2019; O’Neill et al., 2016). 
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3.1.1.3. Serine metabolism and one-carbon metabolism 

Serine, as a non-essential AA, can be synthesized de novo by the cells using glycolytic 3PG as a 

substrate, however it can also be taken up by cells through neutral AA transporters (Yang and 

Vousden, 2016). Serine is crucial for the generation of glycine, which is a component of glutathione 

(GSH), an important antioxidant for redox balance in lymphocytes (cf. to illustration 7) (Franchina 

et al., 2022; Kurniawan et al., 2020a; Mak et al., 2017). On another note, serine is an essential part 

of the folate-driven one-carbon (1C) metabolism, a pathway that occurs in two cellular 

compartments, cytosol and mitochondria, and generates substrates for epigenetic modifications 

(S-adenosylmethionine, SAM), NADPH and ATP (cf. to illustration 7) (Ducker and Rabinowitz, 2017; 

Illustration 7 : Glycolysis and branching pathways for energy generation in T cells.  

Once glucose is taken up, the glycolytic enzymes begin to metabolize it to generate pyruvate. Pyruvate can 

be transformed into lactate through lactic fermentation driven by lactate dehydrogenase (LDH). However 

some intermediate metabolites of the glycolysis pathway can divert the carbons to other pathways such as 

the pentose-phosphate pathway or serine and one-carbon metabolism. (Created in BioRender) 
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Kurniawan et al., 2020a). It has also been shown that the 1C-metabolism is essential for 

proliferation of mammalian cells, notably CD4 and CD8 T cells, in vitro and in vivo (Ma et al., 2017; 

Meiser et al., 2016). 

3.1.2. Tricarboxylic acid cycle  

Pyruvate can also translocate into the mitochondria through the mitochondrial pyruvate carrier 

(MPC) to pursue its oxidation in the tricarboxylic acid (TCA) cycle (cf. to illustration 8) (Bricker et al., 

2012; Herzig et al., 2012). The first step in the TCA cycle is the transformation of pyruvate into 

acetyl-coenzyme A (acetyl-CoA) by the pyruvate dehydrogenase (PDH; cf. to section 3.1.2.1). In 

turn, acetyl-CoA condenses with oxaloacetate (OAA) to generate citrate (O’Neill et al., 2016; Pearce 

et al., 2013). Through several enzymatic reactions, the TCA cycle generates intermediate 

metabolites such as α-ketoglutarate (αKG), succinate, fumarate and malate (cf. to illustration 8).  

  

Illustration 8 : The TCA cycle. 

Glycolysis-derived pyruvate can enter the mitochondria through the mitochondrial pyruvate 

carrier (MPC). There, it is metabolized by PDH to generate acetyl-CoA, which with OAA will 

generate citrate and thus the cycle begins. Other TCA metabolites are isocitrate, α-ketoglutarate, 

succinyl-CoA, succinate, fumarate and malate. Each cycle produces three molecules of NADH, one 

molecule of FADH2 and one molecule of ATP. (Created in BioRender) 
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These intermediate metabolites are essential for the generation of AAs, lipids and reductive 

equivalents such as NADH and flavin adenine dinucleotide (FADH2), crucial for the function of the 

electron transport chain (ETC) and oxidative phosphorylation (OXPHOS) leading to ATP synthesis 

(cf. to section 3.1.3) (O’Neill et al., 2016; Pearce and Pearce, 2013).  

Of note, other carbon sources can feed into the TCA cycle in a process called anaplerosis. For 

instance, glutamine can be metabolized to generate αKG, while lipid oxidation can generate acetyl-

CoA (O’Neill et al., 2016).  

3.1.2.1. Pyruvate dehydrogenase 

PDH, the enzyme converting pyruvate into acetyl-CoA, is a complex of three enzymes that work 

sequentially to decarboxylate pyruvate and generate acetyl-CoA, CO2 and NADH: pyruvate 

dehydrogenase (E1), dihydrolipoamide acetyltransferase (E2) and dehydrolipoamide 

dehydrogenase (E3). The E1 subunit is a tetramer constituted of two α subunits, where the catalytic 

site resides, and two β subunits. The E1 catalyzes the decarboxylation of pyruvate and generates 

the acetyl molecule, while E2 ligates the CoA to the acetyl molecule and E3 generates the NADH (cf. 

to illustration 9) (Patel et al., 2014).   

 

The PDH complex regulates the cytoplasmic glucose flux into the mitochondrial TCA cycle (DeBrosse 

and Kerr, 2016). Given its central role, PDH activity is strictly controlled by phosphorylation through 

pyruvate dehydrogenase kinases (PDKs) and de-phosphorylation by pyruvate dehydrogenase 

Illustration 9 : The PDH complex. 

The PDH complex (PDHc) is constituted of three subunits: E1 that performs the pyruvate 

decarboxylation generating an acetyl molecule, E2 that adds the CoA to the acetyl and E3 

that produces the NADH. PDHc is regulated through phosphorylation by PDH kinases (PDK) 

and PDH phosphatases (PDP). PDHc is inactive when phosphorylated. 
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phosphatases (PDPs) of the E1α catalytic site (cf. to illustration 9) (Hitosugi et al., 2011; Kaplon et 

al., 2013; Korotchkina and Patel, 2001). The PDKs inhibit PDH function through phosphorylating 

three sites of the E1α subunit: (1) serine-264-α (Ser-264-α), (2) Ser-271-α and (3) Ser-203-α, 

whereas PDPs activate PDH by dephosphorylating those sites (Patel et al., 2014). PDKs can be 

inhibited by dichloroacetate (DCA), which has been shown to suppress Th17 differentiation while 

promoting Treg differentiation (Gerriets et al., 2015). 

In humans, the E1α subunit is encoded by the X-linked gene PDHA1 and mutations of that gene 

cause PDH deficiency which gives rise to lactic acidosis, progressive neuromuscular, neurological 

degeneration and, often leading to childhood mortality (DeBrosse and Kerr, 2016; Patel et al., 

2012). 

 

3.1.3. Electron transport chain and oxidative phosphorylation 

As mentioned in the previous section, the TCA cycle generates reductive equivalents NADH and 

FADH2 for the ETC and OXPHOS. ETC is a series of molecules composed of five complexes that are 

located in the inner membrane of the mitochondrion and perform the OXPHOS process. Complex I 

takes the electrons from NADH and transfers them to ubiquinone (CoQ), inducing the pumping of 

protons into the intermembrane space by Complex I. The electrons from FADH2 are donated to 

Complex II, which in turn transfers them to CoQ to promote proton pumping by Complex I. CoQ 

transfers the electrons to Complex III and cytochrome c, causing the former to pump protons into 

the intermembrane space and reducing the latter. Once reduced, cytochrome c transfers electrons 

to Complex IV inducing its pumping of protons into the intermembrane mitochondrial space and 

the reduction of O2 into H2O. This final step is known as the mitochondrial respiration. Through 

Complex I, III and IV, a proton gradient, known as the mitochondrial membrane potential, is created. 

This gradient is dissipated by the Complex V or ATP synthase, pumping the protons back into the 

matrix from the intermembrane space, while generating an ATP molecule. The processes carried 

out by Complex IV and V are also known as OXPHOS (cf. to illustration 10) (Nolfi-Donegan et al., 

2020). 

Although the whole process is more complex, the combination of TCA cycle and OXPHOS generates 

up to 36 molecules of ATP per glucose, making the mitochondrial oxidation of glucose the most 

efficient pathway for the generation of energy (Klein Geltink et al., 2018). 
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3.2. Amino acid metabolism 

Amino acids (AA) are sources of energy and substrates for the generation of proteins and nucleic 

acids. They can be divided into essential AA, obtained only from the diet, and non-essential AA, that 

can be produced by mammals (Kurniawan et al., 2020b). 

3.2.1. Glutamine 

Glutamine is a non-essential AA that has been shown to be crucial for proliferation of T cells, as it 

is used as a precursor for nucleotides and protein synthesis (Yoo et al., 2020). As previously 

mentioned, glutamine can generate TCA cycle intermediates after being metabolized by 

Illustration 10 : The electron transport chain and OXPHOS.  

The electron transport chain (ETC) is composed of five complexes, ubiquinone (CoQ) and cytochrome c (Cyt 

c). Complex I pump protons (H+) into the intermembrane space of the mitochondria while transferring 

electrons (e-) to CoQ and consuming NADH. Complex II donates e- to CoQ derived from FADH2. CoQ transfers 

the e- to Complex III, which further donates them to Cyt c and pumps more H+ in the intermembrane space. 

Finally, Cyt c transfers the e- to Complex IV that carries out the mitochondrial respiration, turning oxygen (O2) 

into water (H2O), simultaneously pumping H+ in the intermembrane space. Complex V dissipates the proton 

gradient by bringing H+ back into the mitochondrial matrix and generating ATP in a process called oxidative 

phosphorylation (OXPHOS). (Created in BioRender) 
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glutaminases (GLS) into glutamate that will be transformed into αKG. GLS has been shown to be 

essential for Th17 differentiation (Johnson et al., 2018).  

There are two ways of metabolizing glutamine in the TCA cycle. In the oxidative path, αKG is 

oxidized to succinate, while in the reductive way, αKG is converted into citrate (cf. to illustration 

11) (Fendt et al., 2013). 

Importantly, the intermediate metabolite glutamate is also an essential component of antioxidant 

glutathione and thus, crucial to maintain redox balance (Tomé, 2021). 

 

 

  

Illustration 11 : Glutamine metabolism. 

After entering the cytosol, glutamine can also enter the mitochondria where the glutaminase 

enzyme (GLS) will transform it into glutamate (Glu). The latter will be further converted into α-

ketoglutarate (αKG) and thus enter the TCA cycle. There are two pathways to metabolize αKG either 

the oxidative pathway (glutamine oxidation) in which αKG is transformed into succinyl-CoA, or the 

reductive carboxylation, generating citrate directly. (Created in BioRender) 
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3.2.2. Other amino acids 

Tryptophan (Trp) is an essential AA, precursor of kynurenine (Kyn), NAD, serotonin and melatonin. 

Kyn and Kyn-derivates have been shown to block Teff proliferation (Tomé, 2021).  

Arginine is a non-essential AA that participates in the urea cycle and is a precursor of glutamate 

(Ligthart-Melis et al., 2008). It has been shown that arginine is a regulator of T cell metabolism by 

inducing a shift from glycolysis to OXPHOS and thus promoting memory-like cell generation (Geiger 

et al., 2016). 

Serine is important for cell proliferation and, as mentioned previously, can be taken up by the cells 

or generated de novo. Serine is a crucial element for the production of antioxidant glutathione 

(Kurniawan et al., 2020a). In the case of Treg cells, our group has shown the importance of 

glutathione in the strict control of the serine and 1C-metabolism, which is crucial for the expression 

of the transcription factor FoxP3 and consequently, their suppressive capacity (Kurniawan et al., 

2020a). 

Methionine (Met) is an essential AA, precursor of cysteine (Cys). However, as T cells do not possess 

the enzyme converting Met to Cys, the uptake of Cys is required, which is why Cys is considered a 

semi-essential AA. Met is also critical for epigenetic modifications such as histone methylation 

(Tomé, 2021). 

 

3.3. Fatty acid metabolism 

It has been extensively described how glucose and AA, especially glutamine, are easily metabolized 

and available to promote T cell function. On the other hand, fatty acids (FAs), despite being more 

complex biomolecules, have also been deemed essential for T cell function, proliferation and 

survival (Yang et al., 2015).  

There are several groups of FAs according to the number of carbon atoms in their carbon chain: 

short-chain (SCFA), medium-chain (MCFA), long-chain (LCFA) and very-long-chain FA (VLCFA). SCFA 

are the product of microbiota’s fermentation of dietary fiber (Lim et al., 2022). 

FA metabolism has two major branches: the fatty acid oxidation (FAO), also known as the 

catabolism of FA, taking place in the mitochondria of T cells, and the cytosolic fatty acid synthesis 

(FAS) or FA anabolism (cf. to illustration 12) (Lim et al., 2022). 
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Illustration 12 : Fatty acid oxidation and fatty acid synthesis pathways.  

(A) Fatty acid oxidation. Fatty acids are taken up by transporters in the cell membrane and 

transported in the cytosol by fatty acid binding proteins (FABP) and transport proteins (FATP). 

Before entering the mitochondria, fatty acids are activated by adding a coenzyme A (CoA) 

molecule via acyl-CoA synthetases (ACS), generating a fatty acyl-CoA that can translocate into 

the mitochondria through carnitine palmitoyltransferase-1 (CPT1). In the mitochondria, the beta-

oxidation takes place through four consecutive enzymes: acyl-CoA dehydrogenase (ACAD), enoyl-

CoA hydratase (ECH), beta-hydroxyl acyl-CoA dehydrogenase (HAD) and beta-keto thiolase 

(THIO). In this process, one molecule of FADH2, NADH, acetyl-CoA and a fatty acyl-CoA molecule 

with two carbons less are produced. The resulting fatty acyl-CoA repeats the steps of beta-

oxidation until in the last cycle two molecules of acetyl-CoA are produced. Acetyl-CoA then can 

be used as a substrate for the TCA cycle. (B) Fatty acid synthesis. For the generation of fatty acids, 

citrate is transformed into acetyl-CoA through the acetyl-CoA citrate lyase (ACLY) which is further 

converted into malonyl-CoA by acetyl-CoA carboxylase (ACC1). Malonyl-CoA is then extended by 

the fatty acid synthase complex (FASN) into a long-chain fatty acid. This process requires ATP and 

NADPH for its completion. (Created in BioRender) 
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3.3.1. Fatty acid oxidation 

To take FAs up from the extracellular milieu, T cells express SCFA receptors and the scavenger 

receptor CD36 on their cell surface, then proceed to their transport and oxidation in the 

mitochondria (cf. to illustration 12A) (Chen et al., 2022; Lim et al., 2022). T cells require FA-binding 

proteins (FABPs) and FA-transport protein (FATPs) to transport FA from the cytosol to the 

mitochondria. More specifically, to translocate into the mitochondria, LCFA require carnitine 

palmitoyltranferase-1 (CPT1) (Kurniawan et al., 2020b). It is noteworthy that the membrane 

mitochondrial translocation by CPT1, requires the previous activation of FA by binding to Coenzyme 

A (CoA). This process is carried out by acyl-CoA synthetases in an ATP-dependent manner. The 

resulting molecules, known as fatty acyl-CoAs, enter the mitochondria (Talley and Mohiuddin, 

2022). 

Once acyl-CoAs are in the mitochondria, the four steps of beta-oxidation (β-ox) take place. First, 

acyl-CoA dehydrogenase forms a double bond between the alpha and beta carbon of the fatty acyl-

CoA molecule while producing FADH2. Second, enoyl-CoA hydratase hydrates the double bond 

generated in the first step resulting in a hydroxyl group on the beta carbon. Third, beta-hydroxyl 

acyl-CoA dehydrogenase oxidizes the beta carbon to produce NADH. Finally, beta-keto thiolase 

cleaves the bond between alpha and beta carbons with CoA, producing a molecule of acetyl-CoA 

and a new molecule of fatty acyl-CoA with two carbons less. The procedure of β-ox is repeated until 

the acyl-CoA is completely converted into acetyl-CoA. Per β-ox loop, the cell generates one 

molecule of FADH2, one molecule of NADH, both used to generate energy in the ETC and OXPHOS, 

and one molecule of acetyl-CoA, which can merge with OAA and enter the TCA cycle, connecting 

FAO with the mitochondrial oxidation of glucose (Talley and Mohiuddin, 2022).   

 

3.3.2. Fatty acid synthesis 

While FAO generates energy, FAS requires it in the form of NADPH (cf. to illustration 12B). However, 

FAS is essential for the generation of membranes (cytoplasm, nucleus, etc.) and thus, cell 

proliferation (O’Neill et al., 2016; van der Windt and Pearce, 2012; Yang et al., 2015).  

Three main enzymes direct FAS: acetyl-CoA citrate lyase (ACLY), acetyl-CoA carboxylase (ACC1) and 

fatty acid synthase complex (FASN). ACLY converts citrate into acetyl-CoA, which in turn will be 

converted into malonyl-CoA by ACC1. Then, the carbon chain of malonyl-CoA is extended by FASN. 

The FASN reaction is divided in four steps: first, a molecule of acetyl-CoA and one of malonyl-CoA 

are converted into an acetoacyl molecule, which is then reduced, dehydrated and reduced again. 
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The activity of FASN is repeated in cycle until the expected chain length is reached  (Lim et al., 2022; 

O’Neill et al., 2016; Riezman, 2007; van der Windt and Pearce, 2012). 

 

3.4. Regulators of metabolism 

All metabolic pathways have to be coordinated for the proper functioning of T cells. There are two 

major metabolic regulators in T cells responsible for the metabolic rewiring upon activation, 

mechanistic target of rapamycin (mTOR) and adenosine monophosphate-activated protein kinase 

(AMPK) (cf. to illustration 13) (Chapman and Chi, 2022). 

 

3.4.1. mTOR 

mTOR is often described as the key metabolic regulator and sensor of changes in the levels of 

nutrients, energy and stress cues. mTOR regulates functions through two complexes mTORC1 and 

mTORC2 (Buck et al., 2015).  

mTORC1 is activated upon TCR-CD28 engagement via the PI3K-AKT pathway as well as growth 

factors and AA signaling  (cf. to illustration 13) (Kurniawan et al., 2020b; Salmond, 2018). mTORC1’s 

key downstream targets are sterol regulatory element-binding protein 1 (SREBP1), ribosomal 

protein S6 kinases (S6Ks), 4E-binding proteins (4E-BPs), myelocytomatosis oncogene (Myc) and 

hypoxia inducible factor 1α (HIF1α) (Salmond, 2018). SREBP1 induces FAS, while S6Ks and 4E-BPs 

promote protein translation, and Myc and HIF1α promote glycolysis (Palmer et al., 2015). 

mTORC2 is induced by cellular stress and growth factors and its most described downstream target 

is AKT, which is involved in the early thymocyte development (Ouyang et al., 2019). 
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3.4.2. AMPK 

AMPK is an energy stress sensor detecting changes in intracellular AMP/ATP concentrations and is 

activated once energy levels are low (cf. to illustration 13) (Buck et al., 2015; Kurniawan et al., 

2020b). AMPK is a negative regulator of mTORC1 and induces opposing metabolic pathways such 

as FAO and OXPHOS (Palmer et al., 2015; Salmond, 2018). 

 

Illustration 13 : Metabolic regulators in T cells: mTOR and AMPK.  

mTOR and AMPK are regulators of the metabolic pathways in T cells, ensuring proper coordination. Part of the 

mTOR function is carried out through mTOR complex 1 (mTORC1). mTORC1 is activated through TCR-CD8 

stimulation and PI3K-AKT pathway as well as growth factors (GF) and amino acid (AA) signaling. Downstream 

targets of mTORC1 are sterol regulatory element-binding protein 1 (SREBP1) that induces fatty acid (FA) 

synthesis, hypoxia inducible factor 1α (HIF1α) and myelocytomatosis oncogene (MYC), which both prompt 

glycolysis, and ribosomal protein S6 kinases (S6K) and 4E-binding proteins (4E-BPs) that promote protein 

translation. AMPK senses low levels of energy in the cell through the AMP/ATP ratio and induces oxidative 

phosphorylation (OXPHOS) and FA oxidation. (Created in BioRender) 
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3.5. Metabolic adaptations to energy status 

As previously mentioned, T cells adapt their metabolism according to their energy demands in order 

to execute their functions (Franchina et al., 2018; Guerra et al., 2020).  

Naïve T cells rely on TCA cycle and OXPHOS for the metabolism of glucose, as well as FAO. These 

pathways do not require high uptake of nutrients and are mainly used for the maintenance of naïve 

cells while waiting for the antigen encounter and activation (Rangel Rivera et al., 2021).  

Upon activation, naïve T cells differentiate into effector T cells. During this process, there is a 

metabolic reprogramming, induced by mTORC1, characterized by the switch from mitochondrial-

driven pathways to glycolysis and glutaminolysis to generate ATP and biosynthetic precursors in a 

rapid manner. This phenomenon also known as the Warburg effect, has originally been described 

by Otto Warburg in cancer cells. This metabolic rewiring is needed to support T cell growth, 

proliferation, and expression of signaling molecules important for effector functions (Buck et al., 

2015; Kurniawan et al., 2020b; Pearce and Pearce, 2013; Rangel Rivera et al., 2021; Otto Warburg, 

1956; O. Warburg, 1956).  

However, there are differences between the metabolism of Teff and Treg cells. Unlike Teff cells, 

such as Th1, Th2 and Th17 cells, that become more glycolytic upon activation, Treg cells rely 

intensely on FAO for their function while maintaining their glycolysis at a lower rate (Kurniawan et 

al., 2020b; Michalek et al., 2011). 

Once the pathogen is cleared, the effector response contracts and the generation of memory T cells 

takes place (Abbas et al., 2015). The metabolism of memory T cells is similar to the one of naïve and 

quiescent cells, relying on mitochondrial pathways such as the TCA cycle, FAO and OXPHOS 

(Corrado and Pearce, 2022; Franchina et al., 2018). 
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4. EPIGENETICS AND METABOLISM REGULATE EFFECTOR 
T CELL FUNCTIONS 
 

Epigenetic modifications are characterized by reversible processes affecting gene expression 

without alteration of the DNA sequence. There are four types of modifications that alter gene 

expression, such as DNA methylation, histone changes (acetylation and methylation), non-coding 

RNAs and higher-order structure of the chromatin (Liotti et al., 2022; Rhodes and Lin, 2023).  

T cell differentiation and function are dependent on epigenetic modifications mainly involved in 

histone modifications and/or DNA methylation that are often stabilized through the binding of TF, 

thus the proper regulation of these modifications is essential for the correct function of the 

adaptive immune system (Dutta et al., 2021). 

Recent studies have connected T cell metabolism with epigenetics. Namely, it was shown that some 

enzymes and substrates of different metabolic pathways play a role in chromatin accessibility 

and/or gene expression (Hochrein et al., 2022; Kurniawan et al., 2020a; Qiu et al., 2019; Sugiura et 

al., 2022).  

 

4.1 Histone modifications in T cells 

A complex of eight histones, two of each histone proteins (H2A, H2B, H3 and H4), form the core of 

the nucleosome in the chromatin. Each core has a globular C-terminal domain and an N-terminal 

tail that is the site of numerous post-translational modifications (PTMs) such as acetylation and 

methylation of its lysine (K) residues (cf. to illustration 14) (Rhodes and Lin, 2023). 

Different PTMs on the histone cores alter the chromatin accessibility allowing or blocking gene 

expression (cf. to table 1). 
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Table 1 : Effects of histone modifications on gene expression.  

PTM Histone modification Gene expression 

Acetylation 

H3K9, K14, K18 
and K27 Mono- or di-

acetylation 
Active 

H4K5, K8, K12 
and K16 

Methylation 

H3K4 Tri-methylation Active 

H3K9 and K27 
Tri-methylation Inactive 

H4K20 

Illustration 14 : Histone methylation and acetylation. 

Histone methyltransferases (HMTs) use S-adenosylmethionine (SAM), a product of the one-carbon 

(1C) metabolism, as a substrate for histone methylation, which in general blocks gene transcription. 

Histone demethylases (HDMs) eliminate the methyl groups from the histones allowing for gene 

transcription. Acetyl-CoA, generated through the metabolism of glucose, fatty acids or acetate, is the 

substrate of histone acetyltransferases (HATs) to generate acetylated histones, which promote gene 

transcription. Histone deacetylases (HDACs) remove the acetyl groups impairing gene transcription. 

(Created in BioRender) 
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4.1.1. Histone acetylation 

The status of histone acetylation is dependent on the function of the modifiers histone 

acetyltransferases (HATs) and histone deacetylases (HDACs) (Dutta et al., 2021).  

On one hand, histones are acetylated by HATs, which transfer the acetyl group from acetyl-CoA to 

specific lysine residues of H3 or H4. Histone acetylation is a dynamic modification and shows high 

turnover and, as previously mentioned, allows chromatin to de-condense, increasing DNA 

accessibility and thus, gene transcription (Dutta et al., 2021; Ellmeier and Seiser, 2018). On the 

other hand, this markers can be removed by HDACs, causing chromatin re-condensation (Sun et al., 

2015). HATs and HDACs are also referred to as activators and inhibitors of transcription, respectively 

(cf. to illustration 14) (Ellmeier and Seiser, 2018; Liotti et al., 2022). 

Acetyl-CoA is a substrate of HATs that can be produced by several metabolic pathways such as the 

TCA cycle, FAO and acetate metabolism, thus connecting metabolism to epigenetic modifications 

(Møller et al., 2022). Recently, Hochrein et al. connected the GLUT3-dependent glycolysis to 

effector functions of T helper (Th) 17 cells through acetyl-CoA production and epigenetic alterations 

in these cells (Hochrein et al., 2022). Also, Qiu et al. have demonstrated that in glucose limiting 

environments, such as the tumor niche, CD8 T cells’ effector functions could be activated through 

the uptake of acetate, which induced histone acetylation and chromatin accessibility (Qiu et al., 

2019). On a similar note, Peng et al. showed that LDH in Th1 cells is necessary to maintain the acetyl-

CoA pool for histone acetylation and thus the production of IFNγ (Peng et al., 2016). 

On the contrary, it is known that NAD+ is a co-factor for the HDAC family of sirtuins and is generated 

through multiple metabolic pathways such as ETC and tryptophan metabolism, thus inducing 

histone deacetylation (Møller et al., 2022). 

 

4.1.2. Histone methylation 

Histone methylation is the product of transferring up to three methyl groups onto lysine or arginine 

residues at the N-terminal of core histones. The process is carried out by histone 

methyltransferases (HMTs). HMTs are divided into lysine- or arginine-specific HMTs depending on 

the residue these enzymes transfer the methyl group onto. However, a majority of HMTs are lysine-

specific. The methyl residues on lysines are removed by histone demethylases (HDMs) (cf. to 

illustration 14) (Rhodes and Lin, 2023). 

The main donor of methyl groups for HMTs is S-adenosylmethionine (SAM), which is produced in 

the 1C-metabolism (Ducker and Rabinowitz, 2017). It has been shown that the 1C-metabolism 



INTRODUCTION 

63 

enzyme methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) is essential for histone 

methylation in Th17 cells and their function (Sugiura et al., 2022).  

On the other hand, α-KG (metabolite of the glutaminolysis and TCA cycle) is a co-factor for several 

members of the HDMs family, for instance KDM6B (Tran et al., 2019). Recent studies showed that 

KDM6B is essential for the differentiation and proliferation of effector CD8 T cells (Li et al., 2021; T. 

Xu et al., 2021). 

Conversely, 2-hydroxyglutarate (2-HG) is a metabolite produced by mutant isocitrate 

dehydrogenase in hypoxic environments and inhibits HDM KDM4A (Carbonneau et al., 2016). It has 

been shown that the treatment of CD8 T cells with 2-HG enhances proliferation, persistence and 

anti-tumor capacity in CD8 T cells (Tyrakis et al., 2016). 

 

4.2. DNA methylation in T cells 

DNA methylation is required for the maintenance of stability in the genome. DNA 

methyltransferases (DNMTs) add methyl groups to cytosines, generating 5-methylcytosines (5 mC), 

which repress gene expression, using SAM as a methyl-donor. On the contrary, the ten-eleven 

translocation (TET) protein family perform DNA demethylation to activate gene expression (cf. to 

illustration 15) (Dutta et al., 2021). 

 

 

During CD8 and CD4 T cell differentiation into effector cells, the status of DNA methylation around 

promoters of effector genes is altered and declines progressively. Nevertheless, upon prolonged 

Illustration 15 : DNA methylation. 

S-adenosylmethionine (SAM) is the substrate for DNA methyltransferases (DNMTs) to generate 5-

methylcytosine (5mC) in the promoter of the target gene, which blocks its transcription. Ten-eleven 

translocation (TET) proteins remove the methyl groups from gene promoters to allow for its expression. 

(Created in BioRender) 
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antigen exposure, CD8 T cells can become exhausted and lose their ability to eradicate aberrant 

cells by inducing de novo DNA methylation (Ghoneim et al., 2017; Møller et al., 2022).  

Studies have shown that blocking de novo DNA methylation in CD8 T cells, in combination with 

immune-checkpoint blockade treatment, limit the “exhaustion” phenotype allowing for better 

control of tumor growth (Ghoneim et al., 2017; Møller et al., 2022). In a similar concept, Carty et 

al. have shown that TET2-deficient CD8 T cells acquire the memory phenotype earlier than wild-

type CD8 T cells, thus becoming more efficient in case of reinfection by the same pathogen (Carty 

et al., 2018). 

In another study, 2-HG has been shown to promote Th17 differentiation by inducing 

hypermethylation of the Foxp3 gene locus and thus blocking its transcription. This effect could be 

reversed upon inhibition of the conversion of glutamate into α-KG, reducing the accumulation of 2-

HG and allowing for the transcription of the Foxp3 gene (Xu et al., 2017). 
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T cells are an essential part of the adaptive immune system. Th17 cells are a subset of the CD4+ T 

cells that have a major role in the protection of the host against extracellular bacteria and fungi. 

The expression of the transcription factor (TF) RORγT and their ability to produce IL-17 to exert their 

function are the characteristic features of this subset (Basu et al., 2013; Wu and Wan, 2020). 

However, Th17 cells have been linked to several autoimmune diseases such as multiple sclerosis 

and rheumatoid arthritis (Aranami and Yamamura, 2008; Basu et al., 2013). 

To execute their function, T cells adapt their metabolism according to their energy demands 

(Franchina et al., 2018; Guerra et al., 2020). Upon activation, T cells undergo a process known as 

metabolic reprogramming, CD4 T cells switch from oxidative metabolism (i.e. tricarboxylic citric acid 

cycle (TCA), oxidative phosphorylation (OXPHOS), and fatty acid beta-oxidation) to glycolysis and 

glutaminolysis. This energetic rewiring enables the rapid generation of ATP and biosynthetic 

precursors and is essential for the growth, proliferation, and generation of the signaling molecules 

for the functions of effector T cells (Buck et al., 2015; Kurniawan et al., 2020b; Pearce and Pearce, 

2013; Rangel Rivera et al., 2021).  

The pyruvate dehydrogenase (PDH) complex harbors a key role in mammalian metabolism by 

regulating the cytoplasmic glucose flux  into the mitochondrial TCA cycle (DeBrosse and Kerr, 2016). 

PDH is a mitochondrial enzyme catalyzing the conversion of glucose-derived pyruvate into acetyl-

coenzyme A (CoA) (Hitosugi et al., 2011; Kaplon et al., 2013; Korotchkina and Patel, 2001). Once 

produced, acetyl-CoA is linked with oxaloacetate (OAA) to generate citrate in the mitochondria 

(O’Neill et al., 2016; Pearce et al., 2013).   

The cellular citrate pool is utilized for several pathways that are essential for energy metabolism 

and transcriptional activity. Citrate can be processed through the TCA cycle to produce reductive 

equivalents necessary for ATP production via electron transport chain and OXPHOS. In addition, 

citrate can exit the mitochondria through citrate transporters into the cytoplasm and even enter 

the nucleus (Chapman and Chi, 2022; Wang and Green, 2012). In the cytoplasm or the nucleus, 

citrate can be converted into acetyl-CoA and OAA by the ATP-citrate lyase (ACLY) (Koundouros and 

Poulogiannis, 2020; Wellen et al., 2009; Zhao et al., 2016). Cytoplasmic acetyl-CoA can be used for 

lipids synthesis, whilst nuclear acetyl-CoA contributes to protein acetylation such as histone 

acetylation. Histone acetylation allows for the de-condensation of chromatin, essential for cell type-

specific gene expression (Li et al., 2007; Pietrocola et al., 2015; Sivanand et al., 2018).  

In this study, we aim to decipher the role of PDH in Th17 cells function both in vivo and in vitro.  
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The specific objectives of this study are: 

- Identify the importance of PDH in distinct T helper subsets 

- Generate a T cell-specific PDH-deficient mouse line 

- Determine whether PDH has a role in the Th17 cell-driven mouse model of experimental 

autoimmune encephalomyelitis (EAE) 

- Investigate if PDH ablation has an effect on Th17 cell differentiation in vitro 

- Evaluate the metabolic adaptations of Th17 cells upon PDH ablation 

- Decipher the molecular alterations caused by PDH ablation 

- Analyze the consequences of PDH-deficiency in Th17 cells’ proliferation 

- Investigate the role of PDH in Th17 cells signature gene transcription 

- Determine a compensatory mechanism that could restore the effects of Pdha1 ablation in 

Th17 cells. 
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1. MICE AND IN VIVO MODEL 
 

1.1. Mice 

PDHfl/fl mice [B6.129P2-Pdha1tm1Ptl/J] were purchased from The Jackson Laboratory and crossed 

with CD4 Cre-expressing mice also obtained from The Jackson Laboratory. All experiments used 

age- and gender-matched mice (8-12 weeks old) with respective littermate controls. All animal 

experimentation protocols were approved and conducted according to the LIH Animal Welfare 

Structure (AWS) and Luxembourgish Ministry of Agriculture, Viticulture and Rural Development 

guidelines. Maintenance of the lines and all in vivo experiments were performed under specific 

pathogen-free (SPF) conditions. 

 

1.2. Genotyping of PDHfl/fl CD4 Cre+ mice 

To determine the genotype of the mice, tail tips from each mouse were obtained. Then, DNA was 

extracted using the NucleoSpin® 96 Tissue Core Kit (Macherey Nagel) following the manufacturer’s 

instructions. Following the extraction, a polymerase chain reaction (PCR) was performed to amplify 

the relevant DNA fragment with the appropriate DNA primers (cf. table 2) using the DreamTaq 

Green PCR Mastermix (Thermo Scientific). Finally, electrophoresis was done to separate the 

fragments according to size on a gel containing 1,5% agarose (Lonza) and 0,01% Sybr™ Safe DNA 

gel stain (Invitrogen). The program GenSnap (Syngene) was used to take images of the gel with UV 

light, and Smart Ladder (Kaneka Eurogentec) were used to analyze the results. 

 

Table 2: Primers and band sizes for genotyping of  WT and PDHfl/fl CD4 Cre + mice 

Gene Primer Result and band size 

PDH reaction 
Primer 1: CGTCTGTTGAGAGAGCAGCA Wild-type: 303 bp 

PDHfl/fl: 380 bp Primer 2: CGCACAAGATATCCATTCCA 

CD4-Cre reaction 

Primer 1: CTAGGCCACAGAATTGAAAGATCT 

CD4 Cre +: 500 bp 
Primer 2: GTAGGTGGAAATTCTAGCATCATCC 

Primer 3: CATGTCCATCAGGTTCTTGC 

Primer 4: CCA GGG TCG GAG ACA ATA AC 
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1.3. Experimental autoimmune encephalomyelitis (EAE) 

mouse model 

Induction of EAE was performed as previously described (Brüstle et al., 2012) in 10 week-old male 

mice. The animals were injected subcutaneously with MOG35-55/CFA emulsion at day 0 and two 

intraperitoneal injections of 200 ng of pertussis toxin at days 0 and 2 (Hooke labs). Daily scoring 

was done according to the neurological signs (cf. table 3). 

 

Table 3 : EAE scoring based on neurological signs  

Score Neurological signs 

0 No neurological signs 

1 Loss of tail tonicity 

2 Abnormal gait and hind limb weakness 

3 Hind limb paralysis 

3,5 Hind limb paralysis and falling over 

4 Hind limb paralysis and forelimb involvement 

5 Moribund or dead 
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2. CELL ISOLATION AND CULTURE 
 

2.1. Naïve T cell isolation  

Naïve CD4+ T cells were isolated from mouse spleen and lymph nodes by negative magnetic bead 

sorting (MACS) following the manufacturer’s protocol using the Naïve CD4+ T cell isolation kit 

(Miltenyi Biotec) and sorting was performed by autoMACS® pro Separator (Miltenyi Biotec). CASY 

cell counter (Omni Life Science) was used to perform cell number calculations.  

 

2.2. In vitro Th subsets differentiation 

For in vitro differentiation, isolated naïve T cells were counted by CASY and seeded at a 

concentration of 2x106 cells/mL during 3 days in IMDM (Westburg) supplemented with 10% FBS 

(Biochrom GmbH), 55μM 2-mercaptoethanol (Gibco) and 1% penicillin/streptomycin (Gibco) 

(complete medium), and in the presence of Th-specific cytokine mix (cf. table 4).   

 

 

Table 4 : Cytokine mix cocktails Th-subset specific for naïve differentiation in vitro. 

Th subset Cytokine Concentration Source 

Th0 

anti-CD3 (plate-bound) 5 μg/mL BioLegend 

anti-CD28 1 μg/mL BioLegend 

anti-IFNγ 5 μg/mL BD Biosciences 

IL-2 50 U/mL Miltenyi Biotec 

Th1 

anti-CD3 (plate-bound) 5 μg/mL BioLegend 

anti-CD28 1 μg/mL BioLegend 

IL-12 2 ng/mL Miltenyi Biotec 

IL-2 50 U/mL Miltenyi Biotec 

Th17 

anti-CD3 (plate-bound) 5 μg/mL BioLegend 

anti-CD28 1 μg/mL BioLegend 

IL-6 30 ng/mL Miltenyi Biotec 

anti-IFNγ 5 μg/mL BD Biosciences 

TGFβ 2 ng/mL Bio-Techne 

Treg 

anti-CD3 (plate-bound) 5 μg/mL BioLegend 

anti-CD28 1 μg/mL BioLegend 

IL-2 50 U/mL Miltenyi Biotec 

anti-IFNγ 5 μg/mL BD Biosciences 

TGFβ 4 ng/mL Bio-Techne 
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All results were obtained from in vitro differentiated cells generated from naïve T cells isolated from 

PDHfl/fl and PDHfl/fl CD4 Cre+ mice, unless mentioned otherwise in the figure legends.  

For acetate-treated cells, the differentiation was performed adding 10 mM sodium acetate (Sigma-

Aldrich) diluted in culture medium.  

 

2.3. Isolation of lymphocytes from brain of EAE mice 

Isolation of lymphocytes from the brains of EAE mice at day 14 post-induction was performed as 

previously described (Brüstle et al., 2012). Briefly, mice were sacrificied and brain was perfused 

with 20 mL of cold PBS through the left ventricle. Digestion of brain was done in RPMI 

supplemented with 50 ug/mL collagenase D (Roche) and 10 ug/mL DNAseI (Sigma-Aldrich) for 1 

hour at 37°C in a mixer (Labortechnik). Lymphocyte enrichment was obtained by centrifugation 

using a two-layer Percoll gradient (40% and 70%) and then washed twice in RPMI. 
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3. PROTEOME ANALYSIS 
 

3.1. Flow cytometry 

3.1.1. Extracellular staining 

For the detection of surface markers, cells were stained in fluorescence-activated single cell sorting 

(FACS) buffer (PBS supplemented with 1% FBS and 5 mM EDTA, pH=8.0) with fluorescent labelled 

antibodies (cf. Key Resources Table; 1:200 dilution) and live/dead dye (DAPI (Thermo Fisher 

Scientific), LIVE/DEAD® Fixable Near-IR or Green dye (BioLegend) or 7-AAD (Thermo Fisher 

Scientific) diluted between 1:1000-1:3000) for 30 minutes at 4°C. Before flow cytometry 

measurement, cells were washed in FACS buffer. 

 

3.1.2. Intracellular stainings 

 3.1.2.1. Transcription factors 

For intracellular staining of transcription factors, cells were fixed at 4°C for 1 hour in the 

eBioscience™ FoxP3/Transcription Factor Fixation kit (Thermo Fisher Scientific) and 

permeabilization was done in the buffer provided by the kit. Intracellular antibodies were diluted 

1:200 in 1X eBioscience™ Permeabilization Buffer and incubated for 30 minutes at 4°C. 

 

 3.1.2.2. Cytokines 

To measure intracellular cytokine expression, cells were restimulated for 5 hours in vitro with 

phorbol 12-myristate 13-acetate (PMA; Sigma, 50 ng/mL), calcium ionophore A23187 (Ionomycin, 

Sigma, 750 ng/mL) and cytokine release was blocked using BD GolgiPlug™ Protein Transport 

Inhibitor (BD, 1:1000 dilution). After stimulation, cells were washed once with FACS buffer before 

extracellular staining, then fixed 20 min at 4°C with BD Cytofix/Cytoperm and permeabilized in BD 

Perm/Wash™ buffer (BD Biosciences). Intracellular antibodies were diluted 1:200 in the BD 

Perm/Wash™ buffer and incubated for 30 minutes at 4°C.  

 

 3.1.2.3. Hexokinase-1 

To stain hexokinase-1, cells were fixed in 4% formaldehyde (Sigma-Aldrich) diluted in PBS 

(Westburg) for 10 minutes at room temperature (RT), then permeabilized and stained with 

intracellular antibodies (diluted 1:200) in PBS 0.1% Tween-20 and incubated for 30 minutes at 4°C. 
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3.1.2.4. p-mTOR and p-S6 

For p-mTOR and p-S6 detection, cells were fixed in 2% formaldehyde (Sigma-Aldrich) diluted in PBS 

(Westburg) for 10 minutes at RT, then permeabilized in 0.01% saponin (Sigma-Aldrich) diluted in 

FACS buffer. Intracellular antibodies were diluted 1:200 in 0,01% saponin and incubated for 30 

minutes at 4°C. 

 

3.1.3. Metabolic activity stainings 

 3.1.3.1. Glucose uptake measurement 

For glucose uptake measurements, cells were incubated in glucose-free RPMI for 2h at 37°C in the 

presence of 50 μM 2-NBDG (Thermo Fisher Scientific). 

 

 3.1.3.2. Lipid uptake measurement 

To measure lipid uptake, cells were incubated in IMDM with 1 μM Bodipy™ FL C16 (Invitrogen) for 

30 minutes at 37°C. Cells were washed once with PBS prior to flow cytometric measurement. 

 

3.1.4. Proliferation measurement 

To determine proliferation indexes, naïve cells were labeled with 5μM cell-trace violet (CVT; 

Thermo Fisher Scientific) on the day of isolation and analyzed by flow cytometry three days later. 

Proliferating cells are gated on CVTmed-low cells. 

 

3.1.5. Flow cytometry measurements and analysis 

Flow cytometric measurements were performed on a BD Fortessa instrument (BD Biosciences) and 

analysis was done using FlowJo v10.6.2 software (Tree Star). 

 

3.2. Immunoblotting 

Samples were lysed in lysis buffer (CST, 9803S) with protein/phosphatases inhibitors (Bioké) 

following manufacturer’s instructions and blotting was performed as previously described 

(Kurniawan et al., 2020a). The antibodies used for detection were anti-Pdha1 (Abcam, ab168379), 

anti-actin (Sigma Aldrich), anti-acetyl-histone H3 Lys27 (Cell Signaling Technology, 8173S), anti-

histone H3 (Cell Signaling Technology, 9715S) and anti-acetyl-histone H3 (Millipore, 06-599) all 

diluted 1:1000 in TBS-T. 
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3.3. IL-17 cytokine quantification 

IL-17 quantification was performed on supernatants of in vitro differentiated Th17 cells using the 

Mouse IL-17 DuoSet ELISA kit (Bio-Techne) and following the manufacturer’s instructions. Briefly, 

96-well plates were coated overnight at RT with the capture antibody provided by the kit. After 

three washes with the wash buffer, each well was blocked by 300 μL of reagent diluent for 1 hour, 

also at RT. Following three more washes, 100 μL of samples and standards diluted in reagent diluent 

were added in the appropriate well and incubated for 2 hours at RT. After incubation, the plate was 

washed as described above and 100 μL of detection antibody were added and the plate was kept 2 

hours at RT. After washing, 100 μL of Streptavidin-HRP was added to each well and the plate was 

left in the dark at RT for 20 minutes. Finally, after the last washing step, 100 μL of substrate solution 

was added in each well and before saturation of the standard curve, 50 μL of stop solution was 

added to stop the reaction. Measurement of the optical density was performed with SpectraMax 

ELISA plate reader instrument (Molecular Devices). Results were analyzed using Excel and 

normalized by cell number. 
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4. METABOLIC STUDIES 
 

4.1. Metabolic flux measurements 

In vitro-differentiated Th17 cells were seeded on a XFe96 cell culture plate (Agilent Technologies) 

pre-coated with Corning™ Cell-Tak Cell and Tissue Adhesive (Thermo Fisher Scientific) with 0.1M 

sodium bicarbonate (Sigma-Aldrich), at a density of 3x105 cells/well. Experiments were performed 

on an XFe96 Extracellular Flux Analyzer (Agilent). 

 

4.1.1. Oxygen consumption rate (OCR) measurement 

For OCR measurements, cells were cultured in XF Seahorse DMEM medium (Agilent Technologies) 

containing 2 mM of glutamine (Westburg), 1 mM sodium pyruvate (Gibco) and 25 mM glucose 

(Sigma-Aldrich). OCR was measured using the XF Cell Mito Stress Test (Agilent Technologies) 

following the manufacturer’s protocol during sequential injections of oligomycin A (1 μM), carbonyl 

cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 3 μM) and antimycin A/rotenone (1 μM) (all 

from Sigma-Aldrich). Three measurements were performed before and after each injection in 7 min 

intervals. 

 

4.1.2. Extracellular acidification rate (ECAR) measurement 

For ECAR measurements, cells were cultured in XF Seahorse DMEM medium (Agilent Technologies) 

containing 2 mM of glutamine (Westburg) and ECAR was determined by the XF Glycolysis Stress 

Test Kit (Agilent Technologies). As for OCR, the measurement was taken during sequential injections 

of glucose (10 mM), oligomycin (1 μM) and 2-deoxy-D-glucose (2-DG; 50 mM) (all from Sigma-

Aldrich). Three measurements were performed before and after each injection in 7 min intervals. 

 

4.2. Metabolic flux analysis 

Results were analyzed using the Wave 2.6.1 software (Agilent Technologies) and all measurements 

were calculated from raw OCR or ECAR data as described in the table below (cf. table 5). 
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Table 5 : Calculations of OCR and ECAR measurements.  

Parameter Raw data source Calculations 

Basal OCR OCR 3rd minus 12th measurement 

Maximal respiration OCR 9th minus 12th measurement 

OCR-dependent ATP 

production 
OCR 3rd minus 6th measurement 

Spare respiratory capacity OCR 9th minus 3rd measurement 

Glycolytic capacity ECAR 9th minus 12th measurement 

ECAR glycolysis ECAR 6th minus 3rd measurement 
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5. MASS SPECTROMETRY SAMPLE PREPARATION AND 
ANALYSIS 
 

5.1. Isotopic labelling 

For glucose and glutamine tracing, naïve T cells were differentiated for 3 days into Th17 cells in 

complete medium. At day 3, cells were counted, washed and seeded for 24h with tracing media 

consisting of SILAC RPMI 1640 (Fisher Scientific) supplemented with 10% FBS (Biochrom GmbH), 

55μM 2-mercaptoethanol (Gibco), 1% penicillin/streptomycin (Gibco), L-Arginine (Sigma Aldrich)  

and L-Lysine (Sigma Aldrich) and containing [U-13C6]-glucose (11.1 mmol/L; Cambridge Isotope 

Laboratories) or  [U-13C5]-glutamine (2 mmol/L; Cambridge Isotope Laboratories). Extraction of 

intracellular metabolites, multiple ion detection (MID) and carbon contribution determinations, gas 

chromatography- (GC-) and liquid chromatography-mass spectrometry (LC-MS) measurements and 

substractions of natural isotope abundance of the polar fraction were done as previously described 

(Battello et al., 2016) using the MetaboliteDetector software.  

 

5.2. Uptake and release rate measurement 

Glucose, lactate and glutamine concentrations in medium were measured by YSI 2950D 

Biochemistry Analyzer (YSI Incorpoated). After normalization with control samples, uptake and 

release rates were determined. 

 

5.3. GC-MS of the non-polar fraction 

5.3.1. GC-MS measurement of the non-polar fraction 

Measurements of the non-polar fraction via GC-MS were done as previously described (Modamio 

et al., 2021). Derivatization was performed by using a multi-purpose sample preparation robot 

(Gerstel). Dried non-polar extracts were dissolved in 30 µl of MTBSTFA with 1% TBDMCS and 

incubated for 60 minutes at 55°C under continuous shaking. 

GC-MS analysis was performed by using an Agilent 7890A GC coupled to an Agilent Mass Selective 

Detector (MSD; Agilent Technologies). A sample volume of 1 µl was injected into a Split/Splitless 

inlet, operating in splitless mode at 280 °C. The gas chromatograph was equipped with a 30 m (I.D. 
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0.25 mm, film 0.25 µm) ZB-5MSplus capillary column (Phenomenex) with 5 m guard column in front 

of the analytical column. Helium was used as carrier gas with a constant flow rate of 1.4 ml/min. 

GC temperature program was as follows, 100 °C for 1 minute then increased to 325 °C at 7.5 °C/min 

and held for 4 minutes. The total run time was 35 minutes.  

The transfer line temperature was set to 280 °C. The MSD was operating under electron ionization 

at 70 eV. The MS source was held at 230 °C and the quadrupole at 150 °C. GC-MS measurements 

were performed in selected ion monitoring mode for precise determination of the MIDs. 

 

5.3.2. GC-MS data of the non-polar fraction processing and normalization 

Processing and normalization of the non-polar fraction measurements via GC-MS were done as 

previously described (Modamio et al., 2021). MetaboliteDetector (v3.2.20190704) was used to 

process all GC-MS chromatograms (Hiller et al., 2009). Compounds were annotated by retention 

time and mass spectrum using an in-house mass spectral library (overall similarity: >0.85). The 

following deconvolution settings were applied: Peak threshold: 2; Minimum peak height: 2; Bins 

per scan: 10; Deconvolution width: 8 scans; No baseline adjustment; Minimum 1 peaks per 

spectrum; No minimum required base peak intensity. MIDs for the following fragments were 

calculated (cf. table 6). 

 

Table 6 : Fragments calculated for MIDs of the non-polar fraction. 

Derivative Metabolite m/z - 
Range 

Sum Formula 
(Fragment) 

MID 
size 

Dodecanoic acid 1TBDMS C12:0 257-272 C14H29O2Si 13 

Tetradecanoic acid 1TBDMS C14:0 285-302 C16H33O2Si 15 

Hexadecanoic acid 1TBDMS C16:0 313-332 C18H37O2Si 17 

Hexadecenoic acid 1TBDMS C16:1 311-330 C18H35O2Si 17 

Octadecanoic acid 1TBDMS C18:0 341-362 C20H41O2Si 19 

Octadecenoic acid 1TBDMS C18:1 339-360 C20H39O2Si 19 

Octadecadienoic acid 1TBDMS C18:2 337-358 C20H37O2Si 19 

Cholesterol 1TBDMS Cholesterol 443-473 C29H51OSi 28 

 

 

5.4. LC-MS analysis of histone 

Sample preparation for analysis of histones with LC-MS was performed as described previously 

(Lauterbach et al., 2019). Briefly, histones were extracted using acid extraction and separated on 

16% polyacrylamide gel. In-gel acylation of histones was performed using propionic anhydride to 
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mimic the situation of the light histone peptides. Subsequently, in-gel digestion of histone proteins 

was performed to obtain tryptic-digested peptides. Peptides were desalted using C18-Omix tips 

(Agilent Technologies), vacuum dried, and reconstituted in 0.1 % formic acid in water. 10 µl of the 

peptide digest was injected into Vanquish UHPLC Systems (Thermo Scientific) equipped with 

Hypersil GOLD™ coupled to Orbitrap ID-X Tribrid Mass Spectrometer (Thermo Scientific). The 

peptides were separated on Vanquish™ C18 UHPLC Columns (150*2.1 mm, 1.9 µm) at a flow rate 

of 300 μL/min using a 50 minutes gradient program starting from 5 % to 50% of mobile phase B, 

where mobile phase A was water with 0.1% formic acid and mobile phase B was acetonitrile with 

0.1% formic acid. The MS instrument was operated in full scan mode (m/z 350 -1600) with 

resolution R = 60,000 at m/z 400. Peptide fragmentation was performed using data-dependent 

acquisition (DDA). The peptide ions (top 10) for DDA-based ms/ms fragmentation were selected 

based on peptide ions’ intensity. Typical mass spectrometric conditions were as follows: AGC target, 

standard; spray voltage, 4000 V; sheath and, 45; auxiliary gas flow, 10; ion transfer tube 

temperature, 325°C; vaporizer temperature, 325; DDA cycle time, 3; collision energy, 30%. 

Tracefinder software was used for manual inspection of chromatograms and integration of peak 

areas. Peptide identification and confirmation were performed using Skyline software.  
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6. SEQUENCING SAMPLES PREPARATION AND ANALYSIS 
 

6.1. RNA extraction and quantitative RT-PCR 

RNA was extracted following the protocol from NucleoSpin RNA Kit (Macherey-Nagel). RNA 

concentrations were measured by NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific). 

Quantitative RT-PCR (RT-qPCR) was carried out by mixing 2μL RNA (30 ng) with 5μL Master Mix 

(Luna Universal One-Step RT-qPCR Kits; Bioké), 2pmol of forward primer and 2pmol of reverse 

primer, 0.3μL reverse transcriptase and filled up to 10 μL with RNAse-free water per sample (cf. Key 

Resources Table). Reactions were run on a CFX384 instrument (Bio-Rad). Data were normalized to 

Tbp and analyzed using the ΔΔCt method as previously described (Mak et al., 2017). 

 

6.2. RNA-seq samples preparation and analysis 

6.2.1. RNA-seq sample preparation 

RNA extraction was performed as described above. The mRNA sequencing of Th17 cells 

differentiated in vitro for 72 h from naïve T cells of PDHfl/fl and PDHfl/fl  CD4 Cre+ mice was done with 

the same pool of cells that were used for ATAC-seq. The sequencing was done at the sequencing 

platform in the Luxembourg Centre for Systems Biomedicine (LCSB) of the University of 

Luxembourg. The single-end, stranded sequencing was applied by the Illumina NextSeq 500 

machine with read length of 75 bp. The TruSeq Stranded mRNA Library Prep kit (Illumina) was used 

for library preparation.  

 

6.2.2. RNA-seq data analysis 

FastQC (v0.11.5) was used for the quality control of the raw reads (Andrews, S., 2010). Adapter 

removal was done using PALEOMIX pipeline (v1.2.12) (Schubert et al., 2014), with a minimum 

length of the remaining reads set to 25 bp. SortMeRNA (v2.1) was used to remove rRNA reads 

(Kopylova et al., 2012) and afterwards the mapping was done by STAR (v.2.5.2b) (Dobin et al., 2013). 

RNA-seq transcript alignment was performed with Salmon (Patro et al., 2017) against the Mouse 

transcriptome from Genecode v.M27 (Frankish et al., 2019). Subsequent analysis were being 

conducted in R. Tximeta (Love et al., 2020) was used to assign transcripts to gene before performing 

differential analysis with DESeq2 (Love et al., 2014). Gene set enrichment analysis (GSEA) was 
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performed with cluseterProfiler (Yu et al., 2012). Decorated KEGG view pathways were prepared 

using Pathview (Luo and Brouwer, 2013).  

 

6.3. ATAC-SEQ samples preparation and analysis 

6.3.1. ATAC-seq sample preparation 

Tagmentation of Th17 cells differentiated in vitro for 72 h from naïve T cells of PDHfl/fl and 

PDHfl/fl  CD4 Cre+ mice was done with the same pool of cells that were used for RNA-seq. ATAC-seq 

was performed as described in OMNI-ATAC supplementary protocol 1 (Corces et al., 2017) with 

some changes. 100 000 viable cells were resuspend in 50 μL cold ATAC-Resuspension Buffer (RSB) 

containing 0.1% Tween-20, adding 0.1% NP40 and 0.01% Digitonin, and lysed for 3 min on ice. After 

3 minutes incubation, lysates were washed with 1 mL cold ATAC-RSB containing 0.1% Tween-20 

but no NP40 or digitonin. Samples are centrifuged for 10 minutes at 500g and 4 °C, supernatant 

was removed, while pellets were resuspended in 50 μL transposition mix: Tagment DNA buffer 

(Illumina) containing 2.5 μL Tagment DNA TDE1 Enzyme (Illumina). After 45 minutes incubation at 

37 °C and 1000 rpm in Eppendorf ThermoMixer, chromatin fragments were isolated using Zymo 

Research DNA Clean & Concentrator kit (ZymoResearch). For the pre-amplification of transposed 

fragments, 5 PCR cycles were run using primers Ad1 and Ad2.x (Buenrostro et al., 2015). The rest 

of the additional cycles of library amplification were determined by qPCR (Adams et al., 2000). 

Another cleanup was done using Zymo Research DNA Clean & Concentrator kit with 21 ul elution 

volume, followed by AMPure XP bead (Beckman Coulter) size selection with samples adjusted to 

100 µL and 55 µL of beads to remove large fragments. Incubation of 5 minutes followed by 

separation of beads on magnetic stand was done before transferring supernatants to a new tube, 

where 225 µL of beads were added, followed by an incubation for 10 minutes and a separation on 

magnetic stand. After washing with 80% ethanol, beads are resuspended in 20 μL elution buffer 

and incubate during 5 minutes. After separation on magnetic stand eluate was transferred to a new 

tube. Library quality control was performed using Agilent DNA High sensitivity Bioanalyzer chip 

(Agilent). The sequencing of ATAC-seq libraries was done at the sequencing platform in the 

Luxembourg Centre for Systems Biomedicine (LCSB) of the University of Luxembourg. The paired-

end, unstranded library sequencing was performed using Illumina NextSeq 500/550 75 cycles High 

Output Kit.  
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6.3.2. ATAC-seq data analysis 

FastQC (v0.11.5) was used for the quality control of the raw reads (Andrews, S., 2010). Alignment 

and mapping to generate BAM files were done with BWA (v.0.7.16a) (Li et al., 2009). The mouse 

reference genome used for the mapping was GRCm38 release 102 downloaded from GENCODE 

(https://www.gencodegenes.org/). Picard tool (v2.10.9) was used to validate the BAM files (Adams 

et al., 2000). After obtaining the BAM files, Genrich (https://github.com/jsh58/Genrich) was used 

for peak calling with parameters “-r -m 30 -j -a 200 -g 15 -l 15 -d 50” to remove PCR duplicates and 

include only reads with mapping quality of at least 30. Also, to get a minimum AUC for a peak of 

200 bp, a maximum distance between significant sites of 15 bp, a minimum length of a peak of 15 

bp, and for defining expand cut sites to 50 bp. 

Differentially accessible regions were detected using DiffBind (3.4.3) (10.18129/B9.bioc.DiffBind) in 

R (4.1.2) (Ross-Innes et al., 2012). Briefly, peaks from all samples have been overlapped, resulting 

in 119 671 unique regions. 103 563 of 119 671 peaks were identified in at least two samples and 

constituted the peakset. Then, the number of mapped reads was calculated for each peak included 

in the peakset and background normalization was performed. Finally, differential analysis was 

performed using DESeq2. The differentially accessible regions were annotated using the ChIPseeker 

R package (1.30.3) (Yu et al., 2015). 

For the metagene plots the BAMs from ATAC-seq analysis, filtered for a minimal mapping quality of 

30, were processed by bamCoverage (Ramírez et al., 2018) (deepTools v3.5.0) using the 

CountsPerMillion (CPM) normalization to generate bigwigs. These bigwigs were further used as 

input for ComputeMatrix (Ramírez et al., 2018) (deepTools v3.5.0) using the command “scale-

regions -m 450 -b 50 -a 50 -bs 10” for all peaks with significantly differential accessibility according 

to DiffBind. Meaning that the CPM signal was binned per 10 bp and each peak was scaled to 450 bp 

(the median peak width across the samples) with additional flanking regions of 50 bp included. 

 

 

7. QUANTIFICATION AND STATISTICAL ANALYSIS 
 

Data are represented in means ± SEM with a minimum of n=3 per group (for more information 

confer to Figure Legends). P values were calculated using unpaired Student’s t test, one or two-way 

ANOVA plus multiple comparisons with Bonferroni correction by Prism 9.3.1 (GraphPad). P value 

for statistical significance were determined as ≤ 0.05 and indicated by asterisks accordingly (* p≤ 

0.05; ** p≤ 0.01; *** p≤ 0.001; **** p≤ 0.0001 and ns: not significant). 

https://www.gencodegenes.org/
https://github.com/jsh58/Genrich
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8. KEY RESOURCES TABLE 
 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

CD4-APC Clone GK1.5 (1:200) BioLegend #100412 

CD3ε-PE-Cy7 Clone 145-2C11 (1:200) BioLegend #100320 

CD4-PE Clone GK1.5 (1:200) BioLegend #100408 

CD4-BV785 Clone GK1.5 (1:200) BioLegend #100453 

CD4-BUV737 Clone GK1.5 (RUO) (1:200) BD Biosciences #612761 

IL17A-BV605 Clone TC11-18H10 (1 :200) BD Biosciences #564169 

IFN-γ-APC Clone XMG1.2 (1:200) BioLegend #505810 

RORγT-BV421 Clone Q31-378 (1:200) BD Biosciences #562894 

Tbet-PE/Cy7 Clone 4B10 (1:200) BioLegend #644824 

FoxP3-APC Clone FJK-16 s (1:200) Thermo Fisher #17-5773-82 

CD25-PE Clone PC61 (1:200) BioLegend #102008 

pmTOR-PE Clone MRRBY (1:200) Thermo Fisher #12-9718-42 

pS6-APC Clone cupk43k (1:200) Thermo Fisher #17-9007-42 

CD45-PerCP/Cyanine5.5 Clone 30-F11 (1:200) BioLegend #103132 

Glut-1 – Alexa Fluor® 647 Clone EPR3915 (1:200)  Abcam #ab195020 

Hexokinase-1 - Alexa Fluor® 488 Clone EPR10134(B) 
(1:200) 

Abcam #ab184818 

CD36-PerCP/Cyanine5.5 Clone HM36 (1:200) BioLegend #102620 

Ultra-LEAF™ Purified anti-mouse CD3ε Clone 145-2C11 BioLegend # 100340 

Ultra-LEAF™ Purified anti-mouse CD28 Clone 37.51 BioLegend # 102116 

Purified NA/LE Rat Anti-Mouse IFN-γ Clone XMG1.2 BD Biosciences #554408 

Anti-Pyruvate Dehydrogenase E1-alpha subunit 
antibody 

Abcam #ab168379 

anti-acetyl-histone H3 Millipore #06-599 

Anti-Actin antibody produced in rabbit Sigma-Aldrich # A2066-.2ML 

Mouse anti-rabbit IgG-HRP 
Santa Cruz 
Biotechnology 

#sc-2357 

Chemicals, Peptides and Recombinant Proteins 

PBS (1X) without Ca++, Mg++, 500ml Westburg #BE17-516F 

FBS Superior Lot: 0193F Biochrom GmbH #S0615 

Penicillin-Streptomycin (10,000 U/mL) Gibco #11548876 

L-Glutamine Westburg #BE17-605E 

2-Mercaptoethanol Gibco #11508916 

Methanol Sigma-Aldrich #1060351000 

Chloroform Sigma-Aldrich #34854-1L-M 

Ethanol absolute VWR #20821.330 

Ethanol eurodenatured VWR #85823.440 

Sodium Acetate trihydrate Sigma-Aldrich #71188-250MG 

HEPES Sigma-Aldrich #H4034-100G 

EDTA Sigma-Aldrich #EDS-100G 
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DL-Dithiothreitol solution (DTT) Sigma-Aldrich #43816-10ML 

Bovine Serum Albumin (BSA) Sigma-Aldrich #A9647-500G 

RPMI 1640 (without L-Glutamine) Westburg #BE12-167F 

IMDM with HEPES and L-Glutamine Westburg #BE12-722F 

Collagenase D from Clostridium histolyticum Roche #11088866001 

DNAseI Sigma-Aldrich #D4513-1VL 

Percoll® Sigma-Aldrich #GE17-0891-01 

Recombinant human TGF-β Bio-Techne #240-B-002 

Mouse IL-6, research grade Miltenyi Biotec #130-094-065 

Mouse IL-2, research grade Miltenyi Biotec #130-098-221 

Mouse IL-12, research grade Miltenyi Biotec #130-096-707 

Cell Trace Violet Thermo Fisher #C34557 

Molecular Probes™ 2-NBDG 
Thermo Fisher 
Scientific 

#11569116 

SYBR™ Fast Green Master Mix 
Thermo Fisher 
Scientific 

#4385612 

Luna Universal One-Step RT-qPCR Kit Bioké #E3005E 

Formaldehyde Sigma-Aldrich #252549-1L 

Saponin Sigma-Aldrich #S4521-25G 

DAPI (1:2000) 
Thermo Fisher 
Scientific 

#D1306 

Zombie NIR™ Fixable Viability Kit BioLegend #423106 

Zombie Green™ Fixable Viability Kit BioLegend #423112 

7-AAD 
Thermo Fisher 
Scientific 

#A1310 

Bodipy™ FL C16 
Thermo Fisher 
Scientific 

#10654623 

Corning™ Cell-Tak Cell and Tissue Adhesive 
Thermo Fisher 
Scientific 

#10317081 

Oligomycin A Sigma-Aldrich #75351-5MG 

FCCP Sigma-Aldrich #C2920-10MG 

Antimycin A Sigma-Aldrich #A8674-25MG 

Rotenone Sigma-Aldrich #R8875-1G 

2-Deoxy-D-Glucose Sigma-Aldrich #D6134-1G 

Sodium pyruvate Gibco #12539059 

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich #P8139-1MG 

Calcium Ionophore A23187 Sigma-Aldrich #C7522-1MG 

Rapamycin Invivogen #tlrl-rap 

Torin 1 Sigma-Aldrich #475991-10MG 

SILAC RPMI 1640 Flex Media Gibco #15347143 
13C6-glucose Cambridge Isotope Lab #CLM-1396 
13C5-L-Glutamine Cambridge Isotope Lab #CLM-1822-H 

13C2-Acetate Sigma-Aldrich 
#282014-
250MG 

D-(+)-Glucose solution Sigma-Aldrich #G8769-100ML 

GolgiPlug™ (Protein Transport Inhibitor) BD Biosciences #555029 
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Tween 20 Sigma-Aldrich #P7949-500ML 

NaCl Sigma-Aldrich # S9888-5KG 

Sodium bicarbonate solution Sigma-Aldrich #S8761-100ML 

Protease/Phosphatase Inhibitor Cocktail (100x) Bioké #5872 

Powdered milk Carl Roth #T145.2 

Luminata™ Crescendo Western HRP substrate 
Thermo Fisher 
Scientific 

#10776189 

Seahorse XF DMEM medium Agilent Technologies #103575-100 

Critical Commercial Assays and Kits 

CD4+ T Cell Isolation Kit Miltenyi Biotec #130-104-454 

Naive CD4+ T Cell Isolation Kit, mouse Miltenyi Biotec #130-104-453 

NucleoSpin RNA 250 Macherey-Nagel #740955.250 

Foxp3/Transcription Factor Staining Buffer Set 
Thermo Fisher 
Scientific 

#15151976 

BD Cytofix/Cytoperm Fixation/Permeabilization kit BD Biosciences #554714 

Mouse IL17 DuoSet ELISA BIO-TECHNE #DY421 

Seahorse XFe96 Fluxpak Agilent Technologies #102416-100 

EAE induction kit: MOG35-55/CFA Emulsion PTX 
Hooke Laboratories, 
Inc  

#EK-2110 

Experimental Models: Organisms/Strains 

PDHfl/fl:B6 The Jackson laboratory #17443 

CD4 Cre+:B6 The Jackson laboratory #022071 

Deposited Data 

RNA-Seq This paper N/A 

ATAC-Seq This paper N/A 

Oligonucleotides 

Tbp 

F : GAAGAACAATCCAGACTAGCAGCA 

R : CCTTATAGGGAACTTCACATCACAG 

(Kurniawan et al., 2020) 

Pdha1 

F : CGT CTG TTG AGA GAG CAG CA 

R : CGC ACA AGA TAT CCA TTC CA 

This paper 

Pdhb 

F : AGGAGGGAATTGAATGTGAGGT 

R : ACTGGCTTCTATGGCTTCGAT 

This paper 

Software and Algorithms 

FlowJo Software 10.6.2 Tree Star N/A 

Graphpad Prism 9.3.1 
GraphPad Software, 
Inc 

N/A 

Wave Software 2.6.1 Agilent N/A 

Inkscape 1.1 Inkscape N/A 
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PART I 
 

1.1. Generation of T-cell specific pyruvate dehydrogenase 

(PDH) knockout mice 

PDH is the enzyme linking the cytoplasmic glycolysis with the mitochondrial tricarboxylic acid (TCA) 

cycle. It transforms the glucose-derived pyruvate into acetyl-CoA for condensation with 

oxaloacetate (OAA) in the mitochondria to generate citrate in the first step of the TCA cycle (cf. to 

illustration 8) (DeBrosse and Kerr, 2016; O’Neill et al., 2016; Pearce et al., 2013). This critically 

rewires the metabolism of T cells upon activation (Marelli-Berg et al., 2012; Pearce and Pearce, 

2013; Wang and Green, 2012). Therefore, it is pivotal to unravel whether and how PDH influences 

the physiology and the function of CD4+ T cells. 

The initial step was the analysis of the expression of Pdha1 in in vitro-differentiated CD4+ Th subsets. 

Naïve CD4+ T cells from wild-type mice’s spleen and lymph nodes were isolated, and then activated 

by anti-CD3 and anti-CD8 under appropriate cytokine conditions according to the Th subset. Th0 

cells were differentiated in an IL-2 and anti-IFNγ cytokine mix, Th1 cells were generated with IL-12 

and IL-2 stimulation, a combination of IL-6, anti-IFNγ and TGFβ was used to skew Th17 cells, and a 

cocktail containing IL-2, TGFβ and anti-IFNγ was used to induce Treg differentiation, as previously 

described (Baricza et al., 2018; Ivanov et al., 2006). After three days of incubation, RNA was isolated 

and Pdha1 expression was measured by qPCR. Interestingly, Th17 cells showed the highest Pdha1 

expression compared with control Th0, Th1 and Treg cells implying that PDH might be of particular 

importance for Th17 cells (Figure 1A). 

To determine the importance of PDH in T cells, a mutant mouse strain (PDHfl/fl CD4 Cre+) was 

generated by crossing CD4 Cre+ expressing mice with Pdha1flox8 mice (cf. to Illustration 16). In these 

mice, T cells did not express a crucial part of the PDH-E1α subunit, encoded by the exon 8 of the 

Pdha1 gene (Figure 1B and 1C). PDH-E1α is the subunit of the E1 complex of PDH that catalyzes the 

rate-limiting step of the conversion of pyruvate into acetyl-CoA (cf. to illustration 9) (Yang et al., 

2021). It is important to note that T cells of these mutant mice still express Pdhb gene encoding for 

the other PDH-E1 subunit (PDH-E1β), which is a regulatory subunit and does not harbor a catalytic 

activity without PDH-E1α (Figure 1D) (Yang et al., 2021).  
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Illustration 16: T cell-specific PDH-deficient mice are generated by the crossing CD4 Cre+ with 
PDHf l/f l mice. 

T cell specific genetic pyruvate dehydrogenase alpha 1 subunit (Pdha1) deletion is achieved by using the Cre-Lox 

recombination system. Mice expressing the Cre recombinase (Cre) enzyme under the CD4 promoter (CD4 Cre+) 

are crossed with mice carrying two flanking locus of crossover in P1 (LoxP) sites in the same direction around the 

exon 8 of the Pdha1 gene (PDHfl/fl). CD4-expressing cells in these mice have a deletion of the Pdha1 exon 8 due to 

the action of the Cre recombinase, followed by a recombination of LoxP sites (PDHfl/fl CD4 Cre+). (Created in 

BioRender) 
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Figure 1: PDH-deficient T cells do not express Pdhα1 mRNA nor PDH-E1α protein. 

(A, B and D) mRNA levels of Pdha1 (A,B) or Pdhb (D) genes were determined by RT-qPCR in indicated cell 

types. ΔΔCt values were normalized to Tbp expression. (A) Naïve T cells were isolated from spleen and lymph 

nodes of wild-type (WT) mice and differentiated in vitro into T helper (Th) 0, Th1, Th17, and regulatory (Treg) 

T cells for 3 days. For each subset differentiation, different cytokine cocktails were added to the media: Th0 

with anti-CD3, anti-CD28, anti-IFNγ, and IL-2; Th1 with anti-CD3, anti-CD28, IL-12 and IL-2; Th17 with anti-

CD3, anti-CD28, IL-6, anti-IFNγ, and TGFβ; Treg with anti-CD3, anti-CD28, IL-2, anti-IFNγ, and TGFβ. Data are 

means±SEM (n=3) and representative of 2 trials. (B) Total CD4 T cells were isolated from spleen and lymph 

nodes of control (PDHfl/fl) and PDH-deficient (PDHfl/fl CD4 Cre+) mice and activated for 24h with anti-CD3 and 

anti-CD28. Data are means±SEM (n=3) and representative of 2 trials. (C) Representative immunoblot 

detecting total PDH-E1α protein in 24h activated total CD4 T cells from two control (PDHfl/fl) and two PDH 

deficient (PDHfl/fl CD4 Cre+) mice. Actin detection as a loading control. Data are representative of 4 mice per 

genotype in 2 independent experiments. (D) Total CD4 T cells were isolated from spleen and lymph nodes of 

PDHfl/fl and PDHfl/fl CD4 Cre+ mice and activated for 24h with anti-CD3 and anti-CD28. Data are means±SEM 

(n=3) and representative of 2 trials. **p≤0.01; ns: non-significant. 
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1.2. Interfering with PDH expression in T cells reduces the 

experimental autoimmune encephalomyelitis (EAE) disease 

burden 

Th17 cells have been implicated in multiple sclerosis (MS), a chronic inflammatory autoimmune 

disease in which autoreactive CD4 T cells recognizing myelin antigens are activated and attack the 

central nervous system (CNS) (Aranami and Yamamura, 2008). A mouse model of MS symptoms is 

experimental autoimmune encephalomyelitis (EAE) which was established almost 90 years ago 

(Rivers et al., 1933; Rivers and Schwentker, 1935). In this model, mice develop MS-like symptoms 

after approximately 9 days post-immunization with MOG protein in combination with CFA and 

pertussis toxin injections. The immune reaction is mainly driven by inflammatory Th17 cells 

migrating to the CNS, making it a commonly used model to study Th17 cells’ immune response in 

vivo (Constantinescu et al., 2011; Rangachari and Kuchroo, 2013). 

The data shown in the previous section would suggest that PDH is crucial for Th17 cell function, and 

hence that PDH-deficiency in CD4+ T cells would alter the severity of autoimmune pathologies in 

EAE.  Indeed, upon induction of EAE, mice harboring PDH-deficient T cells (PDHfl/fl CD4 Cre+) showed 

significantly lower disease burden, as observed by the reduced EAE score, and increased survival 

compared to wild-type (WT) littermate control (PDHfl/fl) mice (Figure 2A and 2B).  

As the symptoms of EAE are caused by neurodegeneration which is triggered by inflammatory Th17 

cells activated in secondary lymphoid organs that migrated to the CNS, T cells from the brain and 

spleen of these mice 14 days post-EAE induction were examined via flow cytometry. First, similar 

percentages and numbers of infiltrating CD45+ cells in the brain and spleens of control and PDHfl/fl 

CD4 Cre+ mice were observed, which suggests that the migration of total leukocytes is not affected 

by the CD4-specific PDH deletion (Figure 2C and 2D). However, reduced infiltration of Th17 (RORγT+) 

and Treg (CD25+FoxP3+) cells in PDHfl/fl CD4 Cre+ mice’s brains was discerned (Figure 2E and 2F), 

whilst the percentages of Th1 (Tbet+) cells in the brain were similar between WT and PDHfl/fl CD4 

Cre+ mice (Figure 2G). In the spleen, no differences in the percentage of Th subsets were detected 

(Figure 2E, 2F and 2G). This indicates that, in accordance with the reduction in EAE severity, the 

PDHfl/fl CD4 Cre+ mice have reduced relative frequencies of Th17 cells in the brain. Given the crucial 

role of Th17 in the pathology of EAE, pathogenic Th17 effector functions were analyzed by 

measuring the production of effector cytokines IFNγ and IL-17A in the CNS. In accordance with a 

less severe disease burden, a reduced percentage of CD4+ T cells producing both IFNγ and IL-17A in 
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PDHfl/fl CD4 Cre+ mice in the brain was detected, whereas the frequencies of CD4+ T cells producing 

either of the cytokines did not show significant differences between genotypes (Figure 2H, 2I and 

2J). 

These results indicate that PDH has an important role in the effector function of Th17 cells in vivo. 

 

 

 (A) EAE clinical scores for 30 days post-induction with pertussis toxin and MOG peptide in PDHfl/fl (n=7) and 

PDHfl/fl CD4 Cre+ (n=9) mice. Data are means±SEM. (B) Survival of the mice in (A). (C) Flow cytometric analysis 

(FCA) of frequencies of CD45+ cells from spleen and brain of PDHfl/fl and PDHfl/fl CD4 Cre+ mice at day 14 post-

EAE induction amongst living cells. (D) FCA of total counts of CD45+ cells from the brain of mice in (C), gated 

from living cells. (E) Intracellular FCA of frequencies of RORγT+ cells from spleen and brain from mice in (C) 

Figure 2: PDH ablation in T cells protects mice from severe EAE symptoms and impairs Th17 
effector functions. 
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gated from living CD45+CD4+ cells. (F) Intracellular FCA of frequencies of CD25+FoxP3+ (Treg) cells from spleen 

and brain from mice in (C) gated from living CD45+CD4+ cells. (G) Intracellular FCA of frequencies of Tbet+ 

(Th1) cells from spleen and brain from mice in (C) gated from living CD45+CD4+ cells. (H) Left: Representative 

contour plots of intracellular staining of IL-17A and IFNγ from the brain of mice in (C) gated from living 

CD45+CD4+ cells. Cells were stimulated with PMA/calcium ionophore/Brefeldin A (PMA/Iono) for 5h before 

staining. Plots are representative of 4 mice per genotype. Right: Intracellular FCA of frequencies of IFNγ+IL-

17A+ cells from the brain of mice in (C) gated from living CD45+CD4+ cells. Cells were left unstimulated or 

stimulated for 5h with PMA/Iono before staining. (I) Intracellular FCA of frequencies of IFNγ+IL-17A- cells from 

the brain of mice in (C) gated from living CD45+CD4+ cells. Cells were unstimulated or stimulated for 5h with 

PMA/calcium ionophore/Brefeldin A (PMA/Iono) before staining. (J) Intracellular FCA of frequencies of IFNγ-

IL-17A+ cells from the brain of mice in (C) gated from living CD45+CD4+ cells. Cells were unstimulated or 

stimulated for 5h with PMA/calcium ionophore/Brefeldin A (PMA/Iono) before staining. (C-J) Data are means 

±SEM (n=5-4).  *p≤0.05; **p≤0.01. 
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1.3. PDH is needed for the full expression of IL-17 in Th17 cells 

in vitro 

To dissect how PDH ablation impairs the functionality of Th17 cells, the differentiation potential of 

naïve CD4 T cells isolated from control and PDHfl/fl CD4 Cre+ spleens and lymph nodes into Th17 

cells in vitro was tested. To that end, naïve CD4 T cells were cultured for 3 days under Th17 cell 

skewing conditions as described in the previous section. Interestingly, only a slight decrease in Th17 

cell differentiation as shown by percentages of RORγT+ cells and RORγT mean fluorescence intensity 

(MFI) was observed (Figure 3A and 3B), while IL-17 production was drastically impaired (Figure 3C, 

3D and 3E). Moreover, PDH deletion did not affect the differentiation and function of Th1 and Treg 

cells (Figure 3F, 3G and 3H). This indicates that Th17 cell differentiation does not rely on PDH as 

much as its effector function. 

Taken together, the in vitro data recapitulated the in vivo results showing that PDH is essential for 

Th17 cells’ effector functions.  
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Figure 3: PDH-deficient Th17 cells show reduced production of IL-17A 

(A-E) Naïve T cells were isolated from spleen and lymph nodes of PDHfl/fl and PDHfl/fl CD4 Cre+ mice and 

differentiated in vitro into Th17 cells. (A) Intracellular FCA of frequencies of RORγT+ cells gated from living 

CD4+ cells. Data are means ±SEM (n=3) and representative of 4 trials. (B) Quantification of FCA from RORγT 

MFI gated from living CD4+RORγT+ cells. Data are means ±SEM (n=3) and representative of 4 trials. (C) ELISA 

determination of IL-17 protein in supernatants. Data are mean±SEM (n=3) and representative of 3 trials. (D) 

Intracellular FCA of frequencies of IL-17A+ cells gated from living CD4+ cells after 5h stimulation with 

PMA/Iono. Data are means ±SEM (n=3) and representative of 4 trials. (E) Quantification of FCA from IL-17A 

MFI, gated from living CD4+ cells. Data are means ±SEM (n=3) and representative of 4 trials. (F-H) Naïve T 

cells were isolated from spleen and lymph nodes of PDHfl/fl and PDHfl/fl CD4 Cre+ mice and in vitro-

differentiated into Th1 (F,G) or Treg (H) cells for 3 days. (F) Intracellular FCA of frequencies of Tbet+ cells gated 

on viable CD4+ cells. (G) Intracellular FCA of frequencies of IFNγ+ cells after 5hr stimulation with PMA/Iono, 

gated on viable CD4+ cells. (H) Intracellular FCA of frequencies of CD25+FoxP3+ cells gated on viable CD4+ 

cells. Data are mean±SEM (n=3) and representative of 3 trials. *p≤0.05; **p≤0.01; **** p≤0.0001; ns: non-

significant. 
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PART II 
 

 2.1. PDH restricts glucose metabolism of Th17 cells 

PDH exhibits an essential role in glucose metabolism, connecting glycolysis and the mitochondrial 

TCA cycle. Metabolic rewiring is necessary for effector T cell functions such as cytokine production 

(DeBrosse and Kerr, 2016). It was therefore speculated that metabolic reprogramming of Th17 cells 

would be severely affected in the absence of PDH. 

The expression of the major glucose transporter of T cells, Glut-1 (Macintyre et al., 2014) was 

measured via flow cytometry in in vitro differentiated Th17 cells. Glut-1 was significantly increased 

in PDH-ablated Th17 cells compared to their WT counterpart (Figure 4A). This was associated with 

and increased uptake of the fluorescent glucose analog 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-

yl)Amino)-2-Deoxyglucose (2-NBDG) (Zou et al., 2005) (Figure 4B). Consistently, an increased 

glucose uptake was observed in PDH-deficient Th17 cells using mass spectrometry (MSpec) (Figure 

4C). Altogether, these results indicate that Th17 cells might increase glucose metabolism upon PDH 

ablation. 

To analyze the glycolytic activity in these cells, a glycolytic stress test and extracellular flux analysis 

by Seahorse was performed. This test measures the extracellular acidification rate (ECAR) of the 

cells after consecutive injections of glucose, oligomycin and 2-deoxyglucose (2-DG). In line with the 

increased glucose uptake, PDH-deficient Th17 cells showed an increased glycolysis and glycolytic 

capacity (Figure 4D, 4E and 4F). These data were further confirmed by augmented lactate release 

in the medium measured by YSI (Figure 4G), as well as the increased expression of hexokinase-1, 

enzyme that catalyzes the first and rate-limiting step of the glycolytic pathway (glucose to glucose-

6-phosphate) (Palmer et al., 2015) (Figure 4H).  

To delineate the glucose metabolic profile of Th17 cells and to reveal the differences between WT 

and PDHfl/fl CD4 Cre+ Th17 cells, 13C-glucose isotopic tracing combined with mass spectrometry 

(MSpec) was used to track the flux of glucose-derived carbon atoms into glycolytic metabolites (cf. 

to Illustration 17) (Buescher et al., 2015). Surprisingly, no differences in the contribution of 13C-

glucose to pyruvate (M3 label) were observed (Figure 4I). Which would indicate that the flux in the 

glycolytic pathway remains unchanged despite the increased glucose uptake. 
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In summary, these data indicate that, in the absence of PDH, Th17 cells upregulate glycolysis 

without altering the flux to generate glucose-derived pyruvate. 

 

 

 

 

 

 

 

 

 

 

  

 

Illustration 17 : Glucose carbon atoms can be traced by following 13C-labelled 
carbon atoms via MSpec. 

Using heavy carbons (13C; green carbons), glucose carbons are labeled and thus able to be 

detected through mass spectrometry into the different glucose-derived metabolites as the 

carbons coming from glucose will be heavier than the others (grey carbons). (Created in 

BioRender) 
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Figure 4 : PDH restricts the glycolytic activity of Th17 cells.  

(A) Quantification of FCA from Glut-1 MFI from Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice, gated from 

living CD4+ cells. Data are means ±SEM (n=3) and representative of 3 trials. (B) Quantification of FCA from 2- 

NBDG MFI from Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice, gated from living CD4+ cells. Data are means 

±SEM (n=3) and representative of 3 trials. (C) YSI quantification of glucose uptake from the medium of Th17 

cells from PDHfl/fl and PDHfl/fl CD4 Cre+ mice. Data are mean±SEM (n=3) and representative of 2 trials. (D) 

Representative seahorse ECAR plot of Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice. Data are means ±SEM 

(n=3) and representative of 3 trials. (E-F) Seahorse quantification of glycolysis (E) and glycolytic capacity (F) 

from Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice. Data are means ±SEM (n=3) and representative of 3 

trials. (G) YSI quantification of lactate released into the medium of Th17 cells PDHfl/fl and PDHfl/fl CD4 Cre+  

mice. Data are mean±SEM (n=3) and representative of 2 trials. (H) Quantification of intracellular FCA from 

Hexokinase-1 MFI from Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice, gated from living CD4+ cells. Data are 

means ±SEM (n=3) and representative of 2 trials. (I) Mass isotopomer distributions (MID) of M0 and M3 

pyruvate from Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice following 24h incubation with [U-13C6]-glucose. 

Data are means ±SEM (n=3) and representative of 2 trials. *p≤0.05; **p≤0.01; *** p≤0.001; **** p≤0.0001. 
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2.2. PDH stimulates the mitochondrial activity and glucose 

oxidation of Th17 cells 

Glucose-derived pyruvate is either converted into lactate by the lactate dehydrogenase (LDH), or 

transported into the mitochondria via the mitochondrial pyruvate carrier (MPC) to serve as 

substrate for PDH and generate acetyl-CoA for the TCA cycle (cf. to illustration 8). Using 13C-glucose 

isotope tracing, the contribution of glucose-derived carbons into metabolites of the TCA cycle was 

calculated (cf. to illustration 17). As the conversion of pyruvate into acetyl-CoA is impaired in PDH-

deficient Th17 cells, a significant reduction in the levels of M2 labelled TCA metabolites was 

expected. Indeed, almost no contribution of 13C-glucose to the formation of citrate, fumarate and 

malate was observed (Figure 5A, 5B and 5C), confirming that there was no flux from glucose into 

the TCA cycle in PDHfl/fl CD4 Cre+ Th17 cells. Furthermore, increased pyruvate secretion into the 

medium was measured in PDH-deficient Th17 cells, which suggests these cells are unable to 

metabolize pyruvate above a certain concentration threshold (Figure 5D). 

Taken together, these results indicate that PDHfl/fl CD4 Cre+ Th17 cells are unable to convert 

pyruvate into acetyl-CoA for the TCA cycle and, thus, cannot metabolize pyruvate any further, 

forcing them to secrete it into the medium. 
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Figure 5 : PDH is essential for the glucose flux into the TCA cycle in Th17 cells. 

(A-C) MID of M0 and M2 citrate (A), fumarate (B) and malate (C) from Th17 cells of PDHfl/fl and PDHfl/fl CD4 

Cre+ mice following 24h incubation with [U-13C6]-glucose. Data are means ±SEM (n=3) and representative of 

2 trials. (D) GC/MS quantification of pyruvate release into the medium of Th17 cells from PDHfl/fl and PDHfl/fl 

CD4 Cre+ mice. Data are mean±SEM (n=3) and representative of 2 trials. *** p≤0.001; **** p≤0.0001. 
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2.3. PDH is essential for citrate generation from glutamine in 

Th17 cells 

The previous results indicate that the contribution of glucose into the TCA cycle has been 

compromised in PDH-deficient Th17 cells. Another source of carbon atoms for the TCA cycle is 

glutamine. It has been previously shown that in Th17 cells glutamine metabolism is essential for 

differentiation and function by replenishing the TCA cycle at the level of α-ketoglutarate (cf. to 

illustration 11) (Johnson et al., 2018; Yoo et al., 2020).  

To study the contribution of glutamine in PDH-deficient Th17 cells, 13C-glutamine isotopic tracing 

was used (cf. to Illustration 18). Indeed, carbon atoms from glutamine were highly incorporated 

into TCA cycle metabolites such as fumarate and malate (M4 label) of PDHfl/fl CD4 Cre+ Th17 cells 

(Figure 6A and 6B). Accordingly, glutamine uptake was significantly increased in PDH-deficient Th17 

cells (Figure 6C). However, an increased contribution of glutamine-derived carbon atoms into 

citrate, neither by oxidative (M4 label) nor by reductive (M5 label) metabolism, were detected 

(Figure 6D and 6E). 

These results indicate that although glutamine was able to replenish some of the TCA cycle 

metabolites, the generation of citrate is dependent on glucose-derived PDH-produced acetyl-CoA. 

 

Illustration 18 : Glutamine carbon atoms can be traced by following 13C-labelled 
carbon atoms via MSpec. 

Using heavy carbons (13C; red carbons), glutamine carbons are labeled and thus able to be 

detected through mass spectrometry into the different glutamine-derived metabolites as the 

carbons coming from glutamine will be heavier than the others (grey carbons). (Created in 

BioRender) 
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Figure 6 : PDH function is crucial for the generation of glutamine -derived citrate in the TCA cycle 
in Th17 cells. 

(A-B) MID of M0 and M4 fumarate (A) and malate (B) from Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice 

following 24h incubation with [U-13C5]-glutamine. Data are means ±SEM (n=3) and representative of 2 trials. 

(C) YSI quantification of glutamine uptake from the medium of Th17 cells from PDHfl/fl and PDHfl/fl CD4 Cre+ 

mice. Data are mean±SEM (n=3) and representative of 2 trials. (D) MID of M0 and M4 citrate from Th17 cells 

of PDHfl/fl and PDHfl/fl CD4 Cre+ mice following 24h incubation with [U-13C5]-glutamine. Data are means ±SEM 

(n=3) and representative of 2 trials. (E) MID of M0 and M5 citrate from Th17 cells of PDHfl/fl and PDHfl/fl CD4 

Cre+ mice following 24h incubation with [U-13C5]-glutamine. Data are means ±SEM (n=3) and representative 

of 2 trials. *** p≤0.001; **** p≤0.0001; ns: non-significant. 
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2.4. Th17 cells rely on PDH for oxidative phosphorylation 

Based on the results obtained by 13C labeled isotope tracing that showed impaired oxidation of 

glucose within the TCA cycle and an incomplete glutamine anaplerosis, further analysis of the 

functional state of the mitochondria were warranted. Thus, a mitochondrial stress test using 

Seahorse on WT and PDH-deficient Th17 cells to analyze the oxygen consumption rate (OCR), a 

proxy for overall activity of oxidative phosphorylation (OXPHOS) was performed. This test evaluates 

the OCR after oligomycin, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) and 

antimycin A/rotenone consecutive injections. As expected, a significant reduction in the basal 

oxygen consumption rate (OCR), maximal respiration, OCR-dependent ATP production and spare 

respiratory capacity were observed, indicating impaired OXPHOS in PDHfl/fl CD4 Cre+ Th17 cells 

(Figure 7). 

These results are in line with the compromised glucose flux into the TCA cycle and indicate a drastic 

impairment in mitochondrial respiration in PDH-deficient Th17 cells. 
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Figure 7 : PDH is required for oxygen consumption in Th17 cells.  

(A) Representative seahorse OCR plot of Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice. Data are means ±SEM 

(n=3) and representative of 3 trials. (B - E) Seahorse quantification of basal OCR (B), maximal respiration (C), 

OCR dependent ATP (D), and spare respiratory capacity (E) from Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ 

mice. Data are means ±SEM (n=3) and representative of 3 trials. **** p≤0.0001. 
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2.5. PDH is crucial for the transcription of enzymes related to 

mitochondrial metabolism  

To reveal the differences in the metabolic rewiring seen in PDH-deficient Th17 cells at the 

transcriptional level, RNA sequencing (RNA-seq) on in vitro differentiated WT and PDHfl/fl CD4 Cre+ 

Th17 cells was performed. Indeed, an overall reduced expression of TCA cycle enzymes was 

observed (Figure 8A). Furthermore, a lower expression of genes involved in OXPHOS was also 

detected (Figure 8B and 8C). 

These transcriptomic data support the in vitro results, showing impaired TCA cycle enzyme and 

OXPHOS gene transcription in the absence of PDH in Th17 cells.  
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Figure 8 : PDH is crucial for the regulation of the transcription of TCA and OXPHOS -related genes 
in Th17 cells. 

(A) KEGG map of gene expression (log2) changes in the TCA cycle pathway in PDHfl/fl CD4 Cre+ vs. PDHfl/fl Th17 

cells. (B) Heatmap of the significantly enriched GO:0006119 (Oxidative Phosphorylation) in GSEA of PDH fl/fl 

CD4 Cre+ vs. PDHfl/fl Th17 cell RNA-Seq. Displayed is the gene expression level for core enriched genes from 

each sample scaled by gene. (C) Barcode plot of significantly enriched GO:0006119 (Oxidative 

Phosphorylation) in GSEA of PDHfl/fl CD4 Cre+ vs. PDHfl/fl Th17 cell RNA-Seq. Upper panel shows the running 

enrichment score with the lower showing occurrence of associated genes in the ranked distribution of 

expression differences. (Normalized enrichment score -1.74, p adjust 0.02).  
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2.6. Production of TCA metabolites in Th17 cells is dependent 

on PDH function 

As PDH-deficient Th17 cells had impaired mitochondrial respiration, the measurement of total 

amounts of TCA metabolites in these cells was performed. It was seen that genetic ablation of 

Pdha1 in Th17 cells resulted in reduced quantities of all TCA cycle metabolites including, α-

ketoglutarate, fumarate, malate and, most significantly, citrate (Figure 9). 

In summary, all the results of this part exhibit drastic changes in the central carbon metabolism 

caused by the absence of PDH in Th17 cells. Namely, PDHfl/fl CD4 Cre+ Th17 cells show impaired 

glucose flux into the TCA cycle and partial glutamine anaplerosis. This has important consequences 

in the generation of TCA metabolites, specifically citrate. 
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Figure 9 : PDH is necessary for the maintenance of the levels of TCA metabolites pools in Th17 
cells. 

(A-D) Quantification of intracellular α-ketoglutarate (A), fumarate (B), malate (C) and citrate (D) in PDHfl/fl and 

PDHfl/fl CD4 Cre+ Th17 cells by MSpec. Data are mean±SEM (n=3) and representative of 2 trials. *p≤0.05; 

**p≤0.01; **** p≤0.0001. 
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PART III 
 

3.1. PDH is essential for de novo production of fatty acids and 

proliferation in Th17 cells 

Citrate is an essential metabolite for an array of processes such as de novo lipid synthesis. For that 

purpose, mitochondrial citrate is translocated to the cytoplasm, where ATP citrate lyase (ACLY) 

converts it to OAA and acetyl-CoA. Acetyl-CoA is used as a building block for lipid synthesis 

(Pietrocola et al., 2015; Wellen et al., 2009; Zhao et al., 2016).  

As previously stated, citrate amounts were drastically impaired in PDH-deficient Th17 cells (Figure 

9D). As a consequence, 13C-glucose, as well as 13C-glutamine, isotope tracing revealed almost no 

contribution of these substrates in the synthesis of octadecenoic acid, also known as oleic acid, 

required for the fluidity of lipid membranes, in PDH-deficient Th17 cells (Figure 10A, 10B and 10C) 

(Kurniawan et al., 2017). 

Lipids are crucial for the generation of daughter cells upon proliferation, as they are a major 

constituent of membrane structures such as nucleus and plasma membrane (de Jong et al., 2014; 

Pietrocola et al., 2015). To determine the effect of the lack of de novo lipid synthesis on 

proliferation, CellTrace Violet (CTV) labeled WT and PDHfl/fl CD4 Cre+ naïve cells after three days of 

Th17 cell differentiation were analyzed. As expected, a significant decrease in the division index, 

calculated as previously described (Roederer, 2011), was observed. This result points toward a 

reduced proliferative potential of PDHfl/fl CD4 Cre+ Th17 cells compared to WT Th17 cells (Figure 

10D).  

Taken together, these results indicate that PDH-deficient Th17 cells are unable to generate lipids 

de novo, which is associated with impaired proliferation. 
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Figure 10 : De novo fatty acid generation and consequent proliferation are dependent on PDH in Th17 cells. 

(A-B) MID from M0 to M18 of octadecenoic acid in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells incubated for 24hr 

with [U-13C6]-glucose (A) or [U-13C6]-glutamine (B). Data are mean±SEM (n=3) and representative of 2 trials. 

(C) Distribution of carbon sources contributing to octadecenoic acid in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells. 

Data are mean±SEM (n=3) and representative of 2 trials. (D) Left: representative FCA plot of the proliferation 

of CTV labeled Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice. Right: Division index Th17 cells from FCA. Data 

are means ±SEM (n=3) and representative of 3 trials. **** p≤0.0001. 
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3.2. PDH expression in Th17 cells limits extracellular lipid 

dependence for survival and OXPHOS 

In the previous section, it was shown that PDH-deficient Th17 cells were capable of dividing at 

minimal capacity. This led us to study the source of the lipids necessary for this process. 

The ability of PDH-deficient Th17 cells to uptake lipids from the extracellular medium was analyzed. 

To that end, control and PDHfl/fl CD4 Cre+ Th17 cells were cultured with fluorescently labeled 

palmitate (Bodipy FL C16) and its uptake was measured via flow cytometry (Field et al., 2020). 

Interestingly, an increased uptake of Bodipy FL C16 in PDHfl/fl CD4 Cre+ compared to control Th17 

cells was observed (Figure 11A).  

Analysis of the effects of lipid deprivation on control and PDH-deficient Th17 cells was performed 

by comparing their survival, proliferation and basal OCR. Differentiating the Th17 cells in medium 

with (w/) or without (w/o) lipids led to significantly impaired survival and proliferation (Figure 11B, 

11C and 11D). Although control Th17 cells were also affected by the lipid deprivation, the effects 

on PDH-deficient cells were more significant (Figure 11B, 11C and 11D). Furthermore, PDHfl/fl CD4 

Cre+ Th17 cells showed a drastic reduction in basal OCR upon lipid deprivation (Figure 11E). 

These results indicate that extracellular lipids are essential carbon sources for survival, proliferation 

and OXPHOS, especially in PDHfl/fl CD4 Cre+ Th17 cells. 
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Figure 11 : PDH function is required in Th17 cells to be less dependent on extracellular 
lipids for basal OXPHOS and survival.  

(A) Left: representative FCA of Bodipy FL C16 labeled Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice. 

Right: Quantification of FCA from Bodipy FL C16 MFI from Th17 cells, gated from living CD4+ cells. 

Data are means ±SEM (n=3) and representative of 3 trials. (B) Frequencies of living cells of Th17 cells 

of PDHfl/fl and PDHfl/fl CD4 Cre+ mice differentiated in full IMDM with (w/) lipids or without (w/o) 

lipids. Data are means ±SEM (n=3) and representative of 3 trials. (C) Fold changes of (B) normalized 

to untreated condition. Data are means ±SEM (n=3) and representative of 3 trials. (D) Left: 

representative FCA of the proliferation of CTV labeled Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice 

in full IMDM with or without lipids. Right: Division index Th17 cells from FCA in full IMDM w/ or w/o 

lipids. Data are means ±SEM (n=3) and representative of 3 trials. (E) Seahorse quantification of basal 

OCR from Th17 cells of PDHfl/fl CD4 Cre+ mice differentiated in full IMDM w/ or w/o lipids. Data are 

means ±SEM (n=3) and representative of 3 trials. **p≤0.01; *** p≤0.001; **** p≤0.0001. 
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3.3. PDH restricts the induction of CD36 and lipid uptake in 

Th17 cells 

Based on the previous results showing an increased lipid uptake by PDH-deficient Th17 cells, the 

analysis of the mechanism driving this effect was performed. Long-chain fatty acids (LCFA) are 

dependent on transporters to enter cells, one of the most important ones being CD36 (Koundouros 

and Poulogiannis, 2020). When measuring CD36 expression via flow cytometry, a significant 

increase in PDHfl/fl CD4 Cre+ Th17 cells compared to WT Th17 cells was observed (Figure 12A). 

FA uptake and increased anabolic processes requires activation of metabolic regulators. In 

particular, mammalian target of rapamycin complex 1 (mTORC1) that control CD36 expression and 

proliferation, is central to controlling this process in T cells metabolism (Angela et al., 2016; Wang 

et al., 2014; Wipperman et al., 2019).  Thus, it was hypothesized that increased FA dependency of 

PDH-deficient CD4 T cells involves a heightened activity of mTORC1.  

Indeed, an induction in phosphorylation, and thus, activation, of mTOR (p-mTOR) and its 

downstream target ribosomal protein S6 (p-S6) were observed (Figure 12B and 12C). Moreover, 

pharmacological inhibition of mTOR by Torin 1 and rapamycin reduced the levels of Bodipy FL C16 

uptake and CD36 of PDHfl/fl CD4 Cre+ Th17 cells similar to that of WT controls (Figure 12D, 12E, 12F 

and 12G). 

These results indicate that in the absence of PDH, mTOR drives and increases the expression of its 

target CD36 in Th17 cells, leading to an augmented uptake of lipids.  
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Figure 12 : PDH restricts mTOR-target CD36 expression for lipid uptake in Th17 cells. 

(A-C) Quantification of FCA of CD36 MFI (A), intracellular p-mTOR MFI (B) and intracellular p-S6 MFI (C) from 

Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice, gated from living CD4+RORγT+ or living CD4+ cells. Data are 

means ±SEM (n=3) and representative of 3 trials. (D-E) Quantification of FCA of CD36 MFI (D) and Bodipy FL 

C16 MFI (E) from Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice differentiated with or without Torin 1 (100 

nM), gated from living CD4+RORγT+ or living CD4+ cells. Data are means ±SEM (n=3) and representative of 3 

trials. (F-G) Quantification of FCA of CD36 MFI (F) and Bodipy FL C16 MFI (G) from Th17 cells of PDHfl/fl and 

PDHfl/fl CD4 Cre+ mice differentiated with or without Rapamycin (100 nM), gated from living CD4+RORγT+ or 

living CD4+ cells. Data are means ±SEM (n=3) and representative of 3 trials. *p≤0.05; **p≤0.01; *** p≤0.001; 

**** p≤0.0001. 
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3.4. PDH restricts glutamine-dependent increase of mTOR 

activity in Th17 cells 

mTOR activity is mainly induced by an array of amino acids, including glutamine (Takahara et al., 

2020). It was shown in previous sections of this thesis that glutaminolysis as well as glutamine 

uptake are increased in PDHfl/fl CD4 Cre+ Th17 cells (Figure 6A, 6B and 6C). Thus, it was hypothesized 

that the induction of the mTOR-CD36 axis is a consequence of the increased glutamine metabolism.  

To that end, control and PDHfl/fl CD4 Cre+ Th17 cells were differentiated in media with or without 

glutamine. Supporting the hypothesis, PDH-deficient Th17 cells differentiated under glutamine 

deprivation reduced the phosphorylation of mTOR, the expression of CD36 and the lipid uptake to 

control levels (Figure 13). 

Collectively, the data indicate that enhanced glutamine metabolism leads to activation of mTOR-

dependent increase in CD36, which sustains FA metabolism, which is required for proliferative 

potential of PDH-deficient Th17 cells. It was therefore revealed that PDH plays a pivotal role in a 

metabolic feedback loop regulating Th17 function.  
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Figure 13 : PDH limits the glutamine-dependent induction of the mTOR-
CD36-lipid uptake axis. 

(A-C) Quantification by FCA of intracellular p-mTOR MFI (A), CD36 MFI (B) and Bodipy 

FL C16 MFI (C) from Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice differentiated with 

(Complete) or without (w/o) glutamine, gated from living CD4+RORγT+ or living CD4+ 

cells. Data are means ±SEM (n=3) and representative of 2 trials. *p≤0.05; **p≤0.01; 

*** p≤0.001; **** p≤0.0001. 
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PART IV 

 

4.1. PDH is crucial for histone acetylation in Th17 cells 

As previously shown, PDH-deficient Th17 cells generate very low amounts of citrate (Figure 9D). 

Citrate is essential for the generation of acetyl-CoA, used for post-translational modifications, 

namely histone acetylation (Pietrocola et al., 2015).  

This information indicates that there might be alterations on histone acetylation upon PDH 

deletion. Thus, histone 3 (H3) acetylation was measured by immunoblotting in control and PDHfl/fl 

CD4 Cre+ Th17 cells. In line with the decreased intracellular pool of citrate, acetylation at lysine (K) 

23 (H3K27Ac) and total H3 acetylation were reduced in PDH-deficient Th17 cells compared to WT 

(Figure 14A). To track the carbon atoms from glucose to the acetylation of histones, 13C-glucose 

isotope tracing was used. Thus, the amount of carbon atoms derived from glucose that reached H3 

for mono-acetylation (M2 label) or di-acetylation (M4 label) was measured. Consistently with the 

total histone measurement, a significantly lower M2 and M4 labeling from glucose in H3 acetylation 

was observed (Figure 14B and 14C). 

This data suggest that the metabolic alterations in PDH-deficient Th17 cells impair post-

translational modifications such as histone acetylation. 
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Figure 14 : PDH is required for histone 3 acetylation in Th17 cells.  

(A) Representative immunoblots showing histone 3 lysine 27 acetylation (H3K27Ac) and histone 3 

acetylation in Th17 cells from two PDHfl/fl and two PDHfl/fl CD4 Cre+ mice. Total histone 3 detection as 

a loading control. Data are representative of 4 mice per genotype. (B) M2 labeling into H3 acetylation 

from [U-13C6]-glucose in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells. Data are mean±SEM (n=4). (C) M4 

labeling into H3 acetylation from [U-13C6]-glucose in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells. Data are 

mean±SEM (n=4). *** p≤0.001; **** p≤0.0001. 
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4.2. PDH in Th17 cells is essential for chromatin openness at 

Th17 cell-signature genes loci 

Histone acetylation allows for the chromatin to be permissible for transcription (Li et al., 2007). 

Based on the previous results, the chromatin accessibility in control and PDH-deficient in vitro Th17 

cells was studied by assay for transposase-accessible chromatin sequencing (ATAC-seq) as 

previously described (Buenrostro et al., 2015, 2013). 

Consistently with the immunoblot data, a lower median chromatin accessibility in PDHfl/fl CD4 Cre+ 

Th17 cells compared to control cells was observed (Figure 15A). The ATAC-seq results were 

combined with the RNA-seq data to explore which loci were the most affected by the epigenetic 

changes in PDH-deficient Th17 cells and had consequences in their expression. It was observed that 

the decrease in accessibility and expression was especially pronounced in the Il17a and Il17f genes, 

encoding for the cytokines IL-17A and Il-17F, respectively (Figure 15B). Interestingly, although 

accessibility of the Rorc locus that encodes RORγT was reduced, the expression remained unaltered 

(Figure 15B). This data is in line with the near to normal expression of RORγT observed in vitro by 

flow cytometry (Figure 3A and 3B). Other Th17 cell-signature genes such as Il23r, Smad3 and Hif1a 

also showed decreased chromatin accessibility and gene expression (Figure 15C). 

Taken together, these results connect the changes in metabolism observed in PDH-deficient Th17 

cells with epigenetic modifications and transcription of Th17 cell-signature genes. 
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Figure 15 : PDH increases chromatin accessibility at Th17 cell-signature genes loci in Th17 cells. 
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(A) Metagene plots depicting the binned median chromatin accessibility signal from peak start to peak end 

for all genomic regions with significantly differential accessibility between PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 

cells. Y-axis represents the median CPM signal. Blue and purple lines represent ATAC-seq of two PDHfl/fl 

samples. Green, brown and red lines represent ATAC-seq of three PDHfl/fl CD4 Cre+ samples. (B) Left: Plot of 

chromatin accessibility at the Il17a, Il17f and Rorc loci in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells. Light violet 

bars depict significantly differentially accessible regions (DBS) as identified by DiffBind. Right: Quantitation of 

Il17a, Il17f and Rorc mRNA levels (RPKM) in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells as measured by RNA-seq. 

(C) Left: Chromatin accessibility of the Il23r, Smad3, Il17ra, Hif1a and Stat3 loci in PDHfl/fl and PDHfl/fl CD4 Cre+ 

Th17 cells. The light violet bars depict significantly differentially accessible regions (DBS) as identified by 

DiffBind. Right: Levels of Il23r, Smad3, Il17ra, Hif1a and Stat3 mRNA expression (RPKM) in PDHfl/fl and PDHfl/fl 

CD4 Cre+ Th17 cells as measured by RNA-seq. *p≤0.05; **p≤0.01. 
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PART V 

 

5.1. Acetate restores histone acetylation and citrate levels in 

PDH-deficient Th17 cells 

PDH is the only enzyme that converts pyruvate to acetyl-CoA, which is required for the generation 

of citrate (DeBrosse and Kerr, 2016) and it was shown in this thesis that PDH deletion in Th17 cells 

has severe metabolic, epigenetic and functional consequences.  

It is tempting to speculate that treating PDH-deficient Th17 cells with acetate, a short-chain fatty 

acid (SCFA), would restore their function, as acetate can be converted into acetyl-CoA by acetyl-

CoA synthetase (Bulusu et al., 2017; Comerford et al., 2014; Qiu et al., 2019). Hence, it was assumed 

that the acetate treatment would replenish acetyl-CoA in PDH-deficient cells, bypassing PDH 

deficiency. 

Whether acetate treatment could rescue the deficits on the epigenetic modifications in PDH-

deficient Th17 cells was first analyzed. Indeed, acetate treatment restored H3 acetylation to 

comparable levels as WT Th17 cells (Figure 16A). Thus, 13C-acetate isotope tracing was used to 

measure the amount of carbon atoms derived from acetate that reached H3 for mono-acetylation 

(M2 label) or di-acetylation (M4 label). In line with the data in Figure 16A, increased M2 and M4 

labeling from acetate in H3 acetylation was detected in PDH-deficient Th17 cells (Figure 16B and 

16C). This result would suggest that acetate is the main source of carbon atoms for histone 

acetylation upon PDH ablation. 

In parallel, 13C-acetate contributed to the generation of TCA metabolites: citrate, fumarate and 

malate to similar or increased levels compared to acetate treatment in WT Th17 cells (Figure 16D, 

16E and 16F). 

Importantly, acetate treatment restored the citrate pool in PDH-deficient Th17 cells (Figure 16G). 

Collectively, these results show that acetate treatment rescues PDH-deficient Th17 cells’ epigenetic 

modifications and restore citrate levels.   
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Figure 16 : Acetate treatment rescues H3 acetylation and citrate pool in PDH-deficient Th17 
cells. 

(A) Representative immunoblots showing histone 3 lysine 27 acetylation (H3K27Ac) and histone 3 

acetylation in Th17 cells from two PDHfl/fl and two PDHfl/fl CD4 Cre+ mice treated with or without acetate 

(10 mM). Total histone 3 detection as a loading control. Data are representative of 4 mice per genotype. (B) 

M2 labeling into H3 acetylation from [U-13C2]-acetate in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells. Data are 

mean±SEM (n=4). (C) M4 labeling into H3 acetylation from [U-13C2]-acetate in PDHfl/fl and PDHfl/fl CD4 Cre+ 

Th17 cells. Data are mean±SEM (n=4). (D-F) MID of M0 and M2 citrate (D), fumarate (E) and malate (F) from 

Th17 cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice following 72h incubation with [U-13C2]-acetate. Data are 

means ±SEM (n=3) and representative of 2 trials. (G) Quantification of intracellular citrate in Th17 cells from 

PDHfl/fl and PDHfl/fl CD4 Cre+ mice following 72h differentiation with acetate. Data are mean±SEM (n=3) and 

representative of 2 trials. *p≤0.05; *** p≤0.001; **** p≤0.0001. 
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5.2. PDH-deficient Th17 cells recover their ability to generate 

lipids and proliferate after acetate treatment 

Based on the finding that acetate treatment restored the citrate pool of PDH-deficient Th17 cells, 

it was hypothesized that treatment with acetate would also rescue the ability of PDH-deficient Th17 

cells to generate lipids de novo. Indeed, when measuring the 13C-acetate contribution to the 

generation of octadecenoic acid in mutant Th17 cells, similar levels compared to WT Th17 cells 

were detected (Figure 17A). 

In line with the increased fatty acid synthesis, acetate treatment improved PDHfl/fl CD4 Cre+ Th17 

cells proliferation (Figure 17B). 

These data indicate that acetate restores lipid synthesis and proliferation in PDHfl/fl CD4 Cre+ Th17 

cells. 
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Figure 17 : Acetate rescues de novo lipid synthesis and improves PDH-deficient 
Th17 proliferation. 

(A) Fractional carbon contribution of 13C-acetate to octadecenoic acid in PDHfl/fl and PDHfl/fl 

CD4 Cre+ Th17 cells. Data are mean±SEM (n=3) and representative of 2 trials. (B) Left: 

representative FCA of the proliferation of CTV labeled Th17 cells of PDHfl/fl and PDHfl/fl CD4 

Cre+ mice in full IMDM with or without acetate. Right: Division index Th17 cells from FCA 

in full IMDM with or without acetate. Data are means ±SEM (n=3) and representative of 3 

trials. **** p≤0.0001. 
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5.3. Acetate treatment restores central carbon metabolism in 

PDH-deficient Th17 cells 

As acetate-derived carbon atoms were incorporated into TCA metabolites, a mitochondrial stress 

test was performed on PDH-deficient and -sufficient Th17 cells, with or without acetate to analyze 

their OXPHOS. Increased levels of basal OCR in PDHfl/fl CD4 Cre+ Th17 cells after acetate treatment 

reaching comparable levels to WT Th17 cells were detected (Figure 18A). 

In addition, it was examined whether the acetate treatment also affected the glycolytic pathway. 

An extracellular flux analysis was performed and the ECAR was measured in PDH-deficient and 

control Th17 cells, with or without acetate treatment. Acetate-treated PDH-deficient Th17 cells 

reduced their glycolytic rate to WT levels (Figure 18B). In accordance, Glut-1 expression and glucose 

uptake measured by 2-NBDG were also reduced after acetate treatment in PDH-deficient Th17 cells 

(Figure 18C and 18D). 

Taken together, the data suggest that acetate is able to restore OXPHOS and glycolytic activity in 

PDHfl/fl CD4 Cre+ to the level of control Th17 cells. 
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Figure 18 : PDH-deficient Th17 cells adopt wild-type central carbon metabolism upon 
acetate treatment. 

(A-B) Seahorse quantification of basal OCR (A) and glycolysis (B) from Th17 cells differentiated with or 

without acetate of PDHfl/fl and PDHfl/fl CD4 Cre+ mice. Data are means ±SEM (n=3) and representative 

of 3 trials. (C-D) Quantification of FCA from Glut-1 MFI (C) and 2-NBDG MFI (D) from Th17 cells 

differentiated with or without acetate of PDHfl/fl and PDHfl/fl CD4 Cre+ mice, gated from living CD4+ cells. 

Data are means ±SEM (n=3) and representative of 3 trials. *p≤0.05; **p≤0.01; ***p≤0.001. 
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5.4. Acetate treatment downregulates the mTOR-CD36 

activity in PDH-deficient Th17 cells 

It was shown that PDH-deficient Th17 cells increased glutamine uptake as a partially compensatory 

mechanism (Figure 6C), which in turn induced the mTOR-CD36 axis and fatty acid uptake (Figure 

13). Therefore, it was speculated that acetate treatment would normalize these metabolic parameters 

in PDH-deficient Th17 cells. As expected, acetate administration normalized glutamine uptake (Figure 

19A). Consequently, phosphorylation of mTOR as well as CD36 expression and Bodipy FL C16 uptake 

of PDHfl/fl CD4 Cre+ Th17 cells were restored to levels similar to that of WT Th17 cells (Figure 19B, 

19C and 19D). 

These data show that acetate restores the balance of glutamine-mTOR-CD36 axis in PDH-deficient 

Th17 cells. 
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Figure 19 : PDH-deficient Th17 cells restore their mTOR-CD36 axis to WT levels after acetate 
treatment. 

(A) YSI quantification of glutamine uptake from the medium of Th17 cells from PDHfl/fl and PDHfl/fl CD4 

Cre+ mice with or without acetate. Data are mean±SEM (n=3) and representative of 2 trials. (B-D) 

Quantification of FCA of intracellular p-mTOR MFI (B), CD36 MFI (C) and Bodipy FL C16 MFI (D) from Th17 

cells of PDHfl/fl and PDHfl/fl CD4 Cre+ mice differentiated with or without acetate, gated from living 

CD4+RORγT+ or living CD4+ cells. Data are means ±SEM (n=3) and representative of 2 trials. *p≤0.05; *** 

p≤0.001; **** p≤0.0001. 
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5.5. Acetate treatment restores IL-17A production in PDH-

deficient Th17 cells 

The main effect that PDH ablation has on Th17 cells is the impairment of their effector functions 

both in vivo (Figure 2) and in vitro (Figure 3). As acetate treatment restored the observed metabolic 

and epigenetic defects caused by PDH-ablation, it was tempting to speculate that also IL-17 

expression could be increased in mutant Th17 cells by such a treatment. In line with the metabolic 

and signaling data presented, PDHfl/fl CD4 Cre+ Th17 cells fully restored IL-17A production (Figure 

20). 

Taken together, the results of this part show that acetate bypasses the need for glucose-derived 

citrate, and restores the epigenetic, metabolic and functional defects of Th17 cells caused by PDH 

deficiency. 
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Figure 20 : PDH-deficient Th17 cells recover their production of IL -17A upon acetate treatment.  

Intracellular FCA of frequencies of IL-17A+ cells gated from living CD4+ cells after 5h stimulation with 

PMA/Iono. Data are means ±SEM (n=3) and representative of 4 trials. *p≤0.05; *** p≤0.001. 
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Th17 cells’ function is crucial for the host’s defense against extracellular pathogens. However, their 

uncontrolled activation can lead to autoimmune diseases like multiple sclerosis and rheumatoid 

arthritis (Aranami and Yamamura, 2008; Basu et al., 2013).  

In the last two decades, it has been shown that there is a tight connection between metabolism 

and the function of effector T cells (Buck et al., 2015; Chapman et al., 2020; Chapman and Chi, 2022; 

Rangel Rivera et al., 2021). In this study, the catalytic E1 subunit of PDH in T cells was genetically 

targeted, thus, disconnecting the glycolytic pathway from the mitochondrial TCA cycle.  

Th17 cells have been described to rely on glycolytic ATP and regulators such as myc, HIF-1α, and 

mTOR for differentiation and function (Angiari et al., 2020; Dang et al., 2011; Michalek et al., 2011; 

Shi et al., 2011; Wang et al., 2011; K. Xu et al., 2021; Zhang et al., 2019). This study shows that Th17 

cells also require PDH for their effector functions in vivo and in vitro.  

In this thesis, it was shown that Th17 cells rewire their metabolism and increase the uptake of 

glucose, glutamine and fatty acids to ensure their survival and proliferation upon PDH ablation. 

However, PDH-deficient Th17 cells suffered from the lack of citrate that is essential for de novo 

fatty acid synthesis and histone acetylation. This impairment has severe consequences on cell 

proliferation and the epigenetic landscape, which confer the functionality and the effector 

functions of Th17 cells in vivo or in vitro. Finally, the effects of PDH deletion could be reverted by 

the addition of exogenous acetate, causing the metabolism to return to a WT phenotype. This 

allowed the production of the essential pool of citrate, restoring the effector function of PDH-

deficient Th17 cells.  
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PART I. LACK OF PYRUVATE DEHYDROGENASE IN T CELLS 
PROTECTS MICE FROM SEVERE EXPERIMENTAL 
AUTOIMMUNE ENCEPHALOMYELITIS SYMPTOMS 
 

Experimental autoimmune encephalomyelitis (EAE) is a commonly used model mimicking multiple 

sclerosis (MS) symptoms in mice, which is driven by Th17 cells (Aranami and Yamamura, 2008; 

Rivers et al., 1933; Rivers and Schwentker, 1935). Here, it was shown that PDH is expressed to a 

high level in Th17 cells and EAE served as a disease model to study the role of this enzyme in Th17 

cells in vivo.  

T cell-specific PDH deletion in mice lead to milder symptoms of EAE while having similar initiation 

phases. This is in line with the reduced Th17 cell abundance and their impaired effector function in 

the brain. This data shows that PDH is essential for Th17 effector function in vivo during EAE 

pathogenesis. 

The role of PDH is to transform pyruvate into acetyl-CoA once the former is transported into the 

mitochondria by the mitochondrial pyruvate carrier (MPC) (Bricker et al., 2012; Herzig et al., 2012; 

Zangari et al., 2020). A recent study has shown that Vav-Cre MPC1 fl/fl mutant mice, which do not 

express Mpc1 in hematopoietic cells, suffer more severe EAE symptoms compared to their control 

littermates (Ramstead et al., 2020). These results are in clear contrast to the findings on the T cell 

specific deletion of PDH. However, Vav-cre mediated MPC1-deletion occurs during hematopoiesis, 

which affects T cell development and favors the selection of a more activated T cell pool (Ramstead 

et al., 2020). This might serve as a likely explanation for these discrepancies between the studies. 

Alternatively, PDH-dependent pyruvate conversion to acetyl-CoA, and not its transport to the 

mitochondria, might be essential for the effector functions of Th17 cells during EAE, which would 

be interesting to investigate in follow up studies.  

Similarly, deletion of PDH in bone marrow and hematopoietic stem cells by the use of the Mx1-Cre, 

showed impaired development of T cells in the thymus which is not the case when using the CD4 

Cre as a deleter, as previously shown (Jun et al., 2021). This study shows that the developmental 

stage in which the deletion takes place is an important point to consider, which can lead to different 

outcomes.  

These studies would suggest that the timing of the PDH deletion as well as its specific function are 

essential to regulate Th17 effector function in vivo.  
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Another study showed that CD8 T cells’ cytotoxic function is reduced by activation of PDH through 

lactate, which is found in high concentrations in the tumor microenvironment (TME), allowing 

tumor cells to survive (Elia et al., 2022). Mechanistically, the authors have shown that CD8 T cells 

rely on pyruvate carboxylase (PC) for anaplerosis of the TCA cycle and succinate production. The 

latter is secreted and taken up in an autocrine fashion through the succinate receptor 1 (SUCNR1) 

which signals for the production of cytotoxic molecules. On the other hand, PDH activity promotes 

the classical TCA cycle function, where succinate is converted into fumarate and not secreted, thus 

reducing cytotoxic function of the CD8 T cells. In this study, the authors show that in the TME, where 

lactate concentrations are increased, inhibition of PDH can restore CD8 T cells’ cytotoxic abilities by 

inducing the PC pathway. 

Collectively, these studies demonstrate the relevance of PDH in effector T cell function and its 

therapeutic potential in different contexts. 

The importance of other metabolic enzymes in Th17 effector function in vivo have been recently 

shown by others. For instance, Xu et al. showed that in the case of ablation of LDH in T cells, mice 

were completely protected against EAE (K. Xu et al., 2021). In another study, mice harboring a 

deletion of the glucose transporter Glut3 were also protected from EAE (Hochrein et al., 2022). 

Consistently, a study has shown that pharmacological induction of the tetramerization of pyruvate 

kinase isoform 2 (PKM2), the enzyme catalyzing the conversion of phosphoenolpyruvate to 

pyruvate reduced the disease severity of mice suffering from EAE (Angiari et al., 2020). Taken 

together, these reports show that metabolism is essential for Th17 cell function in vivo, especially 

in models of MS.  
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PART II. PYRUVATE DEHYDROGENASE IS ESSENTIAL FOR 
TH17 CELLS’ CARBON METABOLISM 
 

The metabolic regulation is important for maintenance of Th cell functionality (Marelli-Berg et al., 

2012). It has been previously shown that overactive or insufficient glycolysis and/or OXPHOS can 

impair T cell function (Kurniawan et al., 2020a; Mak et al., 2017).  

In this study, it was shown that PDH-deficient Th17 cells increased their glucose uptake and 

glycolytic activity while the glucose flux into the TCA cycle was drastically impaired as well as 

OXPHOS. Thus, PDH activity is essential for the physiological flux of glucose in Th17 cells.  

Surprisingly, Gerriets et al. have shown that pharmacological inhibition of PDK1, an inhibitor of PDH, 

activates PDH and also impairs the function of Th17 cells (Gerriets et al., 2015). Thus, it would be 

tempting to speculate that the overactivation of PDH or the lack of PDH activity could interfere with 

Th17 cell function. Together, these results would suggest that regulation of PDH and glucose 

contribution to the TCA cycle is important to maintain Th17 cell functionality. This underlines the 

important regulatory role of PDH for this Th cell subset.  

Although glucose is considered as the main energy source for effector cells, glutamine also 

contributes to the TCA cycle (Yoo et al., 2020). A previous study demonstrated that the ablation of 

glutaminase impaired Th17 cell differentiation and function, which led to protection from Th17-

driven inflammatory diseases in vivo (Johnson et al., 2018). However, in this study, PDH-deficient 

Th17 cells increase the glutamine uptake and its contribution to the TCA cycle, in an attempt to 

rescue the lack of glucose-derived carbons in the TCA cycle. Nevertheless, when measuring 

glutamine’s contribution to the production of citrate by oxidative or reductive metabolism, an 

increased flux to citrate or an increased citrate concentration in mutant Th17 cells was not 

observed. Thus, glutamine is only able to partially replenish the TCA cycle in Th17 cells upon PDH 

deletion. 

Taken together, these studies show the importance of glutamine metabolism in T cells and further 

highlight the importance of Th subset-specific requirements. This offers therapeutic possibilities for 

T cell subset-specific interference at key regulatory points of central carbon metabolism. 

Furthermore, here, it was shown that the total levels of TCA metabolites such as α-ketoglutarate, 

fumarate, malate and especially citrate were reduced in PDH-deficient Th17 cells.  

In summary, PDH is essential for the correct functioning of “central” carbon metabolism. PDH-

deficient Th17 cells have boosted glycolysis, leading to increased ECAR and lactate production as 
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well as pyruvate release. On the other hand, mitochondrial function is impaired despite the 

anaplerosis attempts of glutamine-derived carbon atoms (cf. to illustration 19). 

 

 

 

 

 

  

Illustration 19 : PDH is essential for Th17 cells’ mitochondrial carbon 
metabolism. 

Upon pyruvate dehydrogenase (PDH) ablation, Th17 cells’ mit ochondrial glucose 
metabolism is impaired causing cells to release lactate, generated through lactate 
dehydrogenase (LDH), and pyruvate to extracellular milieu. On the other hand, 
glutamine uptake is induced, however the mitochondrial function is 
downregulated and the total amounts of tricarboxylic acid (TCA) metabolites, 
especially citrate, is drastically reduced. (Created in BioRender) 
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PART III. PYRUVATE DEHYDROGENASE RESTRICTS LIPID 
DEPENDENCE IN TH17 CELLS 
 

In wild-type Th17 cells, mitochondrial acetyl-CoA reacts with OAA to produce citrate (Wang and 

Green, 2012). Citrate can be oxidized following the TCA cycle to generate the reductive equivalents 

necessary for ATP production through OXPHOS (Chapman and Chi, 2022). In addition, citrate can 

exit the mitochondria and can be converted to cytosolic OAA and acetyl-CoA by ACLY (Koundouros 

and Poulogiannis, 2020; Wellen et al., 2009; Zhao et al., 2016). In mammalian cells, cytosolic acetyl-

CoA has two possible fates: lipid synthesis and protein acetylation (Pietrocola et al., 2015; Sivanand 

et al., 2018).  

In this study, it was shown that glucose-derived acetyl-CoA is used for lipid synthesis in wild-type 

Th17 cells, which is necessary for proliferation. However, upon PDH deletion, Th17 cells are unable 

to generate lipids de novo from glucose, which suppressed their proliferative abilities. As a mean to 

maintain their lipid levels, PDH-deficient Th17 cells increase extracellular fatty acid uptake through 

a glutamine-mTOR-dependent upregulation of CD36, making these mutant cells highly dependent 

on extracellular lipids for their survival. Moreover, the data revealed that both, wild-type and PDH-

deficient Th17 cells, rely on extracellular fatty acids for their proliferation.  

While CD36 is a target of mTOR signaling, mTOR is also crucial for Th17 differentiation and 

metabolic rewiring (Delgoffe et al., 2009; Lochner et al., 2015; Nagai et al., 2013; Salmond, 2018). 

A major activator of mTOR is glutamine (Takahara et al., 2020). The data show that PDH-deficient 

Th17 cells increase their glutamine uptake, which induces mTOR activation. Consecutively, 

increased mTOR activity prompts CD36 expression and fatty acid uptake. These results show a 

metabolic feedback loop connecting glucose, glutamine and fatty acid metabolism with mTOR as a 

central regulator in Th17 cells. 

Collectively, upon PDH deletion, Th17 cells activate a glutamine-mTOR-CD36 axis to maintain their 

intracellular lipid pools, which become essential for their survival (cf. to illustration 20). 
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Illustration 20 : PDH ablation in Th17 cells induced a lipid dependence.  

In a wild-type setting, Th17 cells use glucose-derived pyruvate for the generation of mitochondrial 

citrate through the TCA cycle. Citrate exits the mitochondria to be used as a substrate for de novo 

synthesis of lipids, to maintain the intracellular lipid pool. However, upon pyruvate 

dehydrogenase (PDH) ablation, Th17 cells are not able to generate glucose-derived citrate, 

inducing glutamine uptake that activates the mTOR axis and thus the expression of CD36 to 

increase the fatty acid uptake to maintain the levels of the lipid pool. (Created in BioRender) 
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PART IV. GLUCOSE-DERIVED CITRATE IS ESSENTIAL FOR 
HISTONE ACETYLATION AND GENE EXPRESSION IN TH17 
CELLS 
 

Cytoplasmic citrate can also enter the nucleus, where it can be transformed into acetyl-CoA by the 

nuclear form of ACLY. Nuclear acetyl-CoA is used as a substrate for histone-acetyl transferases 

(HATs) for histone acetylation (Koundouros and Poulogiannis, 2020; Wellen et al., 2009; Zhao et al., 

2016). The data clearly states that histone 3 acetylation is impaired in PDH-deficient Th17 cells, 

which correlates with the low concentration of citrate in the cells and thus, the lack of substrate for 

ACLY activity. 

Furthermore, it has been shown that PDH can be localized in the nucleus in constitutively active 

form, where it generates a mitochondrial-independent pool of acetyl-CoA for histone acetylation 

(Sutendra et al., 2014). As both forms of PDH (mitochondrial and nuclear) are ablated in this system, 

the mitochondrial-independent generation of acetyl-CoA through PDH would not be possible 

either. In line, a largely impaired histone acetylation was observed. 

The role of histone acetylation has been intensely studied. Its main function is to keep chromatin 

open to permit binding of transcription factors and enhancers to promoter regions of genes in order 

to initiate their expression (Li et al., 2007; Pietrocola et al., 2015; Sivanand et al., 2018). In line with 

the decreased histone 3 acetylation, the results show that PDH deletion reduced chromatin 

accessibility in the regions of Th17 cell-signature genes, affecting their expression. 

In line with these findings, Hochrein et al. recently showed that the glucose transporter 3 (Glut3) is 

essential for pathogenic Th17 cells’ effector functions in vivo and in vitro. Mechanistically, they 

show that Glut3 is linked to glucose oxidation and ACLY-dependent generation of acetyl-CoA to 

regulate the epigenetic program of these cells and the expression of inflammatory genes (Hochrein 

et al., 2022). This data shows the importance of the generation of acetyl-CoA in an ACLY-dependent 

manner in Th17 cells, corroborating the results of this thesis. 

Surprisingly, Wenes et al. have shown that inhibition of the MPC, the transporter allowing pyruvate 

import into the mitochondria, in CD8 T cells resulted in an increased differentiation into memory 

CD8 T cells by enhancing histone acetylation and chromatin accessibility of pro-memory genes 

(Wenes et al., 2022). Briefly, they show that upon MPC ablation or inhibition, glutamine and fatty 

acid metabolism are induced to produce high levels of acetyl-CoA, which is then used for histone 

acetylation, enhancing the transcription of memory genes. The disparity between our findings could 
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be due to defective citrate production and generation of acetyl-CoA in PDH-deficient Th17 cells, 

despite a compensatory upregulation of glutamine metabolism.  

Collectively, PDH ablation and the consequential low concentration of citrate have a severe impact 

on histone acetylation and Th17 specific gene expression (cf. to illustration 21). 

 

 

  

Illustration 21: Glucose-derived citrate is essential for histone acetylation and gene 
expression in Th17 cells. 

Th17 cells use glucose-derived citrate for the generation of acetyl-CoA, which is the substrate of 

histone acetyl-transferases (HATs) for histone acetylation, essential to allow the transcription of 

Th17 signature genes. On the other hand, once pyruvate dehydrogenase (PDH) is ablated in Th17 

cells, the generation of citrate is impaired and thus the levels of acetyl-CoA are reduced. This limits 

the substrate availability for HATs to acetylate histones and finally weakens Th17 signature genes’ 

expression. (Created with BioRender) 
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PART V. ACETATE TREATMENT RESCUES THE METABOLIC 
CHANGES AND ITS CONSEQUENCES IN PDH-DEFICIENT 
TH17 CELLS 
 

Acetate is a short-chain fatty acid and it enters the cells through monocarboxylate transporters 

(MCTs) or aquaporins (Qiu et al., 2019). Once in the cell, acetate can be converted into acetyl-CoA 

by the acetyl-CoA synthetase (ACSS) and serve its multiple functions (Moffett et al., 2020; Pietrocola 

et al., 2015; Watkins et al., 2007). 

For instance, Balmer et al. showed that acetate is taken up by memory CD8 T cells to expand their 

acetyl-CoA pool, allowing the acetylation of GAPDH, which boosts glycolysis and recall responses 

(Balmer et al., 2016). In the tumor microenvironment, where glucose is limited, acetate 

supplementation enhanced histone acetylation, chromatin accessibility and IFNγ production in 

CD8+ T cells (Qiu et al., 2019). Another study showed that LDH-deficient Th1 cells, which have 

impaired IFNγ production, presented low levels of acetyl-CoA. This culminated in a reduced histone 

acetylation in the Ifng promoter, which was reversible by acetate treatment (Peng et al., 2016). In 

line with the latter study, Xu et al. were able to rescue the reduced histone acetylation found in 

LDH-deficient Th17 cells by supplementing acetate in the media (K. Xu et al., 2021).  

Similarly, in this study, acetate supplementation reverted the histone 3 acetylation to wild-type 

levels and restored the citrate pool. This allowed mutant Th17 cells to generate fatty acids de novo, 

proliferate, recover a “normal” central carbon metabolism, and, most importantly, restore the 

production of the effector cytokine IL-17. 

In line with these results, Hochrein et al. have shown that the impairment in the effector function 

of Glut3-deficient Th17 cells was due to the inability of these cells to generate acetyl-CoA from 

citrate. Accordingly, addition of acetate rescued the production of effector cytokines IL-17A, GM-

CSF and IL-2 (Hochrein et al., 2022). 

Taken together, these studies highlight the connection between cellular metabolism, epigenetic 

modifications and effector function in T cells. These results could lead to potential targets for the 

treatments of autoimmune diseases and cancer. 

  



DISCUSSION AND PERSPECTIVES 

148 
 

OUTLOOK 
 

1. Acute PDH ablation in T cells 

We have shown the mechanistic consequences of ablating PDH in Th17 cells. However, to confirm 

that these effects are due to the ablation of the enzyme and not a consequence of the adaptation 

of the T cells during development, we will acutely ablate PDH expression in peripheral T cells. To 

that end, we will cross PDHfl/fl mice with tamoxifen (TAM)-inducible CD4 Cre bearing mice generated 

by Aghajani et al. CD4-CreERT2 (Aghajani et al., 2012). The CD4-CreERT2 is induced in vivo by repeated 

daily oral gavage of 100 μL of a 50 mg/mL solution of TAM dissolved in sunflower oil. Once the CD4-

CreERT2 is active, all T cells will have impaired PDH gene expression. We will then isolate the naïve 

T cells and differentiate them into Th17 cells in vitro. It is also possible to induce the CD4-CreERT2 in 

vitro by treating the cells with 4-hydroxytamoxifen. Alternatively, we will differentiate WT naïve 

CD4 T cells into Th17 cells in vitro in the presence of the PDH inhibitor 6,8-Bis(benzylthio)octanoic 

acid. This way, we will be able to perform all the relevant assays to reproduce the data obtained on 

in vitro-differentiated Th17 cells from PDHfl/fl CD4 Cre+ mice and confirm that the effects observed 

are indeed strictly PDH-dependent. 

 

2. Reconstitution of PDH in PDH-deficient T cells 

Another way of confirming the cause-consequence effects would be to reconstitute PDH in PDH-

deficient Th17 cells using retroviral transduction of a PDH x CD90.1 vector as previously described 

(Kurniawan et al., 2020a). This technique will allow us to perform assays on reconstituted Th17 cells 

to observe the restoration of the effector function of these originally mutant cells. 

 

3. Confirmation on psoriasis model 

To confirm that the effects observed in vivo in the EAE model is dependent on Th17 cells and not 

on the organ, we propose, for example, the imiquimod-induced psoriasis-like mouse model (Jabeen 

et al., 2020). As this disease model has been shown to be highly dependent on IL-17 (Fits et al., 

2009), we would expect PDHfl/fl CD4 Cre+ mice to be more resistant to the disease. 

 

  



DISCUSSION AND PERSPECTIVES 

149 
 

4. PDH-deficient Th17 cells in the context of Citrobacter rodentium 

Although we have not explored this topic, it is important to note that Th17 cells are essential for 

the mucosal defense of extracellular bacteria (Luckheeram et al., 2012). A standard model to study 

intestinal mucosal infections in mice is using the attaching and effacing pathogen Citrobacter 

rodentium (C. rodentium) (Collins et al., 2014). As studies have shown that IL-17 deficient mice have 

increased symptoms during C. rodentium infection (Ishigame et al., 2009), it would be of interest to 

assess the impact that the infection would have on PDHfl/fl CD4 Cre+ mice. 

 

5. Acetate treatment in vivo 

As our in vitro results show that the dysfunction of PDH-deficient Th17 cells can be rescued by 

supplementing the media with acetate, it is likely that acetate addition would modulate the 

functional effects on Th17 cells in vivo. To confirm that hypothesis, the mice will be provided with 

a specific high acetate-producing diet prior to induction of EAE and during its progression, as 

previously decribed (Yap et al., 2021). We anticipate to observe increased disease scores in PDHfl/fl 

CD4 Cre+ mice fed with the high acetate-producing diet compared to the PDHfl/fl CD4 Cre+ mice 

with the control diet.  

 
 

6. PDH function in human Th17 cells 

While our research is strictly based on murine in vivo models and in vitro analysis of Th17 cells, PDH 

deficiency is a rare condition in humans causing lactic acidosis, neuromuscular and neurological 

degeneration and even death during childhood (DeBrosse and Kerr, 2016; Patel et al., 2012). Thus, 

it would be of great interest to study Th17 cells derived from PDH-deficient patients and compare 

them to healthy controls for translational research, as well as the potential effects of increasing 

acetate levels in these patients (i.e. increasing the amounts of vinegar in the diet). Since PDH-

deficiency in Th17 cells reduces their effector functions, inhibition of the enzyme could be beneficial 

in Th17-driven autoimmune diseases such as MS or psoriasis. 
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CONCLUSION 
 

In conclusion, our research uncovered a role of PDH as a central regulator of effector function of 

Th17 cells in vivo and in vitro. The results show that PDH in Th17 cells is critical for the establishment 

of a glucose-derived citrate pool that is essential for survival, proliferation, and effector function of 

this important Th cell subset. The data, thus, indicate that PDH could be a potential target in the 

treatment of Th17 driven autoimmune diseases (cf. to illustration 22). 

 

  

Illustration 22 : Pyruvate dehydrogenase fuels a critical citrate pool that is essential for Th17 
cell effector function. 

Th17 cells rely on multiple carbon sources such as glucose, glutamine and long -chain fatty acids 
(LCFA). However, the function of PDH is pivotal for the generation of a glucose -derived citrate 
pool. The mitochondrial citrate is then shuttled into the cytoplasm to generate acetyl -CoA, which 
is used for histone acetylation, chromatin openness and expression of Th17 cell’s  signature genes. 
The latter is crucial for Th17 cells’ effector function. (Created with BioRender)  
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SUMMARY 

Pyruvate dehydrogenase (PDH) is the central enzyme connecting glycolysis and the tricarboxylic acid 

(TCA) cycle. The importance of PDH function in Th17 cells is unknown. Here, we show that PDH is 

essential for the generation of a unique glucose-derived citrate pool needed for Th17 cell proliferation, 

survival and effector function. In vivo, mice harboring a T cell-specific deletion of PDH were less 

susceptible to experimental autoimmune encephalomyelitis. Mechanistically, the absence of PDH in 

Th17 cells increased glutaminolysis, glycolysis, and lipid uptake in an mTOR-dependent manner. 

However, cellular citrate remained critically low in mutant Th17 cells, which interfered with oxidative 

phosphorylation (OXPHOS), lipid synthesis and histone acetylation crucial for the transcription of Th17 

signature genes. Increasing cellular citrate in PDH-deficient Th17 cells restored their metabolism and 

function, identifying a metabolic feedback loop within central carbon metabolism that may offer 

possibilities for therapeutically targeting Th17 cell-driven autoimmunity. 

 

KEYWORDS: pyruvate dehydrogenase, glucose metabolism, citrate, T cells, Th17 cells, experimental 

autoimmune encephalomyelitis, histone acetylation, IL-17 

  



INTRODUCTION   

T cells are essential for adaptive immune responses, and T helper 17 (Th17) cells are the CD4+ subset 

that protects the host against extracellular bacteria and fungi (Pearce et al., 2013). However, Th17 cells 

are also linked to autoimmune diseases such as multiple sclerosis and rheumatoid arthritis (Aranami and 

Yamamura, 2008; Basu, Hatton and Weaver, 2013). Th17 cells are defined by their expression of RORγT 

and the ability to produce IL-17 (Basu, Hatton and Weaver, 2013; Wu and Wan, 2020).  

All T cells adapt their metabolism according to their energy demands (Franchina, Dostert and Brenner, 

2018; Guerra, Bonetti and Brenner, 2020). Upon activation, CD4+ T cells switch from mitochondrial 

metabolism [i.e. tricarboxylic citric acid cycle (TCA), oxidative phosphorylation (OXPHOS), and fatty acid 

beta-oxidation] to glycolysis and glutaminolysis to generate ATP and biosynthetic precursors, a process 

dubbed “metabolic reprogramming”. This metabolic rewiring then supports the molecular signaling 

needed for T cell proliferation and effector functions (Pearce and Pearce, 2013; Buck, O’Sullivan and 

Pearce, 2015; Kurniawan, Soriano‐Baguet and Brenner, 2020; Rangel Rivera et al., 2021). However, 

aspects of metabolic reprogramming differ in different Th subsets (Chapman and Chi, 2022), and the 

details of this process in Th17 cells are not fully understood. 

The mitochondrial pyruvate dehydrogenase (PDH) complex regulates the flux of cytoplasmic glucose 

into the TCA cycle (DeBrosse and Kerr, 2016). PDH catalyzes the conversion of glucose-derived pyruvate 

into acetyl-coenzyme A (CoA), which then condenses with oxaloacetate (OAA) to generate citrate 

(Pearce et al., 2013; O’Neill, Kishton and Rathmell, 2016). Citrate enters the TCA cycle to produce the 

reducing equivalents necessary for ATP production via OXPHOS. In addition, citrate is transported out 

of the mitochondria into the cytoplasm and can even enter the nucleus, where it is converted back into 

acetyl-CoA and OAA by ATP-citrate lyase (ACLY) (Wellen et al., 2009; Wang and Green, 2012; Zhao et al., 

2016; Koundouros and Poulogiannis, 2020; Chapman and Chi, 2022). Cytoplasmic acetyl-CoA drives lipid 

synthesis, whereas nuclear acetyl-CoA participates in histone acetylation regulating cell type-specific 

gene expression (Li, Carey and Workman, 2007; Pietrocola et al., 2015; Sivanand, Viney and Wellen, 

2018).  

In this study, we investigated the role of PDH in the adaptation of Th17 cell metabolism. Our results 

demonstrate that PDH is critical for the generation of a citrate pool that is indispensable to support 

histone acetylation, Th17 cell-dependent gene expression and normal Th17 cell function.  

Here, we show that PDH has a crucial role in the adaptation of Th17 cell metabolism and for their 

functions. Mechanistically, the ablation of PDH reduces cellular citrate below a critical level, which 

triggered metabolic alterations including increased glycolysis, glutaminolysis and fatty acid uptake to 

support survival and proliferation. However, these alterations could not sustain Th17 cell effector 

functions in vivo and vitro. In Th17 cells, PDH-synthesized citrate was found to be essential for histone 



acetylation and Th17 cell-dependent gene expression. Consequently, replenishing the citrate pool by 

exogenous addition of acetate could reinstate normal Th17 cell metabolism and function. Our results 

demonstrate a novel role for PDH in the generation of a critical citrate pool that is indispensable to 

support Th17 cell function. 

 

RESULTS 

Loss of Pdh in T cells protects mice from severe EAE symptoms 

To investigate PDH’s importance in T cell metabolic adaptation, we analyzed Pdh mRNA levels in various 

CD4+ Th subsets induced to differentiate in vitro. Th17 cells showed greater Pdh expression than Th0, 

Th1 or Treg cells (Figure 1A). We then crossed CD4 Cre+ mice with Pdha1flox8 mice to generate a mutant 

mouse strain (PDHfl/fl CD4 Cre+) in which T cells did not express Pdha1 (Figure 1B, 1C). Pdha1 encodes 

the PDH-E1α subunit, which catalyzes the rate-limiting step of pyruvate conversion into acetyl-CoA 

(Yang et al., 2021). PDHfl/fl CD4 Cre+ T cells still expressed the Pdhb gene (Figure S1A), which encodes 

the other PDH-E1 subunit, which does not harbor a catalytic activity without PDH-E1α (Figure S1A) (Yang 

et al., 2021).  

Next, we induced experimental autoimmune encephalomyelitis (EAE), a mouse model of multiple 

sclerosis known to depend on Th17 cells (Aranami and Yamamura, 2008), in control PDHfl/fl and PDHfl/fl 

CD4 Cre+ mice. PDHfl/fl CD4 Cre+ mice showed significant reductions in disease burden and mortality 

compared to littermate controls (Figure 1D, 1E). T cells isolated from brains and spleens of control and 

PDHfl/fl CD4 Cre+ mice at day 14 post-EAE induction showed comparable percentages and numbers of 

CD45+ infiltrating cells (Figure 1F, S1B). However, while brains of PDHfl/fl CD4 Cre+ mice showed normal 

infiltration of Tbet+ Th1 cells, the percentages of infiltrating RORγT+ Th17 cells and CD25+Foxp3+ Treg 

cells were reduced (Figure 1G, S1C, S1D). We then analyzed Th17 cell function by measuring IFNγ and 

IL-17A production. The pathogenic IFNγ+IL-17A+ Th17 cell subset was significantly decreased in PDHfl/fl 

CD4 Cre+ brains whereas the frequencies of IFNγ+IL-17A- and IFNγ-IL-17A+ CD4+ T cells were unaffected 

(Figure 1H, S1E, S1F). Thus, PDH is critical for Th17 cell function in vivo. 

To gain mechanistic insight into PDH’s role in Th17 cells, we induced naïve CD4+ T cells isolated from 

spleens and lymph nodes of control and PDHfl/fl CD4 Cre+ mice to differentiate into Th17 cells in vitro by 

exposing them to anti-CD3/CD28, IL-6 and TGFβ (Baricza et al., 2018; Wu and Wan, 2020). Although the 

PDH-deficient Th17 cells showed only marginally decreased RORγT expression, their production of IL-17 

was markedly impaired (Figure 1I-L, S1G). In contrast, Th1 differentiation and effector function and Treg 

induction were not affected by PDH ablation (Figure S1H, I, J). Thus, Th17 cell effector functions, but not 

differentiation per se, depend on PDH.  



PDH is essential for central metabolism in Th17 cells 

We hypothesized that PDH loss in Th17 cells would trigger drastic metabolic shifts impeding their 

function. Flow cytometric analysis (FCA) revealed that expression of Glut-1, the major glucose 

transporter in T cells (Macintyre et al., 2014), was increased in PDH-deficient Th17 cells compared to 

controls (Figure 2A). This result aligned with the PDH-deficient cells’ elevated glucose uptake as 

determined by mass spectrometry (MS) and enhanced uptake of the fluorescent glucose analog [2-(N-

(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose] (2-NBDG) (Zou, Wang and Shen, 2005) 

(Figure 2B, S2A). Extracellular flux analyses by Seahorse confirmed significantly increased glycolysis and 

glycolytic capacity in PDH-deficient Th17 cells that were associated with heightened lactate release 

(Figure 2C-E, S2B). Furthermore, the mutant cells exhibited increased expression of hexokinase-1, which 

catalyzes the conversion of glucose to glucose-6-phosphate (Katsen, Soderman and Nitowsky, 1965), as 

well as enhanced pyruvate release (Figure 2F, S2C). All these data pointed to increased flux through 

glycolysis that, because PDH-deficient Th17 cells cannot metabolize pyruvate further, resulted in 

pyruvate release into the culture medium.  

Despite the above, glycolytic flux analysis using an exogenous 13C-glucose tracer (Buescher et al., 2015) 

revealed no difference in the contribution of 13C-glucose to pyruvate (M3 label) between control and 

PDH-deficient Th17 cells (Figure 2G). This result further substantiated our findings that glycolytic activity 

was increased but that glucose flux through glycolysis itself was not altered in the absence of PDH. In 

contrast, there was minimal 13C-glucose incorporation into the TCA metabolites citrate, fumarate, and 

malate (M2 label) in PDH-deficient Th17 cells (Figure 2H-J). RNAseq analysis showed an overall reduction 

in expression of TCA cycle genes in mutant Th17 cells compared to controls (Figure S2D). Thus, without 

PDH-E1α, Th17 cells cannot convert pyruvate into acetyl-CoA to feed into the TCA cycle, and this deficit 

compromises Th17 cell effector functions. 

Glutamine can replenish the TCA cycle at the stage of α-ketoglutarate (αKG) (Yoo et al., 2020), and we 

observed that 13C-glutamine incorporation into TCA metabolites such as fumarate and malate (M4 label) 

was elevated in PDH-deficient Th17 cells (Figure 2K, 2L). Glutamine uptake was also increased (Figure 

S2E). Nonetheless, we did not detect an increased flux to citrate, either by oxidative (M4 label) or by 

reductive (M5 label) glutamine metabolism (Figure 2M, 2N). These results bolster our finding that citrate 

production in Th17 cells requires PDH-generated acetyl-CoA.  

In line with their decreased glucose flux into the TCA cycle and reduced expression of TCA enzymes, 

PDH-deficient Th17 cells showed deficits in basal oxygen consumption rate (OCR), OCR-dependent ATP 

production, and spare respiratory capacity (Figure 2O-S). Expression levels of OXPHOS-related genes and 

pathways were also decreased (Figure 2T, S2F). Thus, an absence of PDH in Th17 cells drastically alters 

central oxidative metabolism, prevents glucose flux into the TCA cycle, and impairs citrate formation 

such that it cannot be replenished by glutamine. 



PDH ablation induces fatty acid metabolism in Th17 cells 

Because the contribution of glucose carbons to citrate was impaired in PDH-deficient Th17 cells, we used 

MS to measure total intracellular TCA metabolites in these cells. Absolute citrate levels were minimal in 

PDH-deficient Th17 cells (Figure 3A), and fumarate and malate were reduced (Figure S3A, S3B). When 

citrate exits the mitochondria, it is converted by ACLY into OAA and acetyl-CoA used for de novo lipid 

synthesis (Wellen et al., 2009; Pietrocola et al., 2015; Zhao et al., 2016). However, our 13C-glucose and 

13C-glutamine tracing revealed almost no contribution of these carbon sources to the synthesis of the 

lipid octadecenoic acid in PDH-deficient Th17 cells (Figure 3B, S3C, S3D). Thus, the absence of citrate in 

PDH-deficient Th17 cells affects the biosynthesis of critical metabolites such as lipids. 

Because lipids are essential for proliferation (de Jong et al., 2014; Pietrocola et al., 2015), we used 

CellTrace Violet (CTV) to monitor the proliferation of PDH-deficient Th17 cells in culture. Although 

PDHfl/fl CD4 Cre+ Th17 cells showed significantly decreased proliferation compared to controls, it was 

still substantial (Figure 3C), suggesting that the necessary lipids were derived from a citrate-independent 

source. We measured the uptake of extracellular lipids by the mutant cells using fluorescently labeled 

palmitate (Bodipy FL C16) and observed a marked increase (Figure 3D). When we cultured mutant and 

control Th17 cells in medium lacking extracellular lipids, the proliferation and basal OCR of PDHfl/fl CD4 

Cre+ Th17 cells were impaired (Figure 3E-G), affirming our contention that the mutant cells rely on the 

import of extracellular lipids. 

Long-chain fatty acids (LCFA) require transporters such as CD36 to enter cells (Koundouros and 

Poulogiannis, 2020), and we observed increased CD36 expression in PDHfl/fl CD4 Cre+ Th17 cells (Figure 

3H). CD36 expression is controlled by mTOR (Wang et al., 2014; Angela et al., 2016; Wipperman et al., 

2019), and we detected increased phosphorylation of both mTOR (p-mTOR) and its downstream target 

ribosomal protein S6 (p-S6) in the mutant cells (Figure 3I, 3J). CD36 induction and the observed increase 

in lipid uptake by PDH-deficient Th17 cells could be reversed by two chemical inhibitors of mTOR, Torin 

1 and rapamycin (Figure 3K, 3L, S3E, S3F). mTOR is activated by amino acids, particularly glutamine 

(Takahara et al., 2020), and we had already established that PDH-deficient Th17 cells showed increased 

glutamine uptake and glutaminolysis (Figure S2E, 2K, 2L). Glutamine deprivation decreased p-mTOR and 

CD36 levels as well as lipid uptake in PDH-deficient Th17 cells (Figure S3G, S3H, S3I), exposing a 

metabolic feedback loop regulating central carbon metabolism. Thus, the increased activity of mTOR in 

PDH-deficient Th17 cells promotes extracellular lipid uptake, which is critical for the survival and 

functionality of these cells. 

PDH-derived citrate is crucial for histone acetylation and epigenetic modifications 

Citrate-derived acetyl-CoA is required for post-translational histone acetylation (Pietrocola et al., 2015), 

which is an important epigenetic modification that opens up condensed chromatin and fosters 



transcriptional activity (Li, Carey and Workman, 2007). Strikingly, histone 3 (H3) acetylation was not 

detected in PDH-deficient Th17 cells (Figure 4A). ATACseq analysis (Buenrostro et al., 2013, 2015) of in 

vitro-differentiated control and PDH-deficient Th17 cells showed drastic decreases in mean chromatin 

accessibility in the PDH-deficient Th17 cells (Figure 4B). The IL-17A, IL-17F, Il23r, Smad3, and Hif1a loci 

all showed decreased chromatin accessibility and mRNA expression (Figure 4C, S4A). Interestingly, 

although the accessibility of the Rorc locus encoding RORγT was reduced, RORγT expression was not 

affected (Figure 4C), in line with the near-normal RORγT levels in mutant Th17 cells (Figure 1I, 1J).  

Next, we treated PDH-deficient and control Th17 cells with the short-chain fatty acid (SCFA) acetate 

(Bulusu et al., 2017; Qiu et al., 2019). Acetate is converted by acetyl-CoA synthetases into acetyl-CoA 

(Comerford et al., 2014), and so can bypass the lack of citrate in PDH-deficient Th17 cells. Indeed, upon 

acetate supplementation, PDH-deficient Th17 cells showed wild-type H3 acetylation levels (Figure 4D). 

To test if acetate reaches the TCA cycle in the mutant Th17 cells, we treated them with 13C-labelled 

acetate and observed that it did contribute to TCA metabolites such as citrate, fumarate and malate 

(Figure 4E, 4F, S4B). Indeed, these contributions were increased over those in control Th17 cells due to 

the lack of glucose flux into the TCA cycle in the mutant cells. The citrate pool was also restored in 

acetate-treated PDH-deficient Th17 cells (Figure 4G), re-establishing lipid synthesis and proliferative 

potential (Figure 4H, 4I). Acetate treatment also allowed mutant Th17 cell to normalize their basal OCR 

and glycolytic capacity (Figure 4L, S4C) and return their levels of p-mTOR, CD36 and lipid uptake to 

normal (Figure 4M-O). Finally, acetate-treated PDH-deficient Th17 cells regained the capacity to produce 

IL-17A (Figure 4P). 

Thus, PDH-generated acetyl-CoA contributes to a critical citrate pool that cannot be derived from other 

carbon sources. This citrate is crucial for epigenetic-mediated chromatin accessibility allowing Th17 

signature gene transcription, and thereby coordinates the metabolism, proliferation and functionality 

of these cells. 

  



DISCUSSION 

Previous work has shown that the metabolism and functions of effector T cells are closely connected 

(Buck, O’Sullivan and Pearce, 2015; Chapman, Boothby and Chi, 2020; Rangel Rivera et al., 2021; 

Chapman and Chi, 2022). In our study, we genetically targeted the PDH-E1 subunit specifically in T 

cells, disconnecting glycolysis from the TCA cycle. Th17 cells are known to rely on glycolytic ATP and 

regulators such as myc, HIF-1α, and mTOR for their differentiation and function (Dang et al., 2011; 

Michalek et al., 2011; Shi et al., 2011; Wang et al., 2011; Zhang et al., 2019; Xu et al., 2021), and we have 

added PDH to this list. Without PDH, Th17 cells rewire their metabolism to increase their uptake of 

glucose, glutamine, and fatty acids to ensure their survival and proliferation. However, our mutant Th17 

cells lacked a critical citrate pool that could not be generated in a PDH-independent manner and was 

essential for the functionality of Th17 cells in vivo and in vitro.  

The mitochondrial pyruvate carrier (MPC) imports pyruvate into the mitochondria where it is converted 

into acetyl-CoA (Bricker et al., 2012; Herzig et al., 2012; Zangari et al., 2020). MPC1fl/fl Vav Cre mutant 

mice, which do not express Mpc1 in any hematopoietic cells, suffer from more severe EAE than control 

littermates (Ramstead et al., 2020), a finding that contrasts with the effects of T cell-specific PDH 

deletion we observed. However, glutamine can also generate pyruvate in the mitochondria and thus, 

provide a substrate for PDH while bypassing the need for MPC-mediated pyruvate import. Which would 

indicate that PDH-dependent pyruvate conversion to acetyl-CoA, and not its transport to the 

mitochondria, might be essential for Th17 cell effector function during EAE. Furthermore, VavCre-

mediated MPC1 deletion occurs very early during hematopoiesis and so affects T cell development, 

which favors the establishment of a more activated T cell pool (Ramstead et al., 2020); this difference 

may also explain this discrepancy. Similarly, when Mx1Cre is employed to delete PDH in bone marrow 

and hematopoietic stem cells, T cell development in the thymus is impaired, which is not the case when 

CD4 Cre is used (Jun et al., 2021). Thus, the developmental stage at which pyruvate metabolism is 

disrupted may define its effects.  

Tight regulation of metabolism is important for maintaining Th cell functionality (Marelli-Berg, Fu and 

Mauro, 2012), and too much or too little glycolysis and/or OXPHOS impairs T cell functions (Mak et al., 

2017; Kurniawan et al., 2020). Our data show that, not surprisingly, abrogation of PDH activity affects 

Th17 cell functionality. Conversely, sustained PDH activation achieved by pharmacological inhibition of 

PDK1 (an inhibitor of PDH) also has a negative effect on Th17 cells (Gerriets et al., 2015). Thus, PDH is a 

vital regulator of Th17 cells, and too little or too much flux through this metabolic gatekeeper is 

detrimental to this Th cell subset.  

Glutamine contributes to the energy produced via the TCA cycle (Yoo et al., 2020), and ablation of 

glutaminase impairs Th17 cell differentiation and function such that Th17-driven inflammatory diseases 

are mitigated in vivo (Johnson et al., 2018). Glutamine is also required for the synthesis of glutathione 



(GSH), an important antioxidant in T cells that is essential for effector T cell reprogramming and Treg 

suppressive capacity (Mak et al., 2017; Kurniawan et al., 2020). However, we showed that increased 

glutamine uptake did not relieve the functional defects of PDH-deficient Th17 cells because glutamine 

could not replenish the critical PDH-dependent citrate pool in these cells. Thus, only the stringent control 

of a specific metabolic program in a given Th subset can ensure its functionality. Fortunately, this 

restriction offers the possibility of subset-specific therapeutic interference at key regulatory points. 

In mammalian cells, cytosolic acetyl-CoA has two possible fates: lipid synthesis and protein acetylation 

(Pietrocola et al., 2015; Sivanand, Viney and Wellen, 2018). In our study of Th17 cells, glucose-derived 

acetyl-CoA was used for lipid synthesis and proliferation. Upon PDH deletion, Th17 cells increased their 

extracellular fatty acid uptake through mTOR-dependent upregulation of CD36. Although CD36 is a 

target of mTOR signaling, mTOR is also crucial for Th17 cell differentiation and metabolic rewiring 

(Delgoffe et al., 2009; Nagai, Kurebayashi and Koyasu, 2013; Salmond, 2018). A major activator of mTOR 

is glutamine (Takahara et al., 2020), and the increased mTOR activation in our PDH-deficient Th17 cells 

was causally linked to their heightened glutamine uptake. These data reveal a metabolic feedback loop 

between glycolysis and glutaminolysis in Th17 cells that can respond to exogenous acetyl-CoA in the 

form of acetate. Acetate treatment of PDH-deficient Th17 cells reverted the metabolic dysregulation in 

these cells and restored their functionality. Similarly, other studies have shown that acetate can serve 

as a source of acetyl-CoA to regulate effector T cell functions (Peng et al., 2016; Qiu et al., 2019; Xu et 

al., 2021). These aspects of cellular metabolism are closely linked to epigenetic modifications. When 

PDH localizes in the nucleus in constitutively active form, it generates a mitochondria-independent pool 

of acetyl-CoA for histone acetylation (Sutendra et al., 2014). We demonstrated that an absence of PDH 

impairs H3 acetylation in a manner that can be restored by acetate treatment, bolstering the importance 

of PDH for maintaining normal epigenetics in Th17 cells. 

In conclusion, our study has uncovered an unexpected role for PDH as a central regulator of Th17 cells 

in vivo and in vitro. We show that PDH in Th17 cells is critical for the establishment of a glucose-derived 

citrate pool that is essential for the survival, proliferation, and effector functions of this important Th 

cell subset. 
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FIGURE LEGENDS 

Figure 1: Pdh ablation in T cells protects mice from severe EAE and impairs IL-17 production. 

(A) qPCR determination of fold change in Pdha1 mRNA levels in the indicated WT T cell subsets that 

were induced to differentiate in vitro as described in Methods. ΔΔCt values were normalized to Tbp 

expression. Data are mean±SEM (n=3) and representative of 2 trials. 

(B) qPCR determination as in (A) of Pdha1 mRNA levels in total CD4+ T cells that were isolated from 

spleen and lymph nodes of control (PDHfl/fl) and PDH-deficient (PDHfl/flCD4Cre+) mice and activated in 

vitro for 24hr with anti-CD3/anti-CD28. Data are mean±SEM (n=3) and representative of 2 trials. 

(C) Representative immunoblot to detect total PDH-E1α protein in total CD4+ T cells that were isolated 

from spleen and lymph nodes of two PDHfl/fl and two PDHfl/fl CD4 Cre+ mice and activated in vitro as in 

(B). Actin, loading control. Data are representative of 4 mice/genotype. 

(D, E) EAE clinical scores (D) and survival (E) of PDHfl/fl (n=7) and PDHfl/fl CD4 Cre+ (n=9) mice at 30 days 

post-induction. Data in (D) are mean±SEM. 

(F) Flow cytometric analysis (FCA) of frequencies of CD45+ cells among viable cells isolated from spleens 

and brains of PDHfl/fl and PDHfl/fl CD4 Cre+ mice at day 14 post-EAE induction. Data are mean±SEM (n=4-

5/group). 

(G) Intracellular FCA of frequencies of RORγT+ cells among viable CD45+CD4+ cells isolated from spleens 

and brains of the mice in (F). Data are mean±SEM (n=4-5/group). 

(H) Left: Representative contour plots of intracellular staining of IL-17A and IFNγ among viable 

CD45+CD4+ cells isolated from brains of the mice in (F) (n=4/genotype). Cells were stimulated in vitro 

with PMA/calcium ionophore/Brefeldin A (PMA/Iono) for 5hr before staining. Right: Quantification of 

frequencies of the IFNγ+IL-17A+ cells in the left panel. Data are mean±SEM (n=4-5/group). 

(I-L) Naïve T cells were isolated from spleen and lymph nodes of PDHfl/fl and PDHfl/fl CD4 Cre+ mice and 

in vitro-differentiated into Th17 cells for 3 days. (I) Intracellular FCA of frequencies of RORγT+ cells, and 

(J) quantification of RORγT MFI, gated on viable CD4+RORγT+ cells. (K) Intracellular FCA of frequencies of 

IL-17A+ cells after 5hr stimulation with PMA/Iono, and (L) quantification of IL-17A MFI, gated on viable 

CD4+ cells. Data are mean±SEM (n=3) and representative of 4 trials. 

 

Figure 2: PDH in T cells is essential for central metabolism function. 

(A) Quantification of Glut-1 MFI in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells, gated on viable CD4+ cells. 

Data are mean±SEM (n=3) and representative of 3 trials. 



(B) YSI quantification of glucose uptake from the culture medium of PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 

cells. Data are mean±SEM (n=3) and representative of 2 trials. 

(C) Representative Seahorse ECAR plot of PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells. Data are mean±SEM 

(n=3) and representative of 3 trials. 

(D, E) Quantification of Seahorse determinations of glycolytic capacity (D) and glycolysis (E) in PDHfl/fl 

and PDHfl/fl CD4 Cre+ Th17 cells. Data are mean±SEM (n=3) and representative of 3 trials. 

(F) Quantification of hexokinase-1 MFI in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells, gated on viable CD4+ 

cells. Data are mean±SEM (n=3) and representative of 2 trials. 

(G-J) Mass isotopomer distributions (MID) of (G) M0 and M3 pyruvate, (H) M0 and M2 citrate, (I) M0 

and M2 fumarate, and (J) M0 and M2 malate in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells incubated for 

24hr with [U-13C6]-glucose. Data are mean±SEM (n=3) and representative of 2 trials. 

(K-N) MID of (K) M0 and M4 fumarate, (L) M0 and M4 malate, (M) M0 and M4 citrate, and (N) M0 and 

M5 citrate in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells incubated for 24hr with [U-13C5]-glutamine. Data 

are mean±SEM (n=3) and representative of 2 trials. 

(O) Representative Seahorse OCR plot of PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells. Data are mean±SEM 

(n=3) and representative of 3 trials. 

(P-S) Quantification of Seahorse determinations of basal OCR (P), maximal respiration (Q), OCR 

dependent ATP (R), and spare respiratory capacity (S) in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells. Data are 

mean±SEM (n=3) and representative of 3 trials. 

(T) Barcode plot of significantly enriched GO:0006119 (Oxidative Phosphorylation) in GSEA of PDHfl/fl 

CD4 Cre+ vs. PDHfl/fl Th17 cell RNA-Seq. Upper panel shows the running enrichment score with the lower 

showing occurrence of associated genes in the ranked distribution of expression differences. 

(Normalised enrichment score -1.74, p adjust 0.02). 

 

Figure 3: Ablation of PDH in Th17 cells induces fatty acid metabolism. 

(A) Quantification of intracellular citrate in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells. Data are mean±SEM 

(n=3) and representative of 2 trials. 

(B) MID from M0 to M18 of octadecenoic acid in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells incubated for 

24hr with [U-13C6]-glucose. Data are mean±SEM (n=3) and representative of 2 trials. 



(C) Left: Representative FCA of the proliferation of cell-trace violet (CTV)-labeled PDHfl/fl and PDHfl/fl CD4 

Cre+ Th17 cells. Right: Division index of the Th17 cells in the left panel. Data are mean±SEM (n=3) and 

representative of 3 trials. 

(D) Left: Representative FCA of BODIPY FL C16-labeled PDHfl/fl, PDHfl/fl CD4 Cre+ Th17 cells and 

fluorescence minus one (FMO) of unlabeled Th17 cells. Right: Quantification of BODIPY FL C16 MFI in 

the Th17 cells in the left panel, gated on viable CD4+ cells. Data are mean±SEM (n=3) and representative 

of 3 trials. 

(E) Frequencies of viable PDHfl/fl and PDHfl/fl CD4 Cre+ in vitro-differentiated Th17 cells cultured in 

complete IMDM with (w/) or without (w/o) lipids, gated on viable cells. Data are mean±SEM (n=3) and 

representative of 3 trials. 

(F) Left: Representative FCA of the proliferation of CTV-labeled PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells in 

complete IMDM w/ or w/o lipids. Right: Division index of the Th17 cells in the left panel. Data are 

mean±SEM (n=3) and representative of 3 trials. 

(G) Quantification of Seahorse determination of basal OCR in PDHfl/fl CD4 Cre+ in vitro-differentiated 

Th17 cells cultured in complete IMDM w/ or w/o lipids. Data are mean±SEM (n=3) and representative 

of 3 trials. 

(H-J) Quantification of (H) CD36 MFI, (I) intracellular p-mTOR MFI, and (J) intracellular p-S6 MFI in PDHfl/fl 

and PDHfl/fl CD4 Cre+ Th17 cells, gated on viable CD4+RORγT+ cells. Data are mean±SEM (n=3) and 

representative of 3 trials. 

(K, L) Quantification of (K) CD36 MFI and (L) BODIPY FL C16 MFI in PDHfl/fl and PDHfl/fl CD4 Cre+ in vitro-

differentiated Th17 cells cultured w/ or w/o Torin 1 (100 nM), gated on viable CD4+RORγT+ cells. Data 

are mean±SEM (n=3) and representative of 3 trials. 

 

Figure 4: PDH is crucial for histone acetylation and epigenetic modifications in Th17 cells. 

(A) Representative immunoblot to detect histone 3 (H3) acetylation in Th17 cells from two PDHfl/fl and 

two PDHfl/fl CD4 Cre+ mice. Actin, loading control. Data are representative of 4 mice/genotype. 

(B) Metagene plots depicting the binned median chromatin accessibility signal from peak start to peak 

end for all genomic regions with significantly differential accessibility between PDHfl/fl and PDHfl/fl CD4 

Cre+ Th17 cells. Y-axis represents the median CPM signal. Blue and purple lines represent ATAC-seq of 

two PDHfl/fl samples. Green, brown and red lines represent ATAC-seq of three PDHfl/fl CD4 Cre+ samples. 

(C) Left: Plot of chromatin accessibility at the Il17a, Il17f and Rorc loci in PDHfl/fl and PDHfl/fl CD4 Cre+ 

Th17 cells. Light violet bars depict significantly differentially accessible regions (DBS) as identified by 



DiffBind. Right: Quantitation of Il17a, Il17f and Rorc mRNA levels (RPKM) in PDHfl/fl and PDHfl/fl CD4 Cre+ 

Th17 cells as measured by RNA-seq. 

(D) Representative immunoblot to detect H3 acetylation in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells 

treated w/ or w/o acetate (10 mM). Actin, loading control. Data are representative of 4 mice/genotype. 

(E, F) MID of (E) M0 and M2 citrate and (F) M0 and M2 fumarate in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 

cells incubated for 72hr with [U-13C2]-acetate. Data are mean±SEM (n=3) and representative of 2 trials. 

(G) Quantification of intracellular citrate in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells incubated for 72hr 

with acetate (10 mM). Data are mean±SEM (n=3) and representative of 2 trials. 

(H) Fractional carbon contribution of 13C-acetate to octadecenoic acid in PDHfl/fl and PDHfl/fl CD4 Cre+ 

Th17 cells. Data are mean±SEM (n=3) and representative of 2 trials. 

(I) Left: Representative FCA of the proliferation of CTV-labeled PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells 

cultured in complete IMDM w/ or w/o acetate (10 mM). Right: Division index of the Th17 cells in the left 

panel. Data are mean±SEM (n=3) and representative of 3 trials. 

(J) Quantification of Seahorse determination of basal OCR in PDHfl/fl and PDHfl/fl CD4 Cre+ in vitro-

differentiated Th17 cells cultured w/ or w/o acetate (10 mM). Data are mean±SEM (n=3) and 

representative of 3 trials. 

(K-O) Quantification of (K) Glut-1 MFI, (L) 2-NBDG MFI, (M) intracellular p-mTOR MFI, (N) CD36 MFI and 

(O) BODIPY FL C16 MFI in PDHfl/fl and PDHfl/fl CD4 Cre+ in vitro-differentiated Th17 cells cultured w/ or 

w/o acetate (10 mM), gated on viable CD4+ cells. Data are mean±SEM (n=3) and representative of 3 

trials. 

(P) Intracellular FCA of frequencies of IL-17A+ cells among PDHfl/fl and PDHfl/fl CD4 Cre+ cultured w/ or 

w/o acetate (10 mM) and stimulated for 5hr with PMA/Iono, gated on viable CD4+ cells. Data are 

mean±SEM (n=3) and representative of 4 trials. 

  



SUPPLEMENTARY FIGURE LEGENDS 

 

Supplementary Figure 1: PDH-E1α deficiency in T cells does not affect PDH-E1β expression or the 

frequencies of Th1 and Th17 cells in EAE-affected mice.  

(A) qPCR determination of fold change in Pdhb mRNA levels in total CD4+ T cells that were isolated from 

spleen and lymph nodes of control (PDHfl/fl) and PDH-deficient (PDHfl/fl CD4 Cre+) mice and activated in 

vitro for 24hr with anti-CD3 and anti-CD28 antibodies. Data are mean±SEM (n=3) and representative of 

2 trials. ΔΔCt values were normalized to Tbp expression.  

(B) Flow cytometric analysis (FCA) of total counts of CD45+ cells from the brains of PDHfl/fl and PDHfl/fl 

CD4 Cre+ mice at day 14 post-EAE induction, gated on viable cells. Data are mean±SEM (n=4-5/group). 

(C, D) Intracellular FCA of frequencies of (C) Tbet+ (Th1) and (D) CD25+FoxP3+ (Treg) cells from spleens 

and brains of the mice in (B), gated on viable CD45+CD4+ cells. Data are mean±SEM (n=4-5/group). 

(E, F) Intracellular FCA of frequencies of (E) IFNγ+IL-17A- and (F) IFNγ-IL-17A+ cells from the brains of the 

mice in (B), gated on viable CD45+CD4+ cells. Cells were left unstimulated or stimulated in vitro for 5hr 

with PMA/calcium ionophore/Brefeldin A (PMA/Iono) before staining. Data are mean±SEM (n=4-

5/group). 

(G) ELISA determination of IL-17 protein in culture supernatants of in vitro-differentiated Th17 cells of 

the indicated genotypes. Naïve T cells were isolated from spleens and lymph nodes of PDHfl/fl and PDHfl/fl 

CD4 Cre+ mice and cultured for 3 days with anti-CD3, anti-CD28, IL-6, anti-IFNγ, and TGFβ. Data are 

mean±SEM (n=3) and representative of 3 trials. 

(H-J) Naïve T cells were isolated from spleen and lymph nodes of PDHfl/fl and PDHfl/fl CD4 Cre+ mice and 

in vitro-differentiated into Th1 (H,I) or Treg (J) cells for 3 days. (H) Intracellular FCA of frequencies of 

Tbet+ cells, gated on viable CD4+ cells. (I) Intracellular FCA of frequencies of IFNγ+ cells after 5hr 

stimulation with PMA/Iono, gated on viable CD4+ cells. (J) Intracellular FCA of frequencies of 

CD25+FoxP3+ cells gated on viable CD4+ cells. Data are mean±SEM (n=3) and representative of 3 trials. 

 

Supplementary Figure 2: PDH ablation impairs mitochondrial glucose metabolism and related gene 

expression patterns.  

(A) Quantification of 2-NBDG MFI in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells, gated on viable CD4+ cells. 

Data are mean±SEM (n=3) and representative of 3 trials. 

(B) YSI quantification of lactate released into the culture medium of PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 

cells. Data are mean±SEM (n=3) and representative of 2 trials. 



(C) GC/MS quantification of pyruvate release into the medium of PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells. 

Data are mean±SEM (n=3) and representative of 2 trials. 

(D) Coloured KEGG map of gene expression (log2) changes in the TCA cycle pathway in PDHfl/fl CD4 Cre+ 

vs. PDHfl/fl Th17 cells. 

(E) YSI quantification of glutamine uptake from the medium of PDHfl/fl and PDHfl/flCD4Cre+ Th17 cells. 

Data are mean±SEM (n=3) and representative of 2 trials. 

(F) Heatmap of the significantly enriched GO:0006119 (Oxidative Phosphorylation) in GSEA of PDHfl/fl 

CD4 Cre+ vs. PDHfl/fl Th17 cell RNA-Seq. Displayed is the gene expression level for core enriched genes 

from the each sample scaled by gene. 

 

Supplementary Figure 3: PDH deficiency in T cells alters central metabolism in Th17 cells 

(A, B) Quantification of intracellular fumarate (A) and malate (B) in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 

cells. Data are mean±SEM (n=3) and representative of 2 trials. 

(C) MID from M0 to M18 of octadecenoic acid in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells incubated for 

24hr with [U-13C6]-glutamine. Data are mean±SEM (n=3) and representative of 2 trials. 

(D) Distribution of 13C sources contributing to octadecenoic acid in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 

cells. Data are mean±SEM (n=3) and representative of 2 trials. 

(E,F) Quantification of (E) CD36 MFI and (F) BODIPY FL C16 MFI in PDHfl/fl and PDHfl/fl CD4 Cre+ in vitro-

differentiated Th17 cells cultured w/ or w/o rapamycin (100 nM), gated on viable CD4+RORγT+ (E) or 

CD4+ (F) cells. Data are mean±SEM (n=3) and representative of 3 trials. 

(G,H,I) Quantification of (G) intracellular p-mTOR MFI, (H) CD36 MFI and (I) BODIPY FL C16 MFI in PDHfl/fl 

and PDHfl/fl CD4 Cre+ in vitro-differentiated Th17 cells cultured in RPMI w/ (Complete) or w/o 1% L-

glutamine (w/o Glutamine), gated on viable CD4+ (G,I) or CD4+RORγT+ (H) cells. Data are mean±SEM 

(n=3) and representative of 2 trials. 

 

Supplementary Figure 4: PDH deficiency in T cells alters chromatin accessibility and acetate 

incorporation in Th17 cells 

(A) Left: Chromatin accessibility of the Il23r, Smad3, Il17ra, Hif1a and Stat3 loci in PDHfl/fl and PDHfl/fl CD4 

Cre+ Th17 cells. The light violet bars depict significantly differentially accessible regions (DBS) as 

identified by DiffBind. Right: Levels of Il23r, Smad3, Il17ra, Hif1a and Stat3 mRNA expression (RPKM) in 

PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells as measured by RNA-seq.  



(B) MID of M0 and M2 malate in PDHfl/fl and PDHfl/fl CD4 Cre+ Th17 cells incubated for 72hr with [U-13C2]-

acetate. Data are mean±SEM (n=3) and representative of 2 trials. 

(C) Quantification of Seahorse determination of ECAR glycolysis in PDHfl/fl and PDHfl/fl CD4 Cre+ in vitro-

differentiated Th17 cells cultured w/ or w/o acetate (10 mM). Data are mean±SEM (n=3) and 

representative of 3 trials. 

  



MATERIALS AND METHODS 

Mice 

PDHfl/fl mice [B6.129P2-Pdha1tm1Ptl/J] were purchased from The Jackson Laboratory and crossed with 

CD4 Cre-expressing mice also obtained from The Jackson Laboratory. All experiments used sex- and age-

matched mice (8-12 weeks old) with corresponding littermate controls. All animal experimentation 

protocols were approved and conducted according to the LIH Animal Welfare Structure guidelines. 

 

EAE mouse model 

Induction of EAE was performed and clinical scores determined as described (Brüstle et al., 2012). 

Briefly, PDHfl/fl and PDHfl/fl CD4 Cre+ mice were injected subcutaneously with MOG35-55/CFA emulsion, 

followed by two intraperitoneal injections of pertussis toxin (Hooke Labs). Mouse brains and spleens 

were analyzed at day 14 post-induction. 

 

Naïve T cell isolation from spleen and lymph nodes 

Naïve CD4+ T cells were isolated from PDHfl/fl and PDHfl/fl CD4 Cre+ mouse spleen and lymph nodes by 

magnetic bead sorting (MACS) using the Naïve CD4+ T cell isolation kit (Miltenyi Biotec) according to the 

manufacturer’s protocol. Sorting was performed using an autoMACS® pro-Separator (Miltenyi Biotec). 

Cell number calculations were performed using a CASY cell counter (Omni Life Science).  

 

Isolation of lymphocytes from mouse brain 

Isolation of lymphocytes from the brains of EAE-affected mice at day 14 post-induction was performed 

as described (Brüstle et al., 2012). Briefly, mice were sacrificed and brains were perfused with 20 mL 

cold PBS through the left ventricle. Brains were digested in RPMI supplemented with 50 µg/mL 

collagenase D (Roche) and 10 µg/mL DNAseI (Sigma-Aldrich) for 1 hr at 37°C in a mixer (Labortechnik). 

Lymphocyte enrichment was obtained by centrifugation using a two-layer Percoll gradient (40% and 

70%), followed by two washes in RPMI. 

 

In vitro differentiation of Th cell subsets 

Naïve T cells isolated from PDHfl/fl and PDHfl/flCD4Cre+ spleen and lymph nodes as described above were 

seeded at 2x106 cells/mL in complete medium consisting of IMDM (Westburg) supplemented with 10% 

FBS (Biochrom GmbH), 55μM 2-mercaptoethanol (Gibco) and 1% penicillin/streptomycin (Gibco), and 

incubated for 3 days in the presence of the appropriate Th subset-specific cytokine mix (cf. Table 1). For 

acetate-treated cells, in vitro Th cell differentiation was performed in the presence of 10 mM sodium 

acetate (Sigma-Aldrich) diluted in culture medium.  

For experiments comparing media with and without glutamine, cells were cultured in RPMI-1640 

medium (Lonza) supplemented with 10% FBS (Biochrom GmbH), 55μM 2-mercaptoethanol (Gibco) and 



1% penicillin/streptomycin (Gibco) with (Complete) or without (w/o Glutamine) 1% L-Glutamine 

(Westburg). 

 

Th subset Cytokine Concentration Source 

Th0 

anti-CD3 (plate-bound) 5 μg/mL Biolegend 

anti-CD28 1 μg/mL Biolegend 

anti-IFNγ 5 μg/mL BD Biosciences 

IL-2 50 U/mL Miltenyi Biotec 

Th1 

anti-CD3 (plate-bound) 5 μg/mL Biolegend 

anti-CD28 1 μg/mL Biolegend 

IL-12 2 ng/mL Miltenyi Biotec 

IL-2 50 U/mL Miltenyi Biotec 

Th17 

anti-CD3 (plate-bound) 5 μg/mL Biolegend 

anti-CD28 1 μg/mL Biolegend 

IL-6 30 ng/mL Miltenyi Biotec 

anti-IFNγ 5 μg/mL BD Biosciences 

TGFβ 2 ng/mL Bio-Techne 

Treg 

anti-CD3 (plate-bound) 5 μg/mL Biolegend 

anti-CD28 1 μg/mL Biolegend 

IL-2 50 U/mL Miltenyi Biotec 

anti-IFNγ 5 μg/mL BD Biosciences 

TGFβ 4 ng/mL Bio-Techne 

Table 1: Th subset-specific cytokine cocktails used for the differentiation of naïve T cells in vitro. 

 

Immunoblotting 

Cells were lysed in lysis buffer (CST 9803S) containing protease and phosphatase inhibitors (Bioké) 

following manufacturer’s instructions. Blotting was performed as previously described (Kurniawan et 

al., 2020). Antibodies used for protein detection were anti-Pdha1 (Abcam, ab168379), anti-actin (Sigma 

Aldrich) and anti-acetyl-histone H3 (Millipore, 06-599). 

 

Flow cytometry 

For the detection of surface markers, cells were stained for 30 min at 4°C in FACS buffer (PBS with 1% 

FBS and 5 mM EDTA, pH 8.0) containing antibodies (cf. Key Resources Table; 1:200 dilution) and either 

live/dead dye (DAPI (Thermo Fisher Scientific), LIVE/DEAD® Fixable Near-IR or Green Dye (Biolegend), or 

7-AAD (Thermo Fisher Scientific); 1:1000-1:3000 dilution). Cells were washed in FACS buffer before flow 

cytometry measurements. 

For intracellular staining of transcription factors, cells were fixed at 4°C for 1hr in the eBioscience™ 

FoxP3/Transcription Factor Fixation kit (Thermo Fisher Scientific) and permeabilized using the buffer 

provided by the kit. To measure intracellular cytokine expression, cells were restimulated for 5hr in vitro 

with phorbol 12-myristate 13-acetate (PMA; Sigma, 50 ng/mL), calcium ionophore A23187 (Ionomycin, 

Sigma, 750 ng/mL), and BD GolgiPlug™ Protein Transport Inhibitor (BECTON DICKINSON, 1:1000 

dilution). Cells were washed once with FACS buffer before extracellular staining, then fixed for 20 min 

at 4°C with BD Cytofix/Cytoperm and permeabilized with BD Perm/Wash™ buffer (BD Biosciences). To 



detect hexokinase-1, cells were fixed in 4% formaldehyde (Sigma-Aldrich) for 10 min at room 

temperature (RT), then permeabilized in PBS 0.1% Tween-20. For p-mTOR and p-S6 detection, cells were 

fixed in 2% formaldehyde (Sigma-Aldrich) for 10 min at RT, then permeabilized in 0.01% saponin (Sigma-

Aldrich). Antibodies used for intracellular staining were diluted 1:200 in the appropriate 

permeabilization buffer prior to incubation with cells for 30 min at 4°C. 

To measure 2-NBDG uptake, cells were incubated in glucose-free RPMI for 2hr at 37°C in the presence 

of 50 μM 2-NBDG (Thermo Fisher Scientific). To measure lipid uptake, cells were incubated in IMDM 

with 1 μM BODIPY™ FL C16 (Invitrogen) for 30 min at 37°C. Cells were washed once with PBS prior to 

flow cytometric measurements. 

All flow cytometric measurements were obtained using a BD Fortessa instrument (BD Biosciences) and 

analyses were performed using FlowJo v10.6.2 software (Tree Star). 

 

Cytokine quantification 

Measurement of IL-17 in culture supernatants of in vitro-differentiated Th17 cells was performed using 

the Mouse IL-17 DuoSet ELISA kit (Bio-Techne) following the manufacturer’s instructions. 

 

Metabolic flux measurements and analysis 

In vitro-differentiated Th17 cells were seeded at 3x105 cells/well in a pre-coated XFe96 cell culture plate 

(Agilent Technologies) using Corning™ Cell-Tak Cell and Tissue Adhesive (Thermo Fisher Scientific) and 

0.1 M sodium bicarbonate (Sigma-Aldrich). 

For OCR measurements, plated cells were cultured in XF Seahorse DMEM medium (Agilent 

Technologies) containing 2 mM glutamine (Westburg), 1 mM sodium pyruvate (Gibco) and 25 mM 

glucose (Sigma-Aldrich). OCR was measured using the XF Cell Mito Stress Test (Agilent Technologies) 

following the manufacturer’s protocol, which involved sequential injections of oligomycin A (1 μM), 

carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 3 μM) and antimycin A/rotenone (1 μM) 

(all from Sigma-Aldrich). 

For ECAR measurements, plated cells were cultured in XF Seahorse DMEM medium (Agilent 

Technologies) containing 2 mM glutamine (Westburg), and ECAR was determined by the XF Glycolysis 

Stress Test Kit (Agilent Technologies). Measurements were taken during sequential injections of glucose 

(10 mM), oligomycin (1 μM) and 2-deoxy-D-glucose (2-DG; 50 mM) (all from Sigma-Aldrich). 

Experiments were performed using an XFe96 Extracellular Flux Analyzer (Agilent), and results were 

analyzed using Wave 2.6.1 software (Agilent Technologies). All measurements were calculated from raw 

OCR or ECAR data as described in Table 2 below. 

 

Parameter Raw data source Calculations 

Basal OCR OCR 3rd minus 12th measurement 



Maximal respiration OCR 9th minus 12th measurement 

OCR-dependent ATP 

production 
OCR 3rd minus 6th measurement 

Spare respiratory capacity OCR 9th minus 3rd measurement 

Glycolytic capacity ECAR 9th minus 12th measurement 

ECAR glycolysis ECAR 6th minus 3rd measurement 

Table 2: Calculations of OCR and ECAR measurements. 

 

Isotopic labelling 

For glucose and glutamine isotopic tracing, naïve T cells were incubated for 3 days with the appropriate 

cytokine cocktail to induce Th cell differentiation in vitro. At day 3, cells were counted, washed and 

seeded for 24hr in tracing medium consisting of SILAC RPMI 1640 (Fisher Scientific) supplemented with 

10% FBS (Biochrom GmbH), 55μM 2-mercaptoethanol (Gibco), 1% penicillin/streptomycin (Gibco), L-

arginine (Sigma Aldrich) and L-lysine (Sigma Aldrich), and containing [U-13C6]-glucose (11.1 mmol/L; 

Cambridge Isotope Laboratories) or [U-13C5]-glutamine (2 mmol/L; Cambridge Isotope Laboratories). For 

acetate isotopic tracing, naïve T cells were incubated for 3 days with complete IMDM media with 

cytokine cocktail and [U-13C2]-Acetate. Extraction of intracellular metabolites, MID and carbon 

contribution determinations, GC and LC-MS measurements, and substractions of natural isotope 

abundance, were performed as previously described (Battello et al., 2016) using MetaboliteDetector 

software. Glucose, lactate and glutamine concentrations in medium were measured by a YSI 2950D 

Biochemistry Analyzer (YSI Incorporated). 

 

Proliferation 

1x106 cells were labeled with 5μM cell-trace violet (CVT; Thermo Fisher Scientific) for 72hr and analyzed 

by flow cytometry. Division index was calculated as described by FlowJo software. 

 

RNA extraction and quantitative RT-PCR 

RNA was extracted using a NucleoSpin RNA Kit (Macherey-Nagel) according to the manufacturer’s 

protocol. RNA concentrations were measured by a NanoDrop 2000c Spectrophotometer (Thermo Fisher 

Scientific). RT-qPCR was carried out by mixing 2μL RNA (150 ng) with 5μL Master Mix (Luna Universal 

One-Step RT-qPCR Kits; Bioké), 2pmol forward primer, 2pmol reverse primer, 0.3μL reverse 

transcriptase and 2.7μL RNAse-free water (cf. Key Resources Table). Reactions were run on a CFX384 

instrument (Bio-Rad). Data were normalized to tbp and analyzed using the ΔΔCt method as previously 

described (Mak et al., 2017). 

 

RNA-seq sample preparation 



RNA was extracted as described above. RNA-seq and ATAC-seq were performed on the same pools 

of PDHfl/fl and PDHfl/flCD4Cre+ naïve T cells induced to differentiate into Th17 cells in vitro for 72 hr. 

mRNA sequencing was performed by the Sequencing Platform of the Luxembourg Centre for 

Systems Biomedicine (LCSB) of the University of Luxembourg. Single-end, stranded sequencing was 

executed by an Illumina NextSeq 500 machine with a read length of 75 bp. The TruSeq Stranded 

mRNA Library Prep kit (Illumina) was used for library preparation.  

 

RNA-seq data analysis 

Raw fastq files were uploaded to GEO XXX and FastQC (v0.11.5) was used to assess the quality control 

of the raw reads (Andrews, S., 2010). Adapter removal was performed using the PALEOMIX pipeline 

(v1.2.12) (Schubert et al., 2014), with a minimum length of the remaining reads set to 25 bp. 

SortMeRNA (v2.1) was used to remove rRNA reads (Kopylova, Noé and Touzet, 2012), followed by 

mapping using STAR (v.2.5.2b) (Dobin et al., 2013). RNA-seq transcript alignment was performed with 

Salmon (Patro et al., 2017) against the Mouse Transcriptome from Genecode v.M27 (Frankish et al., 

2019). Subsequent analysis was conducted in R, and tximeta (Love et al., 2020) was used to assign 

transcripts to genes before differential analysis with DESeq2 (Love, Huber and Anders, 2014). Gene set 

enrichment analysis (GSEA) was performed using ClusterProfiler (Yu et al., 2012). Coloured KEGG view 

pathways were prepared using Pathview (Luo and Brouwer, 2013).  

 

ATAC-seq sample preparation 

RNA-seq and ATAC-seq were performed on the same pools of PDHfl/fl and PDHfl/fl CD4 Cre+ naïve T cells 

induced to differentiate into Th17 cells in vitro for 72 hr. ATAC-seq was performed using OMNI-ATAC 

supplementary protocol 1 as described (Corces et al., 2017) with some modifications. Viable cells (1x105) 

were resuspended in 50 μL cold ATAC-Resuspension Buffer (RSB) containing 0.1% NP40, 0.1% Tween-20 

and 0.01% digitonin, and lysed for 3 min on ice. Lysates were washed with 1 mL cold ATAC-RSB 

containing 0.1% Tween-20 but no NP40 or digitonin. Samples were centrifuged for 10 min at 500×g at 

4°C, the supernatants removed, and the pellets resuspended in 50 μL transposition mix (Tagment DNA 

buffer from Illumina, #15027866) containing 2.5 μL Tagment DNA TDE1 Enzyme (Illumina #15027865). 

After 45 min incubation at 37°C and 1000 rpm in an Eppendorf ThermoMixer, chromatin fragments were 

isolated using the Zymo Research DNA Clean & Concentrator kit (ZymoResearch ZY-D4013). For pre-

amplification of transposed fragments, 5 PCR cycles were run using primers Ad1 and Ad2.x (Buenrostro 

et al., 2015). The remaining cycles of library amplification were determined by qPCR (Adams et al., 2000). 

Another cleanup was performed using the Zymo Research DNA Clean & Concentrator kit (21 µL elution 

volume) followed by AMPure XP bead (Beckman Coulter #A63880) size selection, with samples adjusted 

to 100 µL plus 55 µL of beads to remove large fragments. Samples were incubated for 5 min before 

separation of beads using a magnetic stand and transfer of the supernatant to a new tube. Another 225 



µL of beads were added followed by incubation for 10 min and separation on a magnetic stand. After 

washing with 80% ethanol, beads were resuspended in 20 μL elution buffer and incubated for 5 min. 

After separation on a magnetic stand, the eluate was transferred to a new tube. Library quality control 

was performed using the Agilent DNA High Sensitivity Bioanalyzer chip (Agilent #5067-4626). The 

sequencing of ATAC-seq libraries was performed by the Sequencing Platform of the Luxembourg Centre 

for Systems Biomedicine (LCSB) of the University of Luxembourg. Paired-end, unstranded library 

sequencing was performed using the Illumina NextSeq 500/550 75 cycles High Output Kit. 

 

ATAC-seq data analysis 

FastQC (v0.11.5) was used to assess the quality control of raw reads (Andrews, S., 2010). Alignment 

and mapping to generate BAM files were performed with BWA (v.0.7.16a) (Li et al., 2009). The 

mouse reference genome used for mapping was GRCm38 release 102 downloaded from GENCODE 

(https://www.gencodegenes.org/). The Picard tool (v2.10.9) (Adams et al., 2000) was used to 

validate BAM files. Genrich (https://github.com/jsh58/Genrich) was used for peak calling with 

parameters “-r -m 30 -j -a 200 -g 15 -l 15 -d 50” to remove PCR duplicates and include only reads 

with mapping quality of at least 30. Also, to achieve a minimum AUC for a peak of 200 bp, a 

maximum distance between significant sites of 15 bp, a minimum length of a peak of 15 bp, and for 

defining expand cut sites to 50 bp. 

Differentially accessible regions were detected using DiffBind (3.4.3) (Ross-Innes et al., 2012) 

(10.18129/B9.bioc.DiffBind) in R (4.1.2). Briefly, peaks from all samples were overlapped, resulting 

in 119,671 unique regions. Of these, 103,563 peaks were identified in at least two samples and 

constituted the peakset. The number of mapped reads was calculated for each peak included in the 

peakset and background normalization was performed. Differential analysis was then carried out 

using DESeq2. Differentially accessible regions were annotated using the ChIPseeker R package 

(1.30.3) (Yu, Wang and He, 2015). 

For metagene plots, the BAMs from the ATAC-seq analysis were filtered for a minimal mapping quality 

of 30 and processed by bamCoverage (Ramírez et al., 2018) (deepTools v3.5.0) using the 

CountsPerMillion (CPM) normalization to generate bigwigs. These bigwigs were further used as input 

for ComputeMatrix (Ramírez et al., 2018) (deepTools v3.5.0) using the command “scale-regions -m 450 

-b 50 -a 50 -bs 10” for all peaks with significant differential accessibility according to DiffBind. The CPM 

signal was binned per 10 bp and each peak was scaled to 450 bp (the median peak width across samples), 

with an additional flanking region of 50 bp included. 

 

Quantification and statistical analysis 

https://www.gencodegenes.org/
https://github.com/jsh58/Genrich


Data are presented as the mean±SEM with a minimum n=3 per group (for more information, please 

refer to the Figure Legends). P values were calculated using the unpaired Student’s t test, or one or two-

way ANOVA, and Prism 9.3.1 (GraphPad). Statistical significance was set as p ≤ 0.05, with levels indicated 

by asterisks as follows: * p≤ 0.05; ** p≤ 0.01; *** p≤ 0.001; **** p≤ 0.0001; ns, not significant. 

 

  



KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

CD4-APC Clone GK1.5 (1:200) Biolegend #100412 

CD3ε-PE-Cy7 Clone 145-2C11 (1:200) Biolegend #100320 

CD4-PE Clone GK1.5 (1:200) Biolegend #100408 

CD4-BV785 Clone GK1.5 (1:200) Biolegend #100453 

CD4-BUV737 Clone GK1.5 (RUO) (1:200) BD Biosciences #612761 

IL17A-BV605 Clone TC11-18H10 (1 :200) BD Biosciences #564169 

IFN-γ-APC Clone XMG1.2 (1:200) Biolegend #505810 

RORγT-BV421 Clone Q31-378 (1:200) BD Biosciences #562894 

Tbet-PE/Cy7 Clone 4B10 (1:200) Biolegend #644824 

FoxP3-APC Clone FJK-16 s (1:200) Thermo Fisher #17-5773-82 

CD25-PE Clone PC61 (1:200) Biolegend #102008 

pmTOR-PE Clone MRRBY (1:200) Thermo Fisher #12-9718-42 

pS6-APC Clone cupk43k (1:200) Thermo Fisher #17-9007-42 

CD45-PerCP/Cyanine5.5 Clone 30-F11 (1:200) Biolegend #103132 

Glut-1 – Alexa Fluor® 647 Clone EPR3915 (1:200)  Abcam #ab195020 

Hexokinase-1 - Alexa Fluor® 488 Clone EPR10134(B) 
(1:200) 

Abcam #ab184818 

CD36-PerCP/Cyanine5.5 Clone HM36 (1:200) Biolegend #102620 

Ultra-LEAF™ Purified anti-mouse CD3ε Clone 145-
2C11 

Biolegend # 100340 

Ultra-LEAF™ Purified anti-mouse CD28 Clone 37.51 Biolegend # 102116 

Purified NA/LE Rat Anti-Mouse IFN-γ Clone XMG1.2 BD Biosciences #554408 

Anti-pyruvate dehydrogenase E1-alpha subunit 
antibody 

Abcam #ab168379 

Anti-acetyl-histone H3 antibody Millipore #06-599 

Anti-actin antibody produced in rabbit Sigma-Aldrich # A2066-.2ML 

Mouse anti-rabbit IgG-HRP 
Santa Cruz 
Biotechnology 

#sc-2357 

Chemicals, Peptides and Recombinant Proteins 

PBS (1X) without Ca++, Mg++, 500ml Westburg #BE17-516F 

FBS Superior Lot: 0193F Biochrom GmbH #S0615 

Penicillin-Streptomycin (10,000 U/mL) Gibco #11548876 

L-Glutamine Westburg #BE17-605E 

2-Mercaptoethanol Gibco #11508916 

Methanol Sigma-Aldrich #1060351000 

Chloroform Sigma-Aldrich #34854-1L-M 

Ethanol absolute VWR #20821.330 

Ethanol eurodenatured VWR #85823.440 

Sodium acetate trihydrate Sigma-Aldrich #71188-250MG 

HEPES Sigma-Aldrich #H4034-100G 



EDTA Sigma-Aldrich #EDS-100G 

DL-Dithiothreitol solution (DTT) Sigma-Aldrich #43816-10ML 

Bovine serum albumin (BSA) Sigma-Aldrich #A9647-500G 

RPMI 1640 (without L-Glutamine) Westburg #BE12-167F 

IMDM with HEPES and L-Glutamine Westburg #BE12-722F 

Collagenase D from Clostridium histolyticum Roche #11088866001 

DNAseI Sigma-Aldrich #D4513-1VL 

Percoll® Sigma-Aldrich #GE17-0891-01 

Recombinant human TGF-β Bio-Techne #240-B-002 

Mouse IL-6, research grade Miltenyi Biotec #130-094-065 

Mouse IL-2, research grade Miltenyi Biotec #130-098-221 

Mouse IL-12, research grade Miltenyi Biotec #130-096-707 

Cell Trace Violet Thermo Fisher #C34557 

Molecular Probes™ 2-NBDG 
Thermo Fisher 
Scientific 

#11569116 

SYBR™ Fast Green Master Mix 
Thermo Fisher 
Scientific 

#4385612 

Luna Universal One-Step RT-qPCR Kit Bioké #E3005E 

Formaldehyde Sigma-Aldrich #252549-1L 

Saponin Sigma-Aldrich #S4521-25G 

DAPI (1:2000) 
Thermo Fisher 
Scientific 

#D1306 

Zombie NIR™ Fixable Viability Kit Biolegend #423106 

Zombie Green™ Fixable Viability Kit Biolegend #423112 

7-AAD 
Thermo Fisher 
Scientific 

#A1310 

Bodipy™ FL C16 
Thermo Fisher 
Scientific 

#10654623 

Corning™ Cell-Tak Cell and Tissue Adhesive 
Thermo Fisher 
Scientific 

#10317081 

Oligomycin A Sigma-Aldrich #75351-5MG 

FCCP Sigma-Aldrich #C2920-10MG 

Antimycin A Sigma-Aldrich #A8674-25MG 

Rotenone Sigma-Aldrich #R8875-1G 

2-Deoxy-D-glucose Sigma-Aldrich #D6134-1G 

Sodium pyruvate Gibco #12539059 

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich #P8139-1MG 

Calcium ionophore A23187 Sigma-Aldrich #C7522-1MG 

Rapamycin Invivogen #tlrl-rap 

Torin 1 Sigma-Aldrich #475991-10MG 

SILAC RPMI 1640 Flex Medium Gibco #15347143 

13C6-glucose 
Cambridge Isotope 
Lab 

#CLM-1396 

13C5-L-Glutamine 
Cambridge Isotope 
Lab 

#CLM-1822-H 



13C2-Acetate Sigma-Aldrich 
#282014-
250MG 

D-(+)-Glucose solution Sigma-Aldrich #G8769-100ML 

GolgiPlug™ (Protein Transport Inhibitor) BD Biosciences #555029 

Tween 20 Sigma-Aldrich #P7949-500ML 

NaCl Sigma-Aldrich # S9888-5KG 

Sodium bicarbonate solution Sigma-Aldrich #S8761-100ML 

Protease/Phosphatase Inhibitor Cocktail (100x) Bioké #5872 

Powdered milk Carl Roth #T145.2 

Luminata™ Crescendo Western HRP substrate 
Thermo Fisher 
Scientific 

#10776189 

Seahorse XF DMEM medium Agilent Technologies #103575-100 

Critical Commercial Assays and Kits 

CD4+ T Cell Isolation Kit Miltenyi Biotec #130-104-454 

Naive CD4+ T Cell Isolation Kit, mouse Miltenyi Biotec #130-104-453 

NucleoSpin RNA 250 Macherey-Nagel #740955.250 

Foxp3/Transcription Factor Staining Buffer Set 
Thermo Fisher 
Scientific 

#15151976 

BD Cytofix/Cytoperm Fixation/Permeabilization kit BD Biosciences #554714 

Mouse IL17 DuoSet ELISA BIO-TECHNE #DY421 

Seahorse XFe96 Fluxpak Agilent Technologies #102416-100 

EAE induction kit: MOG35-55/CFA Emulsion PTX 
Hooke Laboratories, 
Inc  

#EK-2110 

Experimental Models: Organisms/Strains 

PDHfl/fl:B6 mice 
The Jackson 
laboratory 

#17443 

CD4 Cre+:B6 mice 
The Jackson 
laboratory 

#022071 

Deposited Data 

RNA-seq This paper N/A 

ATAC-seq This paper N/A 

Oligonucleotides 

Tbp 

F: GAAGAACAATCCAGACTAGCAGCA 

R: CCTTATAGGGAACTTCACATCACAG 

(Kurniawan et al., 2020) 

Pdha1 

F: CGT CTG TTG AGA GAG CAG CA 

R: CGC ACA AGA TAT CCA TTC CA 

This paper 

Pdhb 

F: AGGAGGGAATTGAATGTGAGGT 

R: ACTGGCTTCTATGGCTTCGAT 

This paper 

Software and Algorithms 

FlowJo Software Tree Star N/A 

Graphpad Prism 
GraphPad Software, 
Inc 

N/A 



Wave Software Agilent N/A 

Inkscape Inkscape N/A 
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Regulatory T cells (Tregs) are critical for peripheral immune tolerance and homeostasis,
and altered Treg behavior is involved in many pathologies, including autoimmunity and
cancer. The expression of the transcription factor FoxP3 in Tregs is fundamental to main-
taining their stability and immunosuppressive function. Recent studies have highlighted
the crucial role that metabolic reprogramming plays in controlling Treg plasticity, stabil-
ity, and function. In this review, we summarize how the availability and use of various
nutrients and metabolites influence Treg metabolic pathways and activity. We also dis-
cuss how Treg-intrinsic metabolic programs define and shape their differentiation, FoxP3
expression, and suppressive capacity. Lastly, we explore how manipulating the regula-
tion of Treg metabolism might be exploited in different disease settings to achieve novel
immunotherapies.

Keywords: autoimmunity � cancer � metabolism � regulatory T cells

Introduction

Regulatory T cells (Tregs) are a subset of CD4+ T helper (Th) cells
that is indispensable for the maintenance of peripheral tolerance
and immune homeostasis [1,2]. Tregs account for ∼5–10% of
total circulating CD4+ T cells. The majority of Tregs originate
and mature in the thymus, constituting the thymus-derived Treg
population (tTregs). A fraction of the body’s Tregs arises from
naïve CD4+ T cells upon antigen stimulation and differentiates in
the periphery, constituting the peripherally derived Treg popula-
tion (pTregs) [3]. While both tTregs and pTregs have been linked
to the establishment of peripheral tolerance, how each exerts
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its Treg suppressive function in various contexts remains to be
further clarified.

The discovery of Forkhead box P3 (FoxP3) as the lineage-
specific master transcriptional regulator of all Tregs opened up
new avenues for characterizing transcriptional regulation in this
subset [4]. FoxP3 expression is essential for normal Treg iden-
tity and function [5–7]. Mutations in this gene result in severe
immune dysregulation and initiate the autoimmune (AI) disease
polyendocrinopahthy enteropathy X-linked (IPEX) syndrome in
humans as well as a severe, spontaneous autoimmune disorder
in mice [8]. Tregs also express the α-subunit of the IL-2 receptor
(CD25) and require constitutive IL-2 signaling to maintain their
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homeostasis and function [9,10]. The loss of CD25 in Tregs abro-
gates Treg development and FoxP3 expression, but not in mature
Treg [11,12].

It has become clear that the metabolic reprogramming that
occurs in activated immune cells is essential for their proper func-
tions, leading to the creation of a new field of research termed
“immunometabolism” [13]. Recent studies have underlined the
role of cellular metabolism in the generation and maintenance
of various types of immune cells, including Tregs [14], and have
revealed that distinct T cell subsets utilize different energetic
and biosynthetic pathways to sustain their activities. Both human
and murine naive CD4+ Th cells use oxidative phosphorylation
(OXPHOS) for energy generation in the quiescent state. Upon
activation by antigen, these cells proliferate and differentiate into
CD4+ Th effector cells (Teffs), such as Th1, Th2, and/or Th17
cells and switch from OXPHOS to a highly glycolytic form of
metabolism. In contrast, upon activation, Tregs employ glycoly-
sis at a low rate and high lipid oxidation [15,16]. This divergent
use of metabolic pathways can influence cell fate in various ways.
For instance, fatty acid oxidation (FAO) fosters the generation of
Tregs while dampening the polarization of Teffs [15]. Researchers
have therefore focused on investigating how cellular metabolism
affects cellular functions in specific contexts. A key goal is to iden-
tify the metabolic checkpoints that interfere with cellular activity
in the context of abnormal immune homeostasis.

In this review, we discuss the metabolic features of Tregs and
delineate how the metabolic strictures shape Treg induction and
function. In addition, we describe the relevance of these metabolic
pathways in AI diseases and cancer, and explore how their manip-
ulation might lead to new therapeutic avenues.

Overview of metabolic control in Treg cells

Nutrients and metabolites are critical for normal immune cell
function, and it is now well known that both under- and over-
nutrition can contribute to dysregulation of the immune system.
However, the precise pathways modulating nutrients and metabo-
lites so as to influence the functions of particular immune cell
types remain obscure.

Tregs engage a nutrient-sensing mechanism to adapt to both
intrinsic and extrinsic environmental cues and trigger metabolic
reprogramming to maintain their activity. These pathways of cel-
lular metabolism are highly interconnected and critical for Treg
function [17]. Tregs can select their usage of substrates and
metabolic pathways to ensure their survival and function [18].
Under normal homeostatic conditions, where FoxP3 expression
is maintained, the majority of Tregs are stable in phenotype
and function. However, this stability depends on each cell’s abil-
ity to prevent disruption of FoxP3 expression and the acquisi-
tion of an inflammatory effector function [10,19]. In the con-
text of pathologies, changes in nutrient availability or alterations
to genes associated with metabolic regulation can affect Treg
stability and function [20–22]. Managing the balance of these
metabolic shifts is critical for the maintenance of Treg suppres-

sive capacity. Of note, any difference in the metabolic regula-
tion between tTreg and pTreg is still yet to be determined. Vita-
mins, glucose, lipids, and amino acids (AAs) are the major groups
of metabolic substrates accessed by Tregs. Although each sub-
strate is important for distinct functions and aspects of Treg
regulation, they are closely interconnected and can be utilized
simultaneously.

We will first discuss how the sensing of nutrients and metabo-
lites can influence Treg function, and then highlight the signal-
ing pathways that establish this metabolism-dependent control of
FoxP3 expression and other Treg-specific characteristics.

Vitamins that shape Treg activity

Vitamins are important regulators of Treg cell development, pro-
liferation, and function. Among these, vitamins A, B9, C, and D
have been the best studied and implicated in Treg biology [13].

Vitamin A

The metabolite all-trans retinoic acid (ATRA), which is derived
from vitamin A, promotes FoxP3 expression and thus Treg devel-
opment. Upon the induction of TGF-β signaling during murine
Treg differentiation, ATRA stimulates signaling by extracellular-
related kinase (ERK1/2). This enhanced ERK signaling leads
to increased histone methylation and acetylation of the FoxP3
promoter as well as the “conserved non-coding DNA sequence”
(CNS) element in this locus, without altering its DNA methylation
[21,23,24]. FoxP3 expression is induced while pro-inflammatory
cytokine gene expression programs are suppressed. This ATRA-
induced stabilization of FoxP3 expression has also been observed
in the cultures of expanding human Tregs during inflammation
[25]. These findings have clinical relevance, since retinoic acid
is superior to the mTORC1 inhibitor rapamycin in promoting
stable FoxP3 expression and rapamycin is a drug widely used as
an immunosuppressant for graft rejection in the clinic (Table 1)
[26–28].

Vitamin B9

The enzyme dihydrofolate reductase converts dietary vitamin
B9, also known as folic acid (FAc), into tetrahydrofolate.
Tetrahydrofolate is an essential precursor for one-carbon
metabolism (1CM), which is a metabolic cycle predomi-
nantly involved in DNA synthesis, methylation, and redox
regulation. Tetrahydrofolate is methylated to generate 5-
methyltetrahydrofolate, which binds with high affinity to folate
receptors to drive 1CM [29]. Tregs express high levels of folate
receptor 4 (FR4), and FAc deficiency leads to colonic inflamma-
tion in mice. These data establish the importance of FAc and 1CM
in sustaining Treg-mediated suppression of inflammations in vivo
[30].
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Table 1. Pharmacological inhibitors of the energy-generating metabolic pathways and their regulators in Tregs, effects and diseases applied

Metabolic
Pathway Target Drug Effect on Tregs Associated Disease Species Reference

Glucose
metabolism

Glut-1 CG-5 Induce Treg
differentiation

SLE Mouse [99]

Glycolysis 2-DG Induce Treg
differentiation and
suppression

Experimental
autoimmune
neuritis

Mouse [102]

Skin and heart
transplantation

Mouse [105]

PDHK DCA Increase Treg expansion EAE Mouse [55]
One-carbon

metabolism
Methotrexate Increase Treg expansion Rheumatoid

arthritis,
psoriasis, Crohn’s
disease and
multiple sclerosis

Human [39]

Lipid
Metabolism

Mevalonate
pathway

Statins Dampen Treg stability
and function

PPARγ (FA
oxidation)

Pioglitazone Induce VAT Tregs Obesity Mouse [77]

ACC (FA
synthesis)

Soraphen A Induce Treg
differentiation

EAE Mouse [70]

ACC (FA
synthesis)

TOFA Impair Treg proliferation Glioblastoma Mouse [117]

Lipid uptake SSO Impair Treg suppression
Glutamine
Metabolism

Glutamine
uptake

DON In combination with
metformin and 2-DG,
promote Treg
generation

Skin and heart
transplantation

Mouse [105]

Metabolic
Regulators

mTORC1 Rapamycin Increase Treg stability,
generation and
function

Graft rejection Human [26, 27]

Autoimmune
phenotype

Mouse [61]

AMPK Metformin Induce Treg
differentiation

Type II diabetes Human [103]

Skin and heart
transplantation

Mouse [105]

Inflammatory
bowel disease

Mouse [103]

EAE Mouse [104]
mtROS MitoTEMPO Inhibit Treg damage and

apoptosis
EAE Mouse [107]

SLE, Systemic lupus erythematosus; 2-DG, 2-Deoxy-D-Glucose; PDHK, Pyruvate dehydrogenase kinase; DCA, Dichloroacetate; EAE, Experimental
autoimmune encephalomyelitis; SSO, Sulfo-N-succinimidyl oleate; TOFA, 5-tetradecyl-oxy-2-furoic acid, ACC: Acetyl-CoA carboxylase; DON, 6-
diazo-5-oxo-L-norleucine; mtROS, mitochondrial reactive oxygen species.

Vitamin C

Vitamin C increases the induction and stability of murine FoxP3+

pTregs by promoting demethylation of the Treg-specific demethy-
lation region (TSDR), a conserved CpG-rich region within the
FoxP3 locus [31]. Interestingly, vitamin C seems to have differ-
ing effects on pTregs and tTregs. Oyarce et al. and others showed
in mice that, whereas vitamin C did not affect tTreg suppressive
capacity, it greatly enhanced the function in pTregs both in vitro
and in vivo [32]. It is intriguing to speculate that this difference

may be due to distinct modes of metabolic control in tTregs versus
pTregs, an issue that needs to be further clarified. Kasahara et al.
further showed that vitamin C promoted the induction of Treg dif-
ferentiation from human naïve T cells, which was very stable even
in the presence of IL-6 in vitro [33].

Vitamin D

The vitamin D-derived metabolite calcitriol increases CTLA-4
and FoxP3 expression in human Tregs and also enhances their

© 2020 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu



4 Henry Kurniawan Valeri et al. Eur. J. Immunol. 2020. 00: 1–17

Figure 1. Schematic diagram of energy-generating metabolic pathways and their regulators in Tregs. Upon TCR engagement and CD28 co-
stimulation, glucose enters the Tregs via the Glut-1 transporter and is converted via glycolysis into pyruvate in the cytoplasm. Pyruvate enters the
mitochondria and is converted into acetyl-CoA, which drives the TCA cycle and thus energy production via oxidative phosphorylation (OXPHOS).
OXPHOS is an efficient but slow route of cellular ATP production, and also generates ROS as by-products. Under anaerobic conditions, cytosolic
pyruvate is converted into lactate, generating less ATP. Depending on a cell’s requirements, glucose entering the cell can also drive nucleotide
and NADPH synthesis via the pentose phosphate pathway (PPP). Serine either enters the cell from the extracellular space or is synthesized from
3-phosphoglycerate (3PG) generated from cytosolic glucose. This serine then either enters one-carbon metabolism (1CM) to produce one-carbon
(1C) building blocks for anabolism, or generates the ROS scavenger glutathione (GSH). Lipids enter T cells via the CD36 transporter and then move
to the mitochondria where the β-oxidation (βox) of fatty acids (FA) is initiated. FA oxidation (FAO) generates acetyl-CoA, which enters the TCA cycle
to drive OXPHOS and provide energy. The TCA cycle metabolite citrate can be shuttled out of the mitochondria and converted back into cytosolic
oxaloacetate (OAA) and acetyl-CoA. The latter can be used for protein acetylation, cholesterol synthesis via the mevalonate pathway, and FA syn-
thesis. Lastly, glutamine enters T cells, enters the mitochondria, and is converted into glutamate and α-ketoglutarate (α-KG). This α-KG enters the
TCA cycle to drive OXPHOS.

suppressive capacity [34]. In murine models of systemic lupus
erythematosus (SLE), as well as in patients who suffer from this
disease, vitamin D supplementation increases the percentage of
Tregs and decreases levels of Th1 and Th17 cells, B cells, and
anti-dsDNA antibodies [35,36]. The reduction in these inflam-
matory parameters corresponds to the amelioration of disease
severity. Other work has shown that vitamin D can induce the
generation of tolerogenic dendritic cells (DCs) to support pTreg
generation, increase tolerogenic cytokines IL-10 and TGF-β, and
attenuate the development of colitis in mice [37]. Despite these
advances, however, the molecular mechanism by which vitamin
D regulates function of Tregs is yet not clear.

Glucose metabolism and signaling pathways
controlling Tregs cells

General pathways of energy production in T cells

When a naive conventional CD4+ T cell experiences T cell recep-
tor (TCR) engagement and CD28 co-stimulation, the T cell uses
the Glut1 transporter to take up glucose from the environment
and initiate the glycolytic pathway [38]. This pathway converts
glucose into various metabolites that can feed multiple branch
pathways, such as the pentose phosphate pathway (PPP) that
supports nucleotide production (Fig. 1). Glucose also feeds into
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serine biosynthesis plus 1CM to produce one-carbon building
blocks for macromolecule biosynthesis [39]. The final step of the
glycolytic pathway is the generation of pyruvate, which either
enters the TCA cycle in the mitochondria and is converted into
acetyl-CoA by pyruvate dehydrogenase (PDH), or remains in
the cytosol and is converted into lactate by lactate dehydroge-
nase (LDH) [39]. Acetyl-CoA within the TCA cycle reacts with
oxaloacetate (OAA) to generate citrate that further fuels the TCA,
the electron transport chain (ETC), and OXPHOS. OXPHOS is
considered to be highly energetically efficient since it results in
up to 36 molecules of ATP produced per molecule of glucose
consumed [14, 39]. Alternatively, the citrate produced by the
TCA cycle can exit the mitochondria and be converted back
into cytosolic OAA and acetyl-CoA by ATP-citrate lyase (ACLY).
Cytosolic acetyl-CoA can be used for the synthesis of cholesterol
or fatty acids (FA), or for protein acetylation (such as that of
histones) to modulate gene expression [14,39].

The generation of lactate from pyruvate in the cytosol was
originally described as an inefficient energy pathway used pre-
dominantly during hypoxia due to the fact that only two ATP
molecules are produced per glucose molecule consumed [14,39].
However, activated Teffs use this route even under normoxic con-
ditions, as it is the fastest way to generate energy and interme-
diate metabolites to build biomass for proliferation. This phe-
nomenon was first described in cancer cells and is known as the
Warburg effect [40,41].

Signaling pathways controlling energy production in Tregs

In contrast to Teffs, both human and murine Tregs rely mostly
on the oxidative pathway of glucose metabolism for their func-
tion in a manner tightly regulated by several key signaling cas-
cades. An especially important pathway in this context is the
PI3K/AKT/mTOR axis, which is activated in a T cell upon TCR
engagement plus CD28 co-stimulation [39]. Activated PI3K in
turn phosphorylates AKT kinase, which leads to engagement of
mTOR complex 1 (mTORC1) [42]. mTORC1 is the master reg-
ulator of anabolism and activates downstream targets such as
S6 kinase and 4EBP1 to promote protein translation. mTORC1
also stimulates SREBP-1 to trigger FA synthesis, and HIF1-α to
induce glycolysis (Fig. 2). mTORC1 is also activated by growth
factors and nutrients, including the AAs leucine, arginine, and
glutamine [39]. It has been shown that a lack of mTOR activity,
or its specific inhibition by rapamycin, increases FoxP3 expres-
sion and causes naïve CD4+ T cells to differentiate into Tregs
rather than Teffs both in vitro and in vivo [43,44]. However, it
has also been shown that mTORC1 is necessary for the suppres-
sive function of Tregs, since in vivo deletion of raptor, a central
component of mTORC1, specifically in mouse Tregs causes loss of
Treg suppressive capacity, spontaneous Teff activation, and a fatal
inflammatory disorder [45,46]. In addition, Kishore et al. have
shown that mTOR-induced glycolysis is required in vivo and in
vitro for human and murine Treg migration to inflammatory sites
via the PI3K-mTORC2-mediated pathway [47]. mTOR also regu-

lates the glycolytic-lipogenic switch important for Treg cell growth
and proliferation [48]. Despite mTOR levels in Treg being rela-
tively low compared to Tconv, this nutrient sensor is still crucial
for Treg function [49]. Tregs have been shown to have a dynamic
mTOR requirement throughout their activity. Early downregula-
tion of mTOR, followed by an increase in mTOR activation is crit-
ical for Treg cell expansion to occur [50]. Thus, delicate balance
of mTOR is critical for normal Treg activity, and dysregulation of
mTOR activity impairs Treg function. These observations reveal
the dual role of mTOR signaling in Tregs: on one hand, mTOR
induction promotes Treg proliferation and migration; on the other
hand, it dampens Treg suppressive capacity [22].

mTORC1 signaling in T cells is negatively regulated by AMPK-
dependent signaling [39]. AMPK is a sensor of a cell’s AMP/ATP
ratio and becomes active when this energy balance is low
(Fig. 2). AMPK signaling thus has the opposite effect on mTORC1-
responsive pathways, promoting mitochondrial OXPHOS and FA
oxidation [42].

Negative regulators of mTOR critical for Treg function include
protein phosphatase 2A (PP2A) and tuberous sclerosis 1 (TSC1)
(Fig. 2). Genetic deletion specifically in murine Tregs of either of
these two regulators impairs Treg suppressive capacity, resulting
in spontaneous autoimmunity [51,52].

The lipid phosphatase PTEN prevents PI3K activation and so is
another inhibitor of the mTOR signaling pathway (Fig. 2). Consis-
tent with other studies, ablation of PTEN in murine Tregs results
in a spontaneous autoimmune lymphoproliferative disease [53].
PTEN-deficient tTregs gradually lose CD25 and FoxP3 expression
and increase glycolysis while reducing their mitochondrial fit-
ness [53, 54]. In mice suffering from experimental autoimmune
encephalomyelitis (EAE), a mouse model of human multiple scle-
rosis (MS), PTEN-deficient Tregs are unable to suppress Teff func-
tions, allowing autoreactive Teffs to attack the host’s central ner-
vous system [53].

HIF1α itself is also important in balancing Treg generation.
HIF1α signaling induced by hypoxia blocks mitochondrial respi-
ration and activates PDH kinase (PDHK), which inhibits PDH and
so interferes with the conversion of pyruvate into acetyl-CoA [39,
55]. It has also been reported that HIF1α promotes FoxP3 degra-
dation by binding to this transcription factor, targeting it for ubiq-
uitination and proteasomal degradation [56]. In line with these
findings, HIF1α expression in murine T cells favors Th17 cell com-
mitment over Treg generation in vitro [56].

FoxP3 expression in Tregs

As noted above, FoxP3 is the master transcription factor con-
trolling Treg development. However, FoxP3 also regulates
metabolism in mature Tregs by increasing their oxidative
metabolism, catabolism, and OXPHOS (Fig. 2). Specifically, FoxP3
promotes the production of ETC proteins and enzymes involved
in FAO, while simultaneously blocking PI3K-AKT-mTORC1-driven
glycolysis and anabolism [22,57,58]. In a low glucose/high
lactate environment, FoxP3 is able to reprogram mouse Tregs
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Figure 2. Schematic diagramof energy-generating regulators in Tregs.ThemTORC1 andAMPK signaling pathways aremajormetabolic checkpoints
that modulate the FoxP3 expression and immunosuppressive activity of Tregs. Upon TCR engagement and CD28 co-stimulation, the PI3K/AKT
pathway is activated and induces mTORC1 signaling. The mTORC1 pathway can also be stimulated by the sensing of growth factor (GF) or amino
acid (AA) availability. mTORC1 activation represses FoxP3 expression and thus Treg function. FoxP3 inhibits MYC, a downstream target of mTORC1,
and so exerts direct metabolic control. FoxP3 is also downregulated by HIF1α, which is activated either directly by hypoxia or via mTORC1. HIF1α is
therefore also amodulator of Treg function. Indoleamine 2,3-dioxygenase (IDO), an enzyme involved in tryptophan (Trp) catabolism, activates PTEN.
PTEN opposes PI3K-dependent mTOR activation and thus supports Treg function. mTORC1 negatively regulates AMPK, which is a major promotor
of catabolism and also regulates FoxP3 expression. AMPK is activated when energy supplies become low (high AMP/ATP ratio). LKB1 drives both
AMPK activity and the mevalonate pathway, which is critical for Treg metabolism and function. Activated AMPK can also signal via TSC1 to inhibit
the mTORC1 pathway. Likewise, protein phosphatase 2A (PP2A) is a negative regulator of the mTORC1 pathway.

to survive by blocking the anabolic mTORC1 target Myc and
glycolysis, while increasing respiratory capacity via OXPHOS to
increase the NAD/NADH ratio [39,42,57,59]. OXPHOS is indis-
pensable for Treg function since Treg-specific ablation of Rieske
iron-sulfur protein (RISP) in mice, an element of ETC complex III,

causes an autoimmune “scurfy-like” disease [60]. Lastly, it was
shown that increased Glut1 expression in murine Tregs enhances
glycolysis and proliferation driven by mTORC1. The increased
mTORC1 activity impairs tTreg and pTreg suppressive capacity
and decreases FoxP3 expression both in vitro and in vivo [22,61].
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Collectively, current studies of energy metabolism in Tregs
indicate that Treg proliferation and suppressive activity can be
influenced by a variety of metabolic pathways, including anabolic
signals driven by the mTORC1 axis and those arising from FoxP3-
dependent oxidative metabolism [22,61].

Lipid metabolism in regulatory T cells

Fatty acid oxidation

Lipid metabolism is essential for providing many cell types with
an adequate supply of energy (Fig. 1) [62]. FA are a subgroup
of lipids that have been implicated in human and murine Treg
differentiation, survival, and function, although the exact contri-
bution of the different lipids in both Treg population remain to be
addressed [15,55,63]. Tregs recognize and take up FA via various
receptors, including G protein-coupled receptors (GPCRs), CD36,
fatty acid-binding protein (FABP), and fatty acid transport pro-
tein (FATP) [63,64]. High levels of mitochondrial FAO then ensue
in these Tregs to generate the energy needed to support their
development [15]. In the absence of exogenous FA in vitro TGF-
β-induced generation of FoxP3+ Tregs is abrogated in mice [15].

Several studies have indicated that FAO is critically needed
to support Treg function [15,55,65,66]. Carnitine palmitoyl
transferase-1 (CPT1) enzyme is essential for FAO. CPT1 attaches
carnitine to long-chain FA (LC-FA) to facilitate LC-FA transport
from the cytosol into the mitochondria, where FAO occurs. Inter-
estingly, Raud et al. showed that genetic deletion of CPT1a had no
effect on the development or function of murine tTregs and pTregs
[67], which is in stark contrast to the studies using the CPT1a
inhibitor etomoxir [15]. When applied at higher concentrations
the studies from Raud et al. and Divakaruni et al. indicated that
etomoxir inhibits different targets beside CPT1a [67,68]. How-
ever, it should be noted that Tregs can use CPT1a-independent
pathways to utilize fatty acids and that the translocation of short-
or medium-chain FAs does not involve CPT1a [66].

A balance between FAO and FA synthesis in Treg is determined
by nutrient levels in the surrounding environment and intracellu-
lar energy status. Although Tregs primarily depend on FAO, they
also require the balance between certain degree of de novo FA
synthesis (which costs the cell energy) and FAO (which generates
energy) [65, 69]. In contrast, Teffs are highly proliferative when
functioning and require FA synthesis [70].

AMPK and LBK1

AMPK is part of a sensor system that is activated when a cell is
in a low energy environment (Fig. 2). Activation of AMPK drives
mitochondrial FAO while inhibiting de novo FA synthesis. To sup-
port their high demand for FAs, Tregs store substantial amounts
of lipids within intracellular lipid droplets [71]. AMPK activa-
tion in Tregs stimulates mitochondrial oxidation of these lipids,
while inhibiting de novo FA synthesis. Multiple studies have shown
that tilting the balance towards lipid oxidation by modulating

upstream targets of AMPK or pathways implicated in β-oxidation
in vivo promotes Treg development [70,72,73].

Liver kinase B1 (LKB1) is a kinase acting upstream of AMPK
and another important metabolic sensor in Tregs (Fig. 2) [42].
Ablation of LKB1 in mice significantly reduces tTreg numbers and
impairs their function. LKB1-deficient Tregs lack functional mito-
chondria, abrogate FA oxidation and curtail OXPHOS, resulting in
ATP depletion [72, 73].

LKB1 also modulates the mevalonate pathway that synthesizes
the more complex lipids needed by Tregs. The mevalonate path-
way produces cholesterol and the isoprenoid geranylgeranylpy-
rophosphate (GGPP), two metabolites that promote Treg prolif-
eration and stability (Fig. 1 and 2) [74]. Blocking the meval-
onate pathway in vivo via either ablation of HMG-CoA reduc-
tase (HMGCR), a rate-controlling enzyme in this pathway, or by
pharmacological blockade using statins (Table 1), stimulates the
conversion of murine Tregs into Th1-like and Th17-like Teffs and
impairs tTreg suppressive capacity [74].

Acetyl-CoA carboxylase and FA-binding proteins

Acetyl-CoA carboxylase (ACC) is an important enzyme for the
initiation of FA synthesis. Blockade of ACC both in vitro and in
vivo restrains the formation of Th17 cells and dampens IL-17 pro-
duction, but induces murine FoxP3+ Treg generation [70]. Like-
wise, FA-binding proteins (FABPs) are pivotal for Treg suppressive
function. Genetic or pharmacological inhibition of FABP5 leads to
impaired lipid uptake and trafficking, which results in decreased
FAO and OXPHOS, impaired lipid metabolism, and loss of murine
pTreg suppressive capacity [66].

Dietary lipids

Dietary lipids are also linked to Treg biology, especially for Tregs
in the colon (cTregs). Short-chain fatty acids (SCFAs), such as
butyrate, acetate, and propionate, are the major metabolites
derived from bacterial fermentation of dietary fiber [63]. Several
studies have shown that butyrate is involved in epigenetic mod-
ification by inhibiting histone deacetylases; in mice, exogenous
butyrate increases histone acetylation of the FoxP3 locus, thereby
supporting cTreg generation and stability [75, 76]. In addition,
SCFAs can act via GPCR 109a to influence Tregs. The binding of
butyrate to GPCR 109a on macrophages and DCs induces IL-10
production, and this cytokine in turn promotes Treg generation
in mice [76].

Peroxisome proliferator-activated receptor-γ

Peroxisome proliferator-activated receptor (PPAR)-γ is a regulator
of lipid metabolism that has been associated with maintaining
the homeostasis of Tregs in visceral adipose tissue (VAT). Inter-
estingly, Treg-specific deletion of PPAR-γ in mice significantly
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abrogates the generation of Tregs in VAT but not in other organs
[77]. Likewise, PPAR-γ agonist pioglitazone (Table 1) upregulates
expression of the FA transporter CD36 and increases FAO. These
events result in the induction of VAT Tregs, which have positive
suppressive effects on obesity-associated metabolic disorders
[77].

Polyunsaturated fatty acid

Long-chain polyunsaturated fatty acid (PUFA), which is the pre-
ferred ligand for PPAR-γ, has also been shown to shape the Th cell
balance and the outcome of autoimmunity. Mice fed with PUFA
show a significant reduction of Th1 and Th17 cells, inflammatory
cytokines IFN- γ, IL-17, IL-6, TNF, and exhibit a higher number of
Tregs [78]. Moreover, these mice have lower incidence of type 1
diabetes. A similar study using fat-1 transgenic mice expressing
Caenorhabditis elegans fat-1 gene, which led to accumulation of
PUFA, showed that these mice had a higher induction of Treg cells
in vitro and in vivo, and lower clinical arthritis score [79].

Lipid metabolism clearly plays a critical role in Treg homeosta-
sis, but further study is required to clarify exactly how LC-FAO
supports Tregs as well as the balance between FAO and FA synthe-
sis in Treg biology. It is also possible that short- or medium-chain
FA may regulate Tregs differently than LC-FA. These issues remain
to be addressed.

Amino acid metabolism in Tregs cells

AA transporters

Amino acids serve not only as a source of energy but also provide
building blocks for protein and nucleic acid biosynthesis. There
are two types of AAs: essential AAs, which are obtained from the
diet, and non-essential AAs, which can be synthesized by the host
[80]. Amino acids that are not synthesized have to be imported
into cells via AA transporter proteins. A single AA transporter can
often facilitate the transport of multiple AAs, raising the complex-
ity of their regulation [81]. Tregs express various AA transporters,
with Slc7a5 being the most extensively studied. Slc7a5 interacts
with Slc3a2 to form a large neutral AA transporter called LAT1
[82]. The regulation of AA transport via LAT1 directly influences
mTOR activity [83,84]. Given the prominence of mTOR in regu-
lating Treg metabolism, additional study of other AA transporters
and their effects on Treg function is warranted.

Branched-chain AA and arginine

The branched-chain AAs (BCAAs), leucine, isoleucine, and valine
play a particularly important role in the metabolic reprogram-
ming that supports Treg maintenance. Mice fed on a diet contain-
ing reduced BCAA exhibit decreased numbers of FoxP3+ Tregs in
the periphery [85]. Similarly, genetic deletion of the BCAA trans-
porter Slc3a2 specifically in murine Tregs abrogates their mTOR

activity, resulting in loss of tTreg numbers and function, and thus
spontaneous inflammation in the mutant mice [85]. In addition,
a recent study has shown that Tregs cultured in the presence of
arginine and leucine show sustained mTOR activity upon TCR
stimulation. The absence of either AA in murine Tregs result in
a reduced number of activated Tregs and these mice develop fatal
autoimmune disease [86]. Lastly, in human CD4+CD25+FoxP3+

Tregs, exogenous arginine induces DNA hypomethylation rather
than histone modification of the IL-10 promoter, which leads to
higher IL-10 production by these cells [87].

Kynurenine and glutamine

Kynurenine is a product of tryptophan catabolism that is gener-
ated by IDO and is important for murine Treg generation, expan-
sion, and suppressive function [88]. IDO inhibits mTOR signaling
via PTEN and thereby inhibits Teff proliferation while promoting
Treg induction (Fig. 2) [17].

Glutamine fuels the TCA cycle via glutaminolysis and is criti-
cal for reprogramming Teff metabolism upon activation (Fig. 1).
Accordingly, glutamine depletion blocks Teff proliferation and
cytokine production [89]. Perhaps surprisingly, depending on the
model used, glutamine has an opposing effect on Tregs. In vitro,
glutamine restriction shifts murine naïve T cell differentiation
under Th1 polarizing conditions toward FoxP3+ pTregs [90].
However, in vivo study using an acute graft-versus-host disease
(GVHD) mouse model showed that glutamine supplementation
markedly increased the proportion of Tregs and inhibited GVHD-
induced inflammation in the intestine, liver, skin, and spleen
[91]. Thus, the role of glutamine in Treg homeostasis needs to be
further clarified.

Serine

Our group has recently shown that serine metabolism and
redox regulation are intimately linked to Treg function. Serine
feeds into the synthesis of glutathione (GSH), a major cellular
antioxidant [92]. GSH synthesis also depends on the catalytic sub-
unit of glutamate cysteine ligase (Gclc). Conditional deletion of
Gclc in murine Tregs impairs their production of GSH [61]. These
mutant Tregs consequently display increased levels of ROS but no
apparent defects in both tTreg and pTreg homeostasis, stability or
differentiation. However, Gclc-deficient Tregs do show increased
proliferation, activation, glycolysis, and OXPHOS, and the mutant
mice develop spontaneous autoimmunity [61]. Importantly, Gclc-
deficient Tregs show elevations in both their synthesis and uptake
of serine. Accordingly, dietary intervention in the form of feeding
the mutant mice on serine/glycine-deficient chow prevents the
onset of autoimmunity. In line with this finding, dampening of
serine metabolism reinstated the suppressive function of Tregs,
firmly linking serine metabolism to Treg function [61].

The high serine levels in Gclc-deficient Tregs lead to elevated
mTOR activity, which in turn reduces FoxP3 expression and so
Treg function [61]. Interestingly, this increase in mTOR activity
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in Gclc-deficient Tregs stands in striking contrast to the opposite
effect seen in Gclc-deficient conventional T cells [93], and indi-
cates that GSH exhibits subset-specific functions. In Tregs, GSH
controls a feedback loop between GSH and serine availability
that controls Treg suppressive capacity [61].

Collectively, these observations clearly establish that a delicate
balance of forces within AA metabolism determines the function-
ality of Tregs.

Distinct metabolic regulation of human Tregs

The metabolic characterization of Tregs has been mainly focused
on murine Tregs. Studies on the metabolic control of human Treg
cells are still sparse. To complicate matters, it is well accepted
that the human Treg population is highly heterogeneous. Mass
cytometry analysis of circulating human Tregs identify over 22
subsets, depending on the expression level of surface markers
such as CD45RA, CCR4, CD39, CD127, HLA-DR, and Foxp3 [94].
Because of this and the lack of detailed information on each
subset, we only discuss the common human Tregs subset that
highly express CD25, Foxp3, and low expression of CD127.

There are many commonalties in the metabolic regulation of
human and mouse Tregs, however, striking differences have been
observed as well. Unlike murine Tregs that are low in glycolysis
and high in FAO, human tTregs are highly glycolytic and show
high mTOR activity [95]. Along the lines, in vitro proliferating
human Tregs express high levels of genes linked to glycolysis (sim-
ilar to murine Tregs) and FAO (different to murine Tregs), such
as mTOR and AMPK. Similar to murine Tregs, human Tregs rely
on a balanced metabolism, but the molecular consequences are
different. In human Tregs blocking glycolysis with the inhibitor
2-DG leads to differential expression of human FoxP3 splicing
variants, which support their suppressive function [96]. Unre-
strained glycolysis impairs human as well as murine Treg function.
In human Tregs, the glycolytic enzyme Enolase-1 has been shown
to bind to the FoxP3 promoter and the CNS2 region. Enolase-1
then represses the transcription of the isoform FoxP3-E2, which is
important for Treg mediated suppression [96].

Our group has shown that human pTregs also require well-
adjusted AA metabolism for their optimal function. Improper
redox balance upon Gclc inhibition in human pTregs increases
serine metabolism that consequently impairs FoxP3 expression
and Treg function. Restoring a balanced serine metabolism can
reestablish FoxP3 expression in human pTregs as well as in murine
Tregs [61].

Modulating Treg metabolism as a therapy
for autoimmune diseases: Lessons learned
from murine models

One of the most important aspects of the immune system is its
ability to differentiate between foreign and self-antigens. Autoim-
munity arises when the immune system loses its tolerance to self-
antigens and starts to attack host tissues expressing these anti-

gens. Autoimmune (AI) diseases affect ∼7–9% of the general
population, with women being at higher risk than men. AI dis-
eases are divided into two categories according to the extent of
the affected tissue. Organ-specific AI diseases, such as MS and
inflammatory bowel disease (IBD), affect primarily one organ or
system. Systemic AI diseases, such as SLE and rheumatoid arthri-
tis (RA), disrupt homeostasis widely throughout the body. In all
AI diseases, Th cells play an important role, either as disease
contributors or as rescuers attempting to mitigate inflammation
[64]. Autoreactive Teffs attack self-tissues and cause AI disease,
whereas Tregs, with their ability to shut down Teffs, are impor-
tant for preventing AI disease [97, 98]. Therefore, enhancing the
immunosuppressive activities of Tregs by modulating their cellu-
lar metabolism could represent a potential new therapeutic strat-
egy for the treatment of AI diseases.

CG-5 and 2-DG

As previously discussed, Tregs rely mostly on the oxidative
metabolism of lipids and minor amounts of glucose to gener-
ate energy and maintain their suppressive capacity. In contrast,
Teffs employ glycolysis and FA synthesis to sustain their effec-
tor functions [14, 42]. Therefore, drugs that favor the oxidative
metabolism of Tregs and/or block the anabolic metabolism of
Teffs could have a beneficial impact in the context of AI. For exam-
ple, in both spontaneous and induced mouse model of SLE, reduc-
ing glucose intake using the Glut1 inhibitor CG-5 (Table 1) ame-
liorated AI disease symptoms. In vitro, CG-5 treatment of naive
murine Th cells promoted Treg differentiation while blocking Th1
and Th17 polarization [99].

Another example is treatment with 2-deoxy-D-glucose (2-DG),
which is a known inhibitor of glycolysis because it blocks the
generation of glucose-6-phosphate (Table 1). Treatment of mouse
naïve cells with 2-DG in vitro limits Th17 generation while
inducing Treg differentiation [100]. Our group has recently
shown that, if ROS are uncontrolled in tTregs and pTregs these
cells increase glycolysis at the cost of their suppressive activity,
which causes severe autoimmunity [61]. Accordingly, we found
that 2-DG-mediated glycolytic restriction was able to reverse the
functional deficit of the mutant Tregs in vitro [61]. Others have
shown that blocking glycolysis with 2-DG in vitro reduces ATP
levels, increases the AMP/ATP ratio, and thus activates AMPK
signaling [101]. AMPK promotes catabolic reactions such as the
oxidation of glucose and lipids, which are the pathways prefer-
entially used by Tregs. Liu et al. showed that 2-DG-treated mice
with experimental autoimmune neuritis, which is a mouse model
of human Guillain-Barré syndrome, blocked disease initiation and
progression. 2-DG promoted Treg differentiation while inhibiting
that of Th1 and Th17 cells [102].

Metformin

Metformin is another drug that promotes Treg differentiation and
is already widely used in the clinic for the treatment of type II
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diabetes (Table 1) [103]. Metformin induces FAO through AMPK
activation but also inhibits ETC complex I [42]. Studies have
shown that the use of metformin in several mouse models of AI
diseases, such as IBD and EAE, induces Treg generation while
inhibiting Th17 differentiation. This skewing leads to a reduced
disease burden in the metformin-treated mice [103, 104]. These
observations underline the importance of coordinating the bal-
ance between glycolysis and OXPHOS, a balance that is crucial
for Treg suppressive capacity [61].

In addition to promoting Treg function, it can be advantageous
to use metformin to help decrease the functions of self-reactive
Teffs. Glutaminolysis is a major pathway that is important for
Teffs, less so for Tregs [90]. Lee et al. showed that a combination
of metformin, 2-DG and 6-diazo-5-oxo-L-norleucine (DON), which
is a glutamine antagonist (Table 1), blocked Teff proliferation and
cytokine production in a mouse model of skin and heart trans-
plantation [105]. Most helpfully, the same cocktail fostered Treg
generation and so also promoted the tolerogenic response in vivo.

Dichloroacetate

Another way of inducing oxidative metabolism of glucose is to
inhibit the positive regulators of glycolysis. Dichloroacetate (DCA)
blocks PDH kinase (PDHK), an inhibitor of PDH, and so maintains
PDH in its active form (Table 1). Thus, the connection between
glucose metabolism and the TCA cycle remains open in DCA-
treated cells and the oxidation of pyruvate in the TCA cycle is
favored over its reduction into lactate. Gerriets et al. showed using
the EAE model that mice treated with DCA presented with a lower
disease burden due to increased Treg generation coupled with
inhibition of Teff function [55].

Rapamycin and HIF1α deletion

Teffs show highly active mTORC1. mTORC1 inhibition with
rapamycin induces FAO, dampens Teff proliferation, and rein-
forces Treg generation [15,101]. Rapamycin treatment of mice
showing AI symptoms reverses their inflammatory phenotype,
restores Treg functionality, and prolong the lifespan (Table 1)
[61].

HIF1α has also been described as a key regulator in systemic
and organ-specific AI diseases, particularly SLE, IBD, and RA [42].
In the EAE mouse model, ablation of HIF1α leads to increased
Treg differentiation and reduced Th17 development, which in
turn dramatically decreases the AI disease score [56,100].

Methotrexate

In contrast to Tregs, Teffs rely on serine metabolism for macro-
molecule biosynthesis. Indeed, blocking this pathway with the
chemotherapeutic drug methotrexate (Table 1) is used to treat
patients with RA, psoriasis, Crohn’s disease or MS in the clinic.

This strategy induces Tregs while dampening Teff functions [39].
Again, these findings align with our demonstration that mod-
ulating serine metabolism, which is linked to a stress-sensitive
feedback loop in Tregs, controls Treg suppressive capacity, and
is important for limiting autoimmunity in mice [61].

Soraphen A

Tregs rely on lipid oxidation, while Teffs use FA synthesis. There-
fore, activating FAO or inhibiting FA synthesis could be a ther-
apeutic intervention for AI diseases. For example, ACC is the
first enzyme in the de novo FA synthesis pathway [106]. In vitro,
inhibiting ACC isoform 1 with the specific inhibitor Soraphen A
(Table 1) induces Treg differentiation and impairs Th17 differen-
tiation. In line with this result, Soraphen A administration in vivo
attenuates EAE development in mice [70].

Modulation of ROS

ROS is an important regulator of Treg function [61]. Our group
has shown that disturbed redox signaling due to the genetic
ablation of antioxidative GSH synthesis in murine Tregs leads to
ROS accumulation. Increased ROS in Tregs skew the metabolic
programs and lead to increased glycolysis, OXPHOS, and serine
metabolism, which impaired Treg function and induce sponta-
neous autoimmunity [61]. In line with that, Alissafi et al. have
recently shown that human and murine Tregs experience a spe-
cific metabolic reprogramming during autoimmunity [107]. Tregs
from MS and SLE patients show elevated mitochondrial oxidative
stress and a DNA damage response. Murine Tregs during EAE
exhibited a similarly prominent mitochondrial ROS (mtROS)
signature and ROS scavenging with mitoTEMPO reduced the
disease burden (Table 1) [107].

Taken together, these data support the concept that fostering
a metabolic state favorable to Treg function may be a promising
strategy for the treatment of various AI diseases.

Targeting Treg metabolism for cancer
therapy

Incipient cancer cells evade immune recognition in a dynamic
process of competition between immunosurveillance and tumor
cell growth. Escaped tumor cells survive and are able to grow
unchallenged, leading to cancer pathogenesis. Studies to delin-
eate the mechanisms that promote adaptive anti-tumor responses
and exploit cancer cell vulnerabilities to restrain tumor growth are
at the forefront of today’s anticancer research [108]. The tumor
microenvironment (TME) surrounding a growing malignancy is
a complex and heterogeneous milieu that undergoes fluctuating
changes in its physical and chemical properties [109]. For exam-
ple, cellular signaling via HIF1α, extracellular acidity generated
by the lactate released by both tumor and stromal cells, and
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metabolic competition for nutrients within the TME can all sig-
nificantly alter the progress of tumorigenesis [48, 110, 111].

The contribution of Tregs to preventing/promoting tumor
progression remains controversial. Tregs expressing unusually
high levels of FoxP3 have been associated with improved patient
survival in several cancer settings, including colorectal and
esophageal malignancies [112]. However, it has become evident
that, in most solid tumors, Tregs are a negative player and detri-
mental to robust antitumor immunity [111,113,114]. Most Tregs
within the TME exhibit an increase in suppressive capacity and
produce signaling molecules that disable antitumor immunity
[48]. There are several clinical trials that aim to deplete Tregs
by targeting surface markers such as CD25, GITR, OX40, and
CCR4 [115]. However, many do not show effective anti-tumor
responses. A possible explanation might be that some of these
targeted surface markers are also important for immune effector
functions. Thus, a better understanding of Treg biology and
how to manipulate Treg metabolism and function with mini-
mal effect on effector function within the TME has become a
major focus of researchers’ intent on devising novel anticancer
therapies.

Treg metabolism in the TME

As described above, even in normal tissues Tregs and Teffs display
metabolic differences that determine their fates. Inevitably, all
types of T cells entering the TME have to undergo metabolic
reprogramming to adapt to this harsh environment such as
imbalanced metabolic nutrients, increased ROS and low oxy-
gen level (hypoxia) [111,116]. For example, in murine MC38
colorectal carcinomas model, intra-tumoral Tregs invoke supple-
mental energy production routes involving increases in glycolysis
and lipid metabolism [117]. This enhanced glucose and lipid
uptake may fuel oxidative metabolism in a manner that con-
fers a metabolic benefit and relative advantage on Tregs in
the TME. This situation stands in stark contrast to the case in
non-cancerous tissues, where an intrinsic increase in glycolysis
is linked to a reduction in FoxP3 and decreased Treg suppressive
capacity [22,61]. Once in the TME, Tregs are able to oxidize
lactate into pyruvate when metabolic conditions are normal, or if
a low glucose/high lactate environment prevails. In contrast, high
lactate environment profoundly suppress effector T cell functions
[48]. This adaptability of Tregs is due to FoxP3, which suppresses
Myc and glycolysis and reprograms the metabolism of Tregs such
that they can thrive in a low glucose/high lactate environment
[57]. Moreover, Tregs are less susceptible to lactate overload
than Teffs due to their decreased dependence on glycolysis and
their generation of high levels of NAD during OXPHOS. These
metabolic adaptations allow Tregs to carry out their task of
promoting peripheral tolerance in the TME, disabling antitumor
Teffs and thus perhaps partially explaining how cancer cells evade
immune responses [57,118].

Increased ROS level in the TME present an additional chal-
lenge for effective antitumor immunity. Several studies have

shown the antagonistic effect of ROS on dampening Teff activ-
ity that results in deleterious effect on antitumor immunity [93,
111, 119]. Nevertheless, the effect of ROS on Treg biology within
the TME is less clear. It has been shown that Treg contain higher
thiol as well as antioxidant glutathione, which may provide Tregs
the advantage against the oxidative microenvironment due to the
accumulation ROS in the TME [61,120]. Indeed, our group has
recently shown that modulating ROS level in murine Treg result in
an improved antitumor immunity [61]. Upon the ablation of glu-
tathione in Tregs, these mice exhibited impaired Treg function and
stronger anti-tumor response upon the inoculation with B16F10
melanoma [61].

Inhibition of Treg glycolysis or migration

Pretreatment of human Tregs in vitro with TLR8 agonist or 2-DG
to inhibit glycolysis impairs the Tregs’ ability to induce the senes-
cence of CD8+ Teffs [121]. Interestingly, Kishore et al. showed
that deletion of the glycolytic enzyme glucokinase in murine
Tregs does not affect their suppressive function in vitro. However,
glucokinase is critical for Treg trafficking and that glucokinase-
deficient Tregs do suffer from impairments to cytoskeletal rear-
rangement and actin remodeling that render them unable to
migrate to the periphery [47]. Such a treatment in the can-
cer setting might provide the benefit of sustaining systemic
immune tolerance, while at the same time blocking Treg migra-
tion to a tumor site and thereby preventing Tregs from damp-
ening antitumor Teff responses. Evidence supporting this notion
comes from a study of ovarian cancer patients in which both
tumor cells and tumor-associated macrophages were found to
secrete the chemokine CCL2. CCL2 induces Tregs to preferen-
tially migrate into the TME where they promote immune toler-
ance [122]. Thus, blocking metabolites that support Treg traffick-
ing may help to preserve the functionality of anti-tumor Teffs,
determining the outcome of tumor growth in various cancer
settings.

Blocking HIF1α

Under hypoxic conditions (which are common in solid tumors),
HIF1α is activated and orchestrates signaling cascades promoting
cellular metabolism and survival. HIF1α is associated with control
of the Th17/Treg balance, although its effect on Treg function is
controversial [56,123]. Several studies have reported that HIF1α

activation positively drives the differentiation of FoxP3+ T cells
both in vitro and in vivo [123, 124]. On the other hand, Dang
et al. showed that HIF1α had an inhibitory effect that attenu-
ated Treg differentiation while promoting Th17 induction in vivo
[56]. Hsiao et al. have further shown that inhibition of HIF1α

preserves Treg stability in vitro, although the suppressive abil-
ity is greatly impaired in vivo [125]. To clarify these discrepan-
cies, Miska et al. deleted HIF1α specifically in murine Tregs and
found that their suppressive capacity was enhanced in vitro [126].
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They further showed that conditional deletion of HIF1α in Tregs
restricts their glucose uptake, leaving them to use FA for the mito-
chondrial metabolism needed to support Treg function. On the
other hand, in a mouse model of glioblastoma, mutant mice bear-
ing HIF1α-deficient Tregs showed better survival than controls
due to impaired Treg migration to tumor sites [126]. Thus, HIF1α

seems to play an important role in Tregs as a metabolic switch
between glycolysis-driven migration and FA-dependent OXPHOS
supporting Treg suppressive function.

Manipulating FA

During tumorigenesis, free FA are released from more complex
lipids, altering the FA composition of the TME [127]. Tregs in
this setting express high levels of the FA transporters CD36 and
SLC27A1, which allow these cells access to additional energetic
sources to fuel FA metabolism [10,128]. This exploitation of FA
by Tregs in the TME provides the Tregs with the nutrients they
need to survive and be fully functional, resulting in the barring
of Teffs from attacking cancer cells. In addition, FA synthesis is
enhanced in Tregs located in the TME, but not in those resident
in the secondary lymphoid organs [117].

A recent study has shown that tumor-infiltrating Tregs in mice
exhibit higher glucose uptake. Higher glucose uptake has been
shown to increase FA synthesis [117]. The increase in glycol-
ysis and glycolytic-derived FA pool lead to increased oxidative
metabolism and support Treg expansion and proliferation without
compromising Treg function, which dampen anti-tumor immu-
nity. De novo synthesized FA may be utilized not only to sup-
port cellular metabolism, but also to support histone acetylation
and epigenetic reprogramming, an important factor for FoxP3 sta-
bility [129]. Likewise, Wang et al. showed that dampening FA
metabolism via genetic deletion of CD36 in murine Tregs results
specifically in lower numbers of tumor-infiltrating Treg and decel-
erated tumor growth. Interestingly, the ablation of CD36 did
not alter the homeostasis and functionality of splenic Treg cells
[128]. This shows that FA metabolism via CD36 uniquely shape
metabolic adaptation which supports the functionality of tumor-
infiltrating Treg cells.

In another study, inhibition of lipid uptake with sulfo-N-
succinimidyl oleate (SSO) (Table 1) has been shown to sig-
nificantly reduce the immunosuppressive capacity of Tregs in
vitro [126]. Similarly, 5-(tetradexyloxy)-2-furoic acid (TOFA), an
inhibitor of ACC and thus FA synthesis (Table 1), significantly
suppressed tumor development in mice [117]. TOFA’s antitumor
activity may be accounted for by its direct toxic effects on tumor
cells (as evidenced by their reduced viability). However, in vitro,
TOFA-treated Tregs show a significantly decreased lipid pool and
impaired proliferation, indicating that FA synthesis may play a
vital role in Treg biology in this context [117]. Further studies
are needed to elaborate whether the connections between FA
metabolism in the TME and Tregs are in fact promoting tumor
cell development, and whether this scenario could point to new
strategies for cancer therapy.

AA modulation

Manipulation of AA metabolism may serve as another mode of
cancer immunotherapy, although most AAs are important for
both tumor cells and adaptive immune cells [118]. As noted
above, IDO metabolizes tryptophan to kynurenine, a metabolite
important for Treg induction [88,130]. Many types of cancer
cells overexpress IDO, which might then drive Treg activity
and so dampen anti-tumor Teffs [18]. Cyclooxygenase2 (COX2)
is involved in the upregulation of IDO expression in myeloid
cells [131]. Accordingly, pharmacological inhibition of COX2
is under testing in various cancer models. For example, in a
murine bladder tumor model, IDO inhibition reduced numbers of
circulating Tregs and enhanced antitumor responses [132]. IDO
is also implicated in Treg regulation because it stabilizes PTEN,
which Tregs require to retain their functionality. PTEN dysregu-
lation leads to aberrant mTOR activity, loss of Treg function, and
spontaneous development of autoimmunity in mice [54]. In a
mouse model of Lewis lung carcinoma, PTEN inhibition in Tregs
plus IDO neutralization produced synergistic effects that greatly
delayed disease relapse [133].

Lastly, we have linked the serine metabolism in Tregs to anti-
tumor immunity. The absence of GSH in Tregs and increased ROS
levels, leads to enhanced serine metabolism and higher mTOR sig-
naling, which in turn impairs tTreg and pTreg suppressive activity
[61]. This defect in Tregs consequently increases anti-tumor
immunity and significantly reduces cancer cell growth in vivo.

Taken together, the various studies described above point to
the possibility of altering key aspects of AA metabolism in Tregs
to improve cancer immunotherapy.

Concluding remarks

Our current understanding of the role of metabolism in immune
regulation in general and in Tregs in particular is rapidly expand-
ing, but many aspects remain to be addressed. We do know
that Tregs are indispensable regulators of immune homeosta-
sis. Accordingly, their dysregulation is implicated in numerous
pathologies. The studies we have reviewed highlight the multi-
faceted relationships between the intrinsic and extrinsic metabolic
pathways modulating Treg function, and their significant implica-
tions for the treatment of immune-related diseases.

Tregs have a metabolic profile that is distinct from that of Teffs.
Specific nutrients and metabolites obtained from the diet and/or
extracellular milieu can influence Treg metabolism and affect
their function. These factors also play important roles in Treg-
intrinsic metabolic regulation. Treg metabolism is highly plastic
and adapts to the environmental context. Although their chief
preference is FA utilization, Tregs are able to use various sub-
strates to support their metabolism. Metabolic regulators such
as mTOR and AMPK are indispensable for orchestrating Treg
metabolism in several different ways, such that their dysregula-
tion has differential effects on Treg functionality. For example,
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increased glycolysis leads to upregulation of mTOR and impaired
Treg suppressive capacity, but also supports Treg migration.

Furthermore, it is also worth noting that the effects of phar-
macological treatment in vivo may have dual action on both Teff
and Treg simultaneously, in which the significance on one or the
other cells still needs to be further evaluated.

Overall, although extensive studies on murine Treg have been
conducted, significant challenges are still unsolved. There is
Treg heterogeneity between subpopulations and their specific
metabolic regulations remain to be explored. It is also important
to acknowledge that that human and murine Tregs have differ-
ent Treg subtypes such as the human type 1 regulatory T cells
(Tr1), which only rely on glycolysis instead of fatty acid oxidation.
Tr1 cells are also an important source of IL-10 and TGF-β [134].
Additionally, more work remains to be invested to evaluate the
differences in metabolic requirement between similar subtypes of
human and murine Treg; in vitro murine tTreg cells display low
glycolysis and high FAO whereas human tTreg cells rely on high
glycolysis and FAO [95].

In conclusion, modulating Treg metabolism may provide new
tools that can be exploited in diverse disease settings. Inhibition
of various metabolic enzymes has been suggested or is currently
being studied in order to influence Treg function in AI diseases
and cancer. Thus, novel Treg cell-based immune metabolic inter-
ventions for the treatment of these disorders may prove to be ben-
eficial in the near future.
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Anna Rita Minafra3, Niels Vandamme4,5, Anaïs Carpentier6, Felix K. Borgmann6,7, Christian Jäger 8,

Ying Chen9, Markus Kleinewietfeld10,11, Vasilis Vasiliou 9, Michel Mittelbronn6,7,12,13,14,15, Karsten Hiller 16,

Philipp A. Lang 3 & Dirk Brenner 1,2,17✉

The metabolic principles underlying the differences between follicular and marginal zone B

cells (FoB and MZB, respectively) are not well understood. Here we show, by studying mice

with B cell-specific ablation of the catalytic subunit of glutamate cysteine ligase (Gclc), that

glutathione synthesis affects homeostasis and differentiation of MZB to a larger extent than

FoB, while glutathione-dependent redox control contributes to the metabolic dependencies of

FoB. Specifically, Gclc ablation in FoB induces metabolic features of wild-type MZB such as

increased ATP levels, glucose metabolism, mTOR activation, and protein synthesis. Fur-

thermore, Gclc-deficient FoB have a block in the mitochondrial electron transport chain (ETC)

due to diminished complex I and II activity and thereby accumulate the tricarboxylic acid

cycle metabolite succinate. Finally, Gclc deficiency hampers FoB activation and antibody

responses in vitro and in vivo, and induces susceptibility to viral infections. Our results thus

suggest that Gclc is required to ensure the development of MZB, the mitochondrial ETC

integrity in FoB, and the efficacy of antiviral humoral immunity.
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B cells regulate many functions required for immune
homeostasis and can present antigens very efficiently
through their major histocompatibility complexes to

T cells1,2. Furthermore, B cells can release immunomodulatory
cytokines that are critical for the normal immune system main-
tenance, and differentiate into effector subsets that secrete
polarized cytokines depending on the environment3. However,
the principal function of a B lymphocyte is to secrete antibodies
that provide humoral immunity. Antibody protection is a key
component of the innate and adaptive phases of the immune
response and is mediated mainly by two distinct splenic B cell
subsets: marginal zone B cells (MZB) and follicular B cells
(FoB)4–6. Previous studies have described developmental, phe-
notypic, functional and transcriptomic differences between MZB
and FoB7–14. Moreover, distinct homeostatic control mechanisms
regulate FoB and MZB distribution in the spleen15,16. FoB persist
in the follicles in a quiescent state as they recirculate until acti-
vated by recognition of the antigen by their B cell receptors and
the T cell-mediated cognate help, whereupon they proliferate and
undergo germinal center (GC) reactions6,17. In contrast, MZB do
not recirculate between lymphoid organs, are proximal to blood
vessels, and can self-propagate18. Furthermore, MZB possess
innate-like properties and are activated earlier during an immune
challenge than FoB8. Nevertheless, like FoB, MZB can undergo
GC reactions19,20.

Redox balance is essential for maintaining cellular signaling
and activation21. Glutathione (GSH) is a key intracellular anti-
oxidant that scavenges excess reactive oxygen species (ROS)22–24,
and it is an important molecule for the regulation of lymphocytes
activation25–27. Moreover, early studies on HIV-1-infected sub-
jects associated GSH deficiency with a poor lymphocytic response
and impaired survival following HIV-1 infections28–30, implying
a role for GSH in disease. In B cells, ROS are instrumental in
regulating activation31,32, but the contribution to B cell subsets
and functions of mitochondrial ROS (mtROS), which are gen-
erated principally within mitochondria, is poorly understood. It
is, therefore, possible that redox thresholds in B cells are subset-
specific, and that these thresholds mediate homeostatic functions
that could account for the differing properties of MZB and FoB.
To this end, Muri et al. have previously shown that GSH-
dependent glutathione peroxidase 4 (Gpx4) activity is critical for
MZB compared to FoB33. However, the precise role of the tri-
peptide GSH in B cell metabolism remains unknown.

The mechanistic target of rapamycin (mTOR) signaling is a key
modulator of anabolic and catabolic reactions34, which in turn
could affect ROS balance. mTOR has emerged as a crucial control
point for B cell functions35. Previous reports have shown that
relatively high levels of mTOR complex 1 (mTORC1) signaling
prevail in MZB36,37, but that the maturation of FoB down-
regulates the mTORC1/Akt pathway38. However, other groups
have shown that efficient mTORC1 suppression is necessary to
avoid MZB loss39. Because mTORC1 is a well-known regulator of
metabolic functions, these findings imply that specific metabolic
programs may underlie the unique characteristics of different B
cell subsets.

Here, we report that blocking GSH synthesis by ablation of
Gclc causes loss of MZB. In the absence of GSH synthesis, FoB
upregulate mTORC1 and reprogram their metabolism towards
glycolysis, which is similar to the metabolic program of wild-type
MZB. However, GSH-deficient FoB accumulate defective mito-
chondria and do not activate upon viral challenge. In summary,
our analysis shows that GSH is crucial for the development of
MZB and for the control of mitochondrial metabolic functions in
FoB. Therefore, our results demonstrate a subset-specific role for
GSH in controlling the redox balance underlying the metabolic
properties between MZB and FoB.

Results
FoB and MZB exhibit distinct glutathione-based redox
dependencies. To dissect the redox state of MZB and FoB in
relation to the main antioxidant GSH, we studied the expression
of Gclc, which is necessary for GSH synthesis24, in isolated MZB
and FoB from spleens of C57BL/6J (B6 or wild-type) mice. We
found that both mRNA and protein levels of Gclc were sig-
nificantly higher in B6 MZB compared to B6 FoB (Fig. 1a).
However, the ratio of reduced to oxidized GSH (GSH/GSSG) was
lower in B6 MZB than in B6 FoB indicating increased ROS in
MZB (Fig. 1b). Indeed, staining of CD23high CD21/35low FoB
and CD23low CD21/35high MZB (gated as shown in Supple-
mentary Fig. 1a) with DCFDA, a fluorescent sensor of hydrogen
peroxide40, revealed increased ROS in B6 MZB compared to B6
FoB (Fig. 1c). Metabolic reactions intrinsically generate oxygen
radicals, and mitochondria are the major source of metabolic
ROS41. Evaluation of mtROS with MitoSOX staining42 indicated
that B6 MZB generate more mtROS compared to FoB (Fig. 1d).
Accordingly, the absolute levels of GSH were increased in isolated
mitochondria (gated as shown in Supplementary Fig. 1a) from B6
MZB compared to B6 FoB (Fig. 1e). These data suggest that MZB
experience higher ROS generation and GSH consumption, a
notion that correlates with a more sustained metabolic activity of
MZB at steady-state.

Given the potential role of GSH in the regulation of immune
functions43,44 and the distinct expression of Gclc in mature B cell
subsets, we studied FoB and MZB activation in the presence of
buthionine sulfoximine (BSO), a Gclc inhibitor45. In order to
assess activation, B6 FoB and MZB where stimulated with anti-
IgM, CD40 ligand and IL-4 or LPS for 4 days and treated with
BSO. We found that wild-type MZB were more susceptible to
Gclc inhibition as shown by a stronger BSO concentration-
dependent decrease in viability and total immunoglobulin
secretion in the culture supernatants when compared to FoB
(Fig. 1f). Altogether, these data indicate that GSH is differentially
important in FoB and MZB at steady state, and that MZB show
higher dependency on GSH upon in vitro activation.

To explore the relevance of GSH to the distinct redox
properties of FoB and MZB in vivo, we generated B cell-specific
Gclc-deficient mice by crossing Gclcfl/fl mice with Mb1-Cre+ mice
(Gclcfl/fl Mb1-Cre+), in which the Cre recombinase gene is
expressed under the control of the B cell-specific promoter
Mb146. First, we aimed to compare the transcriptome of MZB and
FoB. Therefore, we FACS-sorted splenic B cells from Gclcfl/fl mice
(gated as in Supplementary Fig. 1b) and applied single-cell CITE-
sequencing (CITE-seq) proteomics47. FoB and MZB express
specific surface markers, such as CD19+ CD23high CD21/35low

IgDhigh and CD19+ CD23low CD21/35high CD1dhigh,
respectively7,48–50. By using CD23, IgD, CD21/CD35, and
CD1d antibody-derived tag (ADT) signals, we identified FoB
and MZB in the CITE-seq dataset, assigned each cell type using
SCINA (Fig. 1g)51 and conducted downstream analyses. The gene
expression PCA plot confirmed transcriptomic-wide differences
between GSH-sufficient Gclcfl/fl MZB and Gclcfl/fl FoB (Fig. 1h).
Differential expression analysis indicated a general upregulation
of transcription in Gclcfl/fl MZB compared to Gclcfl/fl FoB (Fig. 1i),
consistent with previous reports10,37. Moreover, together with
MZB-related signature transcripts such as Cr2 and Ighm, Gclc was
also upregulated in Gclcfl/fl MZB compared to FoB (Fig. 1i),
validating the dataset. Additionally, gene ontology analysis
identified that Gclc-sufficient MZB transcriptomes showed
upregulation of genes that are related to ROS metabolic processes
when compared to Gclc-sufficient FoB (Fig. 1j and Supplementary
Data 1). These data indicate that genes associated with metabolic
ROS generation tend to be upregulated in MZB compared to FoB,
suggesting that differences in the control of ROS signaling might
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contribute to the classical distinctions between these two mature
B cell subsets.

Deletion of Gclc results in a drastic decrease of splenic MZB.
We next examined the macroscopic structure of splenic B cell
follicles and the distribution of FoB and MZB in control Gclcfl/fl

and mutant Gclcfl/fl Mb1-Cre+ mice. At steady-state, histological
examination did not reveal major macroscopic anomalies in the

follicle architecture of mutant animals (Fig. 2a). However, follicles
from Gclcfl/fl Mb1-Cre+ mice showed partial loss of cellularity
around the edges (Fig. 2a, insert). Ablation of Gclc in total splenic
B cells was confirmed at both the mRNA and protein levels
(Fig. 2b). Importantly, deletion of Gclc blocked reduced glu-
tathione (GSH) synthesis, and, therefore, oxidized glutathione
(GSSG) abundance was minimal in total B cells (Fig. 2c). This
confirmed the efficient Cre-mediated deletion of the Gclc and also
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suggested that steady state B cells do not import GSH from the
environment. As a consequence of GSH-deficiency, total B cells
showed higher cytosolic and mitochondrial ROS (Supplementary
Fig. 2a, b), although they were decreased in frequency and
numbers (Supplementary Fig. 2c).

Comparative flow cytometric analysis of MZB (CD19+

CD23low CD21/35high) and FoB (CD19+ CD23high CD21/35low) in
Gclcfl/fl Mb1-Cre+ and control mice showed that Gclc deletion caused
a stark decrease in MZB but not in FoB (Fig. 2d). However, in Gclc-
deficient FoB no GSH was detectable and these cells accumulated
ROS (Fig. 2e–g). Muri et al. have shown that MZB display increased
sensitivity to lipid peroxidation in Gpx4-deficient mice33. Gpx4 uses
GSH as cofactor and is needed to prevent lipid peroxidation, which
depends on ROS. In line, lipid ROS accumulated in Gclc-deficient
cells at steady state (Supplementary Fig. 2d).

Analysis of alternative MZB-specific surface proteins (i.e. IgM,
CD1d, and CD24)4,7 (Supplementary Fig. 2e) and immunofluor-
escence microscopy (Fig. 2h) confirmed the lack of MZB in Gclcfl/fl

Mb1-Cre+ mice. Importantly, flow cytometric analysis of MZB both
excluded any gene-dosage effect of Gclc expression and confirmed
that loss of MZB was independent of any Cre-associated toxicity
(Supplementary Fig. 2f, g), a concern raised in a previous study52. In
line with the greater baseline expression of Gclc in B6 MZB
compared to B6 FoB (Fig. 1a), these data suggest that GSH is
required for the homeostatic persistence of MZB in the spleen.

MZB differentiation is blocked in Gclc-deficient mice. The loss
of MZB in Gclcfl/fl Mb1-Cre+ mice prompted us to investigate the
possibility of defects in the trafficking of MZB in the spleen. To this
extent, previous reports have shown that the control of MZB loca-
lization in the spleen depends on signals delivered by integrins and
chemokines such as ICAM-1 and VCAM-116,53. Moreover, MZB
entry and retention in the splenic marginal zone are tightly regulated
by chemotactic molecules, such as C-X-C Motif Chemokine Ligand
13 (CXCL13) and sphingsoine-1-phosphate (S1P)54. However, the
expression level of ICAM-1 and VCAM-1 in total splenocytes and
serum levels of chemotactic factors (i.e. CXCL13 and S1P) were
unchanged in Gclc-deficient mice when compared to control litter-
mates (Supplementary Fig. 3a, b). Furthermore, it has been shown
that trafficking and retention of MZB require specific macrophage-B
cell interactions53,55–57. However, both Siglec-1+ marginal zone and
MARCO+ metallophilic macrophages (MZM and MMM)58 formed
similar structures in the spleen of Gclcfl/fl Mb1-Cre+ mice compared
to controls (Supplementary Fig. 3c). These data indicated that the
factors responsible for MZB positioning in the marginal zone were
not affected in Gclc-deficient mice.

To assess whether Gclc interferes with the development of
MZB, which generally populate the spleen 2–3 weeks after birth59,
we investigated the distribution of discrete maturation steps in
the spleen. In line with an earlier study60, we identified three
distinct B cell splenic maturation stages using CD21/35 and IgM
(Fig. 2i, left): immature type 1 (T1), type 2 (T2), and mature (M)
B cells. MZB cells are thought to develop from M B cells but also
from T2 B cells60,61. We found that Gclc ablation prevented the
formation of T1 B cells by 2 weeks of age, indicating that a
block in the B cell differentiation process occurred at the very
early stage in the spleen (Fig. 2i). Accordingly, T2 B cells did
not develop in Gclc-deficient hosts (Fig. 2i, right). By 8 weeks, M
B cells frequency dropped significantly, indicating that Gclc-
deficient T1 B cells limit M B cells development and that Gclc is
crucial for the transition from T1 to T2 B cells. Importantly,
the lack of T2 B cells indicated that Gclc is needed in the
transition to MZB or their precursors. To this extent, we studied
the distribution of MZB precursors (MZP) in adult mice. As
expected, Gclc-deficient mice showed lower frequencies of MZP
compared to control mice (Fig. 2j), corroborating the data
shown in Fig. 2i. Therefore, we concluded that defective B
cell development causes the decrease of MZB content in Gclcfl/fl

Mb1-Cre+ mice.
Additionally, later studies have defined three subsets of

CD93+ immature or “transitional” B cells (TrB1-3) in the spleen
of adult mice by the expression of CD23 and IgM62. Using this
phenotypical characterization, most of FoB and MZB are thought
to derive from TrB1 that have transitioned to TrB261,62. Thus, to
better understand at which stage GSH is essential in the
maintenance of B cells in the adult mouse, we measured Gclc
expression and total GSH in TrB from mutant and control mice.
Gclc was efficiently deleted in TrB cells (Supplementary Fig. 3d).
Of note, wild-type TrB showed intermediate levels of Gclc
mRNA compared to FoB and in MZB (Supplementary Fig. 3e),
implying that Gclc expression might characterize distinct stages
of splenic B cell development. Thus, we measured TrB1-3
distribution in B cell-specific Gclc-deficient mice and found that
TrB1 were increased in Gclc-deficient mice compared to controls
(Supplementary Fig. 3f), despite showing low GSH content
(Supplementary Fig. 3g). A possible scenario is that Gclc
deficiency causes a mild block at the TrB1 stage, possibly
impacting the maturation of MZB precursors. Therefore, these
data support the existence of regulatory functions of Gclc in the
FoB-MZB fate decision.

Overall, the results shown above confirmed that migratory
inputs are not affected by the absence of Gclc in B cells, and that

Fig. 1 GSH-dependent redox activity differs between FoB and MZB. a Left: RT-qPCR of Gclc mRNA expression in resting Gclc-sufficient FoB (green) and
MZB (red) isolated from spleen of B6 mice (n = 5 animals examined over three independent experiments). Middle: representative blot of Gclc protein from
total cell lysis of resting B6 FoB and MZB (n = 3 animals examined over three independent experiments). Right: relative density of Gclc protein expression
in resting B6 FoB and MZB (n = 3 animals examined over three independent experiments). b Luminescence-based quantitation of intracellular GSH/GSSG
ratio in resting FoB and MZB isolated from B6 mice (n = 3 animals examined over three independent experiments). (c–d) Representative histogram and
quantitation of DCFDA (c) and MitoSOX (d) staining for intracellular ROS and mitochondrial (mt) ROS detection in splenic B6 FoB and MZB (gated as in
Supplementary Fig. 1a). e Flow-cytometry-based quantitation of monobromobimane (MBB) for the detection of GSH in purified Tom20+ mitochondria
from B6 FoB and MZB (gated as in Supplementary Fig. 1a) (n = 3–4 animals examined over two independent experiments). f Heatmap showing relative
expression of immunoglobulin level (top) and viability (bottom) of 4d activated B6 FoB and MZB with increasing concentration of BSO. g tSNE plot showing
SCINA assignments of Gclc-sufficient FoB and MZB (left) isolated from spleen of Gclcfl/fl mice (gated as in Supplementary Fig. 1b) and based on the ADT
signals of CD23, IgD, CD21/35, and CD1d markers (right). Green: FoB; Red: MZB; Grey: unassigned B cells. Data are pooled from 4 Gclcfl/fl mice. Sidebars
represent the ADT expression scale. h PCA plot showing distinct transcriptome patterns of Gclc-sufficient FoB and MZB transcriptomes from 4 Gclcfl/fl

mice. i Volcano plot of differentially expressed genes in resting Gclc-sufficient FoB vs. MZB. Data represent up- and downregulated transcripts in Gclc-
sufficient MZB compared to Gclc-sufficient FoB. Red/blue dots indicate upregulated/downregulated signature genes in resting Gclc-sufficient MZB
compared to FoB. j Barcode plot showing enrichment of GO:0072593 gene list (reactive oxygen species metabolic processes) in resting Gclc-sufficient
MZB compared to FoB. For all applicable figure panels, data are mean ± SD and each dot represents one single mouse. Significance (P) was calculated with
unpaired t-test, except for (f) (2 way ANOVA). *P≤ 0.05; **P≤ 0.01; ****P≤ 0.0001.
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failure to detect MZB in B cell-specific Gclc-deficient mice is not
due to altered environmental cues. Instead, we have shown that
in vivo ablation of Gclc in B cells caused a block in B cell
differentiation, which results in the absence of MZP. This implies
that the difference in redox flexibility between FoB and
MZB precursors is necessary to allow B cell differentiation.

The mTOR pathway confers MZB-like properties to GSH-
deficient FoB. To investigate further the function of GSH in total
splenic B cells, we performed a comparative single-cell CITE-seq
analysis on B cells from Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice. tSNE
visualization of the total B cell transcriptomic landscape revealed
minor changes in the distribution of single-cell transcriptomes in
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the absence of Gclc (Supplementary Fig. 4a). Mirroring our flow
cytometric analyses (Fig. 2d and Supplementary Fig. 2e), ADT
signals and the SCINA assignments confirmed the loss of MZB in
Gclcfl/fl Mb1-Cre+ mice (Supplementary Fig. 4b, c). As expected,
FoB were clearly detectable in Gclcfl/fl Mb1-Cre+ mice by the
expression of CD23-ADT and IgD-ADT (Supplementary Fig. 4c).
To investigate the transcriptomic changes induced by Gclc dele-
tion, we performed downstream analyses of FoB (Supplementary
Fig. 4d). As shown in Supplementary Fig. 4e, PCA analysis
indicated that principal component 1 (PC1) covered most of the
variation in gene expression (58% of total variance), likely
including the effect caused by Gclc deletion. Analysis of total gene
transcripts per cell further suggested that the deletion of Gclc, and
therefore the lack of GSH (Fig. 2e), influenced gene expression
levels in FoB (Supplementary Fig. 4f).

As noted above, mTOR signaling has emerged as a key control
point for B cell functions35. As already shown, GSH-deficiency in
B cells resulted in the absence of MZB but not of FoB (Fig. 2d, h).
This prevented the direct analysis of Gclc-deficient MZB. This
implies the existence of a GSH-dependent process that is more
important for MZB than for FoB. To elucidate these regulation
circuits and to investigate whether mTOR signaling might be
involved in this abnormality, we performed gene set enrichment
analysis (GSEA) on differentially expressed genes of Gclc-
sufficient MZB vs. FoB (Gclcfl/fl MZB vs. Gclcfl/fl FoB) and of
Gclc-deficient FoB vs. control FoB (Gclcfl/fl Mb1-cre+ FoB vs.
Gclcfl/fl FoB). In accordance with previous reports36,37, our GSEA
analysis revealed positive enrichment for genes of the
mTORC1 signaling pathway in Gclc-sufficient MZB compared
to FoB (Fig. 3a). Indeed, flow cytometric evaluation of resting B6
MZB confirmed increased phosphorylation of both mTOR and its
canonical target S6 (Fig. 3b, c). Strikingly, our GSEA analysis also
showed that ablation of Gclc in FoB displayed a similar increase in
mTORC1 signaling genes compared to Gclcfl/fl FoB and Gclcfl/fl

MZB (Fig. 3d). Corresponding increases in phosphorylated
mTOR and S6 were detected in mutant FoB compared to control
FoB (Fig. 3e, f and Supplementary Fig. 5a). These data pointed to
an unexpected similarity between Gclc-deficient FoB and Gclc-
sufficient MZB.

mTOR is also an important regulator of translation63, and
supports an enhanced secretory apparatus and superior secretory
activity of MZB compared to FoB7,14. Accordingly, we found that
B6 MZB had a higher endoplasmic reticulum (ER)/Golgi ratio
than B6 FoB as measured by their greater staining intensity of
ER-tracker and giantin (Supplementary Fig. 5b), as well as by
their increased phosphorylation of the translation initiation factor

eIF4E (Supplementary Fig. 5c). In addition, our differential
expression analysis identified upregulation of a considerable
number of transcripts related to ribosomal proteins in Gclcfl/fl

MZB compared to Gclcfl/fl FoB (Supplementary Fig. 5d).
Additionally, gene ontology analysis detected accumulation of
transcripts related to the three steps of protein synthesis
(initiation, elongation, termination) in Gclcfl/fl MZB compared
to Gclcfl/fl FoB (Supplementary Fig. 5e). To confirm this
heightened protein translation in vitro, B6 FoB and B6 MZB
were activated with anti-IgM, CD40 ligand and IL-4 or LPS,
pulsed with puromycin, and chased for up to 6 h64. B6 MZB
indeed showed greater protein synthesis compared to B6 FoB
over time (Supplementary Fig. 5f). Strikingly, the absence of Gclc
in FoB resulted in secretory properties that recapitulated those of
Gclc-sufficient MZB at both the transcriptional and protein levels
(Supplementary Fig. 5g–k). These findings confirmed a certain
degree of similarity between Gclc-deficient FoB and Gclc-
sufficient MZB, which was further substantiated by comparing
differentially expressed genes between the two groups Gclcfl/fl

MZB vs. FoB and Gclcfl/fl Mb1-Cre+ vs. control FoB (Supple-
mentary Fig. 5l). This suggests that MZB and FoB depend on a
different redox state and that the loss of GSH in FoB may induce
MZB-like properties.

mTORC1 is regulated through the phosphatidylinositol 3
kinase (PI3K)/Protein kinase B (Akt)-dependent pathway65. In
particular, the PI3K/AKT axis converts phosphatidylinositol-4,5-
bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate
(PIP3). A key repressor of this signaling, phosphatase and tensin
homolog deleted on chromosome 10 (PTEN), dephosphorylates
PIP3 to PIP2 regulating the activity of PI3K/AKT66. Time course
in vitro activation showed that PIP3 levels were higher in GSH-
deficient FoB compared to control cells (Fig. 3g). This suggested
that the PI3K/AKT pathway is increased in Gclc-deficient FoB,
and in turn can sustain increased mTORC1 activity. Importantly,
Gclc-deficient FoB accumulate ROS (Fig. 2f, g), which are known
inducers of PI3K/AKT67,68 and suppressors of PTEN69. There-
fore, it is possible that the increased mTORC1 activation
measured in FoB upon Gclc deletion can be a consequence of
ROS accumulation and activation of the PI3K/AKT axis.

Collectively, these data might indicate that the diminished ROS
buffering of GSH-deficient cells leads to an increased activation of
the mTOR pathway which could drive to the MZB-like properties
of Gclc-deficient FoB. We were thus prompted to explore the
intriguing hypothesis that GSH-dependent control of ROS could
play a role in defining the distinctive metabolic signaling of MZB
and FoB.

Fig. 2 Gclc depletion induces a stark reduction in MZB. a Histology of spleen follicles resected from one Gclcfl/fl and one Gclcfl/fl Mb1-Cre+ mouse
and stained with haematoxylin and eosin. Scale bars, 50 µm. Insert digital magnification, 3.5×. b Left: RT-qPCR of GclcmRNA of total splenic B cells isolated
from Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice (n = 4 animals examined over four independent experiments). Right: Representative immunoblot of Gclc
protein in total splenic B cells isolated from spleen of Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice (n = 4 animals examined over three independent experiments).
c Luminescence-based quantitation of intracellular GSH and GSSG in total splenic B cells isolated from Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice (n = 3 animals
examined over three independent experiments). d Representative contour plot (left), percentages (middle) and numbers (right) statistic of splenic FoB and
MZB from Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice (gated as in Supplementary Fig. 1a) (n = 4 animals examined over five independent experiments). e Relative
quantitation via LC-MS of GSH from resting FoB of Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice (n = 5 animals examined over two independent experiments).
Representative histogram and quantitation of DCFDA (f) and MitoSOX (g) staining for intracellular ROS and mitochondrial (mt) ROS detection in
splenic FoB from Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice (gated as in Supplementary Fig. 1a) (n = 4 animals examined over three independent experiments).
h Representative immunofluorescence staining to detect IgD (green) and IgM (red) in a single spleen follicle resected from one Gclcfl/fl and one Gclcfl/fl

Mb1-Cre+ mouse. Scale bars: 50 µm. i Representative contour plot of splenic Gclcfl/fl M, T1, and T2 B cells used to determine the percentages over time
(weeks) of the gated population from spleens of Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice (n = 2–3 animals examined over three independent experiments).
j Representative contour plot (left) and percentages statistic (right) of splenic MZP from Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice (gated as in Supplementary
Fig. 1a) (n = 3 animals examined over three independent experiments). For all applicable figure panels, data are mean ± SD and each dot represents one
single mouse, except for (f) where each panel represents the mean of 2–3 mice. In contour plots, numbers represent percentages of the cells gated.
Significance (P) was calculated with unpaired t-test, except for (c) (2way ANOVA). *P≤ 0.05; **P≤ 0.01; ***P≤ 0.001; ****P≤ 0.0001.
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Gclc deletion enhances glycolytic reactions and glucose uptake
in FoB. mTORC1 signaling plays a role in maturation and acti-
vation of both MZB and FoB36–39, and is key for the regulation of
various metabolic pathways34. Therefore, in order to con-
textualize the complexity of the metabolic network and the
impact of Gclc on it, we analyzed our transcriptomic data using
Compass, a flux balance analysis-based approach that allows the

characterization and interpretation of metabolic diversity at the
single cell level70,71. Using this computational prediction method,
we found that Gclcfl/fl MZB exhibited increased glucose catabo-
lism compared to Gclcfl/fl FoB (Fig. 4a, top and Supplementary
Data 2). Glucose can be catabolized to lactate during glycolysis or
glucose-derived carbons can enter the tricarboxylic acid cycle
(TCA). We, therefore, sorted the metabolic reactions identified by
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the Compass algorithm into two groups: glycolysis and TCA. This
analysis indicated that glycolysis was upregulated in Gclcfl/fl MZB
compared to Gclcfl/fl FoB (Fig. 4a, bottom and Supplementary
Data 2), suggesting that MZB rely on glycolysis rather than oxi-
dative metabolism at steady-state. To confirm these predictions,
we measured glucose uptake with 2-(N-(7-Nitrobenz-2-oxa-1,3-
diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG)72 in B6 MZB and
FoB. In line with our Compass results, B6 MZB showed increased
2-NBDG uptake compared to B6 FoB (Fig. 4b) as well as higher
expression of the glucose transporter Glut-1 as measured by flow
cytometry (Fig. 4c). Moreover, total intracellular glucose mea-
sured by mass spectrometry was elevated in freshly isolated MZB
compared to FoB (Fig. 4d), although the size difference between
FoB and MZB7 might influence total glucose level.

Our data above indicated that GSH deficiency upregulated
mTORC1 signaling in mutant FoB. Therefore, we sought to
determine whether this heightened mTORC1 skewed FoB
metabolism towards glycolysis. Indeed, our Compass analysis
reflected a global increase in glucose catabolism in FoB when Gclc
was ablated (Fig. 4e and Supplementary Data 3), just as occurred
in Gclc-sufficient MZB (Fig. 4a). Mutant FoB also showed
increased 2-NBDG uptake at steady-state (Fig. 4f), higher Glut-1
expression (Fig. 4g), and accumulation of glucose (Fig. 4h)
compared to Gclcfl/fl FoB and MZB. These data indicate that
mutant FoB undergo an increase in oxidative state (i.e. low GSH
and high ROS) that might induce some metabolic traits similar to
those observed in Gclc-sufficient MZB.

GSH-deficient FoB upregulate glycolysis but accumulate
defective mitochondria. Based on our scRNA analyses and the
effect of Gclc deficiency on glucose uptake (Fig. 4e–h), we com-
pared ATP levels in Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB prior to
activation. Interestingly, we detected increased total ATP in Gclc-
deficient FoB (Fig. 5a). This finding was confirmed by flux ana-
lysis (Fig. 5b) and further suggests an increased glycolytic activity
of Gclc-deficient FoB, a dependence that is not observed in Gclc-
deficient T cells43. Importantly, we also confirmed that Gclcfl/fl

MZB and B6 MZB showed increased glycolysis-derived ATP
(Fig. 5b and Supplementary Fig. 6a). These data further confirm
our Compass predictions (Fig. 4a, e) and strengthen the metabolic
parallel between GSH-deficient FoB and GSH-sufficient MZB.

To further study the dynamics of glucose fluxes in B cell
subsets, we measured glucose levels in the culture medium of
Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB after 5 h activation with anti-
IgM, CD40 ligand and IL-4. We found that the activated mutant
cells consumed more glucose than controls (Fig. 5c). Moreover,
following 13C-glucose tracing in activated Gclcfl/fl and Gclcfl/fl

Mb1-Cre+ FoB, we detected an increased contribution of
glycolytic carbon to lactate within the mutant cells (Fig. 5d, left).
In line, lactate also accumulated to a higher extent in the culture
medium of Gclcfl/fl Mb1-Cre+ FoB as compared to control cells
(Fig. 5d, right). To further substantiate these results, we measured
the expression of hexokinase 1 (HK1), a rate limiting enzyme of
glycolysis. HK1 content increased upon Gclc-ablation in FoB and
in Gclcfl/fl MZB (Supplementary Fig. 6b). This was paralleled by

the accumulation of glucose-6-phosphate (6P) in steady state
GSH-deficient FoB (Supplementary Fig. 6c). Concomitantly, we
measured increased pyruvate levels in mutant compared to
control cells (Supplementary Fig. 6d), confirming increased
glycolysis upon Gclc-ablation.

Furthermore, we determined the flux of glycolytic carbon
through the pyruvate dehydrogenase complex (PDC) by stable-
isotope labeling with 13C-glucose. Glycolysis converts the
13C-glucose tracer to M3-pyruvate isotopologues which are
oxidized to M2-acetyl-CoA by PDC and finally condensed with
oxaloacetate to M2-citrate. We found that the glycolytic flux into
the TCA cycle was reduced in Gclcfl/fl Mb1-Cre+ FoB compared
to Gclcfl/fl FoB, as indicated by increased M3-lactate and reduced
M2-citrate (Supplementary Fig. 6e) and a higher M3-lactate/M2-
citrate ratio in the mutant cells (Fig. 5e). In line, expression of the
catalytic alpha subunit of PDC (Pdha-1) was decreased in Gclc-
deficient cells (Fig. 5e), which provides a possible explanation for
the reduced carbon flux into the TCA. Thus, blocking GSH
synthesis in FoB preferentially promotes ATP production
through aerobic glycolysis.

Most of the ATP in a cell is generated by the combined action
of the TCA cycle and oxidative phosphorylation (OXPHOS)
within the mitochondria73,74. Our data showed that loss of Gclc
decreased glucose flux into the TCA cycle (Fig. 5e and
Supplementary Fig. 6e), suggesting a disturbance in mitochon-
drial ATP generation. Indeed, flux analysis showed that, similarly
to GSH-sufficient MZB, Gclc-deficient FoB at rest showed
decreased amounts of mitochondria-derived ATP (Fig. 5f and
Supplementary Fig. 6f), implying that Gclc deficiency alters
mitochondrial metabolism in FoB. In turn, we speculated that this
impairment of mitochondrial metabolism in FoB might explain
the increase in aerobic glycolysis for ATP production.

To acquire more information about the mitochondrial function of
Gclc-deficient FoB, we investigated mitochondrial size and con-
formation. Interestingly, the lack of mitochondrial GSH (mtGSH) in
Gclcfl/fl Mb1-Cre+ FoB (Supplementary Fig. 6g) resulted in an
increased mitochondrial area compared to control FoB (Fig. 5g) as
well as a lower mitochondrial DNA/nuclear DNA ratio as measured
by quantitative PCR (Fig. 5h). Crucially, wild-type MZB are known
to be prone to activation compared to FoB7,8,75, and we found that
both Gclcfl/fl Mb1-Cre+ FoB and B6 MZB showed a similar increase
in mitochondrial mass (Fig. 5h and Supplementary Fig. 6h), further
substantiating similarity. Thus, interference with GSH synthesis in
FoB induced an increase in mitochondrial mass without concomitant
mtDNA replication. Next, we visualized mitochondria of FoB by
electron microscopy to examine the mitochondrial inner space and
the conformation of mitochondrial cristae. This analysis confirmed
the accumulation of fragmented mitochondria, which exhibited a
dilated intercristae space, in Gclc-deficient FoB (Fig. 5i). This is in line
with the higher expression of the major mitochondrial fission
GTPase, dynamin-related protein 1 (DRP1)76 (Fig. 5j). Taken
together, these data imply that loss of Gclc alters mitochondrial
structure and metabolism of FoB.

To gain more insight into the effect of GSH paucity on
mitochondria, we used MitoTracker (MT) green and MT red

Fig. 3 mTORC1 is comparably elevated in Gclc-sufficient MZB and Gclc-deficient FoB. a GSEA plot comparing expression of mTORC1 signaling hallmark
gene sets between Gclcfl/fl FoB and Gclcfl/fl MZB. Representative histogram (left) and quantitation (right) of immunostaining to detect p-mTOR (b) and p-S6
(c) in B6 FoB and MZB (gated as in Supplementary Fig. 1a) (n = 4 animals examined over three independent experiments). d GSEA plot comparing the
expression of mTORC1 signaling hallmark gene sets between Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB. Representative histogram (left) and quantitation (right) of
immunostaining to detect p-mTOR (e) and p-S6 (f) in Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB, including Gclcfl/fl MZB as control (gated as in Supplementary
Fig. 1a) (n = 4 animals examined over four independent experiments). g Flow-cytometry measurements kinetic of PIP3 in sorted FoB from spleens of Gclcfl/fl

and Gclcfl/fl Mb1-Cre+ at the indicated time points after stimulation with anti-IgM (n = 3 animals examined over two independent experiments). Data are
mean ± SD. Significance (P) was calculated with unpaired t-test, except for e, f (one-way ANOVA), and g (2 way ANOVA). ***P≤ 0.001; ****P≤ 0.0001.
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staining to assess mitochondrial membrane potential (ΔΨm) with
flow cytometry. We found that Gclc deficiency increased ΔΨm in
mutant FoB compared to controls (Fig. 5k). However, loose
mitochondrial cristae have been associated with poor electron
transport chain (ETC) efficiency in T cells77, suggesting that other
factors might be responsible for the increased |ΔΨm| in mutant
FoB. Coupled with our data, this observation suggests that GSH is

critical for the steady state function of mitochondria, whose
fitness is crucial for the maintenance of MZB. In FoB, we found
that ATP levels in Gclc-deficient, but not in Gclc-sufficient FoB
dropped in a dose-dependent fashion in response to inhibition of
glycolysis with 2-deoxy-D-glucose (2-DG) or galactose (Fig. 5l
and Supplementary Fig. 6i). In parallel, glycolysis inhibition
increased cell death in Gclc-deficient FoB to a stronger extent
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when compared to controls (Fig. 5m and Supplementary Fig. 6j),
confirming the dependency of GSH-deficient FoB on glycolysis.

Taken together, our data indicate that the loss of GSH triggered
by Gclc deletion induces a defective mitochondrial accumulation
in FoB, which may lead to compensation through upregulation of
glycolytic metabolism. This observation implies the existence of a
regulatory function for GSH in the context of energy metabolism
shifts in B cells.

Absence of Gclc impairs mitochondrial respiration in FoB. Our
data above showed that glucose-derived fluxes into the TCA cycle
were reduced in GSH-deficient FoB. However, in our analyses of
13C-glucose, we found that total and labelled succinate accumu-
lated to higher levels in mutant cells than in Gclcfl/fl FoB (Fig. 6a
and Supplementary Fig. 6k). Within the TCA cycle, succinate is
converted into fumarate by the succinate dehydrogenase (SDH)
which represents the respiratory ETC complex II (CII)73 (Sup-
plementary Fig. 6l). Accordingly, SDH flux showed lower con-
version into M2-fumarate in Gclcfl/fl Mb1-Cre+ FoB compared to
control cells (Supplementary Fig. 6m). Because SDH is the only
enzyme that participates in both the TCA cycle and the ETC, we
speculated that the ETC might be compromised in Gclc-deficient
FoB, thus explaining the inhibition of SDH and the accumulation
of succinate. Indeed, the basal oxygen consumption rate (OCR) of
Gclc-deficient FoB measured by extracellular flux analysis was
slightly reduced compared to Gclcfl/fl FoB (Fig. 6b and Supple-
mentary Fig. 6n), indicating that loss of GSH results in dys-
functional mitochondrial respiration in FoB at steady state.
However, no difference in the OCR profiles of mutant and control
FoB was detected upon treatment with oligomycin A (Fig. 6b and
Supplementary Fig. 6o) which inhibits the ATP synthase, and
thus, suggests that ADP phosphorylation capacity is unchanged.
Interestingly, the most striking respiratory difference attributable
to loss of GSH emerged upon treatment of Gclcfl/fl and Gclcfl/fl

Mb1-Cre+ FoB with the mitochondrial ionophore FCCP, which
increases the OCR to the maximal respiration (i.e. reserve
capacity)78. Upon FCCP treatment, the ETC activity rate
increases in the attempt to restore the proton gradient and re-
couple it to OXPHOS. We found that an absence of Gclc in FoB
prevented this FCCP-mediated uncoupling (Fig. 6b and Supple-
mentary Fig. 6p), suggesting that GSH promotes electron trans-
port through the ETC in FoB. However, transient treatment
with GSH did not recover mitochondrial function (Supplemen-
tary Fig. 6q), possibly because of irreversible ROS-mediated
modifications.

Previous work has established that any residual OCR detected
after oligomycin A treatment is due to non-respiratory oxygen
consumption, which is usually ascribed to proton leakage through
the mitochondrial inner membrane79. We found that, despite the
similar oligomycin A-dependent OCR profiles in Gclcfl/fl and
Gclcfl/fl Mb1-Cre+ FoB (Fig. 6b and Supplementary Fig. 6o), the

contributions to the maximal OCR value in each genotype by
ATP-linked OCR, proton leakage, reserve capacity, and non-
mitochondrial OCR were altered by Gclc deficiency (Fig. 6c). In
particular, Gclc-deficient FoB experienced greater proton leakage
(Fig. 6c, d), which together with increased ROS (Fig. 2f, g) might
lead to damage of the mitochondrial membrane and/or ETC
malfunction. In this regard, it is tempting to speculate that the
accumulation of succinate (the CII substrate in the TCA cycle) in
GSH-deficient FoB (Fig. 6a and Supplementary Fig. 6k) might be
associated with the observed ETC insensitivity to FCCP treatment
(Fig. 6b and Supplementary Fig. 6p).

Mitochondrial damage is often defined as a deviation of
respiratory parameters or states, which were originally defined in
vitro using isolated mitochondria80–82. However, these measure-
ments can also be derived from measurements with whole cells
(Supplementary Fig. 6r). In particular, state 3 respiration
is equivalent to the OCR after FCCP treatment (i.e. maximal
respiration induced by the substrate + ADP), and state 4
corresponds to the consumption rate upon oligomycin A addition
(i.e. absence of substrate-dependent respiration)83. These assump-
tions allow for the calculation of the intermediate respiratory state
or stateapparent (Supplementary Fig. 6s)84,85, which is an indicator
of mitochondrial workload. From the assay performed in Fig. 6b,
we determined a stateapparent value of 2.94 ± 0.15 in Gclc-deficient
FoB (Fig. 6e), suggesting that FoB with Gclc deficiency experience
a higher basal rate of mitochondrial activity compared to control
cells. This higher activity results from the insensitivity of ETC to
FCCP treatment and is consistent with the limited reserve capacity
of Gclc-deficient FoB (Fig. 6b and Supplementary Fig. 6p). Taken
together, these results establish that loss of GSH in FoB impairs
mitochondrial respiration.

Oxidative phosphorylation is disrupted at complex I and II in
GSH-deficient follicular B cells. To determine whether the
accumulation of succinate in Gclc-deficient FoB was caused by a
dysfunctional ETC, we assessed the respiratory parameters of
each ETC complex. First, we performed extracellular flux analysis
to assay the mitochondrial complex-dependent OCR profile in
saponin-permeabilized Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB. Under
normal conditions, CI regenerates the reducing equivalent
NADH to NAD+ (Supplementary Fig. 6l). However, CI showed
no activation upon substrate injection (pyruvate+malate) in
Gclc-deficient FoB (Fig. 6f). Moreover, CII activation in Gclcfl/fl

Mb1-Cre+ FoB was also negligible compared to CII from control
cells (Fig. 6g). Thus, both CI and CII exhibited a significant lower
activity, which was confirmed by a lower stateapparent upon Gclc
ablation (Supplementary Fig. 6t). However, substrate-dependent
CIII and CIV OCR showed a tendency, although not significant,
to be increased in GSH-deficient FoB cells compared to control
FoB (Fig. 6h, i). CIII and CIV (together with CI) of the ETC act as
H+ pump and build up the membrane potential. This suggests
the possibility of a mild compensatory activation of CIII and CIV

Fig. 4 Gclc-deficient FoB show increased glycolytic reactions and glucose uptake, mirroring Gclc-sufficient MZB. a Compass analysis to compare
glucose catabolism (top) and its components (glycolysis and TCA cycle) (bottom) in Gclcfl/fl MZB vs. FoB. Each dot represents a single biochemical
reaction. Means difference (Cohen’s d) and Wilcoxon rank sum p values were computed as described previously70,71. Vertical bar shows relative
contributions (percentages) of upregulated glycolytic reactions and TCA reactions to total glucose catabolism computed from glycolysis and TCA cycle
reactions in Gclcfl/fl MZB vs. FoB. (b-c) Representative histogram (left) and quantitation (right) of 2-NBDG (b) and Glut-1 (c) staining in resting splenic B6
FoB and MZB (gated as in Supplementary Fig. 1a) (n = 3 animals examined over 3–4 independent experiments). d Quantitation of intracellular glucose level
measured by LC-MS in resting Gclc-sufficient FoB and MZB (n = 3 animals examined over two independent experiments). e–h Same analyses as shown in
(a–d), but comparing Gclcfl/fl versus Gclcfl/fl Mb1-Cre+ FoB and including Gclcfl/fl MZB as control (gated as in Supplementary Fig. 1a) (n = 3–4 animals
examined over 2–3 independent experiments). For all applicable figure panels, data are mean ± SD and each dot represents one single metabolic reaction or
mouse. Significance (P) was calculated with unpaired t-test, with exception of (f)–(h) (one-way ANOVA). *P≤ 0.05; **P≤ 0.01; ***P≤ 0.001;
****P≤ 0.0001.
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that may explain the higher intensity of MT red binding (i.e.
higher ΔΨm) in mutant FoB (Fig. 5k) despite the higher mem-
brane leak (Fig. 6d). These data indicate that GSH-dependent
ETC dysfunction mostly affected the activity of CI and CII. In line
with these results, we detected lower CI activity in total lysates of
Gclc-deficient FoB compared to control FoB (Fig. 6j). Conse-
quently, NADH levels were increased in the mutant cells (Fig. 6k)

due to reduced NAD+ regeneration which resulted in a lower
NAD+/NADH ratio (Fig. 6l). Moreover, the expression level
of the main subunit of CII (succinate dehydrogenase A, Sdha)
was decreased in Gclc-deficient FoB (Fig. 6m). In line, ETC
complex protein levels were reduced in mutant FoB compared to
controls (Supplementary Fig. 6u). This included the CIII sub-
unit core protein 2 and CIV subunit MTCO1, indicating that
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GSH-deficiency altered protein expression independently of the
overall activity of CIII and CIV.

These data indicate that GSH plays a role in sustaining the
activities of CI and CII, and so of the overall ETC. In particular,
our energetic steady-state analyses (Fig. 6f and Supplementary
Fig. 6t) show that loss of GSH induces a partial uncoupling of
ETC from OXPHOS, suggesting that Gclc function has a direct
effect on the metabolic dependencies of FoB. GSH deficiency has
a large negative impact on the mitochondrial respiration
machinery, slowing down the TCA cycle at the ETC branch
point (i.e. CII). Thus, we have identified a previously unknown
role of GSH in B cells: maintaining mitochondrial ETC activity.

Gclc is required for T cell-independent and -dependent B cell
immune responses. Next, we aimed to understand how the meta-
bolic perturbations caused by B cell-specific Gclc ablation impinge on
immune responses and in particular how the impaired mitochondrial
metabolism affects the antibody response. Therefore, we treated
in vitro activated B6 FoB with various mitochondrial inhibitors and
the Gclc inhibitor BSO and measured total immunoglobulins from
the supernatants. After 4 days of activation with anti-IgM, CD40
ligand, and IL-4, we found that blocking of mitochondrial metabo-
lism with mitochondrial inhibitors or blocking GSH synthesis by
BSO had lowered antibody production of FoB in a dose-dependent
manner (Fig. 7a). Thus, we reasoned that Gclc expression and GSH
are needed upon activation of FoB. Indeed, levels of Gclc transcripts
and reduced glutathione (GSH) increased upon activation B6 FoB
in vitro (Fig. 7b), confirming our hypothesis.

Next, we studied B cell functions in vivo and measured antibody
production. As expected, T cell-independent (TI) type II immuniza-
tion with TNP-Ficoll to evaluate MZB-dependent antigen binding
and early antibody production86–88 confirmed the deficit of MZB in
Gclcfl/fl Mb1-Cre+ mice (Supplementary Fig. 7a, b). The absence of
MZB-mediated immunity was substantiated by the lack of anti-TNP
IgM at 7 days post-immunization with TNP-Ficoll in Gclcfl/fl Mb1-
Cre+ mice (Supplementary Fig. 7c). Furthermore, to study the long-
term antibody response and FoB function, we infected Gclcfl/fl and

Gclcfl/fl Mb1-Cre+ mice with lymphocytic choriomeningitis virus
Clone 13 (LCMV Cl13), which causes a chronic infection89–93. We
monitored levels of antibodies against LCMV Cl13 glycoprotein 1
(Gp1) by ELISA at various time points after infection and observed
that both early (IgM) and late (IgG) responses were undetectable in
serum of infected mutant mice, in contrast to infected controls
(Fig. 7c). Indeed, viremia in multiple tissues of infected Gclcfl/fl Mb1-
Cre+ animals was detected by 130 days post-infection (Fig. 7d),
suggesting that Gclcfl/fl Mb1-Cre+ animals are unable to efficiently
control LCMV Cl13 replication.

The lack of LCMV-specific antibodies in our mutant mice
could be caused by either a failure of the GC reaction or a defect
in antibody production. To this extent, we detected a reduction in
CD95+GL-7+ GC B cells in Gclcfl/fl Mb1-Cre+ mice compared to
controls (Fig. 7e) at 12 days post-infection. These data imply that
the absence of Gclc prevents B cells from establishing GC
reactions, and therefore, hinders antibody production.

LCMV is a non-cytopathic virus that replicates slowly, which
favors its persistence due to the failure of the host to mount an
efficient cytotoxic T cell response89,94. In order to exclude any virus-
dependent effects, we further investigated the T cell-dependent (TD)
response in Gclcfl/fl Mb1-Cre+ mice using a stronger, T cell-driven
model of cytopathic viral infection. Vesicular stomatitis virus (VSV)
first induces the antiviral activity of endogenously-produced
interferon and then the generation of neutralizing antibodies to the
VSV-G glycoprotein, measures that are critical for the control of this
virus95,96. We infected Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice with VSV
and found that the mutants succumbed more rapidly to the infection
than controls (Fig. 7f) and lacked neutralizing IgM and IgG
antibodies against VSV-G glycoprotein (Fig. 7g). Accordingly, we
found that in vitro activation and the costimulatory potential of
GSH-deficient FoB was decreased compared to control cells upon
24h stimulation as indicated by lower expression of CD25, CD69,
GL-7 and CD80/CD86 (Supplementary Fig. 7d). Consequently, low
activation prevented proliferation in vitro (Supplementary Fig. 7e)
and adds another layer that explains the lack of humoral response
upon in vivo immunizations.

Fig. 5 GSH deficiency increases glucose flux through glycolysis and leads to mitochondria accumulation in FoB. a Total ATP levels expressed in relative
luminescence unit (RLU) in resting Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB (n = 4 animals examined over 4 independent experiments). b Seahorse quantitation
of glycolysis-derived ATP in resting Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB and resting Gclcfl/fl MZB (n = 3 animals examined over three independent
experiments). c Quantitation of total glucose in culture supernatants of Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB at 5 h post-stimulation with anti-IgM, CD40
ligand, and IL-4 (n = 3 animals examined over two independent experiments). d Left: Mass isotopomeric distribution (MID) of M3-lactate in Gclcfl/fl and
Gclcfl/fl Mb1-Cre+ FoB that were incubated with 13C-glucose and assayed at 5 h post-activation with anti-IgM, CD40 ligand and IL-4. Right: quantitation of
total lactate in culture supernatants of the cells in the left panel (n = 3 animals examined over three independent experiments). e Left: ratio of M3-lactate/
M2-citrate in Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB that were incubated with 13C-glucose and assayed at 5 h post-activation. Right: representative blot of Pdha1
protein from total cell lysis of resting Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB (n = 3 animals examined over three independent experiments). f Seahorse
quantitation of mitochondria-derived ATP in resting Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB and Gclcfl/fl MZB (n = 4 animals examined over three independent
experiments). g Left: Representative confocal microscopic image of mitochondrial morphology in resting Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB. Mitochondria
are green (Tom20) and nuclei are blue (DAPI). Scale bars, 1 µm; Right: Quantitation of mitochondrial area (Tom20 area) per cell. Each dot represents a
single cell (n = 2 animals examined over three independent experiments). h Mitochondrial mass quantitation [ratio between mitochondrial cytochrome c
oxidase subunit I (CO I) and nuclear 18S ribosomal RNA] as determined by RT-qPCR of DNA from Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB (n = 5 animals
examined over three independent experiments). i Left: representative TEM image of ultrastructural mitochondrial morphology in Gclcfl/fl and Gclcfl/fl Mb1-
Cre+ FoB. Scale bars, 300 nm. Insert digital magnification, 3.5×. Right: percentage of mitochondria with enlarged intercristae counted from 25 cells/
genotype (n = 3 animals examined over 2 independent experiments). Each dot represents a single mitochondrium. j Representative flow-cytometry
histogram (left) and quantitation (middle), and blot (right) of DRP1 in resting splenic Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB (gated as in Supplementary Fig. 1a)
(n = 3 animals examined over two independent experiments). k Representative contour plot (left) and quantitation of derived ΔΨm values (right) of
Mitotracker dyes in Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB (gated as in Supplementary Fig. 1a) (n = 4 animals examined over three independent experiments).
(l–m) Normalized ATP levels (RLU) (l) and percentage of Annexin V-expressing cells (m), in Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB after 5 h incubation with the
indicated concentrations of 2-DG (n = 3 animals examined over two independent experiments). For all applicable figure panels, data are mean ± SD and
each dot represents one single mouse, except for (l) and (m) where each dot represents the mean of triplicates. Significance (P) was calculated with
unpaired t-test, except for b, f (one-way ANOVA), and l, m (2 way ANOVA). *P≤ 0.05; **P≤ 0.01; ***P≤ 0.001; ****P≤ 0.0001. MFI: mean fluorescence
intensity.
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Collectively, these data confirm the functional absence of MZB
in Gclcfl/fl Mb1-Cre+ mice and demonstrate that Gclc is critical for
FoB-mediated GC reactions and antibody-mediated immunity to
infections. We have therefore established a link between a
metabolic switch in response to GSH loss to the inability to
mount antibody-mediated immune responses in vivo.

Discussion
ROS-induced signals regulate B cell activation and early metabolic
reprogramming97,98, and a flexible redox system controls B cell
differentiation31,99,100. Compared to FoB, MZB were previously
shown to use GSH through Gpx4 for protection from excessive lipid
peroxidation33, suggesting a differential dependency on redox
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functions downstream of GSH synthesis. However, the impact of
GSH itself, its role in B cell metabolism and B cell responses has so
far been elusive. The present study has uncovered the contribution of
GSH to B cell homeostasis and function. In particular, we have
shown that genetic deletion of Gclc, and therefore loss of GSH, in B
cells has important and subset-specific effects on FoB and MZB
(Supplementary Fig. 7f). Our data further indicate that GSH acts as a
rheostat to regulate metabolism, mitochondrial function and ETC
activity in B cells.

The intracellular environment of MZB operates at a higher
oxidative level compared to that in FoB. In MZB, higher levels of
GSH are necessary to sustain their homeostasis and function (i.e.
antibody secretion). In contrast, FoB exhibit lower intracellular
ROS and maintain a metabolic setup that is distinct from that in
MZB. Upon genetic deletion of Gclc, MZB differentiation is
halted because the GSH-dependent buffering capacity is lost.
Notably, FoB persist in Gclc-deficient mice and are characterized
by increased ROS and acquire characteristics of Gclc-sufficient
MZB. This indicates an interesting GSH-dependent threshold
regulation that is important for the subset-specific functions of B
cells and a differential redox-dependent regulation of metabolic
activities in these cells. These metabolic states appear to be related
to the divergent functions of FoB and MZB, which have been
documented in numerous studies7–14. In particular, the differ-
ences between FoB and MZB in recirculation properties49, the
exposure to oxygen levels, and in degree of activation upon
stimulation48, have raised interest in their metabolic dependen-
cies. MZB have the potential to self-renew18 and are activated
more quickly than FoB7,8, properties consistent with a require-
ment for glycolytic reprogramming in activated B cells101.

The development of FoB in B cell-specific Gclc-deficient mice
can be linked to the metabolic quiescence which characterizes
wild-type FoB38. This basal metabolic dormancy might facilitate
Gclc-deficient FoB to sustain the deficiency of GSH, and there-
fore, increased oxidative stress. Thus, when depleted of GSH, FoB
experience a change in their redox buffering potential which
results in a metabolic adaptation (i.e. lower mitochondrial activity
but increased glycolysis) that partially mirrors the metabolic
properties of wild-type MZB. In accordance with this observation,
we demonstrated that resting wild-type MZB show increased
glucose uptake and glycolysis compared to resting FoB. Resting
wild-type FoB are instead characterized by downregulation of
mTORC1 and its downstream targets37–39, which is indicative
of metabolic quiescence. Strikingly, Gclc ablation increased
mTORC1 activation in FoB to a level similar to that found in

MZB. However, mTORC1 activation only promoted metabolic
reprogramming of Gclc-deficient FoB but was not sufficient to
ensure antibody production, in contrast to B cell cells isolated
from tuberous sclerosis complex 1 (TSC1)-deficient mice102.

In immune cells, upregulation of metabolic pathways upon
activation is necessary to generate ATP to support functions such as
antibody production101. However, this increase in metabolic activity
is also associated with elevated ROS, which are known modulators
of the functions of immune cells32,41,43,44,103. mtROS are generated
by inefficient electron transfer through the ETC104, and defects in
the ETC have been shown to increase mtROS even further105.
Although cells benefit from low or moderate ROS levels, high ROS
impose irreversible oxidative damage and so efficient ROS removal
is necessary to maintain homeostasis21,106 and controlled cellular
activation.

Balanced mtROS are critical for the correct function of the
redox-sensitive ETC proteins, which are susceptible to inactivation
by these reactive molecules107–111. In our study, we found that
activities of ETC CI and CII were reduced in GSH-deficient FoB.
However, protein levels of CII and CIV were also affected, thus
implying that other modifications (i.e. s-glutathionylation) or
factors, such as active site availability, substrate availability, and
kinetic of the reaction might play a role in the stability of these
complexes. Moreover, these multi-protein complexes are con-
tinuously exposed to a GSH-depleted environment in Gclc-defi-
cient FoB, which might alter protein folding or their targeting to
the mitochondria. In our study, transient ROS-scavenging was not
able to revert these modifications and to reinstate the functionality
of these cells. This might be due to the chronic exposure to high
ROS concentrations of these cells. Indeed, chronic ROS can cause
protein oxidation of methionine and cysteine residues112,113,
which in the absence of GSH becomes permanent and might
decrease irreversibly CI and CII functionality. Another possible
explanation why ROS-scavenging by antioxidants did not restore
the functionality of Gclc-deficient B cells is the altered redox state
caused by this treatment. Thus, antioxidants could expose these
cells to reductive stress, which is also associated with cellular
dysfunctionality114,115. We speculate that the redox state of B cells
must be very precisely balanced to ensure proper functionality of
these cells. Most interestingly, this is very important for B cells,
while in our previous studies we could restore functionality of
Gclc-deficient T cells by ROS-scavenging with N-acetyl cysteine
and GSH43,44. However, we cannot rule out ROS-independent
functions of GSH in B cells that contribute to our observed effects.
For example GSH has been shown to be important for the

Fig. 6 Mitochondrial respiratory complex I and II are dysfunctional in Gclc-deficient FoB. a Quantitation of intracellular succinate level measured by LC-
MS in resting Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB (n = 3 animals examined over two independent experiments). b Seahorse quantitation of OCR of resting
Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB at the indicated time points (n = 3–4 animals examined over 5 independent experiments). c OCR components from (b)
plotted as proportions of maximal OCR (after FCCP treatment) (n = 3–4 animals examined over five independent experiments). d Quantitation of the
contribution of proton leakage from (b) as determined by Ant/Rot treatment (n = 3–4 animals examined over five independent experiments). e
Respiratory status of Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB in (b) displayed as stateapparent (n = 3–4 animals examined over five independent experiments). f–i
OCR of Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB sequentially treated with saponin (Sap), adenosine diphosphate (ADP), and the indicated substrates (red) for
ETC complexes CI (f), CII (g), CIII (h) and CIV (i), as indicated. Side bar graphs show basal and substrate-induced (red) OCR. Oligo: oligomycin A; Rot:
rotenone; Ant: antimycin A; TMPD: N,N,N′,N′-Tetramethyl-p-phenylenediamine; Asc: ascorbate; Pyr: pyruvate; Mal: malate (n = 4 animals examined over
two independent experiments). j Quantitation of relative activity of CI in Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB as measured by colorimetric assay (n = 3–4
animals examined over two independent experiments). k Quantitation of NADH autofluorescence in Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB (gated as in
Supplementary Fig. 1a) as measured by FACS (n = 4 animals examined over three independent experiments). l CI activity in Gclcfl/fl and Gclcfl/fl Mb1-Cre+

FoB expressed as the ratio of NAD+ (CI substrate) to NADH (CI product), as measured by colorimetric assay (n = 3–4 animals examined over two
independent experiments). m Representative histogram (left) and quantitation (right) of immunostaining to detect the expression of succinate
dehydrogenase a (Sdha, the major subunit of CII) in Gclcfl/fl and Gclcfl/fl Mb1-Cre+ FoB (gated as in Supplementary Fig. 1a) (n = 3 animals examined over
three independent experiments). For all applicable figure panels, data are mean ± SD and each dot represents one single mouse, except for (b) and (f)–(i)
where each dot represents the mean of 3–5 mice. Significance (P) was calculated with unpaired t-test, except for f–i (2 way ANOVA). **P≤ 0.01;
***P≤ 0.001; ****P≤ 0.0001.
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regulation of cellular labile copper pools116. These labile copper
pools are important for the assembly of iron-sulfur (FeS) clusters,
which are directly linked to mitochondrial function117,118.
Moreover, GSH-independent roles of Gclc associated with its
direct product—γ-glutamylcysteine (γ-GluCys)—might influence
the downstream regulation of biosynthetic pathways of amino
acids (and/or their transport)119 in MZB and FoB.

CI activity, in particular, requires adequate levels of reduced
GSH in the mitochondria for its function120,121. GSH-dependent
mitochondrial functions are influenced by changes in levels of
cytosolic GSH because GSH is synthesized in the cytosol and
must be imported into the mitochondria to exert its function as
antioxidant122,123. In addition to decreased CI, we found com-
promised CII activity in Gclc-deficient B cells. Reduced CII
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activity has consequences for central carbon metabolism because
CII is involved in the conversion of succinate to fumarate within
the TCA cycle73. Our metabolic analyses showed that Gclc defi-
ciency led to an accumulation of succinate, indicating a block in
the TCA cycle. Interestingly, we found that succinate accumu-
lated only in Gclc-deficient B cells and not in Gclc-deficient
effector T cells nor Tregs43,44. This result identifies an unexpected
B cell-specific function of GSH in the regulation of the TCA cycle
and the ETC.

Based on the results above, we suggest that GSH activity is
essential to preserve ETC integrity in MZB at steady state.
Because of their lower activation threshold at baseline7, MZB
need mitochondrial GSH for their correct metabolic reprogram-
ming and therefore Gclc-ablation leads to MZB loss. On the other
hand, FoB rely on OXPHOS to a lower extent: Gclc-deficient FoB
lose CI and CII functionality, but these cells increase glycolysis to
replenish their ATP pool to the extent that they persist in Gclcfl/fl

Mb1 Cre+ hosts. Similarly, alterations of redox metabolism have
previously been shown to have negative effects on MZB but not
on FoB103,124. These findings support the notion that differential
redox capacity exists in different B cell subsets, and suggest that
steady-state MZB require greater redox buffering capacity. Our
data have revealed that MZB and FoB rely on activities that differ
in their dependence on GSH. Accordingly, deletion of Gclc in B
cells leads to a specific loss of MZB content but not FoB. We have
shown that GSH modulates redox functions in steady-state B cells
in a subset-specific manner, adding a new element of complexity
to the distinct homeostatic properties of FoB and MZB4,48,50.
However, we cannot exclude that commitment of the FoB com-
partment and the reflection of wild-type MZB-like properties by
FoB in B cell-specific Gclc-deficient hosts, might be the con-
sequence of a physiological attempt to fill the empty MZB
compartment.

Furthermore, the importance of GSH to the B cell lineage is not
limited to steady-state subset-specific roles. Once FoB are acti-
vated, their demand for GSH increases to cope with accumulating
ROS. Our data showed that, despite the higher mTORC1 signaling
in Gclc-deficient FoB cells, these cells dampened antibody pro-
duction and could not ensure GC formation following activation
in vivo and antibody production in vitro. In a previous study,
enhanced mTORC1 signaling was found to be dispensable for GC
formation and serum antibody responses102. Thus, our data fur-
ther indicate that the increased mTORC1 signaling is a con-
sequence of GSH depletion, but it is not sufficient to sustain
humoral immunity. Instead, it reflects the ability of FoB to
metabolically adapt to oxidative stress.

In line, intracellular GSH levels in B cells of HIV-1-infected
individuals showed a tendency to be decreased compared to

uninfected donors30,125,126, supporting the link between GSH and
the regulation of B cell activation in human infections. The effect
of GSH-deficit was exacerbated upon VSV infection, resulting in
the drastically reduced survival of infected Gclcfl/fl Mb1-Cre+

mice. These results highlight the important and non-redundant
role of GSH in B cell humoral immunity in vivo, but does not
exclude impairment of other B cell functions such as antigen
presentation or cytokine secretion.

In conclusion, we have shown that GSH is critical for B cell
homeostasis and regulates metabolic pathways of MZB and FoB.
GSH regulates the TCA cycle and ETC activity in a B cell-specific
manner that stands in stark contrast to its functions in T cells.
Our work highlights B cell-specific alterations that offer novel
insights for the understanding of the role of GSH in the regula-
tion of B cells function and defects during disease, such as those
caused by viral infections.

Methods
Mice. Wild-type C57BL/6J (B6) were purchased from Charles River (stock number
JAX 000664). Gclcfl/fl mice were described previously127 and were crossed to Mb1-
Cre+ expressing mice46 to obtain the Gclcfl/flMb1-cre strain. The mice were housed
and bred under specific pathogen-free conditions at the Luxembourg Institute of
Health (LIH) and the BTA facility of the University of Luxembourg. Female or
male age-matched mice (7–12 weeks old) were used for all experiments (unless
otherwise stated) and euthanasia was performed by cervical dislocation. All pro-
tocols were conducted and approved in the accordance to the LIH Animal Welfare
Structure guidelines.

Cryosections staining and microscopy. Hematoxylin and eosin (H&E) and
immunofluorescence of tissues were performed on snap-frozen tissue samples in
O.C.T. (Sakura 4583). For H&E staining sections were processed following stan-
dard laboratory procedures. For immunofluorescence, cryosections were dried for
2 h at RT, fixed in pure acetone for 10 min and blocked with PBS 10% FCS for
30 min at RT. After washing in PBS, primary antibodies (IgM-PE BioLegend
406507, IgD-APC BioLegend 405713, MARCO Santa Cruz sc-65353/ anti-rat PE
Abcam ab97058 and Siglec-1 Biolegend 142417) diluted in PBS 10% FCS were
incubated overnight at 4 °C. DAPI mounting medium (SouthernBiotech 0100-20)
was used to counterstain the nucleus. For Tom20 staining (Abcam ab186734), 106

FACS-sorted FoB were washed in PBS and fixed in fix/perm buffer (BD 554714) for
20 min at 4 °C. Cells were washed with perm/wash buffer (BD 554714) and fixed in
fix/perm buffer. After 30 min at 4 °C, cells were washed in perm/wash buffer and
resuspended with secondary Ab anti-Rabbit IgG FITC (Fisher Scientific 15303926)
or PE (CST 79408 S). After the last wash, cells were resuspended in DAPI
mounting medium and seeded on Cell-Tak (Fisher Scientific 10317081) coated
glass slides. Tissues were visualized with ZEISS Axio Observer and cells with ZEISS
LSM 880. Images were analyzed with ZEISS ZEN Blue and Fiji softwares. Nuclear
and mitochondrial area were calculated using the Analyze particle function in Fiji.

For ultrastructural microscopy, 10–20 × 106 FoB were fixed in complete RPMI
medium + 2.5% glutaraldehyde (EMS 16220) for 1 h at RT. After spinning,
supernatant was removed and pellet was resuspended in 0.1 M sodium cacodylate
buffer (pH 7,4) + 2.5% glutaraldehyde and stored overnight at 4 °C. Cells were
centrifuged and resuspended in 0.1 M sodium cacodylate buffer and post-fixed for
1 h with 1% osmium + 0.1 M sodium cacodylate buffer, then dehydrated and
embedded in Agar 100 resin. Pelleted cells were sectioned in a RMC Boeckeler

Fig. 7 Gclc deficiency impairs B cell-mediated immune responses in vivo. a Heatmap showing relative expression of immunoglobulin level of 4d activated
B6 FoB with increasing concentration of mitochondrial inhibitors and BSO. High concentration shown in brackets. Statistics are relative to nt. b Left: RT-
qPCR of Gclc mRNA in B6 FoB at 0 or 24h after activation in vitro with anti-IgM, CD40 ligand and IL-4. Right: Luminescence-based quantitation of
intracellular ROS in resting and 24h stimulated B6 FoB (n = 3 animals examined over two independent experiments). c Titers of IgM (left) and IgG (middle
and right) in serum of LCMV Cl13-infected Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice as measured by ELISA at the indicated time points (n = 7 animals examined
over 3–5 independent experiments). d LCMV Cl13 viral titers in the indicated organs of LCMV Cl13-infected Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice as
measured by plaque assay at the indicated time points (n = 7 animals examined over 3–5 independent experiments). e Representative contour plot (left)
and quantitation (right) of GC B cells (gated as in Supplementary Fig. 1a) in spleens of Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice as measured by FACS on day 12
post-LCMV Cl13 infection (n = 3 animals examined over two independent experiments). f Survival curve of Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice upon
infection with VSV (n = 7 animals examined over two independent experiments). g Titers of neutralizing IgM and/or IgG antibodies against VSV-G protein
in serum of Gclcfl/fl and Gclcfl/fl Mb1-Cre+ mice as measured by ELISA at the indicated time points (n = 7 animals examined over two independent
experiments). Dotted/dashed lines represent the detection limit of the assay. For all applicable figure panels, data are mean ± SD and each dot represents
one single mouse, except for (a), (c), (d), (f) and (g), where each panel or dot represents the mean of 3–7 mice. In contour plots, numbers represent
percentages of the cells gated. Significance (P) was calculated with 2 way ANOVA, except for b and e (unpaired t-test) and f (log-rank test). *P≤ 0.5;
**P≤ 0.01; ***P≤ 0.001; ****P≤ 0.0001.
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ultramicrotome using a Diatome diamond knife at a thickness setting of 60 nm.
Sections were stained with 2% uranyl acetate, and lead citrate. The sections were
examined using a ZEISS GEMINI 300 at 30 kV with the STEM detector. For
identification of dilated intercristae space, mitochondria were counted in 25 cells
per condition. Based on mitochondria from Gclcfl/fl FoB (measured intercristae
space 60 nm), a cutoff of >100 nm was set for identification of dilated
intercristae space.

T-dependent B cell immunization (LCMV Cl13 and VSV). Mice were intrave-
nously infected with 2 × 106 pfu of LCMV Cl13. Blood was collected at the indi-
cated time points for antibody detection in the serum. At the endpoint, mice were
euthanized and blood, spleen, kidney, liver and lung were collected and snap-
frozen until further analysis.

VSV, Indiana strain (VSV-IND, Mudd-Summers isolate), was originally
obtained from D. Kolakofsky (University of Geneva, Geneva, Switzerland). Mice
were infected with 105 PFU of VSV. Upon appearance of clinical signs of VSV
replication in the central nervous system, such as paralysis, mice were removed
from the experiment.

T-independent B cell immunization (TNP-Ficoll). To study Ag-trapping by
MZB, mice were injected i.v. with 100 µg TNP-Ficoll FITC (Biosearch Technologies
F-1300F) and 30 min later tissues were analyzed with flow cytometry (splenocytes
were stained with surface markers for the detection of FoB and MZB, with the
addition of biotinylated anti-TNP (BD Pharmingen 554055) + Streptavidin-APC
(Biolegend 405207 for TNP detection) or snap-frozen for immunofluorescence
microscopy in OCT (Sakura 4583). To measure the early IgM response, the same
dose of TNP-Ficoll (Biosearch Technologies F-1300-100) was administered i.p.,
and blood was collected one day previous injection and 3, 5, and 7 days post
injection.

Single-cell sequencing (CITE-seq): preparation, pre-processing, and analysis.
For CITE-seq labelling, a total of 2 million cells/genotype were FACS sorted,
counted, isolated, and spun down. The cell pellet was resuspended and incubated
for 30 min on ice with 25 µL of staining mix in PBS containing 0.04% BSA,
TruStain FcX Block (BioLegend 101320), and the mouse cell surface protein
antibody panel containing the following oligo-conjugated anti-mouse antibodies
(TotalSeq-A BioLegend) diluted 1:500: CD23 (Cat. Number 101635), IgD (Cat.
Number 405745), CD1d (Cat. Number 123529), CD21/CD35 (Cat. Number
123427), IgM (Cat. Number 406535).

Sorted single-cell suspensions were resuspended at an estimated final
concentration of 1000 cells/µl and loaded on a Chromium GemCode Single Cell
Instrument (10x Genomics) to generate single-cell gel beads-in-emulsion (GEM).
Biological replicates (n= 4 for each group) were multiplexed using TotalSeq-A Cell
Hashing Antibodies. The scRNA/CITE-seq libraries were prepared using the
GemCode Single Cell 3′ Gel Bead and Library kit, version 3 (10x Genomics
1000128) according to the manufacturer’s instructions with the addition of
amplification primer (3 nM, 5′CCTTGGCACCCGAGAATT*C*C) during cDNA
amplification to enrich the TotalSeq-A cell surface protein oligos. Sequencing
libraries were loaded on an Illumina HiSeq4000 flow cell at VIB Nucleomics core
with sequencing settings according to the recommendations of 10x Genomics,
pooled in a 85:15 ratio for the gene expression and antibody-derived libraries,
respectively. The Cell Ranger pipeline (10x Genomics version 3.1.0) was used to
perform sample demultiplexing and to generate FASTQ files for read 1, read 2, and
the i7 sample index for the gene expression and cell surface protein libraries. Read
2 of the gene expression libraries was mapped to the reference genome (mouse
mm10, v3.0.0) using STAR. For cellular identification and clustering of the gene-
barcode matrix was passed to the R (version 4.04) package Seurat (v. 4.0)128 for all
downstream analyses. Analysis was conducted on cells that expressed a minimum
of 800 genes, of which less than 15% was of mitochondrial origin. Count data were
derived through the SCTransform function. To identify FoB and MZB, Antibody-
derived signals (ADT) were used in combination with the SCINA algorithm51 with
the following signatures: CD23-ADT, IgD-ADT for FoB; CD1d-ADT, CD21-
CD35-ADT, IgM-ADT for MZB. For principal component analysis (PCA), counts
of each cell group/mouse for each genotype where extracted and analyzed using
DESeq2129. Cluster-based marker identification and differential expression were
performed using Seurat’s FindMarkers/DESeq2 with logfc.threshold = 0.2
comparing specific groups (i.e. MZB vs. FoB for Gclcfl/fl, or FoB Gclcfl/fl Mb1 Cre+

vs. FoB Gclcfl/fl). Visualization of differentially expressed genes was done with
EnhancedVolcano130. For gene ontology (GO) analysis, the Seurat’s FindMarkers
output for the specified groups was used to plot gene ontology terms with the
barcodeplot functions from limma131. For GSEA analyses, the fgsea package
was used132.

scRNA-seq data were analyzed as above and the gene expression matrix of 156
cells/group (MZB and FoB from Gclcfl/fl mice) or 1700 FoB/genotype (i.e. Gclcfl/fl or
Gclcfl/fl Mb1 Cre+ mice) was used as input for the Compass algorithm70,71.
Downstream analysis was conducted with the compassR package and differential
metabolic states were determined with a Wilcoxon Rank Sum Test on the Compass
reactions.

Flow cytometry and sorting. For surface staining cells were incubated at 4–8 °C,
in the dark with fluorochrome-conjugated CD19, CD23, CD21-CD35 or CD35,
IgD, IgM, CD1d, CD24, CD93, CD95, and GL-7 diluted 1:200 (refer to Supple-
mentary Data 4 for details). The antibody mix was washed from the cells after
20–30 min. Samples from in vivo LCMV experiments were fixed for 10 min at RT
in a volume of at least 100 μL 2% formaldehyde (FA) after staining. All antibodies
dilutions are made from stock solutions prepared as per the manufacturer’s
instructions, where applicable.

For intracellular staining of phospho(p)-mTOR (Fisher Scientific 15549836)
and p-S6 (eBioscience 15528216), cells were first stained for extracellular markers,
fixed in 2% FA at RT, and stained for p-mTOR and p-S6 diluted 1:200 in saponin
5 µg/mL. p-eIF4E staining was done using mouse anti-elF4E (pS209) (BD 560229)
diluted 1:100 and cells were fixed with BD Cytofix/Perm and intracellular staining
was done in BD Perm (BD 554714). For intracellular staining of hexokinase-1, cells
were stained for extracellular markers, fixed in 4% FA at RT, and stained with Anti-
Hexokinase 1 (Abcam ab184818) diluted 1:100 in PBS 0.1% Tween-20 at RT. For
viability, 7-aminoactinomycin D (7AAD) (Thermo fisher A1310) or Zombie NIR
(BioLegend 423106) diluted 1:3000 was stained concurrently with antibodies in all
flow cytometry assays. For glucose uptake and GLUT-1 surface detection
splenocytes were washed with glucose-free RPMI medium (Lonza BE12-752F).
Pellet was resuspended in glucose-free RPMI medium supplemented with 2-NBDG
(Thermo Fisher N13195) at 50 µM and incubated for 30 min at 37 °C. Anti-GLUT1
(Abcam ab195359) diluted 1:200 was used and expression was measured on FoB
gated on total splenocytes as described above. For detection of DRP1, cells were
washed and fixed in 4% FA at RT after surface staining. Then, cells were washed
and stained in Triton 0.1% containing DRP1 antibody (Abcam ab184247) diluted
1:100. After 30 min at RT, cells were washed and incubated with secondary Ab
anti-Rabbit IgG FITC (Fisher Scientific 15303926).

Sdha detection was performed on FoB from total spleen with the MitoBiogenesis
Flow Cytometry Kit (Abcam ab168540) following the manufacturer’s instructions.
Lipid peroxidation was measured with using Bodipy 581/591 C11 (Fisher Scientific
D3861) at 1 µM following the manufacturer’s protocol. For quantitation of
mitochondrial potential and mass of FoB and MZB, splenocytes were stained with
100 nM MitoTracker Deep Red FM and 10 nM MitoTracker Green FM (Fisher
Scientific 15754272 and 15784272) as follows. Splenocytes were washed with warm
RPMI 1640, stained at 37 °C for 30min with Abs diluted in RPMI 1640, and washed
with PBS. To detect intracellular ROS, cells were incubated with dichlorofluorescein
diacetate (Carboxy-H2DCFDA; Thermo Fisher 11500146) diluted 1:5000 or
MitoSOX Red (Thermo Fisher 11579096) diluted 1:2500 as follows. Splenocytes were
washed with warm RPMI 1640, stained for surface markers detection at 37 °C for
30min in RPMI 1640, and washed with PBS. Detection of cellular thiols was done
using monobromobimane (MBB, ThermoFisher M1378) added 10min before
acquisition at 50 µM. Mitochondrial thiols were detected by measuring the MFI of
MBB in CD19− Tom20+ (Abcam ab186734) isolated mitochondria from the
enriched FoB and MZB fractions. NADH levels were measured in FoB from
splenocytes, and were measured as mean autofluorescence intensity upon excitation
with UV laser and recorded with a band pass filter BP465/30133,134. ER and Golgi
apparatus were stained using ER-Tracker Red (Fisher Scientific 11584746) diluted
1:2000 and anti-Giantin (BioLegend 908701)135 diluted 1:500. Briefly, after surface
staining, cells were fixed in FA and permeabilized with Triton 0.1%. ER and Golgi
stain were performed in Triton 0.1%, 20min, RT. Annexin V+ cells were detected
upon 5 h treatment with 2-Deoxy-D-glucose. Briefly, FoB were washed and stained
with Annexin binding buffer (Invitrogen BMS500BB). Cells were stained with CD19,
7-AAD, and anti-Annexin V-PE diluted 1:200 (BioLegend, 640908) for 20min, RT.

Cell counts (cellularity) was determined as follows for each individual tube: 104

unlabeled beads (BD Calibrite 3, 340486) were added prior to acquisition. Beads
were distinguished from lymphocytes through FSC-A/SSC-A profile. Beads count
and the cells of interest (i.e. total live CD19+ cells) were retrieved with FlowJo
v10.6.1. Cell counts of the population of interest was normalized by the beads
counts acquired. The following calculation was used:

Cellularity countsð Þ ¼ Acquired number of cells of interest
acquired total live lymphocytes

´
104

acquired number of beads

FoB cell sorting for confocal microscopy and TEM was performed by MACS pre-
enrichment with B cell isolation kit (Miltenyi Biotech 130-090-862). Untouched B
cells were then stained with CD19, CD21/CD35, and CD23. Live CD23highCD21/
35low FoB cells were FACS-sorted using Aria IIu (BD). For CITE-seq, 104 B cells
were identified as CD11b−TCR-beta−CD19+B220+ and FACS-sorted using Aria II
(BD). Flow cytometry was performed using a BD Fortessa instrument (BD) or
NovoCyte Quanteon and data were analyzed using FlowJo v10.6.1 software
(Tree Star).

Cell culture and assays. Total B cells and FoB/MZB were magnetically enriched
from mouse spleen using a B cell or MZ and FO B Cell Isolation Kit, respectively
(Miltenyi Biotec 130-090-862 and 130-100-366) as per manufacturer’s protocol.
Mitochondria were isolated (Miltenyi Biotec 130-096-946) from 10 × 106 pooled
cells from 2 to 3 mice following the manufacturer’s protocol. Most of the experi-
ments were performed with MACS-sorted FoB cells, unless clearly specified. Cells
were seeded in complete medium consisting of RPMI-1640 supplemented with
10% FCS (Sigma), 1% Penicillin/Streptomycin (GIBCO), 1% L-Glutamine (Sigma),
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and 55 mM β-mercaptoethanol (GIBCO). Cells were seeded in 96-well plates at
2 × 105 cells/well unless otherwise indicated. FoB were activated with 5 µg/mL anti-
IgM (Jackson Immunoresearch 715-006-020), 50 ng/mL CD40 ligand (Bio-techne
8230-CL-050) and 10 ng/mL IL-4 (Miltenyi Biotec 130-097-757). Reduced GSH
was purchased from Sigma (G4251). MZB were stimulated with 1ug/mL of LPS
(Sigma L2630). To inhibit glycolysis, 2-Deoxy-D-glucose (2-DG, Sigma D8375) or
galactose (D-(+)-Galactose, Sigma G0750) was used at the indicated concentration.
The GSH/GSSG content and ATP levels of 0.5–1 × 105 cells/well were measured by
a luminescent-based assay (Promega V6612 for GSH/GSSG and Promega G7571 or
Sigma MAK135 for ATP) following the manufacturer’s protocol. Complex I
activity was measured with the Complex I Enzyme Activity Kit (Abcam ab109721).
To inhibit mitochondrial metabolism and GSH synthesis, the following chemicals
were purchased from Sigma: metformin, rotenone, antimycin A, oligomycin A
and BSO.

To measure PIP3, FoB were stimulated with 5 µg/mL anti-IgM (Jackson
Immunoresearch 715-006-020) for the indicated time points, then fixed in 2% FA
and permeabilized with 0.1% saponin. Biotinylated Anti-PtdIns(3,4,5)P3 IgG
(echelon biosciences Z-B345b) and Invitrogen eBioscience Streptavidin-PE (Fisher
scientific 11500607) were used for detection.

ELISAs. ELISA assays were performed in 96-well NUNC plates (Fisher Scientific
11371605) unless otherwise indicated. Readings were recorded with SpectraMax
ELISA plate reader instrument (Molecular Devices). Washes were done with PBS
Tween 0.05% (PBS-T).

Detection of CXCL13 (biotechne MCX130) and S1P (tebu-bio K-1900-1ea)
were measured in the serum following the manufacturer’s recommendation. For
total Ig detection from cell supernatants, plates were coated at 4 °C overnight with
goat Anti-Mouse Ig (Southern Biotech 1010-01) at 1 µg/mL. After tipping off the
supernatant, plates were washed, blotted on paper and blocked with PBS 1% BSA
for 30 min at RT. After tipping off the supernatant, diluted supernatants were
incubated for 2 hr at RT. After washing, 50 μL/well of HRP-conjugated detection
antibody anti-Ig-HRP (Cytiva NA9310-1ML) was added for 1 h at RT. Plates were
developed by adding 50 µL of RT TMB solution (ThermoFisher 12750000).
Reaction was stopped by adding 2N H2SO4 and absorbance was recorded at
450 nm.

For TNP-specific antibody detection, plates were coated at 4 °C overnight with
NP(7)-BSA (Biosearch Technologies N-5050L) at 1 µg/mL. After tipping off the
supernatant, plates were washed, blotted on paper, and blocked with PBS 1% BSA
for 30 min at RT. After tipping off the supernatant, diluted serum samples were
incubated for 2 h at RT. After washing, 50 μL/well of HRP-conjugated detection
antibody (anti-IgM-HRP Sigma A8786) was added for 1 h at RT. Plates were
developed by adding 50 µL of RT TMB solution (ThermoFisher 12750000).
Reaction was stopped by adding 2N H2SO4 and absorbance was recorded at
450 nm.

Analysis of IgM and IgG anti-LCMV-Gp specific antibodies was performed as
previously described93. Briefly, plates were coated overnight with anti-human Fc
(Jackson ImmunoResearch Laboratories 109-001-008), blocked for 2 h with PBS
2% BSA at RT, and incubated overnight at 4 °C with recombinant Gp1-Fc protein
derived from HEK293 cells transfected with LCMV glycoprotein vector. Diluted
sera of LCMV Cl13 infected mice were serially diluted and incubated for 90 min at
RT. Plates were washed with PBS-T and anti-mouse IgM-HRP or anti-mouse IgG-
HRP (Sigma A8786 and A3673) was used for detection. Plates were washed and a
green color reaction was produced with 2,2′azino-bis(3-ethylbenzothiazoline-6-
sulfonate) (ABST, Sigma 10102946001) diluted in 0.1 M NaH2PO4 (pH= 4). Plates
were read at 405 nm and titers were defined as the log3 serum dilution two-fold
above background.

RNA, DNA isolation and PCR. RNA was isolated using NucleoSpin RNA Kit
(Macherey-Nagel 740955250). RT-qPCR was carried out using Luna Universal One-
Step RT-qPCR Kit (Bioké E3005E) with the following primers: Gclc forward (F)
GGCTCTCTGCACCATCACTT and reverse (R) GTTAGAGTACCGAAGCGGGG;
Tbp F GAAGAACAATCCAGACTAGCAGCA and R CCTTATAGGGAACTTCA
CATCACAG; Cox1 F GCCCCAGATATAGCATTCCC and R GTTCATCCTGTTC
CTGCTCC; 18S F TAGAGGGACAAGTGGCGTTC and R CGCTGAGCCAGTCA
GTGT.

Reactions were run on a CFX384 instrument (Bio-Rad). Data were normalized
to Tbp and analyzed using the ΔΔCt method as previously described136. DNA
isolation from MACS-sorted FoB and MZB was performed with NucleoSpin 96
Tissue kit (Macherey-Nagel 740454.4). RT-qPCR was carried out using Fast SYBR
Green Master Mix (Thermo Fisher 4385610) and the mitochondrial/nuclear DNA
ratio was derived as described previously137.

Immunoblot analysis. For detection of Gclc (Santa Cruz Biotechnology sc-
390811), Pdha-1 (Abcam ab168379), DRP1 (Abcam ab184247), eIF4E (Abcam
ab33766), p-eIF4E (Abcam ab76256), 4E-BP1 (Cell signaling 9452), p-4E-BP1 (Cell
signaling 2855), DRP1 (Abcam ab184247), mTOR (Cell Signaling 2972), p-mTOR
(Ser2448) (Cell Signaling 2971), p70 S6 (Cell Signaling 9202), p-p70 S6 (Thr421/
Ser424) (Cell Signaling 9204), 1–5 × 106 cells were lysed with lysis buffer (CST
9803S) and protein/phosphatases inhibitors as per manufacturer’s protocol and

blotted as described44. Briefly, cells were washed and lysed on ice for 30 min and
spun. Supernatants were assayed for total protein concentration with Bradford
assay (BioRad 5000006) and 50–100 µg of protein was mixed with loading buffer
and loaded in a 12 or 16% gradient gel (Thermo 1Fisher XP00162). Proteins were
transferred onto a NC or PVDF membrane (Fisher Scientific) and blocked with 5%
milk for 1 h. OXPHOS complexes were revealed with total OXPHOS Rodent WB
Antibody Cocktail (Abcam ab110413). Lysis was carried out with the addition of
lauryl maltoside at 1.5%.

Isotopic labelling and mass spectrometry. FoB cells were incubated for 5 h in
SILAC RPMI containing [U-13C6]-glucose (11 mmol/L; Cambridge Isotope
Laboratories). Extraction of intracellular metabolites, GC-MS measurement, MID
calculations, determinations of fractional carbon contributions, and subtractions of
natural isotope abundance were performed as described44. Total glucose and lactate
concentrations from medium were determined using a YSI 2950D. Intracellular
metabolites (GSH, glucose, glucose-6P, pyruvate, succinate) were measured by
liquid chromatography (Vanquish HPLC Thermo Scientific) coupled to high
resolution mass spectrometry (QExactive HF Thermo Scientific). Briefly, extraction
of 3–30 × 105 cells was done in a 2:2:1 mixture of acetonitrile:MeOH:H2O+ 0.5%
formic acid on ice. Following neutralization with (NH)4HCO3, samples were frozen
at −20 °C for 20 min, spun and supernatants measured directly.

Seahorse flux analysis. Assays were performed using an XFe96 Extracellular Flux
Analyzer (Agilent). FoB or MZB cells were seeded in XF Seahorse RPMI medium at
106/well on Seahorse XFe96 culture plates pre-coated with Cell-Tak. Oxygen
consumption rate (OCR) of intact cells were determined using the XF Cell Mito-
chondrial Stress Test according to the manufacturer’s protocol. Briefly, three basal
OCR measurements were taken, followed by sequential injections of 1 µM oligo-
mycin A, 3 µM FCCP, and 1 µM antimycin A, taking three measurements fol-
lowing each treatment. GlycoATP and mitoATP were derived from cells
sequentially treated with oligomycin A and Rot/Antimycin A. Activity measure-
ments for each respiratory chain complex in permeabilized cells were performed
according to previous research85,138. Briefly, after enrichment, FoB were washed
and resuspended in mannitol and sucrose-BSA (MAS-B) buffer pH 7.2 (70 mM
sucrose, 220 mM Mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM Hepes, 1 mM
EGTA, and 0.4% fatty acid-free BSA), and flux measurements were started.
After three basal measurements, cells were permeabilized by injection of saponin
(1 µg/mL, Sigma S4521), together with 1 mM ADP (Sigma 01905) and the fol-
lowing respiratory complex substrates: CI, pyruvate/malate (5 mM/2.5 mM); CII,
succinate/rotenone (5 mM/1 µM); CIII, duroquinol (0.5 mM); CIV, N,N,N,N-tet-
ramethyl-p-phenylenediamine (TMPD)/ascorbate (0.5 mM/2 mM). These were
followed by injections with oligomycin A (1 µM) and respective complex inhibitors
(CI, 1 µM rotenone; CII and CIII, 20 µM antimycin A; CIV, 20 mM potassium
azide).

Statistical analyses. Data are graphed as the mean ± SD (refer to figure legends
for detailed information) and P value were determined by unpaired Student’s t-test
(two-tailed), one-way or 2 way ANOVA using Prism (GraphPad version 9.0.1).
Significance is indicated with asterisks * and a minimum P value of 0.05 was
considered statistically significant (refer to figure legends for details).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data sets generated during and/or analyzed during the current study are available
upon reasonable request. The CITE-seq data from control and Gclc-deficient B cells have
been deposited in GEO under the accession code GSE194419. Where applicable, source
data are provided as a Source Data file for each figure. Source data are provided with
this paper.
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SUMMARY

Regulatory T cells (Tregs) maintain immune homeo-
stasis and prevent autoimmunity. Serine stimulates
glutathione (GSH) synthesis and feeds into the one-
carbon metabolic network (1CMet) essential for
effector T cell (Teff) responses. However, serine’s
functions, linkage to GSH, and role in stress re-
sponses in Tregs are unknown. Here, we show, using
mice with Treg-specific ablation of the catalytic sub-
unit of glutamate cysteine ligase (Gclc), that GSH loss
in Tregs alters serine import and synthesis and that

the integrity of this feedback loop is critical for Treg
suppressive capacity. Although Gclc ablation does
not impair Treg differentiation, mutant mice exhibit
severe autoimmunity and enhanced anti-tumor re-
sponses.Gclc-deficient Tregs show increased serine
metabolism, mTOR activation, and proliferation but
downregulated FoxP3. Limitation of cellular serine
in vitro and in vivo restores FoxP3 expression and
suppressive capacity of Gclc-deficient Tregs. Our
work reveals an unexpected role for GSH in restrict-
ing serine availability to preserve Treg functionality.

Context and Significance

Regulatory T cells (Tregs) restrict inflammation to maintain healthy body functions. Dysregulation of Treg metabolism thus
leads to inflammatory disease; however, our knowledge of their metabolic needs is limited. Researchers of the Luxembourg
Institute of Health describe a novel metabolic control mechanism in Tregs that serves as a barrier against autoimmunity. The
antioxidant glutathione restricts serine metabolism in Tregs to preserve their suppressive function such that glutathione
depletion boosts anti-tumor immunity. Glutathione is thus a stress sensor in Tregs whose manipulation holds promise
for anti-inflammatory and anti-tumor therapies. The authors further show that elucidation of the metabolic mechanism of
a disease can lead to its mitigation by a rationally designed diet, setting a new direction for future treatment of metabolic
diseases.
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Figure 1. Gclc Deficiency Does Not Affect Treg Homeostasis but Does Lead to Multi-organ Inflammation

(A–D) Splenic naive T cells from C57BL/6 mice were treated with aCD3+aCD28+IL2, with or without TGFb, to generate iTreg or Th0 cells, respectively. Cells were

stained with (A) DCF-DA to detect ROS, or (B) Mitotracker Deep Red to assess mitochondrial function, followed by flow cytometry (FC).

(C) Seahorse determination of OCR.

(D) Luminescence-based quantification of intracellular GSH. Data are mean ± SEM (n = 3) and are representative of 3 independent trials.

(E) FC quantitation of CD4+Foxp3+ iTregs among splenic naive T cells isolated from Gclcfl/fl (control) or Foxp3cre-Gclcfl/fl mice and treated in vitro with

aCD3+aCD28+IL2+TGF-b. Data are mean ± SEM (n = 4); 5 trials.

(F) Flow cytometric analysis (FCA) of CD4+Foxp3+ nTregs from spleens of Gclcfl/fl and Foxp3cre-Gclcfl/fl mice. Data are mean ± SEM (n = 6); 5 trials.

(G–I) Weights of (G) whole body, (H) spleen, and (I) LN from Gclcfl/fl and Foxp3cre-Gclcfl/fl mice at 8–12 weeks of age. Data are mean ± SEM (n = 13).

(J) Images of spleens and LN from Gclcfl/fl and Foxp3cre-Gclcfl/fl mice (8 weeks of age).

(K) Survival of Gclcfl/fl (n = 48) and Foxp3cre-Gclcfl/fl (male n = 38, female = 21) mice.

(legend continued on next page)
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INTRODUCTION

Tregs suppress Teffs to maintain peripheral tolerance and pre-

vent autoimmunity (Wing and Sakaguchi, 2010). Metabolic

reprogramming in activated Tregs is distinct from that in Teffs

(Dang et al., 2011; Delgoffe et al., 2009; Shi et al., 2011), implying

that specific nutrients may affect the function and differentiation

of T cell subsets differently.

Serine is a non-essential amino acid (NEAA) and fosters Teff

function (Maetal., 2017;Ron-Harel etal., 2016),but its role inTregs

is unknown. Serine is either taken up directly by cells or synthe-

sized de novo from the glycolytic metabolite 3-phosphoglycerate

(3-PG). Intracellular serine is the major carbon source for folate-

mediated one-carbon metabolism (1CMet), which operates in

the cytosol and mitochondria to provide building blocks for S-ad-

enosylmethionine (SAM), nucleotides, NAD(P)H, and ATP. 1CMet

thus supports AA homeostasis, epigenetic maintenance, and

redox defense (Ducker and Rabinowitz, 2017; Tibbetts and

Appling, 2010). Serine is also a source of glycine and cysteine

used to synthesize glutathione (GSH), themain antioxidant preser-

ving intracellular redox balance (Meister, 1983; Ye et al., 2014).

GSH, composed of glycine, glutamine, and cysteine, is synthe-

sized by glutamate cysteine ligase (GCL; containing Gclc and

Gclm subunits) and glutathione synthase (Lu, 2009). GSH is vital

for Teff functions and proliferation (Mak et al., 2017).

We report here, using Treg-specific Gclc-deficient mice,

that a feedback loop involving GSH and serine unexpectedly

regulates Treg functionality. GSH-deficient Tregs display

increased serine uptake and de novo synthesis, enhancing

1CMet. Inhibition of serine uptake restores the suppressive

capacity in Gclc-deficient Tregs. GSH not only controls a

Treg’s redox state but also acts as negative feedback regu-

lator to restrict serine import and synthesis. Strikingly, GSH-

deficient Tregs are linked to both autoimmunity and increased

tumor rejection in vivo. Our results demonstrate a novel role

for GSH in restricting serine metabolism to support Treg’s

suppressive capacity.

RESULTS

Gclc Ablation in Tregs Leads to Multi-organ
Autoimmunity
Considering that Tregs rely on oxidative metabolism (Almeida

et al., 2016; Pearce et al., 2013), we investigated whether wild-

type (WT) Tregs generate more ROS than WT Teffs. Naive

T cells isolated from C57BL/6 mice were treated in vitro with

anti (a)-CD3 antibody (Ab), aCD28 Ab, and interleukin (IL)2,

with or without transforming growth factor (TGF)b, to trigger

the differentiation of induced Tregs (iTregs) or Th0 cells, respec-

tively. Unexpectedly, ROS were lower (Figure 1A) but mitochon-

drial membrane potential andmaximal oxygen consumption rate

(OCR) were higher in WT iTregs compared to WT Th0 cells (Fig-

ures 1B and 1C), suggesting that ROS scavenging is very effi-

cient in iTregs. In line, iTregs contained �3-fold more GSH

than Th0 cells (Figure 1D), conferring superior buffering of oxida-

tive stress.

To explore GSH loss specifically in Tregs, we crossed Gclcfl/fl

mice with Foxp3cre mice to generate Foxp3cre-Gclcfl/fl animals

(Rubtsov et al., 2008). We isolated naive T cells from male

mutants (6 week old) and Gclcfl/fl littermate controls and gener-

ated iTregs in vitro. Under conditions of optimal TCR stimulation,

iTreg differentiation was not impaired by Gclc ablation (Fig-

ure 1E), and STAT5 phosphorylation (Figure S1A) and cell size

(Figure S1B) were normal. In accordance with a previous report,

suboptimal TCR stimulation of Gclc-deficient naive T cells led to

more iTregs than in controls (Figure S1C) (Lian et al., 2018).

Quantitative RT-PCR and mass spectrometry confirmed loss of

Gclc mRNA and GSSG/GSH in mutant FoxP3+ iTregs (Figures

S1D and S1E), in line with their higher ROS (Figure S1F). Gclc

deletion in all T cell subsets reduces CD4+ and CD8+ T cell

numbers and homeostasis (Mak et al., 2017). However, Treg-

specificGclc deletion did not impair natural Treg (nTreg) homeo-

stasis in the spleen or thymus of male mice. Indeed, percentages

and absolute numbers of peripheral nTregs were slightly

increased (Figures 1F and S1G).

By 8 weeks of age, male Foxp3cre-Gclcfl/fl mice showed

inflammation and reduced body weight and size (Figures 1G

and S1H). By 12 weeks, most exhibited severe lymphadenopa-

thy and splenomegaly (Figures 1H–1J) and a shorter lifespan

(Figure 1K). Female Foxp3cre-Gclcfl/fl mice, which possess an

active Foxp3cre-expressing or WT X chromosome and so retain

some Gclc+ nTregs, did not develop disease and had a normal

lifespan (Figure 1K). Diseased male mice showed organ infiltra-

tion by T cells and macrophages (Figures 1L, S1I, and S1J) and

increased serum anti-dsDNA Abs (Figure 1M). Thus, although

Gclc ablation in Tregs does not impair Treg homeostasis,

mice bearing these mutated cells develop multi-organ

autoimmunity.

Teff Accumulation and Increased IFNg Drive Lethal
Auto-inflammation
Diseased male Foxp3cre-Gclcfl/fl mice showed increased

lymphocytic cellularity in the spleen and in lymph nodes (LN)

(Figure 2A). Relative and absolute numbers of naive T cells

(CD62LhighCD44low) were decreased in the mutants, whereas

the frequency and absolute numbers of activated CD4+ and

CD8+ Teffs (CD62LlowCD44high) were increased (Figures 2B,

2C, S2A, and S2B). These differences were not observed in fe-

male Foxp3cre-Gclcfl/fl mice, indicating that non-targeted Tregs

can suppress the inflammatory disease (Figure S2C). T cells

from male Foxp3cre-Gclcfl/fl mice produced more IFNg, IL2

(CD4+), and TNF (CD8+), but not IL17 (CD4+) (Figures 2D and

2E). Tbet expression was enhanced in mutant CD4+ T cells (Fig-

ure S2D). ELISA confirmed high systemic levels of IFNg, TNF,

and IL2 in the serum of male mutants (Figure 2F). T cell fre-

quencies, activation, and IFNg production were increased in

the lamina propria in male mutants (Figures S2E–S2G). T follic-

ular helper cells (PD1+CXCR5+) and germinal center B cells

(GL-7+CD95+) were elevated in mutant spleen (Figures S2H

(L) Histology of the indicated tissues resected from one Gclcfl/fl and one Foxp3cre-Gclcfl/fl mouse and stained with aCD3. Scale bars, 500 mm. Results are

representative of 5 mice/group; 2 trials.

(M) ELISA of anti-dsDNA Ab in serum of Gclcfl/fl (n = 17) and Foxp3cre-Gclcfl/fl (n = 17) mice (8–12 weeks of age). *p < 0.05.
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and S2I), and serum concentrations of IgG1, IgG2a, IgG3, and

IgA were elevated (Figure S2J).

We next crossed male Foxp3cre-Gclcfl/fl mice to Ifng�/� mice

and monitored autoimmune disease onset in the progeny. Ifng

deletion significantly reduced disease burden and prolonged

survival (Figure 2G). Thus, Gclc function allows Tregs to

suppress IFNg-mediated autoimmunity and spontaneous Teff

activation in vivo.

GSH in Tregs Is Crucial for Their Suppressive Capacity
Flow cytometric analysis of splenic nTregs from Foxp3cre-Gclcfl/fl

and control mice revealed that surface levels of CD25, ICOS,

CTLA4, GITR, and OX40 were comparable (Figure 3A). However,

CD44 and CD69 were elevated on Gclc-deficient nTregs and

iTregs (Figure S3A), indicating enhanced activation. PD1 was

also higher on mutant nTregs. Although PD1 supports nTregs

in normal tissues of WT mice (Francisco et al., 2009), PD1 is

Figure 2. Treg-Specific Gclc Deletion Impairs Homeostasis
(A) Total lymphocyte numbers in spleen and LN of Gclcfl/fl and Foxp3cre-Gclcfl/fl mice. Data are mean ± SEM (n = 6); 2 trials.

(B and C) FCA of naive (CD62LhiCD44lo), central memory (CD62LhiCD44hi), and effector (CD62LloCD44hi) subsets (B), and quantification within the CD4+ pop-

ulation (top) and CD8+ population (bottom) (C), from Gclcfl/fl and Foxp3cre-Gclcfl/fl mice as in (A). Data are mean ± SEM (n = 3); 5 trials.

(D and E) Intracellular staining and FCA of IFNg, IL17, IL2, and TNF production by purified CD4+ (left) and CD8+ (right) splenicGclcfl/fl and Foxp3cre-Gclcfl/fl T cells

re-stimulated in vitro with 50 ng PMA + 750 ng Iono for 6 h. Data are mean ± SEM (n = 3); 3 trials.

(F) ELISA of IFNg, TNF, and IL2 in serum ofGclcfl/fl and Foxp3cre-Gclcfl/flmice (8–12 weeks of age). Each symbol represents an individual mouse. Data are mean ±

SEM (Gclcfl/fl n = 10; Foxp3cre-Gclcfl/fl n = 17); 2 trials.

(G) Survival of Gclcfl/fl (n = 23), Foxp3cre-Gclcfl/fl (n = 13), and Foxp3cre-Gclcfl/fl x Ifng�/� (n = 14) mice. *p < 0.05.
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linked to Treg dysfunction and increased IFNg in tumors (Low-

ther et al., 2016). Notably,Gclc-deficient nTregs did not produce

more IFNg after restimulation (Figure 3B), implying that they are

stable and do not become Teffs. In line, Helios (Kim et al., 2015;

Nakagawa et al., 2016) and IRF4 expression were normal in

mutant splenic nTregs (Figure S3B). We next co-cultured control

conventional T cells (Tconv) with control or Foxp3cre-Gclcfl/fl

iTregs or freshly isolated nTregs and measured Tconv prolifera-

tion.Gclc-deficient nTregs and iTregs suffered a dramatic reduc-

tion in suppressive capacity independent of the Treg:Tconv ratio

(Figures 3C, S3C, and S3D) and expressed less IL10 and TGFb

(Figure S3E).

To explore these data in vivo, we employed a T-cell-depen-

dent colitis model (Reardon et al., 2011). WT Teffs (CD4+

CD45RBhigh) were adoptively transferred alone, or with control

or Gclc-deficient nTregs (CD4+CD45RBlow), into Rag1�/� recip-

ient mice. Colitis (represented by mouse weight loss) was

induced by control Teffs alone but not if control nTregs were

co-transferred (Figure 3D). In contrast, mice receiving control

Teffs plus Gclc-deficient nTregs developed colitis (Figure 3D).

Teffs from mice receiving control Teffs only, or control Teffs

plus Gclc-deficient nTregs, produced more IFNg (Figure 3E).

Numbers of nTregs in all recipients after 50 days were equal,

ruling out colitis due to mutant Treg death (Figure 3F). Recipients

of control Teffs plusGclc-deficient nTregs exhibited splenomeg-

aly (Figure 3G), and intestinal crypts of these recipients showed

T cell infiltration (Figure 3H). Thus,Gclc in Tregs is indispensable

for suppression in vitro and in vivo.

FoxP3 Is Reduced in Gclc-Deficient Tregs Due to
Increased mTOR Activation
To determine ifGclc deficiency alters Treg gene transcription, we

used RNA sequencing (RNA-seq) and principal component anal-

ysis (PCA) toexamineFoxp3cre-Gclcfl/flandGclcfl/fl iTreg transcrip-

tomes (Figure S4A). Foxp3 was the most downregulated gene in

mutant iTregs (Figure 4A) and splenic nTregs (Figure S4B).

Although FoxP3+ nTreg numbers were slightly increased in

Foxp3cre-Gclcfl/flmice (Figures 1F), intracellular FoxP3 expression

was reduced in mutant nTregs and iTregs (Figure 4B).

Reciprocity exists between mTOR and Foxp3 in Tregs

(Delgoffe et al., 2009; Gerriets et al., 2015; Huynh et al., 2015).

Phosphorylation (p) of mTOR and its target S6 were increased

in nTregs and iTregs from male Foxp3cre-Gclcfl/fl mice (Fig-

ure 4C). To rule out any effects of inflammation, we analyzed

nTregs from female mutants heterozygously expressing a

Foxp3cre-YFP+ reporter gene. Due to random X chromosome

inactivation, these disease-free animals contain YFP+ nTregs

(activated Cre, Gclc absent) and YFP� nTregs (no Cre, Gclc

intact). Higher pS6 and pmTOR were detected in YFP+ nTregs

than in YFP� nTregs (Figure S4C). To confirm this result, we

generated tamoxifen (TAM)-inducible Treg-specific Gclc-defi-

cient mice (Foxp3ER-cre-Gclcfl/fl), which showed no inflammation

without TAM. We isolated naive T cells from these mutants and

controls and induced iTregs in vitro. In parallel, we triggered

acute Gclc deletion by adding 4-hydroxytamoxifen (4-OHT).

Again, we observed increased pS6, decreased FoxP3, and

reduced iTreg mediated suppression (Figures S4D and S4E).

Conversely, retroviral transduction of Gclc into Gclc-deficient

iTregs reduced pS6, increased FoxP3, and restored their sup-

pressive capacity (Figures 4D and 4E). Thus, Gclc’s effects on

mTOR and FoxP3 are not compromised by an inflammatory

environment.

When we treated Gclc-deficient iTregs with the mTOR inhibitor

rapamycin (Rap) (Dumont and Su, 1996), pS6 was reduced and

FoxP3 was restored (Figures 4F and 4G), confirming that

increasedmTOR inGSH-deficient cells decreases FoxP3.We iso-

lated nTregs from spleen and LN of male Foxp3cre-Gclcfl/fl and

control mice, incubated these cells with or without Rap for 24 h,

removed Rap, and measured nTregs’ suppressive capacity.

Again, Rap normalized Gclc-deficient nTreg-mediated suppres-

sion (Figure 4H). Smad3 is linked to FoxP3 induction in Tregs

(Tone et al., 2008). Smad 3 is suppressed and inactivated by

mTOR, and hyperphosphorylated in mTOR-deficient cells (Del-

goffe et al., 2009). In consistency, our Gclc-deficient iTregs

showed increased mTOR activation and reduced pSmad3, which

was reversed by Rap (Figure 4I). We next infected control and

Gclc-deficient iTregs with retrovirus expressing Smad3. FoxP3

increased in Smad3-transduced mutant cells, which regained

their suppressive function (Figures 4J and 4K). Retroviral expres-

sion of constitutively active STAT5 had no effect (Figure S4F).

Thus, mTOR inactivation mediated by GSH is critical for Smad3-

dependent FoxP3 induction and iTregs’ suppressive capacity.

To explore these findings in vivo, we intraperitoneally (i.p.)

injected male control and Foxp3cre-Gclcfl/fl mice (6 weeks) with

Rap or vehicle every other day for 30 days. Rap ameliorated

inflammatory disease in the mutants due to its immunosuppres-

sive effect (Figures S4G–S4L). Rap also restored Gclc-deficient

nTreg function such that Teff proliferation was suppressed

in vitro (Figure S4M). To determine whether FoxP3 reconstitution

alone in Gclc-deficient Tregs could rescue their suppressive

Figure 3. GSH Modulates Treg Functionality In Vitro and In Vivo

(A) FCA of the indicated surface markers on splenic nTregs from Gclcfl/fl and Foxp3cre-Gclcfl/fl mice (n = 3); 4 trials.

(B) FC quantification of intracellular IFNg and IL17 in splenic nTregs of Gclcfl/fl and Foxp3cre-Gclcfl/fl mice re-stimulated in vitro with PMA + Iono for 6 h. Data are

mean ± SEM (n = 3); 3 trials.

(C) In vitro suppression assay of splenic nTregs from Gclcfl/fl and Foxp3cre-Gclcfl/fl mice incubated at the indicated ratios with Tconv labeled with 5 mM cell-trace

violet (CTV). Suppression was determined by FC as a decrease in Tconv proliferation; 5 trials.

(D) In vivo assay of Treg suppression using a T cell adoptive transfer-based induced colitis model. Rag1�/� mice received WT Teff (CD4+CD45RBhigh) alone or

together with FACS-sorted nTregs (CD4+ CD45RBlow) fromGclcfl/fl or Foxp3cre-Gclcfl/flmice. Results are presented as post-transfer body weight relative to initial

weight of recipients. Data are mean ± SEM (n = 4); 2 trials.

(E) Intracellular staining and FCA of IFNg produced by CD4+ Teff isolated from mesenteric LN of the mice in (D) at day 70 post-transfer and re-stimulated in vitro

with PMA+Iono. Data are mean ± SEM (n = 4); 2 trials.

(F) Quantification of nTregs in peripheral blood of Rag1�/� recipients treated as in (D) at 50 days post-transfer. Data are mean ± SEM (n = 2–3). 2 trials.

(G) Quantification of spleen weights of the Rag1�/� recipients in (D) at experimental endpoint. Data are mean ± SEM (n = 4); 2 trials.

(H) Histology of large intestine of the mice in (D) after staining with H&E or aCD3. Scale bars, 200 mm. Data are mean ± SEM (n = 4); 2 trials. *p < 0.05.
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Figure 4. Lack of GSH Alters mTOR Signaling and Impairs FoxP3 Expression

(A) Volcano plot comparing mRNAs of the indicated Treg-associated genes in Foxp3cre-Gclcfl/fl and Gclcfl/fl iTregs. Downregulated (blue) and upregulated (red)

transcripts in Foxp3cre-Gclcfl/fl are shown.

(legend continued on next page)
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capacity, we transduced Foxp3cre-Gclcfl/fl Tregs with control or

Foxp3-expressing retrovirus and subjected transduced

CD90.1+ iTregs to in vitro suppression assays. Indeed, retroviral

Foxp3 expression restored FoxP3 and the suppressive activity of

Gclc-deficient Tregs (Figures S4N and S4O). Thus, GSH is

crucial in vitro and in vivo for maintaining Treg suppression

through effects on mTOR and FoxP3.

Regulation of Serine Availability by GSH Is Required for
Treg Function
mTOR is an energy sensor that is activated by AA levels (Goberd-

han et al., 2016). Gene set enrichment analysis revealed that

Gclc-deficient iTregs and nTregs showed elevated expression

of genes associated with AA metabolism or 1CMet (Figures

5A, 5B, S5A, and S5B). Heightened 1CMet is linked to increased

Teff proliferation (Ma et al., 2017; Ron-Harel et al., 2016). In line,

Gclc-deficient iTregs proliferated more vigorously than controls

(Figure 5C), in striking contrast to Gclc-deficient Tconv, where

GSH loss blocks proliferation (Mak et al., 2017). Thus, GSH

has a surprising, subset-specific role in Tregs.

Serine drives 1CMet because it provides its hydroxymethyl

group as a one-carbon unit to tetrahydrofolate (Ducker and Ra-

binowitz, 2017; Herbig et al., 2002; Tibbetts and Appling, 2010).

Gclc-deficient iTregs showed increased expression of genes

involved in serine metabolism (Figure 5D). When we cultured

Gclc-deficient iTregs or 4-OHT-inducible Gclc-deficient iTregs

without serine, pS6 was reduced to control levels (Figure 5E),

while FoxP3 was increased (Figure 5F). Serine deprivation had

only minor effects on pS6 and Foxp3 in control iTregs. Although

glycine is also a 1CMet donor, its deprivation neither decreased

pS6 nor restored FoxP3 inGclc-deficient iTregs (Figure S5C). To

assess when serine suppresses FoxP3 in GSH-deficient Tregs,

we cultured Gclc-deficient iTregs with or without serine for

various times. When mutant iTregs were induced from naive

T cells in the absence of serine for 96 h, FoxP3 rose (Figure S5D).

However, serine deprivation for only 48 h (followed by serine

supplementation for the next 48 h) had no effect, and FoxP3 re-

mained low in mutant iTregs. Conversely, mutant iTregs incu-

bated with serine for the first 48 h followed by serine starvation

for 48 h showed increased FoxP3. Thus, serine exerts its effect

during later stages of Treg differentiation.

Cells import serine via the alanine-serine-cysteine-threonine

transporters (ASCTs) 1 and 2, which are encoded by the

SLC1A4 and SLC1A5 genes, respectively (Bröer and Bröer,

2017; Kaplan et al., 2018; Yamamoto et al., 2004). SLC1A4

and SLC1A5 are expressed by T cells (Ren et al., 2017).

SLC1A4 (but not SLC1A5) mRNA was upregulated in Gclc-defi-

cient iTregs (Figures 5G and S5E).SLC1A4 is a target of themas-

ter antioxidant transcription factor NRF2 (Christensen, 1990; Fu

et al., 2019; Hirotsu et al., 2012; Sch€afer et al., 2010), and NRF2

responses are triggered by increased intracellular ROS (Kong

and Chandel, 2018). Thus, cells with elevated ROS might in-

crease SLC1A4. Both iTregs and nTregs lacking Gclc (which

have high ROS; Figure S1E) exhibited enriched expression of

ROS metabolism genes (Figure S5F) and increased NRF2 target

gene activation (Figure S5G). SLC1A4 mRNA was increased in

Gclc-deficient iTregs and normalized when treated with the

ROS scavenger N-acetyl-cysteine (NAC) (Figure 5G). In line

with increased SLC1A4, Gclc-deficient iTregs consumed more

serine and secreted more glycine and formate than did controls

(Figure 5H), and antioxidant treatment of these cells decreased

intracellular serine (Figure 5I) and restored FoxP3 (Figure S5H).

The ASCT AA transporters are inhibited by L-phenylglycine

(Foster et al., 2017). We treated control andGclc-deficient iTregs

with L-phenylglycine to block ASCTs and detected reduced

intracellular serine in the mutant cells (Figure S5I) as well as

decreased formate secretion (Figure 5J). L-phenylglycine

restored FoxP3 in Gclc-deficient iTregs and 4-OHT-inducible

Gclc-deficient iTregs (Figure 5K). CRISPR/Cas9-mediated

downregulation of ASCT1 increased FoxP3 inmutant iTregs (Fig-

ure S5J). ASCT blockade also reinstated Gclc-deficient nTregs

suppressive function (Figure 5L). Thus, restriction of serine

uptake is crucial for maintaining Tregs’ suppressive capacity.

Serine hydroxymethyltransferase (SHMT) mediates serine’s

contribution to 1CMet. Isotopic tracing with [U-13C3]-serine

confirmed increased M1-labeling of formate in mutant iTregs

(Figure 5M). While formate secretion by Gclc-deficient iTregs

decreased upon SHMT inhibition (Figure S5K), Foxp3 did not in-

crease (Figure S5L), but proliferation was normalized (Fig-

ure S5M). Thus, serine stimulates 1CMet to increase mutant

Treg proliferation, but it also acts to decrease Foxp3- and

Treg-mediated suppression independently of SHMT and 1CMet.

GSH Restricts Treg Metabolism and Controls Treg
Function via Effects on FoxP3
Increased glycolysis is linked to decreased FoxP3 and dimin-

ished Treg suppressive capacity (Gerriets et al., 2015; Huynh

et al., 2015). Indeed, Gclc-deficient iTregs consumed more

(B) FCA of FoxP3 in Foxp3cre-Gclcfl/fl and Gclcfl/fl Tregs isolated from spleen (left) or induced in vitro (right). Data are mean ± SEM (n = 3); 5 trials.

(C) Intracellular staining and FCA of pmTOR and pS6 in Gclcfl/fl and Foxp3cre-Gclcfl/fl Tregs as in (B). Data are mean ± SEM (n = 3); 5 trials.

(D) Intracellular staining and FCA of pS6 and Foxp3 inGclcfl/fl and Foxp3cre-Gclcfl/fl iTregs transduced with retrovirus expressing EV orGclc. Data aremean ± SEM

(n = 3); 3 trials.

(E) In vitro suppression assay of Gclcfl/fl and Foxp3cre-Gclcfl/fl iTregs transduced with retrovirus expressing EV orGclc. Transduced Tregs were FACS sorted and

incubated with CTV-labeled Tconv at the indicated ratios; 2 trials.

(F) FCA of pS6 in Foxp3cre-Gclcfl/fl and Gclcfl/fl iTregs incubated with/without Rap. Data are mean ± SEM (n = 3); 3 trials.

(G) Intracellular staining and FCA of FoxP3 in Foxp3cre-Gclcfl/fl and Gclcfl/fl iTregs incubated with/without 100 nM Rap. Data are mean ± SEM (n = 3); 3 trials.

(H) In vitro suppression assay of splenic nTregs fromGclcfl/fl and Foxp3cre-Gclcfl/flmice that were incubated with/without Rap for 24 h andmixedwith Tconv at the

indicated ratios; 5 trials.

(I) Intracellular staining and FCA of pSmad3 in Foxp3cre-Gclcfl/fl and Gclcfl/fl iTregs incubated with/without Rap. Data are mean ± SEM (n = 3); 2 trials.

(J) Intracellular staining and FCA of Foxp3 inGclcfl/fl and Foxp3cre-Gclcfl/fl iTregs transducedwith retrovirus expressing EV or Smad3. Data aremean ± SEM (n = 3);

3 trials.

(K) In vitro suppression assay of Gclcfl/fl and Foxp3cre-Gclcfl/fl iTregs transduced with retrovirus expressing EV or Smad3. Transduced Tregs were FACS sorted

and incubated with CTV-labeled Tconv at the indicated ratios; 2 trials. *p < 0.05.
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Figure 5. GSH-Mediated Regulation of the Serine Pool Is Required for Treg Function

(A) Barcode enrichment plot of KEGG pathway GO:0006520 (Cellular amino acid metabolic processes) for Gclcfl/fl and Foxp3cre-Gclcfl/fl iTregs.

(B) Barcode enrichment plot of KEGG pathway GO:0006730 (1CMet) for Gclcfl/fl and Foxp3cre-Gclcfl/fl iTregs.

(C) Determination of proliferation ofGclcfl/fl and Foxp3cre-Gclcfl/fl iTregs by Ki-67 staining (left) and 3H-thymidine incorporation (right). Data aremean ± SEM (n = 3);

3 trials.

(legend continued on next page)
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glucose, secreted more lactate, and expressed more of the

glucose transporter Glut1 than did controls (Figures 6A and

S6A). Glycolysis stress testing of Gclc-deficient iTregs and

4-OHT-inducible Gclc-deficient iTregs revealed that the extra-

cellular acidification rate (ECAR) of culture medium and cellular

glycolytic capacity were increased whether Gclc ablation was

constitutive or 4-OHT induced (Figures 6B and 6C). We then

determined [U-13C6]-glucose incorporation into TCA cycle me-

tabolites in Gclc-deficient and control iTregs over 24 h and

measured mass isotopomer distributions (MIDs) by GC-MS.

M2 isotopologues of citrate were elevated in mutant iTregs (Fig-

ure S6B), demonstrating an increased relative flux of glucose-

derived carbon into the TCA cycle. Accordingly, OCR values in

Gclc-deficient iTregs and 4-OHT-inducibleGclc-deficient iTregs

were increased (Figures 6D and 6E).

To determine if enhanced metabolism interfered with iTreg

mediated suppression, we incubated Gclc-deficient and control

iTregswith 2-deoxyglucose (2-DG) or oligomycin to restrict glycol-

ysis or oxidative phosphorylation (OXPHOS), respectively. Re-

striction of either pathway induced control levels of FoxP3 in the

mutant cells and restored their suppressive function (Figures 6F

and 6G). To investigate a direct link between FoxP3 and increased

metabolism,we transducedGclc-deficient and control iTregswith

retrovirus expressing FoxP3 or empty vector (EV). In mutant

iTregs, FoxP3 expressiondecreased uptake of the glucose analog

2-NDBG as well as Glut1 expression and glycolysis (ECAR) (Fig-

ures 6H–6J).Gclc deficiency in Tconv is associated with impaired

mTOR activation and decreased MYC (Mak et al., 2017), but

mTOR was more activated (Figure 4C) and MYC was normal in

Gclc-deficient iTregs (FigureS6C), again pointing to a subset-spe-

cific function for GSH. To determine whether FoxP3 could alter a

T cell’s response to GSH depletion, we transduced activated WT

Tconv with retrovirus expressing FoxP3 or EV and treated these

cells with the GCLC inhibitor buthionine sulfoximine (BSO). In

line with previous work (Gerriets et al., 2016), FoxP3 expression

in activated Tconv reduced pS6 (Figures 6K and S6D). BSO

decreased pS6 in activated Tconv expressing EV (Figure 6K),

but FoxP3 expression altered the Tconv response to BSO and

increased pS6 (Figure 6K). Thus, it is FoxP3 in Tregs that shapes

responses to GSH depletion; that is, the decreasedmTOR activa-

tion in activated Tconv lacking GSH shifts to activation of this

pathway in Gclc-deficient Tregs.

DeNovo Serine Synthesis in Tregs Interferes with Foxp3
Expression
During glycolysis, 3-phosphoglycerate dehydrogenase (PHGDH)

redirects some 3-PG to serine synthesis. To determine if Gclc-

deficient Tregs increased glycolysis to produce the 3-PG needed

for their enhanced serine production, we incubated Gclc-defi-

cient and control iTregs for 24 h with the PHGDH inhibitor

PKUMDL-WQ-2101 (Wang et al., 2017) and found equivalent de-

creases in ECAR (Figure 7A). Thus, regardless of GSH, glycolysis

in Tregs is driven partly by the need for intermediates for serine

synthesis. [U-13C6]-glucose incorporation into serine and formate

was enhanced in Gclc-deficient iTregs and reduced by PHGDH

inhibition (Figures 7B and 7C). PHGDH inhibition or CRISPR/

CAS9 mediated Phgdh deletion also elevated FoxP3 in Gclc-

deficient iTregs and 4-OHT-inducible Gclc-deficient iTregs (Fig-

ures 7D and 7E). Consequently, PHGDH inhibition restored

mutant iTregs suppressive capacity (Figure 7F). Thus, limitation

of serine availability by GSH preserves FoxP3 expression and

Treg function.

GSH regulates serine uptake and synthesis. Serine deprivation

of control iTregs increased glucose-dependent GSH synthesis

(Figure S7A), supporting interconnection of these pathways in

a feedback loop. To investigate serine’s relevance in vivo, we

fed serine- and glycine-deficient food to 3-week-old control

and mutant mice. Serine/glycine-deficient food is well tolerated,

measurably decreases circulating serine/glycine, and does not

interfere with immune cell subsets (Ma et al., 2017; Maddocks

et al., 2013; Maddocks et al., 2017). Serine deprivation in vivo

increased FoxP3 but reduced pS6 and CD44 in mutant nTregs

(Figure 7G), and it decreased serum IFNg and TNF as well as

inflammatory T cells in mutant mice (Figures 7H and 7I).

Strikingly, serine/glycine deprivation prevented mutant mouse

spontaneous inflammation and death (Figure 7J), confirming

the importance of serine metabolism and 1CMet in vivo.

To replicate our data in human Tregs, we isolated naive T cells

from peripheral blood of healthy donors and induced iTreg differ-

entiation in vitro with TGFb in the absence or presence of BSO.

GSH was reduced in BSO-treated human iTregs (Figure S7B).

FoxP3 was also decreased, but pS6 was increased (Figures

S7C and S7D). Serine deprivation of BSO-treated human iTregs

restored FoxP3 and pS6 to control levels (Figures S7E and S7F).

FoxP3 in BSO-treated human iTregs was also increased by

(D) Heatmap showing normalized differential gene expression patterns of genes associated with serine metabolism in Gclcfl/fl versus Foxp3cre-Gclcfl/fl iTregs.

(E and F) Intracellular staining and FCA of (E) pS6 and (F) Foxp3 inGclcfl/fl versus Foxp3cre-Gclcfl/fl (left) andGclcfl/fl versus Foxp3eGPF-cre-ERT2-Gclcfl/fl (right) iTregs

cultured in normal or serine-deficient medium.Gclcfl/fl versus Foxp3eGPF-cre-ERT2-Gclcfl/fl iTregs were co-incubatedwith 1mM4-OHT. Data aremean ± SEM (n = 3);

3 trials.

(G) RT-qPCR of ASCT1 mRNA in Gclcfl/fl and Foxp3cre-Gclcfl/fl iTregs. Data are mean ± SEM (n = 7); 2 trials.

(H) LC/MS quantification of serine uptake from, and glycine and formate secretion into, culture medium of Gclcfl/fl and Foxp3cre-Gclcfl/fl iTregs. Data are

mean ± SEM (n = 3); 2 trials.

(I) Quantification of intracellular serine in Gclcfl/fl and Foxp3cre-Gclcfl/fl iTregs treated with/without 200 mM NAC or 0.5 mM GSH. Data are mean ± SEM (n = 3); 2

trials.

(J) Quantification of formate secretion into culture medium of Gclcfl/fl and Foxp3cre-Gclcfl/fl iTregs treated with/without 50 mM L-phenylglycine. Data are

mean ± SEM (n = 3); 2 trials.

(K) Intracellular staining and FCA of Foxp3 in Gclcfl/fl versus Foxp3cre-Gclcfl/fl (left), and Gclcfl/fl versus Foxp3eGPF-cre-ERT2-Gclcfl/fl (right), iTregs treated with/

without L-phenylglycine. Gclcfl/fl versus Foxp3eGPF-cre-ERT2-Gclcfl/fl iTregs were co-incubated with 4-OHT. Data are mean ± SEM (n = 3); 3 trials.

(L) In vitro suppression assay of nTregs that were isolated fromGclcfl/fl and Foxp3cre-Gclcfl/flmice, incubatedwith/without L-phenylglycine, andmixed in vitrowith

Tconv at the indicated ratios; 3 trials.

(M) Mass isotopomer distribution of M+1 formate following incubation ofGclcfl/fl and Foxp3cre-Gclcfl/fl iTregs with [U-13C3]-serine for 24 h. Data are mean ± SEM

(n = 3); 2 trials. *p < 0.05.
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Figure 6. Gclc Expression Is Required to Modulate Treg Metabolism Supporting Treg Function

(A) Quantification of glucose uptake from and lactate secretion into culture medium of Gclcfl/fl and Foxp3cre-Gclcfl/fl iTregs. Data are mean ± SEM (n = 3); 3 trials.

(B) Quantification of ECAR of Gclcfl/fl versus Foxp3cre-Gclcfl/fl iTregs. Data are mean ± SEM (n = 4); 4 trials.

(C) Quantification of ECAR of Gclcfl/fl versus Foxp3eGPF-cre-ERT2-Gclcfl/fl iTregs incubated with 4-OHT. Data are mean ± SEM (n = 3); 2 trials.

(D) Quantification of OCR of Gclcfl/fl versus Foxp3cre-Gclcfl/fl iTregs. Data are mean ± SEM (n = 4); 4 trials.

(E) Quantification of OCR of Gclcfl/fl versus Foxp3eGPF-cre-ERT2-Gclcfl/fl iTregs incubated with 4-OHT. Data are mean ± SEM (n = 3); 2 trials.

(F) Intracellular staining and FCA of FoxP3 in Gclcfl/fl versus Foxp3cre-Gclcfl/fl iTregs treated with or without suboptimal doses of 0.5 nM oligomycin or 100 mM

2-DG for 24 h. Data are mean ± SEM (n = 3); 3 trials.

(G) In vitro suppression assay of Gclcfl/fl versus Foxp3cre-Gclcfl/fl iTregs treated (or not) with suboptimal doses of oligomycin (top) or 2-DG (bottom) prior to

incubation with CTV-labeled Tconv at the indicated ratios; 3 trials.

(legend continued on next page)
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blocking serine synthesis or restricting serine influx (Figure S7G).

Lastly, BSO-treated human iTregs showed a profound loss of

suppression (Figure S7H). All these data parallel the results ob-

tained using our mouse model of Treg-specific Gclc deficiency.

Anti-tumor Immunity Is Enhanced in Foxp3cre-

Gclcfl/fl Mice
Tregs can promote tumor growth by inhibiting Teff-mediated

anti-tumor responses, and some tumors secrete substances

driving Treg differentiation (Franchina et al., 2018b). Tumors

often generate high ROS due to hypoxia or activities of cancer-

associated macrophages or fibroblasts (Bhattacharyya and

Saha, 2015; Henze and Mazzone, 2016; Sabharwal and Schu-

macker, 2014). These ROS inactivate Teffs and so dampen

anti-tumor immunity (Bhattacharyya and Saha, 2015; Franchina

et al., 2018b; Mak et al., 2017; Pilipow et al., 2018). GSH synthe-

sis by T cells is thus a major defense against tumor-associated

ROS. Our iTregs contained more intracellular GSH than Teffs

(Figure 1D), in line with their greater ROS resistance (Huynh

et al., 2015). This enhanced ROS resistance may allow Tregs

to survive in the tumor microenvironment long enough to

suppress anti-tumor responses by Teffs. Conversely, a loss of

GSH that compromises Tregs’ suppressive capacity might allow

Teff anti-tumor responses to proceed unchecked to limit cancer

growth. To test this hypothesis, we examined anti-tumor immu-

nity in Foxp3cre-Gclcfl/fl mice.

We subcutaneously (s.c.) injected Foxp3cre-Gclcfl/fl and

control mice with B16 melanoma cells or MC38 colon adenocar-

cinoma cells and monitored cancer progression. In both cases,

tumor growth was slower in Foxp3cre-Gclcfl/fl mice (Figures 7K

and S7I), and tumor weight and size were reduced (Figures 7L,

7M, and S7J). Tumor-infiltrating lymphocytes (TILs) were

increased in tumors of mutant mice (Figure 7N). Absolute

numbers and frequencies of CD4+ TILs were comparable, but

absolute numbers and frequencies of CD8+PD1+GranzymeB+

Teffs and CD8+IFNg+ Teffs were increased in tumors of mutant

mice (Figures 7O and S7K). Treg frequency was decreased in tu-

mors of mutant mice, and these Tregs showed reduced FoxP3

(Figure 7O). Adoptive transfer of control orGclc-deficient nTregs

into FoxP3-Cre-Gclcfl/fl mice on the day prior to B16 melanoma

cell inoculation resulted in significant tumor development in

mutant mice receiving control nTregs, whereas mutant mice

receiving Gclc-deficient nTregs had still a greatly decreased

tumor burden (Figure 7p). Thus, loss of Gclc in Tregs reduces

their ability to impair anti-cancer Teff responses and thus boosts

anti-tumor immunity.

DISCUSSION

ROS are both detrimental byproducts of metabolism and impor-

tant signaling molecules during cellular activation and differenti-

ation (Franchina et al., 2018a; Sena and Chandel, 2012). In

Tconv, mitochondrial ROS are linked to activation, proliferation,

and effector functions (Devadas et al., 2002; G€ulow et al., 2005;

Jackson et al., 2004; Sena et al., 2013; Yi et al., 2006). Neverthe-

less, excessive ROS accumulation in these cells must be

prevented by antioxidants like GSH. Accordingly, Gclc ablation

in all T cells abrogates autoimmunity but also interferes with

anti-viral responses (Lian et al., 2018; Mak et al., 2017). Prior to

our study, GSH’s function in Tregs was unknown. Targeting

Gclc specifically in this subset has revealed an unexpected

mechanism by which GSH-mediated ROS scavenging pre-

serves mouse and human Treg functionality through restriction

of serine metabolism.

Male Foxp3cre-Gclcfl/fl mice developed an IFNg-driven lethal

lymphoproliferative disease but were better able to suppress

tumorigenesis. We have shown, in vitro and in vivo, that these

effects are due to Gclc’s crucial role in Treg suppressive func-

tion. A lack of GSH in Tregs reduced their FoxP3 and thus their

suppressive capacity, a property restored by FoxP3 reconstitu-

tion. Surprisingly, Treg proliferation was increased in the

absence of GSH, rather than decreased as in Tconv with genetic

deletion of Gclc or subjected to pharmacological GCL inhibition

(Hamilos et al., 1989; Mak et al., 2017; Suthanthiran et al., 1990).

Thus, GSH has a unique function in Tregs.

Serine uptake and de novo synthesis were both increased in

Gclc-deficient Tregs. Serine is utilized by Teffs and cancer cells

to support proliferation (Labuschagne et al., 2014; Locasale

et al., 2011; Ma et al., 2017; Maddocks et al., 2017; Possemato

et al., 2011; Ron-Harel et al., 2016) and tumor invasion (Meiser

et al., 2018), but we showed that serine interferes with Treg-

mediated suppression. Blocking serine uptake or de novo

synthesis restored FoxP3 and the suppressive capacity of mu-

tants Tregs. Serine is a major substrate of 1CMet (Ducker and

Rabinowitz, 2017), and we showed that formate production is

increased in mutant Tregs in a manner driven by serine. Glycine

starvation did not rescue FoxP3 in mutant Tregs, indicating a

critical role for SHMT but not glycine cleavage. Previous studies

have shown that glycine and serine are not always interchange-

able (Labuschagne et al., 2014; Ma et al., 2017; Maddocks et al.,

2017). However, while blocking SHMT in Gclc-deficient Tregs

restored normal formate secretion and cell proliferation, it did

not increase Foxp3. Thus, serine engages at least two distinct

pathways in Gclc-deficient Tregs.

In vivo, inflammation andmorbidity were drastically reduced in

mutant mice fed on a serine/glycine-deficient diet. Serine and

glycine are two NEAAs whose deprivation is well tolerated in vivo

(Maddocks et al., 2013; Maddocks et al., 2017). Because an

absence of dietary serine/glycine interferes with CD8+ T cell

responses (Ma et al., 2017), the reduction of T cell activation in

Gclc-deficient mice is likely due at least in part to a direct effect

of serine/glycine deprivation on Teff responses. However, the

complete absence of inflammation in serine/glycine-starved

mutant mice points to a more profound effect. While we cannot

rule out that other immune cell subsets are affected, Gclc-defi-

cient Tregs of serine/glycine-deprived animals showed restored

FoxP3, reduced mTOR signaling, and dampened cellular

activation, validating our in vitro findings in vivo. Importantly,

(H and I) FCA of (H) 2-NBDG uptake and (I) Glut-1 expression by Gclcfl/fl versus Foxp3cre-Gclcfl/fl iTregs transduced with retrovirus expressing EV or Foxp3.

(J) Quantification of ECAR for the iTregs in (H) as determined in (B). For (H–J), data are the mean ± SEM (n = 3); 2 trials.

(K) Intracellular staining and FCA of pS6 in activatedWT Tconv transducedwith retrovirus expressing EV or FoxP3 as in (H) and treated with BSO for 48 h. Data are

mean ± SEM (n = 3); 3 trials. *p < 0.05.
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Figure 7. Glutathione Restricts De Novo Serine Synthesis and Enhances Anti-tumor Immune Responses

(A) Diagram of serine synthesis pathway (left) and quantification of ECAR of Gclcfl/fl and Foxp3cre-Gclcfl/fl iTregs cultured with/without 10 mM PHGDH inhibitor

(right). Data are mean ± SEM (n = 3); 2 trials.

(legend continued on next page)
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our study shows that elucidating the exact metabolic andmolec-

ular basis of a disease allows potential correction of the meta-

bolic abnormality via a special diet that is aligned with the delin-

eated disease mechanism. Our study might thus be a first step

toward personalized treatment of metabolic diseases.

mTOR activation relies mainly on glutamine and leucine (Hara

et al., 1998; Nicklin et al., 2009). However, we found that the

enhanced serine uptake in mutant Tregs elevated their mTOR

activity, paralleling a previous study (Ye et al., 2012). mTOR

drives the expression of methylenetetrahydrofolate dehydroge-

nase (MTHFD)-2 to stimulate 1CMet and purine synthesis

(Ben-Sahra et al., 2016), suggesting a feed-forward loop. Such

a mechanism might explain how the increased serine levels

and mTOR activity in Gclc-deficient Tregs support 1CMet. That

these pathways are interlinked is indicated by our finding that

preventing serine accumulation and inhibiting increased mTOR

in mutant Tregs restored their FoxP3 and suppressive function.

We therefore propose that in normal Tregs, GSH limits serine

uptake and de novo synthesis to keep mTOR in check and that

this control is critical for Treg function (Figure S7L).

To avoid any effects of inflammation, we assessed FACS-

sorted nTregs from non-inflamed female Foxp3cre-Gclcfl/fl

mice, iTregs in which Gclc deletion was 4-OHT induced, mutant

iTregs subjected to retroviral Gclc reconstitution, and human

iTregs subjected to pharmacological GCLC blockade. All of

these experiments confirmed our findings in male Foxp3cre-

Gclcfl/fl mice. Furthermore, our hypothesis that GSH limits

serine and blocks mTOR matches a report that proliferating

WT Tregs exhibit stronger mTOR signaling and glycolysis but

reduced suppressive capacity (Gerriets et al., 2016). Similarly,

constitutive mTOR activation due to deletion of PTEN, PP2A,

or TSC1 increases Treg numbers but impairs Treg-mediated

suppression (Apostolidis et al., 2016; Huynh et al., 2015; Park

et al., 2013; Shrestha et al., 2015). Again, all of these observa-

tions align with our findings that Gclc-deficient Tregs exhibit

increased metabolic activity but are less functional, and that re-

striction of Treg metabolism reinstates a normal suppressive

capacity.

Foxp3 expression in Gclc-deficient Tregs was increased by

mTOR inhibition or Smad3 overexpression, in line with previous

studies showing that mTOR blockade or genetic ablation favors

Smad3-dependent induction of FoxP3+ T cells over other Th

subsets (Delgoffe et al., 2009; Delgoffe et al., 2011). While Gclc

ablation in Tconv reduced mTOR activation (Mak et al., 2017),

the same mutation has the opposite effect in Tregs, implying a

subset-specific function of GSH. Treg identity is largely deter-

mined by FoxP3 (Rudensky, 2011), and FoxP3 expression in

non-Treg T cells induces certain Treg properties (Fontenot

et al., 2003; Hori et al., 2003; Khattri et al., 2003). We found

that FoxP3 expression in activated T cells shifted responses to

BSO from mTOR inhibition to mTOR activation. Thus, FoxP3

expression combined with pharmacological GCLC inhibition

recapitulated results obtained using Gclc-deficient mice. It

appears that lineage-specific transcription factors shape meta-

bolic responses in a subset-specific way.

We demonstrated that Gclc ablation increases ROS in Tregs.

Mitochondrial ROS are decreased in Tconv with genetic deletion

of mitochondrial complex III (Sena et al., 2013). Loss of complex

III in Tregs abrogates their suppressive activity but does so inde-

pendently of FoxP3 (Weinberg et al., 2019). Although ROS levels

were not determined in the latter study, it seems that toomuch or

too little ROS is detrimental to Treg function and that multiple

regulatory mechanisms can be engaged. Increased ROS trig-

gers an NRF2 response (Kong and Chandel, 2018), as we

observed in Gclc-deficient Tregs. A key NRF2 target is ASCT1

(Christensen, 1990; Fu et al., 2019; Hirotsu et al., 2012; Sch€afer

et al., 2010), which is upregulated when T cells grow in an oxida-

tive environment (Yang et al., 2018). We showed that SLC1A4

mRNA was upregulated in Gclc-deficient Tregs and that ROS

scavenging decreased ASCT1 and serine uptake in these cells.

In contrast, ASCT2 is not an NRF2 target and was equally

expressed in control and Gclc-deficient Tregs. Inhibition of

serine transport in mutant Tregs, or serine deprivation, increased

FoxP3 and normalized their suppressive function. Thus, in Tregs,

GSH controls ROS to limit NRF2 activation, which decreases

ASCT1 and reduces serine import, thereby permitting full

(B) Mass isotopomer distribution of M+3 serine in the cells in (A) following incubation with [U-13C6]-glucose for 24 h.

(C) Mass isotopomer distribution of M+1 formate in the cells in (A) following incubation with [U-13C6]-glucose for 24 h.

(D) Intracellular staining and FCA of FoxP3 inGclcfl/fl versus Foxp3cre-Gclcfl/fl (left) andGclcfl/fl versus Foxp3eGPF-cre-ERT2-Gclcfl/fl (right) iTregs treated with/without

PHGDH inhibitor. Gclcfl/fl versus Foxp3eGPF-cre-ERT2-Gclcfl/fl iTregs were co-incubated with 4-OHT. Data are mean ± SEM (n = 3); 3 trials.

(E) PhgdhmRNA expression (left) and intracellular staining and FCA of FoxP3 (right) inGclcfl/fl versus Foxp3cre-Gclcfl/fl iTregs that were nucleofected with sgRNAs

specific for Phgdh or controls. Data are mean ± SEM (n = 3); 2 trials.

(F) In vitro suppression assay of Gclcfl/fl versus Foxp3cre-Gclcfl/fl iTregs treated with PHGDH inhibitor prior to incubation with CTV-labeled Tconv at the indicated

ratios; 3 trials.

(G) Intracellular staining and FCA of FoxP3, pS6, and CD44 in splenic Tregs of Gclcfl/fl versus Foxp3cre-Gclcfl/fl mice (12 weeks of age) fed with normal chow or a

serine- and glycine- (Ser/Gly) free chow for 9 weeks. Data are mean ± SEM (n = 4–11); 2 trials.

(H) FCA and quantification of Teff (CD44hiCD62Llo) within CD4+ (left) andCD8+ (right) T cell populations in blood of themice in (G). Data aremean ± SEM (n = 4–11);

2 trials.

(I) ELISA of IFNg and TNF in serum of the mice in (G). Data are mean ± SEM (n = 4–11); 2 trials.

(J) Survival of Foxp3cre-Gclcfl/fl mice on normal chow (n = 12) or a Ser/Gly- free chow (n = 9);

(K–N) Gclcfl/fl and Foxp3cre-Gclcfl/fl mice (8 weeks of age) were transplanted s.c. with B16F10 melanoma cells.

(K) Mean tumor volumes determined at the indicated times.

(L) Quantification of tumor weights at time of sacrifice. Each dot represents an individual mouse.

(M) Representative macroscopic images of tumors from transplanted Gclcfl/fl and Foxp3cre-Gclcfl/fl mice.

(N) Histology of tumor sections from the mice in (F) stained with H&E or aCD3. Scale bars, 100 mm. Results are representative of 4 mice/group; 2 trials.

(O) Quantification of the indicated TIL subsets in tumors of Gclcfl/fl and Foxp3cre-Gclcfl/fl mice treated as in (K). Data are mean ± SEM (n = 5).

(P) Mean tumor volumes at the indicated times in Foxp3cre-Gclcfl/flmice (8 weeks of age) transplanted s.c. with B16F10melanoma cells and injected intravenously

with nTregs from Gclcfl/fl (WT) or Foxp3cre-Gclcfl/fl (KO) mice at day 0. Data are mean ± SEM (n = 4); 2 trials. *p < 0.05.
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FoxP3 expression. We propose that in Tregs, GSH is a stress

sensor, and it routinely scavenges ROS to prevent redox imbal-

ance.Without GSH, ROS accumulate and initiate an NRF2 stress

response that increases serine import and synthesis in an effort

to produce GSH. The intracellular accumulation of this serine

fuels 1CMet driving Treg expansion but also stimulates mTOR,

which reduces FoxP3 and dampens Tregs suppressive capacity

(Figure S7L). Thus, there is a crucial stress-sensitive feedback

loop between GSH and serine availability that controls Treg

function.

In conclusion, we have shown that GSH is critical for maintain-

ing Treg function crucial for immune homeostasis. This

unexpected, subset-specific role for GSH in restraining serine

metabolism in Tregs may offer novel opportunities to modulate

their activities. In particular, our results may point the way to

new therapies for cancers where subverted Tregs contribute to

tumor progression.

Limitations of Study
(1) We observed that Gclc regulates Treg metabolism in a sub-

set-specific way that is clearly distinct from its function in

conventional T cells. However, it is difficult to postulate a mech-

anistic explanation. Notably, FoxP3 expression alters the

response to GSH depletion, a finding that would be interesting

to study in detail. (2) We validated our mouse data in FoxP3-ex-

pressing human Tregs, but additional human Treg subsets exist

that do not rely on FoxP3. It will be important to investigate

whether and how GSH affects the metabolism and function of

these subsets. (3) Our study depends on GSH depletion

achieved using in vitro and in vivo mouse and human models.

We show that GSH depletion interferes with Treg metabolism

and increases ROS and that ROS scavenging normalizes cellular

serine concentrations. However, we cannot exclude the possibil-

ity that GSH-dependent, but ROS-independent, mechanisms

might contribute to our findings.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD4-PE Clone GK1.5 (1:200) Biolegend Cat #100408; RRID:AB_312693

CD25-PE Clone PC61 (1:200) Biolegend Cat #102008; RRID:AB_312857

IRF4-PE Clone IRF4.3F4 (1:200) Biolegend Cat #646404; RRID:AB_2563005

F4/80-PE Clone BM8 (1:200) Biolegend Cat #123110 ;RRID:AB_893486

CD185-PE Clone L138D7 (1:200) Biolegend Cat #145504; RRID:AB_2561968

CD90.1-PE Clone HIS51 (1:200) Thermo Fisher Cat #12-0900-81; RRID:AB_465773

CD45RB-PE Clone C363-16A (1:200) Biolegend Cat #103308; RRID:AB_313015

Ki-67-PE Clone 16A8 (1:200) Biolegend Cat #652404; RRID:AB_2561525

TGF-b1,-b2,-b3-PE Clone 1D11 (1:200) R&D Systems Cat #IC1835P; RRID:AB_884508

Tbet-PE/Cy7 Clone 4B10 (1:200) Biolegend Cat #644824; RRID:AB_2561761

F4/80-PE/Cy7 Clone BM8 (1:200) Biolegend Cat #123114; RRID:AB_893478

Bcl6-PE/Cy7 Clone 7D1 (1:200) Biolegend Cat #358512; RRID:AB_2566196

Helios-PE/Cy7 Clone 22F6 (1:200) Biolegend Cat #137236; RRID:AB_2565990

pSTAT5-PE/Cy7 Clone SRBCZY (1:200) Thermo Fisher Cat #25-9010-42; RRID:AB_2573534

CD8a-APC Clone 53-6.7 (1:200) Biolegend Cat #100712; RRID:AB_312751

IFN-g-APC Clone XMG1.2 (1:200) Biolegend Cat #505810; RRID:AB_315404

Foxp3-APC Clone FJK-16 s (1:200) Thermo Fisher Cat #17-5773-82; RRID:AB_469457

pS6-APC Clone cupk43k (1:200) Therno Fisher Cat #17-9007-42; RRID:AB_2573270

GL7-APC Clone GL7 (1:200) Biolegend Cat #144606; RRID:AB_2562185

I-A/I-E-APC Clone M5/114.15.2 (1:200) Biolegend Cat #107614; AB_313329

CD98-APC Clone RL388 (1:200) Biolegend Cat #128210; RRID:AB_2254922

pS473-APC Clone M89-61 (1:200) BD Biosciences Cat #560343; RRID:AB_1645397

Granzyme B-APC Clone NGZB (1:200) Thermo Fisher Cat #50-8898-82; RRID:AB_11219679

IgG (H+L)-APC (1:500) Thermo Fisher Cat #A21244; RRID:AB_141663

CD3e-APC-Cy7 Clone 145-2C11(1:200) Biolegend Cat #100330; RRID:AB_1877170

CD86-FITC Clone GL-1 (1:200) Biolegend Cat #105006; RRID:AB_313149

Perforin-FITC Clone eBioOMAK-D (1:200) Thermo Fisher Cat #11-9392-82; RRID:AB_465447

RORgT-BV421 Clone Q31-378 (1:200) BD Biosciences Cat #562894; RRID:AB_2687545

CD95-BV421 Clone Jo2 (1:200) BD Biosciences Cat #562633; RRID:AB_2737690

CD152-BV421 Clone UC10-4B9 (1:200) Biolegend Cat #106312; RRID:AB_2563063

CD134-BV421 Clone OX-86 (1:200) Biolegend Cat #119411; RRID:AB_10962569

CD62L-Pacific Blue Clone MEL-14 (1:200) Biolegend Cat #104424; RRID:AB_493380

CD25-Pacific Blue Clone PC61 (1:200) Biolegend Cat #102022; RRID:AB_493643

TNF-a-Pacific Blue Clone MP6-XT22 (1:200) Biolegend Cat #506318; RRID:AB_893639

pmTOR-Pacific Blue Clone MRRBY (1:200) Biolegend Cat #48-9718-42; RRID:AB_2574127

c-Myc-Pacific Blue Clone D84C12 (1:200) Cell Signaling Cat #14426; RRID:AB_2798478

Foxp3-V450 Clone MF23 (1:200) BD Biosciences Cat #561293; RRID:AB_10611728

CD44-PerCP/Cy5.5 Clone IM7 (1:200) Biolegend Cat #103032; RRID:AB_2076204

CD86-PerCP Clone GL-1 (1:200) Biolegend Cat #105026; RRID:AB_893417

CD45R/B220-BV510 Clone RA3-6B2 (1:200) Biolegend Cat #103248; RRID:AB_2650679

CD69-BV605 Clone H1.2F3 (1:200) Biolegend Cat #104530; RRID:AB_2563062

IL-17A-BV605 Clone TC11-18H10 (1:200) BD Biosciences Cat #564169; RRID:AB_2738640

CD279-BV605 Clone 29F.1A12 (1:200) Biolegend Cat #135220; RRID:AB_2562616

CD4-BV785 Clone GK1.5 (1:200) Biolegend Cat #100453; RRID:AB_2565843

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CD19-BV785 Clone 6D5 (1:200) Biolegend Cat #115543; RRID:AB_11218994

Glut1-Alexa Fluor�488 Clone EPR3915 (1:200) Abcam Cat #ab195359; RRID:AB_2714026

pSMAD3 Ser423, Ser425 Thermo Fisher Cat #44-246G; RRID:AB_2533615

pAMPK alpha-1,2 (Thr172) Thermo Fisher Cat #44-1150G; RRID:AB_2533585

Purified anti-mouse CD3e Clone 145-2C11 Biolegend Cat #100340; RRID:AB_11149115

Purified anti-mouse CD28 Clone Biolegend Cat #102112; RRID:AB_312877

Human CD3/CD28 T Cell activator StemCell Technologies, Inc. Cat #10911 10971; RRID:AB_2827806

Anti-Mouse IFN-g Clone XMG1.2 BD Biosciences Cat #554408; RRID:AB_395373

Biological Samples

Healthy control buffy coat Croix-Rouge Luxembourgeoise N/A

Chemicals, Peptides, and Recombinant Proteins

RPMI 1640 (without L-Glutamine) Lonza #BE12-167F

RMPI 1640 (without glucose, serine, glycine) Teknova #50-190-8105

DMEM (with glucose and L-Glutamine) Lonza #BE12-604F

Hank’s Balanced Salt Solutions Lonza #BE10-543F

SILAC RPMI 1640 Flex Media GIBCO #15347143

Seahorse XF base medium without phenol red Agilent Technologies #103335-100

PBS Lonza #BE17-516F

FBS Sigma-Aldrich #TMS-013-B

Penicillin/Streptomycin GIBCO #11548876

L-Glutamine Sigma-Aldrich #G3126-100G

2-mercaptoethanol GIBCO #11508916

Sodium pyruvate GIBCO #12539059

Recombinant human TGF-b R&D Systems #240-B-002

recombinant human IL-2 Miltenyi Biotec #130-120-333

2-Deoxy-D-glucose Sigma-Aldrich #D6134-1G

D-(+)-glucose Sigma-Aldrich #G8270-5KG

Oligomycin A Sigma-Aldrich #75351-5MG

FCCP Sigma-Aldrich #C2920-10MG

Antimycin A Sigma-Aldrich #A8674-25MG

Rotenone Sigma-Aldrich #R8875-1G

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich #P8139-1MG

Calcium Ionophore Sigma-Aldrich #C7522-1MG

N-Acetyl-L-cysteine Sigma-Aldrich #A7250-50G

L-Glutathione reduced Sigma-Aldrich #G4251-10G

Rapamycin Invivogen #tlrl-rap

Rapamycin LC Laboratories N/A

L�(+)-a-Phenylglycine Sigma-Aldrich #237647-25G

4-Hydroxytamoxifen Sigma-Aldrich #H6278-10MG

PKUMDL-WQ-2101 Sigma-Aldrich #SML1970-5MG

L-buthionine-sulfoximine Sigma-Aldrich #B2515-1G

SHIN1 Aobious #AOB36697

Thymidine, [6-3H]-, 5mCi (185MBq) Perkin Elmer # NET355005MC

SYBR� Fast Green Master Mix Applied Biosystems # 10459604

Corning� Cell-Tak Cell and Tissue Adhesive Thermo Fisher # 10317081
13C6-glucose Cambridge Isotope Lab # CLM-1396
13C5-L-Glutamine Cambridge Isotope Lab # CLM-1822-H
13C3-serine Cambridge Isotope Lab #CLM-1574-H

GolgiPlug� BD Biosciences #555029

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cell Trace Violet Thermo Fisher #C34557

Mitotracker Deep Red Thermo Fisher # M22426

Molecular Probes� Carboxy-H2DCFDA Thermo Fisher #11500146

Molecular Probes� 2-NBDG Thermo Fisher #11569116

Zombie NIR� Fixable Viability Kit Biolegend #423106

Saponin Sigma-Aldrich #S4521-25G

Formaldehyde Sigma-Aldrich #252549-1L

HEPES Sigma-Aldrich #H4034-100G

EDTA Sigma-Aldrich #E9884-100G

Polyethylene glycol Sigma-Aldrich #P1458-50ML

Ethanol VWR #20821330

Tween 80 Sigma-Aldrich #P1754-1L

Methanol Sigma-Aldrich #1060351000

Chloroform Sigma-Aldrich #34854-1L-M

Trichloroacetic acid Sigma-Aldrich #T6399-100G

DNase I Sigma-Aldrich #10104159001

Liberase Sigma-Aldrich #5401020001

Percoll� Sigma-Aldrich #GE17-0891-01

HiSep� LSM 1077 HiMedia Laboratory #LS001-500ML

Critical Commercial Assays

Naive CD4+ T Cell Isolation Kit Miltenyi Biotec #130-104-453

CD4+ T Cell Isolation Kit Miltenyi Biotec #130-104-454

CD90.1 Microbeads Miltenyi Biotec #130-094-523

CD4+ CD25+ Regulatory T Cell Isolation Kit Miltenyi Biotec #130-091-041

Tumor Dissociation Kit Miltenyi Biotec #130-096-730

CD45 (TIL) Microbeads Miltenyi Biotec #130-110-618

Naive CD4+ T Cell Isolation Kit II, human Miltenyi Biotec #130-094131

Seahorse XFe96 Fluxpak Agilent Technologies #102416-100

Foxp3/Transcription Factor Staining Buffer Set Thermo Fisher #15151976

Fixation/Permeabilization solution kit BD Biosciences #554701

Lyse/Fix Buffer 5x BD Biosciences #558049

Perm buffer III BD Biosciences #558050

QuantiTect Reverse Transcription Kit QIAGEN #205314

RNA 6000 Nano Kit Agilent Technologies #5067-1511

NucleoSpin RNA 250 Macherey-Nagel #740 955 250

IFN gamma Mouse Uncoated ELISA Kit Thermo Fisher #88-7314-88

TNF alpha Mouse Uncoated ELISA Kit Thermo Fisher #88-7324-88

Invitrogen � IL-2 Mouse Uncoated ELISA Kit Thermo Fisher #15520997

Experimental Models: Cell Lines

B16F10 Dr. Philipp Lang N/A

MC38 ATCC N/A

Experimental Models: Organisms/Strains

Gclcfl/fl: B6 Mak et al., 2017 N/A

Foxp3YFP-Cre: B6 The Jackson laboratory #016959

Foxp3eGFP-Cre-ERT2: B6 The Jackson laboratory #016961

Rag1�/�: B6 The Jackson laboratory #002216

IFNg�/�: B6 The Jackson laboratory #002287

(Continued on next page)
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LEAD CONTACT AND RESOURCE SHARING

Further information and requests for resources or reagents should be directed to and will bemade available upon reasonable request

by the Lead Contact, Dirk Brenner (dirk.brenner@lih.lu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary Cell Culture
Natural regulatory T cells (nTregs), naive CD4+ T cells, and CD4+ and CD8+ Tconv were isolated frommouse spleen and LN by mag-

netic bead sorting (Miltenyi Biotec). To induce regulatory T cells (iTregs), 2 3 105 naive T cells were cultured for four days in the

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

RNA-Seq This paper N/A

Oligonucleotides

Gclc:

F:GGCTCTCTGCACCATCACTT

R:GTTAGAGTACCGAAGCGGGG

This paper N/A

Foxp3:

F:CCCATCCCCAGGAGTCTTG

R:ACCATGACTAGGGGCACTGTA

This paper N/A

Slc1a4:

F:TGCTCTGGCGTTCATCATCA

R:AGTGAATGCGGCAACCACAA

This paper N/A

Slc1a5:

F:TGGCCAGCAAGATTGTGGAGAT

R:TTTGCGGGTGAAGAGGAAGT

This paper N/A

HPRT:

F:TCAGTCAACGGGGGACATAAA

R:GGGGCTGTACTGCTTAACCAG

This paper N/A

TBP:

F:GAAGAACAATCCAGACTAGCAGCA

R:CCTTATAGGGAACTTCACATCACAG

This paper N/A

PHGDH:

F:ATGGCCTTCGCAAATCTGC

R:AGTTCAGCTATCAGCTCCTCC

This paper N/A

sgRNA Phgdh

C*U*U*GCCUUGCCUUGCCCAUG

G*G*C*AAGAGCUCACCUUCUUC

U*U*C*UUACAGGCAGAUUCCCC

Synthego N/A

sgRNA Slc1a4

A*C*C*AGGCUGCAAACCACCAG

G*C*A*UCUCGCCCGGGAAGGCC

C*C*U*CAGCGCCGCGCCCAUGC

Synthego N/A

Recombinant DNA

pMIT-Foxp3-CD90.1 Dr. Michael Lohoff N/A

pMIT-CD90.1 Dr. Michael Lohoff N/A

pMIG-RI-STAT5-CA Dr. Michael Lohoff N/A

pMIG-RI Dr. Russell Jones N/A

pMIG-RI-Gclc This paper N/A

pMIG-RI-Smad3 This paper N/A

Software and Algorithms

FlowJo Software Tree Star N/A

Graphpad Prism GraphPad Software, Inc N/A

Wave Software Agilent N/A

Adobe Illustrator Adobe systems N/A
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presence of plate bound anti-CD3 antibody (aCD3; 5 mg/mL, Biolegend), soluble anti-CD28 antibody (aCD28; 1 mg/mL, Biolegend),

recombinant human TGF-b1 (4 ng/mL, Bio-Techne), IL-2 (50U/mL, Miltenyi Biotec) and anti-IFNg antibody (aIFNg; 5 mg/mL, BD Bio-

sciences). Naive T cells were cultured in T cell media consisting of RPMI-1640 medium supplemented with 10% FCS (Sigma), 1%

Penicillin/Streptomycin (GIBCO), 1% L-Glutamine (Sigma), and 55mM b-mercaptoethanol (GIBCO). To isolate nTregs, the cells were

labeled using the CD4+CD25+ Regulatory T cells isolation kit (Miltenyi Biotec) and magnetically sorted using the autoMACS� Pro

Separator (Miltenyi Biotec) according to the manufacturer’s protocol. nTregs were cultured in T cell media in the presence of plate

bound anti-CD3 antibody (aCD3; 5 mg/mL, Biolegend), soluble anti-CD28 antibody (aCD28; 5 mg/mL, Biolegend), IL-2 (500U,Miltenyi

Biotec). To induce acute Gclc deletion, naive CD4+ T cells were differentiated into iTregs in vitro in the presence of vehicle or 100 nM

4-hydroxytamoxifen (4-OHT) (Sigma) for 4 days.

For the human studies, buffy coats from healthy donors were provided by Croix-Rouge Luxembougeoise. The experimental setup

was approved by the Croix-Rouge Luxembourgeoise (LIH-2019-0006). Human PBMCs were isolated using the Ficoll separation

(HiSepTM LSM 1077, HiMedia Laboratory GmbH). Human naive CD4+ T cells were isolated using the Human Naive CD4+ T cells isola-

tion kit II (Miltenyi Biotec). 23 105 naive CD4+ T cells were cultured for six days with ImmunoCultTM HumanCD3/CD28 T cell activator

(StemCell Technologies, Inc.), according to the manufacturer’s instructions. IL-2 (100U/mL) and TGF-b1 (4 ng/mL, Bio-Techne) were

supplemented. The cells were differentiated in T cell media containing RPMI-1640 medium supplemented with 10% FCS (Sigma),

1% Penicillin/Streptomycin (GIBCO), 1% L-Glutamine (Sigma), and 100mM sodium pyruvate (GIBCO).

Mouse Models
Gclcfl/fl mice have been previously described (Chen et al., 2007) and were crossed to Foxp3cre-expressing mice [B6.129(Cg)-

Foxp3tm4(YFP/icre)Ayr/J] and Foxp3tm9(EGFP/cre/ERT2)Ayr/J (Jackson Laboratory). B6.129S7-Ifngtm1Ts/J mice were obtained from The

Jackson Laboratory. C57BL/6 andRag1�/�mice were originally purchased from The Jackson Laboratory and bred in the SPF facility

of the Luxembourg Institute of Health (LIH). Male and age-matched mice (6-12 weeks old) were used for all experiments unless

otherwise indicated. For the serine- and glycine-free chow experiments, the mice were fed with normal or serine- and glycine-free

chow as of 3 weeks of age (post weaning). The food was purchased from Special Diets Services (SDS, diet code 827030).

METHOD DETAILS

Cell Sorting and Flow Cytometry
To stain extracellular surface molecules, the cells were incubated in FACS buffer (PBS with 1% FCS and 5mMEDTA pH 8.0) together

with specific antibodies for at least 30 min at 4�C protected from light. To detect intracellular phosphoproteins, the cells were fixed in

2% formaldehyde and permeabilized in 0.01% saponin. To identify transcription factors and intracellular nuclear proteins, the cells

were fixed using the eBioscience Foxp3/Transcription Factor Fixation kit and permeabilized using the respective permeabilization

buffer, according to the manufacturer’s protocol. For cytokine stainings, the cells were fixed using the BD Cytofix/Cytoperm solution

according to the manufacturers instructions. To stain intracellular ROS, the cells were incubated with dichlorofluorescein diacetate

(DCF-DA, Sigma) for 30 min at 37�C in RPMI medium (non-supplemented). To measure NBDG uptake, the cells were incubated with

50 mM2-NBDG (Thermo Fisher Scientific) for 2 h at 37�C in glucose free RPMI (non-supplemented). For cell sorting, the cells were

sorted using Aria II (BD Biosciences). Experiments were done in accordance with the guidelines for flow cytometry and cell sorting

(Cossarizza et al., 2019).

Treg Suppression Assay
Purified nTregs (CD4+CD25+) and Tconv (Tconv; CD4+ CD25-) were magnetically sorted using a CD4+CD25+ Regulatory T cell

Isolation Kit (Miltenyi Biotec). Tconv were labeled with CellTraceTM Violet Cell Proliferation (ThermoFisher Scientific) and cultured

with irradiated antigen-presenting cells plus aCD3, with or without Tregs at various Tconv:Treg ratios. After 72 h, the proliferation

of Teff cells was analyzed by flow cytometry.

T Cell Transfer-Induced Colitis
Rag1�/� mice were adoptively transferred with 43 105 WT Teffs (CD4+CD45RBhi), either alone or in combination with 23 105 Tregs

(CD4+CD45RBlow) from Gclcfl/fl or Foxp3cre-Gclcfl/f mice. To this end, cells were purified by FACS sorting (Aria II, BD) prior to intra-

venous (i.v.) injection into mice. Recipient mice were weighed and examined every day for signs of disease. Cells frommesenteric LN

were subjected to flow cytometric analysis. Colonic tissues were fixed and stained with H&E and aCD3 Ab and subjected to

histological analyses.

Isotopic Labeling
Tregs were incubated for 24 h in RPMI 1640 containing [U-13C6]-glucose (11.1 mmol/L; Cambridge Isotope Laboratories) or [U-13C]-

glutamine (2 mmol/L; Cambridge Isotope Laboratories), both conjugated to bovine serum albumin (Sigma). For serine tracing, cells

were cultured for 24 h in serine/glycine-free medium (Teknova) supplemented with 0.01 g/l glycine plus 400mM [U-13C3]-serine (Eur-

isotop (CLM-1574-H). Extraction of intracellular metabolites, GC-MS measurement, MID calculations, determinations of fractional

carbon contributions, and substractions of natural isotope abundance were performed as described (Battello et al., 2016) using

the MetaboliteDetector software package. Glucose, lactate and amino acid concentrations were determined using an YSI 2950D
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Biochemistry Analyzer (YSI Incorporated). Formate quantification was performed following MCF derivatization and GC-MS analysis

as previously described (Meiser et al., 2016).

Tumor Model and Treg Adoptive Transfer
B16F10 melanoma cells (2x105; ATCC) in 100 ml sterile PBS were injected subcutaneously into the shaved left flank of each mouse.

Tumor volume was calculated daily: tumor volume = length�diameter2

2 . Mice were sacrificed at day 30 or when tumor volume exceeded

1.2 cm3. For the Treg transfers, 1x106 of Gclcfl/fl and Foxp3cre-Gclcfl/fl Tregs were magnetically sorted using the CD4+CD25+ Regu-

latory T cells isolation kit (Miltenyi Biotec) andmagnetically sorted using the autoMACS�Pro Separator (Miltenyi Biotec) according to

the manufacturer’s protocol. Purified Tregs were intravenously injected prior B16 melanoma inoculation at experimental day 0.

TILs Isolation
Isolated tumors were cut into small pieces and digested with enzymes A, D, and R obtained from the Mouse Tumor Dissociation Kit

(Miltenyi Biotec) according to the manufacturer’s protocol. The digestion was followed by tumor dissociation using GentleMACS

Octo Dissociator (37C_m_TDK_1). The cells were then filtered through 70 mm filter and washed with RPMI. The TILS were isolated

using CD45 (TIL) Microbeads (Miltenyi Biotec) according to themanufacturer’s protocol. The TILs were analyzed by flow cytometry or

stimulated by PMA/Ionomycin for cytokine analysis.

In Vivo Rapamycin Treatment
Rapamycin was prepared in 100% ethanol and diluted in vehicle (5% polyethylene glycol and 5% Tween 80). Male Gclcfl/fl and

Foxp3cre-Gclcfl/fl mice of age 6 weeks were intraperitoneally injected with 100mg rapamycin (LC Laboratories) or vehicle every other

day for 30 days. Mice were sacrificed at day 30 and organs extracted for analysis.

Expression Plasmids and Retroviral Transduction
The plasmids pMIT-Foxp3-CD90.1, pMIT-CD90.1 and pMig-RI-STAT5-CA (constitutively active) were provided byM. Lohoff (Univer-

sity of Marburg, Germany) (Bothur et al., 2015). pMigRI-GFP was provided by R. Jones (Van Andel Institute, USA). Murine full length

cDNA ofGclc and Smad3were synthesized into pMigRI-GFP using the EcoRI restriction site (GeneCust, France). For retroviral trans-

duction, retroviral supernatants were added to in vitro-differentiated iTreg cells whose culture medium had been stored. Cells and

viral supernatants were centrifuged at 2700 rpm for 1.5 h at 37�C to achieve spin infection. Infected cells were re-cultured in the

stored culture medium for 72 h before MACS-sorting to identify CD90.1 co-expression or fluorescence based FACS cell sorting.

Infected iTreg cells were used for experiments as described in the main text.

Cytokine Quantification
To induce intracellular cytokine expression, T cells were restimulated in vitro with phorbol 12-myristate 13-acetate (PMA; Sigma,

50ng/mL) plus calcium ionophore A23187 (Ionomycin; Sigma, 750ng/mL) for 6 h. The cells were analyzed with flow cytometry. Serum

concentrations of IL-2, TNF, IFNg, and immunoglobulins were quantified by ELISA using the appropriate kits and protocols from

eBioscience.

CRISPR/Cas9 Genomic Editing
1x106 enriched naive CD4 T cells were cultured in Treg skewing media for 48 h prior transfection with sgRNAs. sgRNAs targeting

murine Asct1 and Phgdh were obtained from Synthego (CRISPRevolution sgRNA EZ Kit, Synthego). sgRNAs were electroporated

as described previously (N€ussing et al., 2019). Briefly, 1 ml of 0.3 nmol sgRNAs were incubated with 0.3 ml Cas9 Nuclease to a final

volume of 5 ml for 10 min at room temperature. Pre differentiated CD4 regulatory T cells were resuspended in 95 ml P3 buffer (P3 pri-

mary cell 4D-NucleofectorTM system, mixed with the pre-prepared sgRNA/Cas9 solution, and subjected to electroporation. The cells

were transferred to 1ml RPMI containing 10% FCS, glutamine, pen/strep and 100U IL-2 and cultured for 72 h before further analysis.

Quantitative PCR
RNA was isolated using a NucleoSpin RNA Kit (Macherey-Nagel) and cDNA was prepared using a QuantiTect Rev. Transcription Kit

(QIAGEN). RT-PCR was carried out using Sybrgreen Master Mix (ABI) and the primers listed under ‘Oligonucleotides’. Reactions

were run on an ABI 7500HT Fast qRT-PCR instrument. Data were normalized to GAPDH transcription and analyzed using the

DDCt method as previously described (Mak et al., 2017).

Histology and Immunohistochemistry
Specimens for histology and immunohistochemistry analyses were prepared and examined as previously described (Brenner

et al., 2014).

GSH, GSSG, and Formate Determination
TheGSH content of 2x105 Treg cells/well wasmeasured byGSH-Glo (Promega). Formate release into culturemediumwas quantified

using a formate assay kit (Sigma). Intracellular GSH and GSSG was quantified as reported by (Meiser et al., 2016). Briefly, 2 million

Treg cells were harvested and washed with 0.9% saline solution before adding 100 ml ice-cold MilliQ water with 20 mg/mL labeled
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GSH (13C2, 15N; Cambridge Isotope Laboratories) as internal standard, followed by an equal volume of ice-cold 5% trichloroacetic

acid. Cells were shaken at 1400 rpm at 4�C for 10 min and subsequently centrifuged at 21.000xg and 4�C for 5 min. 150 ml of the

supernatant were transferred into a 2-ml-LC vial with micro insert. 10 ml of the extract were injected into an Agilent 1290 Infinity II

equipped with a Waters Acquity UPLC HSS T3 (100 3 2.1 mm, 1.8 mm). Mobile phase A was composed of 0.1% formic acid and

B was composed of methanol with 0.1% formic acid. The system was operated at 0.45 mL/min. The total run time of the method

was 20 min starting with 1% B for 10 min, then increasing to 99% B at 12 min, which was held for 2 min. B was reduced to 1% after

15 min and kept for the rest of the run. Mass spectra were acquired in positive mode using a Bruker maXis.

Lamina Propria Isolation
Colons were cut longitudinally and incubated for 10 min at 37�C in Hank’s Balanced Salt Solution (HBSS) containing 15mM HEPES,

10%FCS and 5mMEDTA. The colonic tissue was recovered in a 100 mMstrainer and transferred again in HBSS (15mMHEPES, 10%

FCS, 5mM EDTA) to re-incubate once more. After collection in a 100 mM strainer, the tissue was washed in RPMI containing 15mM

HEPES, 10% FCS for 5 min at 37�C. Then the tissue was cut into small pieces, and digested for 30 min at 37�C in 10ml RPMI con-

taining 0.1 mg/mL DNase I (Roche) and 0.083 mg/mL Liberase (Roche). Tissue suspensions were passed through a 40 mM strainer,

pelleted, and overlayed on a 40%–75%Percoll gradient. After centrifugation at 800 g for 20 min at 20�C (without break), lamina prop-

ria lymphocytes (LPLs) were collected at the 40%–75% Percoll interface, washed, and resuspended in RPMI containing 10% FCS.

Lamina propria lymphocytes were identified by flow cytometric analysis.

Metabolic Phenotyping
iTreg cells were seeded XF Seahorse DMEMmedium in a density of 33 105 cells/well. The extracellular acidification rate (ECAR) and

oxygen consumption rate (OCR) were determined using the XF Glycolytic Stress Test and XF Cell Mitochondrial Stress Test kits,

respectively, according to the manufacturer’s protocol (Agilent).

RNA-Sequencing
Libraries were prepared with 500 ng total RNA using the Total RNA TruSeq mRNA Stranded Library Prep Kit (Illumina) according to

the manufacturer’s protocol. Briefly, mRNA pulldown was performed using an oligodT primer attached to magnetic beads. To

preserve strandness information, the second strand synthesis was performed using dUTP incorporation, ensuring that only the first

strand was PCR-amplified. The libraries were quantified using the Qubit dsDNA HS assay kit (Thermofisher) and an Agilent 2100 Bio-

analyzer. The pooled library was sequenced on an Illumina NextSeq500 instrument according to the manufacturer’s instructions.

Transcriptomic and Data Analyses
Demultiplexing of the sequenced libraries was performed using bcl2fastq (v2.18.0.12). Mapping was performed using star aligner (v

2.5.2b), and the count matrix was produced using the featureCounts function from the subread package (v 1.5.2) using mouse anno-

tation v GRCm38.87. Foxp3cre-Gclcfl/fl and Gclcfl/fl mRNA data were analyzed using R statistical software (3.5.1) and DESeq2

(v 1.14.1) with default parameters to detect differential gene expression. We selected 1163 genes as having significant differences

in expression based on a minimum log2 fold change of 0.58 and an adjusted p value < 0.05. Gene Set Enrichment Analysis on KEGG

gene sets was performed using Bioconductor (v 3.7) and clusterProfiler (v 3.9.2). The Signaling Pathway Impact Analysis tool SPIA

was used to identify activated or inhibited pathways.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as the mean ± SEM and have at least n = 3 per group (refer to figure legend to detailed information), with p

values determined by unpaired Student’s t test or two-way ANOVA test using Prism 7.0 (GraphPad). P values were indicated with

asterisks * and p values %0.05 were considered significant.

DATA AND CODE AVAILABILITY

The GEO accession number for the RNA-seq data from control and FoxP3-deficient Tregs file in this paper is GEO: GSE145311
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Metastasis is the most common cause of death in cancer patients. Canonical drugs target

mainly the proliferative capacity of cancer cells, which leaves slow-proliferating, persistent

cancer cells unaffected. Metabolic determinants that contribute to growth-independent

functions are still poorly understood. Here we show that antifolate treatment results in an

uncoupled and autarkic mitochondrial one-carbon (1C) metabolism during cytosolic 1C

metabolism impairment. Interestingly, antifolate dependent growth-arrest does not correlate

with decreased migration capacity. Therefore, using methotrexate as a tool compound allows

us to disentangle proliferation and migration to profile the metabolic phenotype of migrating

cells. We observe that increased serine de novo synthesis (SSP) supports mitochondrial

serine catabolism and inhibition of SSP using the competitive PHGDH-inhibitor BI-4916

reduces cancer cell migration. Furthermore, we show that sole inhibition of mitochondrial

serine catabolism does not affect primary breast tumor growth but strongly inhibits pul-

monary metastasis. We conclude that mitochondrial 1C metabolism, despite being dis-

pensable for proliferative capacities, confers an advantage to cancer cells by supporting their

motility potential.
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The survival rates of patients harboring primary tumors
steadily increase due to targeted treatment schemes.
However, in case of tumor relapse and metastatic disease,

effective therapies are mostly lacking with the consequence that
secondary tumors account for the majority of cancer deaths1.
Classical chemotherapeutic approaches to counteract cancer
growth aim to target biomass production by interfering with the
synthesis of proteins, lipids, and nucleotides and thereby directly
interfere with central pathways of cancer cell metabolism2,3.
Prospectively, therapeutic approaches targeting metabolic path-
ways that also support the invasive and migratory properties of
cancer cells would help to prevent metastatic progression of the
initial disease. However, profound knowledge of specific meta-
bolic dependencies that support growth-independent processes
during the metastatic cascade, are only starting to be understood4.

Nucleotide synthesis is an essential requirement for cancer cell
proliferation. Consequently, antifolates such as Methotrexate
(MTX) and related compounds have been proven as successful
chemotherapeutics for several decades. Although differences
between the various antifolates exist, a shared mode of action is
the inhibition of one-carbon (1C) metabolism which provides
essential building blocks for thymidylate and purine synthesis.
Additionally, 1C metabolism has implications in supporting
methylation reactions, glutathione, heme, sphingolipid and pro-
tein synthesis5. 1C metabolism describes a metabolic cycle that is
spread across mitochondrion and cytoplasm and it is mainly
fueled by the non-essential amino acid serine. De-novo serine
synthesis is catalyzed by the rate limiting enzyme phosphogly-
cerate dehydrogenase (PHGDH) which is amplified in different
tumors6–8. Hence, targeting serine synthesis, serine catabolism or
serine availability by starvation or inhibition of PHDGH has been
proven successful to inhibit cancer progression9–17. To support
the various anabolic programs, cytosolic 1C metabolism is of
particular importance, while mitochondrial 1C metabolism is
dispensable due to the reversibility of the cytosolic 1C
metabolism16. In fact, depending on intracellular folate levels,
cytosolic 1C metabolism can be the dominant route to provide
one-carbon units for nucleotide synthesis17. In that light, reasons
for conserved mitochondrial 1C metabolism are still not fully
understood. Previous evidence suggests implications of mito-
chondrial 1C metabolism for mitochondrial translation18,19. One
additional explanation resides in the observation that mito-
chondrial derived formate lowers the pool of free cytosolic folates
by increasing the 10-CHO-THF pool thereby protecting it from
degradation. Upon MTX, degradation is facilitated as folates
accumulate in the oxidized DHF form, impeding the 10-CHO-
THF synthetase activity of MTHFD120. However, if mitochon-
drial folate-dependent 1C metabolism and formate production
remains functional under conditions of cytosolic 1C metabolism
impairment and whether mitochondrial 1C metabolism itself
confers additional functions that contribute to tumorigenesis
remains unknown.

We have previously shown that a reduction of biomass demand
can result in increased formate release from cancer cells to their
surrounding microenvironment21 and that the rate of serine
catabolism to formate is significantly increased in adenomas of
the small intestine and breast tumors compared to normal
tissue22. Importantly, enhanced formate release rates and
increased extracellular formate concentrations have been shown
to increase the invasiveness of glioblastoma cells in vitro22.

Apart from our previous findings on formate overflow and its
potential implications for cancer cell invasion21,22, other reports
substantiate a role of serine metabolism in the context of
metastasis7,14,23–25. However, such studies were so far focused on
the relevance of serine de novo synthesis via PHGDH or extra-
cellular serine availability for metastatic outgrowth (proliferative

aspect) in the secondary tissue7,14,23–25. In contrast, whether
mitochondrial serine catabolism also has a growth-independent
role in promoting cancer cell motility that potentially increases
the rate of cancer cell escape from the primary tumor has not
been addressed so far. Being able to identify and target metabolic
programs that promote the early steps of the metastatic cascade
would help to contain the tumor, a clinical phenotype with more
favorable therapeutic outcome compared to advanced metastatic
stages.

In the present study, we observed that antifolates, albeit being
strongly cytostatic, did not decrease the cell’s motility potential.
Using MTX as a tool compound to selectively inhibit cytosolic 1C
metabolism, we show that mitochondrial 1C metabolism runs as
an autarkic, compartmentalized pathway that is important to
drive cancer cell motility. In contrast, the cytosolic part of 1C
metabolism, which is essential for nucleotide synthesis during
proliferation, is dispensable for the cellular motility potential.
Hence, we provide mechanistic evidence that one selective
advantage of mitochondrial 1C metabolism is to support cell
motility. We corroborate this hypothesis in an orthotopic breast
cancer model. Here, we demonstrate that ablating mitochondrial
1C metabolism effectively blocks mitochondrial serine catabolism
but does not affect primary tumor growth. Yet, it strongly inhibits
pulmonary metastasis formation.

Results
Inhibition of anabolic synthesis routes differentially impacts
the motility potential of cancer cells. To assess the relative
importance of different anabolic pathways for cancer cell
migration, we employed a panel of metabolic perturbations tar-
geting glycolysis, mitochondrial electron transport chain (ETC) as
well as lipid, protein, and nucleotide synthesis (Fig. 1a). As
expected, the chosen metabolic interventions inhibited pro-
liferation and affected cell cycle progression of MDA-MB-468
breast cancer cells with no to mild toxic effects after 48 h treat-
ment (Fig. 1b–c, S1A). Inhibition of glycolysis, ETC, lipid, and
protein synthesis significantly reduced migration of MDA-MB-
468 cells (Fig. 1d). Surprisingly and in contrast to all other
growth-inhibiting conditions, inhibition of nucleotide synthesis
with various drugs did not diminish migration of MDA-MB-468
cells (Fig. 1e). Calculation of the area under curve (AUC) allowed
us to quantitatively compare wound closure over time (Fig. 1d, e)
and confirmed that wound closure was significantly reduced upon
treatment with rotenone (Rot), galactose (Gal), simvastatin (SIM)
and sirolimus (rapamycin, SIR). However, treatment with the
antifolates methotrexate (MTX) and pemetrexed (PEM), as well
as with hydroxyurea (HU) and clofarabine (CLO) did not affect
or did even significantly increase wound closure in scratch assays
in comparison to fully proliferative, untreated control cells. While
cell migration correlates with reduced cell growth for all other
metabolic perturbations, nucleotide synthesis inhibition does not
reduce cell migration in correlation to growth inhibition (Fig. 1f,
g). Sustained migration in response to nucleotide synthesis
inhibition was verified in LN229 glioblastoma and 4T1 breast
cancer cells (Fig. S1B–D). Of note, using dialyzed or normal FBS
did not change the result (Fig. S1E). This observation was also
confirmed in trans-well migration assays using Boyden chambers
(Fig. 1h, S1F, G). Furthermore, using ECM-collagen coating in
trans-well assay, we found that nucleotide synthesis inhibition
also had no impact on the invasive capacity of MDA-MB-468
cells (Fig. 1h), LN229 and 4T1 cells (Fig. S1F, G). To validate if
MTX resistance results in a pro-migratory effect, we generated
MTX-resistant MDA-MB-468 cells by long-term cultivation in
50 nM MTX for 2 months. The resulting MTX-resistant MDA-
MB-468 cells proliferate in the presence of increasing
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Fig. 1 Inhibition of major anabolic synthesis routes differentially impacts the motility potential of cancer cells. a Synthesis routes of metabolic building
blocks (lipids, nucleotides, and proteins) and pharmacologic intervention points of the selected drug panel. b MDA-MB-468 cells were counted after 48 h
treatment with 100 nM Sirolimus (SIR) (n= 3), 1 μM Simvastatin (SIM) (n= 3), 50 nM Rotenone (Rot) (n= 5), galactose (Gal) (n= 5) supplementation,
50 nM Methotrexate (MTX) (n= 4), 1 μM Pemetrexed (PEM) (n= 4), 0.5 mM hydroxyurea (HU) (n= 4), and 100 nM Clofarabine (CLO) (n= 4).
Mean ± SD; ordinary one-way ANOVA with Dunnett’s multiple comparisons test. Unlabeled comparisons to Ctrl are all significant with p < 0.0001. cMDA-
MB-468 cells were treated as in (b). Cell death was assessed by flow cytometry and AnnexinV-FITC/PI-staining; mean ± SD of independent experiments
(n= 8 (Ctrl), n= 4 (SIR, SIM, PEM, CLO), n= 3 (Rot, Gal, MTX, HU)). Two-way ANOVA with Dunnett’s multiple comparisons test. d, e Migration of
MDA-MB-468 cells upon (d) 50 nM Rot (n= 5), Gal (n= 5), 1 μM SIM (n= 3), and 100 nM SIR (n= 4) or (e) 50 nM MTX (n= 7), 1 μM PEM (n= 3),
0.5 mM HU (n= 4), and 100 nM CLO (n= 4) and respective area under curve (AUC); mean ± SEM of independent experiments; Brown-Forsythe and
Welch one-way ANOVA with Dunnett’s multiple comparisons test. f, g Correlation of cell migration (AUC over 40 h, mean ± SEM, (n= as in (d, e)) and
proliferation (fold cell growth after 48 h, mean ± SD (n= as in (b)). MDA-MB-468 cells were treated as in (b) and (d, e). h Migration and invasion of
MDA-MB-468 cells treated for 24 h with 50 nM MTX using non-coated (migration) or ECM-Collagen-coated (invasion) Boyden chambers. Mean ± SEM
(Migration: n= 3, Invasion: n= 7 (Ctrl), 5 (MTX, 3 (Pem)); Brown-Forsythe and Welch one-way ANOVA with Dunnett’s multiple comparisons test.
i Proliferation of MTX-resistant MDA-MB-468 cells upon the indicated concentrations of MTX [nM]; mean ± SEM of independent experiments (n= 4).
j Migration of parental and MTX-resistant MDA-MB-468 cells and respective AUC; mean ± SEM of independent experiments (parental n= 15, resistant
n= 6); unpaired, two-tailed t-test with Welch’s correction. Time point of 50% wound closure is indicated. Source data are provided as a Source Data file.
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concentrations of MTX (Fig. 1i) and display enhanced migratory
capacity compared to the parental MDA-MB-468 cell line
(Fig. 1j).

In conclusion, the perturbation of any major anabolic route
results in growth repression. However, the impact on cell
migration highly depends on the targeted metabolic pathway,
with nucleotide synthesis being an ineffective target to abrogate
cell motility. Furthermore, prolonged nucleotide synthesis
inhibition in drug-resistant cells acts as a selection pressure for
more motile cancer subpopulations.

Sustained motility upon MTX is supported by a ROS-driven
EMT phenotype. As MTX induced the strongest growth
repression without increasing cell death (Fig. 1b, c), we used it as
a tool compound to disentangle proliferation from migration to
investigate the metabolic processes that support cancer cell
migration. After testing multiple concentrations (Fig. S2A), we
chose a concentration of 50 nM MTX for subsequent experi-
ments. 50 nM MTX is significantly growth- and cell cycle-
arresting in MDA-MB-468 cells (Fig. 1b, S1A) and has also been
shown to be within the therapeutic window26–29. As this con-
centration of 50 nM is significantly lower compared to earlier
in vitro studies20,30–33, we first set out to validate known drug
effects of MTX in our system. We observed that 48 h MTX
treatment of MDA-MB-468 cells resulted in altered cellular
morphology with individual cells visibly increasing in cell size and
exhibiting an outstretched cell shape with protruding edges
(Fig. 2a). MTX-resistant MDA-MB-468 cells showed comparable
morphologic alterations (Fig. S2B). While the observed cell cycle
and proliferation arrest upon MTX treatment was rapidly rever-
sible (Fig. S2C, D) upon MTX removal, [U-13C]serine tracing and
metabolic flux analysis confirmed that 50 nM MTX did strongly
inhibit nucleotide synthesis (Fig. 2b). Of note, nucleotide synth-
esis was partially restored in MTX-resistant MDA-MB-468 cells
(Fig. S2E). Stable isotope labeling by amino acids in cell culture
(SILAC) and quantitative proteomics analysis further confirmed
the efficacy of the selected MTX dose as mechanistic targets of
MTX such as dihydrofolate reductase (DHFR), thymidylate
synthase (TYMS), and thymidine kinase (TK1) were upregulated
by treatment as expected (Fig. S2F). DHFR expression was also
increased in MTX resistant cells, while FolRa expression was
slightly decreased (Fig. S2G). Moreover, superoxide dismutase
(SOD) was one of the most significantly upregulated proteins in
response to treatment (Fig. S2F), which corresponds to prior
reports that depict MTX as a potent inducer of oxidative
stress30,34,35. We validated these prior findings with our low dose
of MTX by measuring a moderate but significant increase of
mitochondrial and cytosolic reactive oxidant species (ROS) upon
acute MTX treatment and in the MTX resistant cells (Fig. S2H, I,
J). In line with increased ROS levels we observed
NRF2 stabilization, however, this did not result in activation of
the BACH1 axis, as reported earlier for metastatic lung
cancer36,37 (Fig. S2K, I). Increased ROS levels upon MTX cor-
respond to earlier reports that highlight the potential of oxidative
stress as a driver of cancer cell transformation via epithelial-
mesenchymal transition (EMT)38–44. EMT is also a known gen-
eral mechanism to escape chemotherapy induced effects.

In line with previous reports, we found that ZEB1 and ZEB2
expression as well as VIM expression was upregulated in a time-
dependent manner in response to acute MTX treatment and in
the MTX-resistant cell line (Fig. 2c, d, S2F, M, N). MTX-
treatment also induced the expression of the collagenase MMP9
(Fig. S2O), an enzyme which is involved in the degradation of the
extracellular matrix during cancer cell invasion45. Treatment of
cells with the antioxidant N-acetylcysteine (NAC) reduced ROS

levels in MTX-treated MDA-MB-468 cells (Fig. S2P) and resulted
in a significant reduction of MTX-induced cell migration (Fig. 2e)
and EMT phenotype induction (Fig. 2f). These findings confirm
that the chosen low dose of MTX is sufficient to promote EMT in
a ROS dependent manner, supporting earlier reports suggesting
EMT onset in context of pulmonary fibrosis using high doses of
MTX46,47. Such moderate increase in cellular ROS levels after
MTX might contribute to a pro-migratory stimulus that
subsequently results in the observed sustained migration.

MTX-treated cells sustain high metabolic rates and enhance de
novo serine synthesis. In addition to the here reported MTX-
specific effects on ROS and EMT, we wanted to take advantage of
the MTX effect (sustained migration) to identify growth-
independent metabolic liabilities that support cell migration.

To that end, we profiled central carbon metabolism using [U-
13C]glutamine and [U-13C]glucose tracing to monitor glycolytic
activity and glutamine- or glucose-derived carbon oxidation
through the TCA cycle (Fig. 3a, d). Absolute consumption and
release (CORE) rates of glutamine and glutamate were sustained
in response to MTX treatment (Fig. 3b), while the relative TCA-
cycle flux of [U-13C]glutamine was significantly increased in
response to MTX (Fig. 3c). Absolute quantification of CORE rates
of glucose and lactate also revealed sustained high glycolytic rates
upon MTX treatment (Fig. 3e). This came as a surprise, as lactate
release rates were previously shown to correlate with cell growth
rates48. In MDA-MB-468 cells, the maintained glycolytic rate and
the associated lactate release at constant high levels (Fig. 3e)
indicate a constant generation of glycolysis-derived ATP even in
the presence of reduced energetic demand for anabolic reactions
in growth-arresting MTX conditions. Consequently, [U-13C]
glucose distribution within the TCA-cycle was sustained by MTX
treatment in MDA-MB-468 cells (Fig. 3f) as well as in 4T1 and
LN229 cells (Fig. S3A, B). It has previously been shown that MTX
inhibits oxygen consumption rates (OCR) in HCT116 cells18. We
could replicate this finding and observed a ~30 % reduction of
OCR in HCT116 cells upon MTX (Fig, S3C), while OCR in
MDA-MB-468, LN229, and 4T1 cells was sustained (Fig. 3g). This
indicates cell line specific effects of MTX on OCR. Furthermore,
MTX treatment significantly increased the relative flux of glucose
to serine despite decreased anabolic demands for nucleotide
synthesis (Fig. 3h, S3D). Protein levels of PHGDH, PSPH, and
PSAT1 that catalyze the serine de novo synthesis pathway from
glucose were unaltered in response to MTX treatment in multiple
cell lines (Fig. S3E–H). In agreement with Diehl et al49. who
showed that changes in NAD+/NADH ratio can increase
PHGDH activity and in consequence serine de novo synthesis
rates, we observed an increased NAD+/NADH ratio upon MTX
(Fig. 3i). As MTX is well characterized as an inhibitor of DHFR
and thus 1C metabolism, it came to our surprise that MTX
treatment did also increase the abundance of extracellular
formate M+ 1 isotopologues derived from [U-13C]glucose
through serine and the mitochondrial 1C metabolism (Fig. 3j,
S3I).

In summary, the metabolic profiling demonstrates that, despite
decreased metabolic demand for biomass production, MTX-
treated cells sustain high metabolic rates that are comparable to
fully proliferating cells. Additionally, and in contrast to general
assumptions, cytosolic DHFR inhibition results in increased rates
of serine synthesis and downstream mitochondrial formate
excretion suggesting an uncoupling of mitochondrial 1C
metabolism from cytosolic 1C metabolism.

Mitochondria protect 1C metabolism-dependent serine cata-
bolism upon cytosolic 1C pathway inhibition. Our finding of
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increased [U-13C]glucose-derived M+ 1 formate excretion under
MTX (Fig. 3j, S3I), allows the hypothesis that mitochondrial 1C
metabolism can function in an autarkic manner when cytosolic
1C metabolism is inactivated (Fig. 4a). To corroborate this
hypothesis, we employed [U-13C]serine tracing to monitor serine
flux through 1C metabolism. We observed that cytosolic block of
1C metabolism via MTX did not reduce the exchange rates of
serine, glycine and formate in MDA-MB-468 or LN229 cells
(Fig. 4b, C, S4A, C). In contrast, the formate release rate was
significantly increased and the increased fraction of labeled for-
mate proved that most of the released formate is derived from [U-
13C]serine and not from other carbon sources that could alter-
natively generate formate in presence of MTX. Of note, sustained
serine consumption and formate overflow via 1C metabolism
upon DHFR inhibition could also be confirmed in Plasmax
medium50, which is a culture medium closer to human physiol-
ogy (Fig. S4D). Since cell dry mass composition is constituted by
around 60% of proteins51, growth arresting conditions generally
result in decreased consumption rates of proteinogenic amino
acids. In fact, a general trend for decreased consumption of

essential amino acids was observed (Fig. S4b). Hence, sustained
serine consumption rates upon growth arrest suggest that spared
serine that is otherwise used for anabolic processes such as
nucleotide synthesis, is used for alternative metabolic pathways
that support cell motility and survival.

Mechanistically, 1C metabolism follows a cycle in which serine
can be resynthesized in the cytoplasm and mitochondrion from
glycine via serine hydroxymethyltransferase 1 and 2 (SHMT1,
SHMT2) (Fig. 4a). As the SHMT reaction is highly reversible, the
serine labeling pattern from [U-13C]serine is composed of a mix
of M+ 1, M+ 2 and M+ 3 isotopologues, which represents the
different recombination events with labeled and unlabeled glycine
and formate16,21,52. Consequently, M+ 1 and M+ 2 serine
isotopologues are expected to be absent upon complete 1C
metabolism inhibition. Intriguingly, cytosolic DHFR inhibition
with MTX neither completely abrogated serine M+ 1 and M+ 2
isotopologues upon [U-13C]serine nor did it significantly affect
the serine to glycine level ratio in MDA-MB-468 or LN229 cells
(Fig. 4d, e, S4E, F), further supporting our hypothesis of a
persistent mitochondrial 1C metabolism upon DHFR inhibition.

Fig. 2 Enhanced motility under MTX is supported by a ROS-driven EMT phenotype. aMorphology of MDA-MB-468 cells after 48 h 50 nMMTX. Bright-
field images are representative of 3 independent experiments. Scale bars correspond to 60 and 300 μm. b Mass isotopomere distribution (MID) of
intracellular ATP upon [U-13C]serine tracer in response to 24 h 50 nM MTX in MDA-MB-468 cells. Mean ± SEM of 5 independent experiments each
measured in triplicate wells. c mRNA expression from the indicated target genes in MDA-MB-468 cells upon 50 nM MTX at the indicated time points
measured by real-time RT-qPCR. Mean ± SEM (n= 3 (24 h, 48 h), 6 (72 h, 144 h)). No data measured for SLUG expression at 72 h. d Protein levels of
vimentin in MDA-MB-468 cells after 240 h 50 nM MTX; β-actin as loading control. Quantification of vimentin signal relative to total protein stain.
Mean ± SD (n= 3); unpaired, two-tailed t-test with Welch’s correction. e Migratory potential of MDA-MB-468 cells in response to 10 mM
N-acetylcysteine (NAC) and 50 nM MTX as quantification of relative wound density in IncuCyte and respective AUC. Graph shows mean ± SEM of
independent experiments (n= 3); Brown-Forsythe and Welch ANOVA test with Games-Howell’s multiple comparisons test. f mRNA expression from the
indicated target genes in MDA-MB-468 cells upon 10mM NAC and 50 nM MTX at 72 h measured by real-time RT-qPCR. Mean ± SEM (n= 3). Source
data are provided as a Source Data file.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30363-y ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:2699 | https://doi.org/10.1038/s41467-022-30363-y | www.nature.com/naturecommunications 5

www.nature.com/naturecommunications
www.nature.com/naturecommunications


To mechanistically disentangle cytosolic from mitochondrial 1C
metabolism, we analyzed a panel of CRISPR knockouts in
HAP1 cells in which either the cytosolic (SHMT1), the
mitochondrial (MFT, SHMT2), or both compartments (FPGS,
MFT+ SHMT1) of 1C metabolism were abrogated53. Here,
cytosolic SHMT1 KO did not eliminate intermediary M+ 1 and
M+ 2 serine isotopologues from [U-13C]serine comparable to
MTX treatment, whereas mitochondrial or combined cytosolic
and mitochondrial inhibition of 1C metabolism upon MFT KO,

SHMT2 KO, FPGS KO and MFT+ SHMT1 KO resulted in a
complete loss of M+ 1 and M+ 2 serine isotopologues (Fig. 4f).
In mutants harboring a full inhibition of 1C metabolism or
mitochondrial 1C metabolism alone, we additionally observed an
increase in the ratio of serine to glycine levels, whereas MTX
treatment and SHMT1 KO did not substantially increase serine to
glycine ratio (Fig. 4g).

Of note the protein abundance of mitochondrial serine
catabolism enzymes was not increased upon MTX. MTHFD2

Fig. 3 MTX-treated cells sustain high metabolic rates and enhance de novo serine synthesis. a Interdependence of glycolysis and tricarboxylic acid
(TCA) cycle and metabolic 13C label pattern from [U-13C]glutamine. b Absolute consumption and release (CORE) rates of glutamine (Gln) and glutamate
(Glut) in the culture medium of MDA-MB-468 cells after 24 h 50 nM MTX. Dots represent the mean of an individual experiments composed of triplicate
wells; mean ± SEM (n= 3). c Enrichment of selected isotopologues of Gln, Glut, α-ketoglutarate (αKG), fumarate (Fum), malate (Mal), aspartate (Asp),
and citrate (Cit) upon [U-13C]glutamine tracer in response to 24 h 50 nM MTX in MDA-MB-468 cells. Dots represent the mean of an independent
experiments in triplicate wells; mean ± SEM; unpaired, two-tailed t-test with Welch’s correction (n= 3). d Interdependence of glycolysis and TCA cycle and
metabolic 13C label pattern from [U-13C]glucose. e Absolute CORE rates of lactate and glucose in the culture medium of MDA-MB-468 cells after 24 h
50 nM MTX. Dots represent the mean of an individual experiments composed of triplicate wells; mean ± SEM (n= 3). f Enrichment of selcted
isotopologues of pyruvate (Pyr), Cit, αKG, Fum, Mal, and Asp upon [U-13C]glucose tracer in response to 24 h 50 nM MTX in MDA-MB-468 cells. Dots
represent the mean of an individual experiments composed of triplicate wells; mean ± SEM; unpaired t-test with Welch’s correction (n= 3). g Basal cellular
respiration upon 24 h 50 nM MTX in MDA-MB-468, LN229, and 4T1 cells as quantification of mitochondrial oxygen consumption rate (OCR). Dots
represent the mean of an individual experiments composed of six technical replicates; mean ± SEM (n= 3 (LN229), 4 (MDA-MB-468, 4T1)). h Enrichment
of M+ 3 isotopologue of serine upon [U-13C]glucose upon 24 h 50 nM MTX in MDA-MB-468 cells. Dots represent the mean of an independent
experiments in triplicate wells; mean ± SEM; unpaired, two-tailed t-test with Welch’s correction (n= 3). i Ratio of absolute intracellular NAD+ to NADH in
MDA-MB-468 cells upon 24 h 50 nM MTX. Dots represents the mean of an individual experiments composed of triplicate wells; mean ± SEM; unpaired t-
test with Welch’s correction (n= 3). j M+ 1 isotopologue of extracellular formate in MDA-MB-468 cells from [U-13C]glucose upon 24 h 50 nM MTX.
Dots indicate the mean of an independent experiments measured in triplicate wells; mean ± SEM (n= 4). Source data are provided as a Source Data file.
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abundance even decreased upon MTX, however, this did
apparently not affect the rate of serine catabolism (Fig. S4G, H).

To test if knock-out of mitochondrial serine catabolism stops
formate overflow, we monitored formate release flux upon MTX

in HAP1 cells deficient for SHMT1 or SHMT2. As expected, loss
of SHMT2 completely abolished formate overflow, while SHMT1
KO increased formate overflow (Fig. 4h). This experiment was
then validated in MDA-MB-468 cells harboring MTHFD1L KO20

Fig. 4 Mitochondria protect 1C metabolism-dependent serine catabolism upon cytosolic 1C pathway inhibition. a Cytosolic and mitochondrial 1C
metabolism and the pharmacologic intervention points of MTX. b Absolute consumption and release (CORE) rates of serine (Ser) and glycine (Gly) from
MDA-MB-468 cells upon 24 h 50 nM MTX. Dots represent the mean of an individual experiment each measured in triplicate wells; mean ± SEM (n= 6).
c Formate release rate upon [U-13C]serine in MDA-MB-468 cells after 24 h 50 nMMTX; mean ± SEM of three independent experiments each measured in
triplicate wells; unpaired t-test with Welch’s correction for M+ 1 isotopologue (n= 3). d MID of intracellular serine upon [U-13C]serine in MDA-MB-468
cells upon 24 h 50 nM MTX; mean ± SEM of four independent experiments each measured in triplicate wells. e Ratio of absolute intracellular serine and
glycine after 24 h 50 nM MTX in MDA-MB-468 cells. Dots represent the mean of an independent experiment in triplicate wells; mean ± SEM (n= 5).
f MID of intracellular serine upon [U-13C]serine in SHMT1, MFT, SHMT2, and FPGS-depleted HAP1 cells; mean ± SEM of independent experiments each
measured in triplicate wells (n= 8 for CTRL, SHMT1ko, and SHMT2ko; n= 5 for MTX; n= 2 for FPGSko, MFTko and MFT/SHMT1ko). g Ratio of absolute
intracellular serine and glycine levels in SHMT1, MFT, SHMT2, and FPGS depleted HAP1 cells. Dots represent the mean of an independent experiment in
triplicate wells; mean ± SEM (n= 8 for CTRL and SHMT2ko, n= 7 for SHMT1ko, n= 6 for MTX, n= 2 for FPGSko, MFTko and MFT/SHMT1ko). h Absolute
CORE rates of formate from WT and SHMT1- or SHMT2-depleted HAP1 cells upon 24 h 50 nM MTX. Each dot indicates the mean of an individual
experiment measured in triplicate wells; Brown-Forsythe and Welch ANOVA test with Dunnetts multiple comparisons test. Mean ± SEM (n= 4 for CTRL,
MTX, SHMT2ko, SHMT2ko MTX; n= 3 for SHMT1ko and SHMT1ko MTX) i Absolute CORE rates of formate from WT and MTHFD1L-depleted MDA-MB-
468 cells upon 24 h 50 nM MTX. Mean ± SEM (n= 6 for CTRL and MTX; n= 3 for MTHFD1Lko+ /- MTX) of an individual experiment measured in
triplicate wells; Brown-Forsythe and Welch ANOVA test with Dunnetts multiple comparisons test. j Absolute CORE rates of formate from SCR and
MTHFD2 KD MDA-MB-468 cells upon 24 h 50 nM MTX. Dots represent mean of an individual experiment measured in triplicate wells; mean ± SEM;
(n= 3) Brown-Forsythe and Welch ANOVA test with Dunnetts multiple comparisons test. k Absolute CORE rates of formate from MDA-MB-468 cells
upon 24 h treatment with 2.5 mM Metformin and 50 nM MTX. Dots represent mean of an individual experiment measured in triplicate wells; mean ± SEM
(n= 2). Source data are provided as a Source Data file.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30363-y ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:2699 | https://doi.org/10.1038/s41467-022-30363-y | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


or shRNA mediated MTHFD2 knock-down and MTHFD2 KO
(Fig. 4i, j, S4I-M). All genetic interventions resulted in a strong
suppression of formate overflow during MTX treatment, further
suggesting that increased formate overflow upon MTX depends
on mitochondrial serine catabolism via the folate pathway (Fig. 4i,
j, S4J, M).

As an alternative approach to genetic silencing we used
Metformin to target complex 1 of the electron transport chain
(ETC). We have previously shown that mitochondrial formate
production depends on active ETC21,22. Here, we demonstrate
that targeting of complex 1 with Metformin strongly suppresses
mitochondrial formate production both at baseline and in
presence of MTX, further supporting our finding that formate
production in presence of MTX depends on mitochondrial 1C
metabolism (Fig. 4k). To proof that Metformin indeed inhibits
respiration under the applied conditions, we performed Seahorse
experiments to measure the expected drop in oxygen consump-
tion rate (Fig. S4N). We also monitored a reduction in
proliferation (Fig. S4O) and we performed [U-13C]glutamine
tracing to monitor the expected strong increase in reductive
carboxylation (Fig. S4P, Q), a well-known phenomenon upon
ETC inhibition54,55.

In summary, these results show that mitochondria provide a
protected cellular environment that permits autarkic folate-
mediated serine catabolism independent of the cytosolic folate
metabolism.

Limiting serine availability decreases formate overflow and
cancer cell migration. As we observed increased glucose derived
serine synthesis and subsequent downstream catabolism of serine
via mitochondrial 1C metabolism, we investigated if interfering
with serine synthesis is effective to reduce sustained cell migration
upon pharmacologic inhibition of cytosolic 1C metabolism. First,
to identify an effective inhibitor of serine de novo synthesis, we
tested multiple available allosteric and one competitive inhibitor
of PHGDH. Indicated by the strong abrogation of labeled serine,
we observed that the competitive inhibitor BI-4916 (BI)12 had
superior efficacy compared to the allosteric inhibitors WQ-2101
(WQ)11, NCT-502 (NCT)9, and CBR-5884 (CBR)15 (Fig. 5a).
Released M+ 1 formate from [U-13C]glucose was also effectively
inhibited after BI treatment alone or in combination with MTX
(Fig. 5b). Additionally, routine screening for metabolic side effects
revealed that treatment with the allosteric inhibitors WQ, NCT,
and CBR did result in a significant reduction of mitochondrial
OCR (Fig. 5c), which was not observed with the competitive
inhibitor BI (Fig. 5c). WQ and NCT also negatively affected TCA
cycle activity as characterized by a reduction of M+ 2 iso-
topologue abundance of TCA cycle associated metabolites
(Fig. 5d). In contrast to the other inhibitors, BI had no adverse
effect on TCA cycle activity and proliferation rate and thus
emerged as the preferred PHGDH inhibitor in all subsequent
experiments (Fig. 5d, S5A–D). Combined treatment with the
specific PHGDH inhibitor BI significantly reduced MTX-
mediated cell migration (Fig. 5e). This inhibitory effect was fur-
ther enhanced upon combined PHGDH inhibition and serine and
glycine (S/G) starvation (Fig. 5f). While S/G starvation alone
resulted only in moderate inhibitory effects on migration of
MTX-treated cells, combined treatment with PHGDH inhibition
fully blunted cell migration (Fig. 5f). Similar results were observed
in 4T1 cells (Fig. S5F). As all MTX conditions resulted in full
growth arrest (Fig. S5E), this finding indicates a role for mito-
chondrial 1C metabolism in cell motility that is independent of
serine’s anabolic function to support biosynthetic processes.

While neither BI treatment alone nor S/G starvation alone were
sufficient to prevent the induction of the observed EMT-

phenotype, combined inhibition and starvation did minimize
ZEB1, ZEB2, and VIM upregulation upon DHFR inhibition
(Fig. 5g). This indicates that serine represents an underlying
requirement for EMT onset upon DHFR inhibition. Importantly,
S/G starvation did not further increase cell death after combined
MTX and BI treatment (Fig. 5h). Of note, we also found that BI
treatment was effective to reduce the migratory capacity of MTX-
resistant, pro-migratory MDA-MB-468 cells (Fig. 5i). In sum-
mary, using MTX as a tool compound to study cell migration in
absence of proliferation revealed that serine is essential to sustain
full cancer cell migratory capacity (Fig. 5j).

Mitochondrial 1C metabolism supports cell motility and
depends on mitochondrial THF availability. As withdrawal of
serine can affect different aspects of cell physiology, we aimed to
investigate more specifically the role of mitochondrial 1C meta-
bolism in promoting cell migration. Analogue to the interven-
tions presented in Fig. 4i–k, we used Metformin to target the ETC
and genetic interventions to target MTHFD2 or MTHFD1L both
in MDA-MB-468 and 4T1 cells.

Metformin treatment of MTX exposed (growth arrested) cells
reduced the migration of MDA-MB-468 cells (Fig. 6A), suggest-
ing that one function of the ETC is to support cell migration.

Next, we investigated the role of mitochondrial serine
catabolism in context of migration directly, by monitoring the
migration of MTX treated MTHFD2 or MTHFD1L silenced
MDA-MB-468 and 4T1 cells. Of note, neither MTHFD2 nor
MTHFD1L silencing reduced cell proliferation or sensitivity to
the growth-arresting effects of MTX (Fig. S6A–D). Also, cell
death rates upon MTX were not affected by MTHFD2 or
MTHFD1L silencing (Fig. S6E–H). Scratch assay analysis
showed that MTHFD2 silencing markedly reduced MTX-
mediated cell motility both in MDA-MB-468 and 4T1 cells
(Fig. 6b, c). As shRNA used to silence human and murine
MTHFD2 were different, we do not expect shRNA specific off-
target effects. Nevertheless, we confirmed the shMTHFD2 KD
results in MDA-MB-468 cells with MTHFD2 knock-out cells
(Fig. S6I).

Mthfd1l silencing of MTX treated 4T1 cells also resulted in
decreased migration (Fig. 6d). Somewhat surprisingly, loss of
MTHFD1L in MDA-MB-468 cells had no negative effect on the
migration of MTX treated cells (Fig. 6e). By following different
hypotheses and various experiments, we realized that there is a
striking difference in ALDH1L2 expression in 4T1 versus MDA-
MB-468 cells, while MTHFD1L expression was comparable
between these two cell lines (Fig. 6f, g).

This observation reminded us that in MDA-MB-468 cells,
ALDH1L2 can act as an alternative outlet to oxidize formyl-THF
to CO2 thereby regenerating mitochondrial THF (in contrast to
4T1). That said, in MTHFD1L deficient cells, the
ALDH1L2 status can be decisive whether THF can be regenerated
or if THF will be trapped as 10-CHO-THF in the mitochondrion.
Loss of free THF will potentially inhibit the autarkic mitochon-
drial cycle that can otherwise act in presence of MTX (Fig. 6h). In
support of this hypothesis, we also measured increased formate
release flux in 4T1 cells compared to MDA-MB468 (Fig. S6J),
suggesting that in 4T1 cells less 10-CHO-THF is oxidized via
Aldh1l2 and instead catabolized through Mthfd1l.

To test this hypothesis, we targeted ALDH1L2 in MTHFD1L
KO cells and monitored migration. We found that combinatorial
depletion of MTHFD1L and ALDH1L2 in MDA-MB-468 cells
resulted at least in a reduction of migration upon MTX compared
to single depletion of MTHFD1L alone. This was observed both
for shRNA as well as for siRNA mediated knockdown of
ALDH1L2 (Fig. 6i, S6K).
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In conclusion, these results reveal a growth-independent role of
mitochondrial 1C metabolism for cancer cell motility. Interest-
ingly, the pool of free THF might be relevant for the functionality
of the autarkic mitochondrial 1C cycle and ALDH1L2 can serve
as an alternative outlet to regenerate THF when MTHFD1L is
missing (summarized in Fig. 6J).

Genetic targeting of mitochondrial 1C metabolism reduces
metastasis formation in vivo. According to our model, we pre-
dict that sole inhibition of mitochondrial 1C metabolism might
be sufficient and effective to reduce cancer cell escape from the
primary tumor and subsequent metastasis formation. To test this
hypothesis, we employed the 4T1 cells with Mthfd1l KD to study
the metastatic cascade in orthotopic tumors in vivo.

To evaluate first if Mthfd1l KD cells are more prone to
oxidative stress, which could impact metastatic dissemination
in vivo56, we measured ROS levels in MTHFD1L silenced MDA-
MB-468 and 4T1 cells at baseline and after MTX treatment. At
baseline, ROS levels between MTHDF1L silenced and control
cells were unchanged. MTX treatment induced ROS levels to
comparable extends and 500 µM of H2O2 treatment did induce
cell death rate comparable to Ctrl cells (Fig. S7A–C). In summary,
these experiments do not indicate that loss of MTHFD1L results
in increased cellular ROS levels or increased susceptibility to
oxidative insults.

We then injected 4T1 cells with or without silenced Mthfd1l
into the mammary fat pad of immunocompetent BALB/c mice to
form orthotopic tumors (Fig. 7a). Primary tumor growth was
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monitored over 6 weeks. In concordance with the in vitro data,
primary tumor growth was not affected and tumor weight at
endpoint was not different compared to Ctrl conditions (Fig. 7b,
c). Knock-down of Mthfd1l in the primary tumors was confirmed
by Western Blot (Fig. 7d, S7D–F). In line with our hypothesis, the
number of macroscopic lung metastases was significantly reduced
in mice that were carrying tumors deficient in Mthfd1l (Fig. 7e).
While all mice that were injected with Mthfd1l-expressing
4T1 cells exhibited lung metastases, over 50% of mice injected
with Mthfd1l KD cells did not show macroscopic metastatic
lesions. Of note, expression of EMT related genes in the primary
tumor was unchanged between the two groups (Fig. S7G). H&E
staining of lungs and quantification of the metastatic area per
lung confirmed reduced metastasis in Mthfd1l deficient tumors
(Fig. 7f, g).

These in vivo findings further strengthen the key relevance of
mitochondrial 1C metabolism as a cornerstone to support cancer
cell migration independent of primary tumor growth and cancer
cell proliferation rates.

Discussion
In this study, we uncover a growth-independent function of
mitochondrial serine catabolism to drive cancer cell motility.
Importantly, by using MTX as a tool compound to study
migration independent of proliferation, we observed that upon
inhibition of cytosolic 1C metabolism, mitochondria sustain an
autarkic 1C metabolism that is sufficient to sustain full migratory
capacity.

Such compartmentalization of 1C metabolism during MTX
treatment is feasible because release of the 1C unit from THF in
the mitochondrial MTHFD1L reaction is, in contrast to cytosolic
thymidylate synthetase reaction, not oxidizing THF to DHF.
Therefore, the mitochondrial THF pool is sustained to allow
SHMT2-dependent mitochondrial serine catabolism, while cyto-
solic 1C metabolism enzymes are inhibited due to accumulating
DHF species. Our finding that ALDH1L2 can serve as an alter-
native source for THF regeneration in MTHFD1L deficient cells,
supports the notion that mitochondria can maintain an inde-
pendent THF pool that is required for an autarkic mitochondrial
1C metabolism as long as there is THF available that can accept
the hydroxymethyl group in the first (SHMT2 dependent) step of
serine catabolism.

An autarkic mitochondrial 1C metabolism is further sup-
ported by a chemical modification of folate species that alters
their transport activities across the mitochondrial membrane.

For maximal biologic activity, folate species need to be poly-
glutamated by folylpolyglutamate synthase (FPGS) and the
resulting polyglutamate species were shown to be only poorly
transported across the mitochondrial membrane57,58. Conse-
quently, polyglutamated folate species can be chemically trap-
ped within the mitochondria to sustain the mitochondrial 1C
cycle. Especially, upon growth arrest when cells can retain their
mitochondrial content and don’t need to amplify their content
as it is required during proliferation. Additionally, there is
evidence that transport activity of the mitochondrial folate
transporter is limited to reduced folates59. This indicates a
limited transport of MTX and folic acid itself across the
mitochondrial membrane. Taken together, such compartmen-
talization of 1C metabolism and autarkic function of mito-
chondrial 1C metabolism emerges as a selective advantage in
cells upon perturbation of cytosolic 1C metabolism and indi-
cates a function of the mitochondrial 1C metabolism pathway
to support cell motility.

While our data demonstrate that mitochondrial serine cata-
bolism is needed to allow full migratory capacity, the specific
biochemical output conferring this function still needs to be
determined in more detail. Mitochondrial serine catabolism can
generate NADH, NADPH, ATP, glycine, CO2, methylene- and
formyl-THF and formate. The plasticity of this pathway allows
tailoring the catabolism towards current cellular needs38.
Therefore, it can be possible that serine is differentially cata-
bolized along the metastatic cascade in a context dependent
manner. We have previously shown that exogenous formate
promotes cancer cell invasion22 and various cellular stress
situations such as energy stress21 or MTX treatment (this study)
can increase the rate of formate overflow which results in
increased extracellular formate concentrations. It is therefore
tempting to speculate that increasing formate concentrations in
the tumor microenvironment promote a more invasive phe-
notype of stressed cancer cells. In more general terms, it could
be possible that mitochondrial serine catabolism can selectively
promote cell motility in response to extrinsic or intrinsic stress
stimuli such as growth inhibition or nutrient deprivation. On
the other hand, MDA-MB-468 MTHFD1L KO cells are also
formate overflow negative but do not show reduced migration.
As ROS levels are neither increased in MDA-MB-468 nor in
4T1 MTHFD1L deficient cells, we do not think that the
observed migration effects in this study are ROS dependent.
Given previous work22 and the current study, there might also
be differences when comparing migration with invasion.

Fig. 5 Limiting serine availability decreases formate overflow and cancer cell migration. a MID of intracellular serine in MDA-MB-468 cells upon [U-
13C]glucose and 24 h 10 μM WQ-2101, 10 μM NCT-502, 30 μM CBR-5884, 15 μM BI-4916, and 50 nM MTX; mean ± SEM (n= 10 for CTRL; n= 3 for WQ,
MTX, WQ MTX, BI, BI MTX; n= 2 for NCT; n= 1 for CBR) of independent experiments each measured in triplicate wells. b Formate M+ 1 isotopologue
exchange rate in MDA-MB-468 cells using [U-13C]glucose and treatment as in (a). Dots indicate independent experiments measured in triplicate wells;
mean ± SEM (n= 10 for CTRL; n= 3 for WQ, MTX, WQ MTX, BI, BI MTX; n= 2 for NCT; n= 1 for CBR). c Basal cellular respiration upon 24 h 10 μM WQ-
2101, 10 μM NCT-502, 30 μM CBR-5884, and 15 μM BI-4916 in MDA-MB-468 cells as fold mitochondrial OCR compared to control. Dots represent
individual experiments composed of six technical replicates; mean ± SEM (n= 10 for CTRL, n= 7 for WQ, n= 3 for BI, n= 2 for NCT, n= 1 for CBR).
d M+ 2 isotopologues of selected TCA-metabolites in MDA-MB-468 cells upon [U-13C]glucose and treatment as in (b). Dots indicate independent
experiments measured in triplicate wells; mean ± SEM (n= 7 for CTRL, n= 3 for WQ, BI, n= 2 for NCT, n= 1 for CBR). e Migration of MDA-MB-468 cells
upon 50 nM MTX, 15 μM BI-4916 and f serine- and glycine starvation and respective AUC; mean ± SEM of independent experiments (n= 5 for (e), n= 4
for (f)); Brown-Forsythe and Welch one-way ANOVA with Dunnett’s multiple comparisons test. g mRNA expression from indicated genes in MDA-MB-
468 cells upon 72 h 50 nM MTX, 15 μM BI-4916, and serine- and glycine starvation measured by real-time RT-qPCR. Mean ± SEM (n= 4 for BI, BI+MTX,
n= 3 for MTX-SG, MTX-SG+ BI, n= 2 for -SG, n= 1 for BI-SG). h Cell death induction in MDA-MB-468 cells upon 48 h 50 nM MTX, 15 μM BI-4916 and
serine- and glycine starvation was assessed by flow cytometry and AnnexinV-FITC/PI-staining; mean ± SD of independent experiments (n= 3). Two-way
ANOVA with Dunnett’s multiple comparisons test. i Migration of MTX-resistant MDA-MB-468 cells upon 50 nM MTX and 15 μM BI-4916 and respective
AUC; mean ± SEM of independent experiments (n= 4); Brown-Forsythe and Welch one-way ANOVA with Dunnett’s multiple comparisons test. j Cytosolic
and mitochondrial compartments of 1C metabolism and the pharmacologic intervention points of MTX and inhibitors of PHGDH. Source data are provided
as a Source Data file.
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Ongoing work in our lab will help clarifying these questions in
the future. To do so, it will be of particular importance to
further disentangle effects arising from exogenous formate from
effects depending on endogenous serine catabolism. Indepen-
dent of these yet unknown details, we remain with the con-
clusion that mitochondrial serine catabolism contributes to
cancer cell migration and metastasis independent of its known
anabolic functions.

Finally, we would like to note that although we mainly use
MTX as a tool compound to separate proliferative from
migratory processes and to inhibit cytosolic 1C metabolism, our
results have also some implications in regard to MTX as an
anchor drug in chronic treatment of autoimmune diseases.
Intracellular erythrocyte and mean plasma concentration of
MTX were reported to be in a comparable, even slightly higher,
nM range to our chosen drug concentration60,61. Finally, we also
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would like to refer to a parallel and independent (back-to-back)
publication that provides additional evidence that purine
depletion promotes serine de novo synthesis and cell
migration62. Interestingly, in this parallel work, the authors
provide data that MTX also promotes the metastatic potential of
melanoma cells in vivo. Hence, our findings on mitochondrial
1C metabolism might justify future investigations in cancer
patients and patients that undergo chronic MTX therapy for an
arthritic comorbidity.

Methods
Chemicals. Methotrexate, rotenone, PKUMDL-WQ-2101, galactose, hydroxyurea,
NAC, metformin and fluorouracil were purchased from Sigma Aldrich. Clofar-
abine, pemetrexed disodium hydrate, sirolimus were purchased from Bio Connect.
Simvastatin was purchased from Sanbio. CBR-5884 and BI-4916 were purchased
from MedChemExpress. NCT-502 was purchased from ApeXBio.

Cell culture. All cell lines (except HAP1 cells) were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) without phenol red, glucose, and glutamine
(Thermo Fisher Scientific) and supplemented with 2 mM glutamine, 17 mM

Fig. 6 Mitochondrial 1C metabolism supports cell motility and depends on mitochondrial THF availability. a Migration of MDA-MB-468 cells upon
2.5 mM Metformin and 50 nM MTX and respective AUC; mean ± SEM of independent experiments (n= 3); Brown-Forsythe and Welch one-way ANOVA
with Dunnett’s multiple comparisons test. b Migration of MDA-MB-468 cells upon MTHFD2 knockdown and 50 nM MTX and respective AUC;
mean ± SEM of independent experiments (n= 4); Brown-Forsythe and Welch one-way ANOVA with Dunnett’s multiple comparisons test. c Migration of
4T1 cells upon Mthfd2 knockdown and 75 nM MTX and respective AUC; mean ± SEM of independent experiments (n= 3); Brown-Forsythe and Welch
one-way ANOVA with Dunnett’s multiple comparisons test. d Migration of 4T1 cells upon Mthfd1l knockdown and 75 nM MTX and respective AUC;
mean ± SEM of independent experiments (n= 3); Brown-Forsythe and Welch one-way ANOVA with Dunnett’s multiple comparisons test. e Migration of
MDA-MB-468 cells upon MTHFD1L knockout and 50 nMMTX and respective AUC; mean ± SEM of independent experiments (n= 3); Brown-Forsythe and
Welch one-way ANOVA with Dunnett’s multiple comparisons test. f ALDH1L2 and MTHFD1L protein expression in MDA-MB-468 and 4T1 cells. g Signal
intensity of ALDH1L2 on Western Blot was quantified relative to β-actin as loading control. Mean ± SEM (n= 3); unpaired t-test with Welch’s correction.
h MTHFD1L- and ALDH1L2-dependent reactions in mitochondrial 1C metabolism. i Migration of MDA-MB-468 cells upon MTHFD1L knockout, ALDH1L2
knockdown and 50 nM MTX and respective AUC; mean ± SEM of independent experiments (n= 3); Brown-Forsythe and Welch one-way ANOVA with
Dunnett’s multiple comparisons test. j Model summarizing the autarkic activity of mitochondrial and cytosolic 1C metabolism and their respective
relevance for cell migration and cell proliferation. Source data are provided as a Source Data file.

Fig. 7 Genetic targeting of mitochondrial 1C metabolism reduces metastasis formation in vivo. a 4T1 breast cancer cells transfected with non-targeting
control (SCR, n= 9) and 4T1 cells with KD of Mthfd1l (n= 9) were injected into the mammary fat pads of immunocompetent female Balb/c mice. Primary
tumor growth was monitored and lung metastasis formation was evaluated at end-point. b Primary tumor size was measured and mean tumor volume for
each group was calculated; mean ± SEM (n= 8 (Scr) and 9 (Mthfd1l KD)). c Primary tumor weight was measured at the end-point. Dots indicate individual
animals; mean ± SEM (n= 9); unpaired, two-tailed t-test with Welch’s correction. d Primary tumor tissue was analyzed for Mthfd1l protein expression by
Western Blot and quantified relative to β-actin as loading control. Dots indicate individual animals; mean ± SEM (n= 7 (Scr) and 8 (Mthfd1l KD)); unpaired,
two-tailed t-test with Welch’s correction. Protein lysates from tumors with significantly low Mthfd1l and β-actin expression relative to total protein were
judged to be not pure tumor lysate and discarded from analysis (see Figure S7D–F for details). e Macroscopic lung metastases were counted and are
depicted as number of metastases per lung. Dots indicate individual animals; mean ± SEM (n= 9); unpaired, two-tailed t-test with Welch’s correction.
f Lung tissue was embedded in paraffin and stained with H&E. 2 representative images per group are presented to show microscopic lung metastasis; scale
bar corresponds to 100 μm. g Metastatic area per lung was quantified and is expressed as % area of lung tissue. Dots indicate individual animals;
mean ± SEM (n= 7 (Scr) and 9 (Mthf1l KD)); unpaired, two-tailed t-test with Welch’s correction. Source data are provided as a Source Data file.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30363-y

12 NATURE COMMUNICATIONS |         (2022) 13:2699 | https://doi.org/10.1038/s41467-022-30363-y | www.nature.com/naturecommunications

www.nature.com/naturecommunications


glucose, and 10% fetal bovine serum (FBS) at 37 °C and 5% CO2. HAP1 cells were
cultured in IMDM medium supplemented with 10% FBS. For galactose treatment,
supplemented glucose was replaced by 17 mM galactose at the beginning of the
experiment. For serine/glycine starvation experiments cells were kept in MEM
(Thermo Fisher Scientific) supplemented with or without 400 μM glycine and
serine, 2 mM glutamine, 17 mM glucose and 10% dialyzed FBS.

MDA-MB-468 and MTHFD1L CRISPR/Cas9 KO cells were obtained from
Lewis Cantley lab, Weill Cornell Medical College, USA20. MDA-MB-468 were
authenticated by STR profiling in our lab in 2021 (originally from ATCC); LN229
cells obtained from Alexei Vazquez lab Beatson Institute for Cancer Research
(authenticated by STR profiling in our lab in 2021) (originally from ATCC);
4T1 cells from Luxembourg Institute of Health, Clement Thomas lab
(authenticated by Clement lab in 2018) (originally from ATCC). HCT-116 cells
from University of Luxembourg, Elisabeth Letellier lab (originally from ATCC),
HEK293T: NorLux Lab, Luxembourg Institute of Health (originally from ATCC).
HAP1 cells were obtained from Patel’s laboratory53 (originally from Horizon
Discovery). MTX-resistant MDA-MB-468 cells were generated through prolonged
culturing of MDA-MB-468 cells with 50 nM MTX for 2 months until cells started
to regrowth under MTX. All cell lines were routinely tested for mycoplasma
contamination.

Metabolic characterization. For metabolic characterization of cell lines, pre-
viously established protocols for absolute quantification of exchange fluxes and
intracellular fluxes of one-carbon metabolism were applied21.

Stable isotope tracing and metabolite extraction. Stable isotope tracing
experiments with [U-13C]-glucose tracer or [U-13C]-glutamine tracer (Cambridge
Isotope Laboratories, CLM-1396) were performed in DMEM supplemented with
2 mM glutamine, 17 mM glucose, and 10 % FBS. Stable isotope tracing experiments
with [U-13C]-serine tracer (Cambridge Isotope Laboratories) were performed in
MEM (Thermo Fisher Scientific) supplemented with 400 μM glycine, 2 mM glu-
tamine, 17 mM glucose, 400 μM serine tracer, and 10% FBS. To allow for adap-
tation, cells were cultivated in MEM for at least one passage prior to [U-13C]-serine
tracer experiments. 150,000 to 200,000 cells were seeded in 12-well plates in tri-
plicates for each experimental condition. Identical triplicate wells were seeded to
allow for cell count and cell volume determination (to calculate the packed cell
volume (PCV)) at the start and end of each tracing experiment. The day after
seeding, growth medium was replaced by tracer medium and cells were cultured for
24 h. In parallel, 3 wells per condition were counted to assess starting PCV. After
24 h, triplicate wells were counted to assess PCV at the end of the experiment and
one set of triplicates was used for subsequent metabolite extraction. Medium of
these triplicates were collected and analyzed for exchange rates. To determine the
basal medium composition for the subsequent calculation of exchange rates,
identical medium was incubated in triplicates in empty 12 wells throughout the
experiment and analyzed in parallel to the medium samples. Collected medium
samples were centrifuged at 300 g for 5 min. Supernatant was collected and stored
at −20°C until extraction of metabolites. Formate extraction, derivatization, and
quantification as well as metabolite extraction for LC-MS analysis was performed
as described in21. For metabolite extraction for GC-MS analysis after [U-13C]-
glucose tracing and [U-13C]-glutamine tracing, cells were washed with cold 0.9%
NaCl solution. 400 μl ice-cold MeOH/H2OMQ [(ratio, 1:1) containing the internal
standards pentanedioc-d6 acid and [U-13C]-ribitol at a final concentration of 1 μg/
ml and Tridecanoid-d25 acid at a final concentration of 5 μg/ml] was added to each
well. Plates were incubated for 5 min at 4°C on a rocking shaker. Supernatant was
collected, mixed with 200 μl CHCl3, and centrifuged for 5 min at 13,000 g at 4°C.
Upper polar phase was collected and stored at −20°C for subsequent MS analysis
of polar metabolites.

GC-MS measurements
Analysis of formate release rates. Formate derivatization in the culture medium was
performed using MCF derivatization as described in21. GC-MS analysis was per-
formed using an Agilent 7890 A GC coupled to an Agilent 5975 C inert XL Mass
Selective Detector (Agilent Technologies). A sample volume of 1 μl was injected into
a Split/Splitless inlet, operating in split mode (20:1) at 270 °C. The gas chromato-
graph was equipped with a 30m (I.D. 250 μm, film 0.25 μm) DB-5MS capillary
column (Agilent J&W GC Column, 122-5532 G). Helium was used as carrier gas
with a constant flow rate of 1.4 ml/min. GC oven temperature was held at 80 °C for
1 min and increased to 130 °C at 10 °C/min followed by a post run time of 4 min at
280 °C. Total run time was 15min. Transfer line temperature was set to 280 °C.
Mass selective detector (MSD) was operating under electron ionization at 70 eV. MS
source was held at 230 °C and the quadrupole at 150 °C. For precise quantification,
measurements were performed in selected ion monitoring mode. Target ions (m/z)
and dwell times are shown in Table S1. GC-MS chromatograms were processed
using Agilent MassHunter Quantitative Analysis for GC-MS, Version B.08.00. Final
determination of release rates was performed as described in21.

Determination of mass isotopomere distribution (MID) of Intracellular TCA Cycle
Metabolites following Stable Isotope Tracing. First, polar metabolites were deriva-
tized for 90 min at 55 °C with 20 μl of methoxyamine (c= 20 mg/ml) in pyridine

under continuous shaking and subsequently for 60 min at 55 °C with additional
20 μl of MTBSTFA w/ 1% TBDMCS. GC-MS analysis was performed using an
Agilent 7890B GC coupled to an Agilent 5977 A Mass Selective Detector (Agilent
Technologies). A sample volume of 1 μl was injected into a Split/Splitless inlet,
operating in splitless mode at 270 °C. Gas chromatograph was equipped with a
30 m (I.D. 250 μm, film 0.25 μm) ZB-35MS capillary column with 5 m guard col-
umn (Phenomenex). Helium was used as carrier gas with a constant flow rate of
1.2 ml/min. GC oven temperature was held at 100°C for 2 min and increased to
300°C at 10°C/min and held for 4 min. Total run time was 26 min. Transfer line
temperature was set to 280°C. Mass selective detector (MSD) was operating under
electron ionization at 70 eV. MS source was held at 230°C and the quadrupole at
150 °C. For precise quantification of the MID, measurements were performed in
selected ion monitoring mode. Target ions (m/z) and dwell times are shown in
Table S2.

The MetaboliteDetector software package (Version 3.220180913) was used for
mass spectrometric data post processing, quantification, MID calculations,
correction of natural isotope abundance, and determinations of fractional carbon
contributions63.

Analysis of medium exchange rates. Polar metabolites of the culture medium were
derivatized for 90 min at 45°C with 20 μl of methoxyamine (c= 20 mg/ml) in
pyridine under continuous shaking and subsequently for 30 min at 45 °C with 20 μl
of MSTFA. GC-MS analysis was performed using an Agilent 7890B GC coupled to
an Agilent 5977 A Mass Selective Detector (Agilent Technologies). A sample
volume of 1 μl was injected into a Split/Splitless inlet, operating in split mode (10:1)
at 270°C. Gas chromatograph was equipped with a 30 m (I.D. 250 μm, film
0.25 μm) ZB-35MS capillary column with 5 m guard column (Phenomenex).
Helium was used as carrier gas with a constant flow rate of 1.2 ml/min. GC oven
temperature program: 90°C for 1 min, 9°C/min to 270°C, 25°C/min to 320°C and
held for 7 min. Total run time was 30 min. Transfer line temperature was set to
280°C. MSD was operated under electron ionization at 70 eV. MS source was held
at 230°C and the quadrupole at 150°C. Full scan mass spectra were acquired
between m/z 70 and 700.

The MetaboliteDetector software package (Version 3.220180913) was used for
quantification. Briefly, peak areas of all isotopologues of defined quantification ions
were summed up and divided by the peak area of the internal standard for
normalization. In addition, a calibration curve was prepared to calculate absolute
concentrations. Absolute uptake and release rates were calculated as described in21

LC-MS measurements. Untargeted LC-MS analysis was carried out as previously
described in21.

Nucleotide and NAD/NADH analysis. The following analytical conditions are based
on a protocol from21. Metabolite analyses were performed using a Thermo Van-
quish Flex Quaternary LC coupled to a Thermo Q Exactive HF mass spectrometer.
Chromatography was carried out with a SeQuant ZIC-pHILIC 5 µm polymer
(150 × 2.1 mm) column connected to the corresponding SeQuant ZIC-pHILIC
Guard (20 × 2.1 mm) pre-column. Column temperature was maintained at 45 °C.
The flow rate was set to 0.2 mL/min and the mobile phases consisted of 20 mmol/L
ammonium carbonate in water, pH 9.2 (Eluent A) and Acetonitrile (Eluent B). The
gradient was: 0 min, 80% B; 2 min, 80% B; 17 min, 20% B; 18 min 20% B; 19 min 80
% B; 20 min 80% B (0.4 mL/min); 24 min 80% B (0.4 mL/min); 24.5 min 80% B.
The injection volume was 5 µL. All MS experiments were performed using elec-
trospray ionization with polarity switching enabled (+ESI/-ESI). The source
parameters were applied as follows: sheath gas flow rate, 25; aux gas flow rate, 15;
sweep gas flow rate, 0; spray voltage, 4.5 kV (+) / 3.5 kV (–); capillary temperature,
325°C; S-lense RF level, 50; aux gas heater temperature, 50°C. The Orbitrap mass
analyzer was operated at a resolving power of 30,000 in full-scan mode (scan range:
m/z 75…1000; automatic gain control target: 1e6; maximum injection time:
250 ms). Data were acquired with Thermo Xcalibur software (Version 4.3.73.11)
and analyzed with TraceFinder (Version 4.1). Subsequent data analysis for nor-
malization and natural isotope subtraction were performed using in house scripts
as in21.

Western blot. Total cell lysates from cells cultured in vitro were prepared by
30 min incubation of cell pellets on ice in cell lysis buffer (150 mM NaCl, 1 mM
EDTA, 50 mM Tris-HCl, 1% NP-40). Protein lysates from tumor tissue were
obtained by lysing 10 mg tumor tissue pieces in 150 μl cell lysis buffer. Homo-
genization of tumor tissue lysates was achieved with TissueLyser II (Quiagen) using
5 mm metal beads. Lysis efficiency was maximized by sonification. Lysis solution
was centrifuged at 13,000 g for 15 min at 4°C and supernatant was collected and
stored at −80°C. Protein concentration was determined by Bradford assay. 15 –
30 μg of total protein were loaded on NuPAGE 4–12% Bis-Tris gels (Life Tech-
nologies) or RunBlue 4–12% Bis-Tris gels (Westburg) using 4x NuPage LDS
Sample buffer (Thermo Fisher Scientific) supplemented with 10 mM DTT (Sigma
Aldrich) and blotted on nitrocellulose membrane according to standard protocols.
Membranes were stained with REVERT staining solution (LI-COR) and analyzed
for total protein abundance. Subsequently, membranes were blocked with Odyssey
TBS blocking buffer (LI-COR) or 5% milk-powder in TBST and incubated with the

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30363-y ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:2699 | https://doi.org/10.1038/s41467-022-30363-y | www.nature.com/naturecommunications 13

www.nature.com/naturecommunications
www.nature.com/naturecommunications


indicated primary antibodies over night at 4°C. Incubation with secondary anti-
body occurred for 2 h at RT. Detection was performed with the Odyssey CLx
Infrared Imaging System (LI-COR). ImageStudioLite Software Vers.5.2 (LI-COR)
was used for image analysis. All uncropped and unprocessed scans are available in
the source data file. Antibodies used for Western blot analysis in this study:

MTHFD1L (16113-1-AP, LOT: 00024322, RRID: AB_2250974) from
Proteintech; Vimentin (3390, clone 5G3F10, LOT:2, RRID: AB_2216128), β-actin
(3700, clone 8H10D10, LOT: 18, RRID: AB_2242334), NRF2 XP(R) (12721, clone
D179C, LOT: 8, RRID: AB_2715528) and MTHFD2 (41377, D8W9U, LOT: 1,
RRID: AB_2799200) from Cell Signaling Technology (CST); PHGDH
(HPA021241, LOT: B115626, RRID: AB_1855299), PSAT1 (HPA042924, LOT:
R40839, RRID: AB_2678223), PSPH (HPA020376, LOT: B115600, RRID:
AB_1855867), SHMT1 (HPA023314, LOT: A78402, RRID: AB_1856830), and
SHMT2 (HPA020549, LOT: A96534, RRID: AB_1856834) from Sigma Aldrich;
LaminB (ab16048, LOT: GR32836742, RRID: AB_443298) from Abcam; IRDye
680RD Goat Anti-Mouse IgG (H+ L) (926-68070, LOT: C90910-21, RRID: RRID
AB_10956588) and IRDye 800CW Donkey Anti-Rabbit IgG (H+ L) (926-32213,
LOT: 926-32213, RRID: RRID AB_621848) from LI-COR (used in a 1:10,000
dilution). All antibodies were used in a 1:1,000 dilution unless stated otherwise.

Poly-L-Lysine coating. Poly-L-lysine (P1274) was purchased from Sigma-Aldrich
and reconstituted at 500 μg/ml in H2OMQ. Wells were coated with PLL prior to
Seahorse measurement and Scratch assay. To this end, PLL solution was diluted
1:20 in H2OMQ and added to the plates at least 1 h prior to seeding. Following
incubation with PLL at 37°C and prior to cell seeding, plates were washed twice
with H2OMQ and allowed to air-dry.

Seahorse measurements. The day prior to measurement, 40,000 cells were seeded
on poly-L-lysine coated plates and treated the subsequent day as indicated. XF96
Extracellular Flux Analyzer (Seahorse Bioscience) was used to measure basal OCR
following manufacturer’s instructions using WAVE software. OCR was normalized
to the protein concentration or cell number in the wells following the protocol
described in64 using Bradford assay.

Flow cytometric analysis of cell cycle distribution and cell death. 200,000 cells
were seeded in 2 ml DMEM and treated the subsequent day as indicated. After
incubation, medium was collected and cells were washed with PBS. PBS fraction
was collected and cells were detached with trypsin. Detached cells were collected in
DMEM. The combined, collected solutions were centrifuged and pellet was washed
with PBS.

Cell cycle distribution. Centrifugation yielded a pellet that was resuspended in
100 μl PBS and fixed with ice-cold 80% EtOH. Fixed cells were stored at −20°C for
at least 1 h and maximum 5 days prior to measurement. Cells were centrifuged,
pellet was incubated for 1 h in 200 μl RNAse A in PBS (30 μg/ml) at RT. Imme-
diately prior to measurement, 98 μl propidium iodide (PI) in PBS (50 μg/ml) was
added. Flow cytometric analysis was performed using BD FACSCanto and BD
FACSDiva software (version 8.0.1). Analysis was performed in FlowJo Version
10.6.2.

Cell death analysis. Pellet following centrifugation was resuspended in 50 μl
AnnexinV-FITC staining solution (5% AnnexinV-FITC in AnnexinV binding
buffer (10 mM HEPES pH 7.4, 140 mM NaCl, 2.5 mM CaCl2, 0.1% BSA in ddH2O))
and incubated for 15 min on ice in the dark. 450 μl PI-staining solution (1.1 μg/ml
PI in AnnexinV binding buffer) was added immediately prior to measurement
using BD FACSCanto and BD FACSDiva software (version 8.0.1) (for wild-type
cells) or NovoCyte Quanteon and software NovoExpress (version 1.5.0) (for GFP-
positive transfected cells). Analysis was performed in FlowJo Version 10.6.2.

Flow cytometric analysis of ROS levels. 250,000 MDA-MB-468 cells were seeded
in 2 ml medium and treated the subsequent day as indicated. Following incubation,
cells were detached with trypsin, centrifuged at 350 g for 5 min and washed with
warm DMEM. Cells were stained in 100 μl DMEM supplemented with 1:2,000
DAPI and 1:500 DCFDA for 30 min at 37°C. Following incubation, samples were
centrifuged at 350 g for 5 min and washed with PBS. Following centrifugation at
350 g for 5 min, cells were resuspended in 100 μl PBS and measured using the BD
LSRFortessaTM system and BD FACSDiva software (version 8.0.1). Data analysis
was performed using FlowJo software Version 10.6.2.

Cell proliferation. Cell proliferation was determined using the IncuCyte® Live-Cell
Analysis system (Essen Bioscience). Cell proliferation was either determined as
measurement of cell density (confluence) or by quantification of red nuclei using
the IncuCyte® NucLight Rapid Red Reagent (Essen Bioscience). Staining was
performed according to manufacturer’s instructions. Alternatively, viable cell
number was determined by trypan blue staining and automatic counting using a
Countess™ Cell Counting Chamber Slide (Thermo Fisher).

Migration assay (wound closure). Cell migration was determined using the
IncuCyte® Scratch Wound Assay system for 96 well plates (Essen Bioscience). 96
well image lock plates (Essen Bioscience) were PLL coated prior to seeding of
40,000 cells per well. Wound application was performed 24 h post seeding using the
96-pin IncuCyte WoundMaker tool (Essen Bioscience) and indicated treatments
were applied simultaneously. Measurement was performed in technical replicates
(n= 4–8) and repeated as independent, biological experiments as stated for the
respective experiment in figure legends.

Invasion and migration assay (transwell assay). Invasion and migration was
analyzed by Boyden chamber assay as described in Meiser et al., 201822. Transwells
were coated with ECM-Collagen for invasion assays and left un-coated for
migration assay. Treatment and migration/invasion was carried out for 18 h
to 24 h.

RNA extraction, cDNA synthesis, and qPCR analysis. Total RNA was extracted
from cell culture dishes following manufacturer instructions of RNeasy Mini Kit
(Qiagen, 74104) or NucleoSpin RNA Kit (Machery&Nagel, 740955). For RNA
extracts from tumor tissue, 10 mg tissue were homogenized in 350 μL RNA using
5 mm metal beads in TissueLyser II (Quiagen). RNA was transcribed to cDNA with
High-capacity cDNA Reverse Transcription Kit (ThermoFisher, 4368814). qPCR
was performed from 20 ng cDNA per sample using Fast SYBR™ Green Master Mix
(ThermoFisher, 4385612). All samples were analyzed in technical duplicates or
triplicates. qPCR using Fast SYBR Green was conducted at 95°C for 20 s, 40 cycles
of 95°C for 1 s and 60°C for 20 s using the QuantStudio 5 Real-Time PCR System
(Applied Biosciences, ThermoFisher Scientific). Specificity was verified by melt
curve analysis. Relative quantification of each mRNA was done by QuantStudio
Design&Analysis v1.5.1 software (Applied Biosciences, ThermoFisher Scientific)
and comparative Ct method. All expression data was normalized to two house-
keeping genes (GAPDH and CycloA). All primers used in this study are listed in
Table S3.

shRNA-mediated gene silencing. Knockdown with shRNA was performed in
MDA-MB-468 and 4T1 cells using lentiviral particles expressing two different
shRNAs targeting the gene of interest and one non-silencing control vector
(pGIPZ-shSCR: TTACTCTCGCCCAAGCGAG (Code: RHS4346). For silencing of
the MTHFD2 gene in MDA-MB-468 cells, pGIPZ shMTHFD2-2: ATTG-
CATTTCTATTGGCCT (V2LHS_90968) purchased from Horizon Discovery was
used. For silencing of the ALDH1L2 gene in MDA-MB-468 cells, pGIPZ
shALDH1L2: ACTGCTTTATCAACATCCG (Code: V3LHS_385780) purchased
from Horizon Discovery was used. For silencing of the Mthfd1l gene in 4T1 cells,
pGIPZ shMTHFD1L-2: TAGATTTCAATTTCATCTG (Code: V2LHS_96542)
purchased from Horizon Discovery was used. For silencing Mthfd2 gene in
4T1 cells, pGIPZ shMthfd2-2: ATGACAACGGCTTCATTTC (Code:
V2LMM_23800) purchased from Horizon Discovery was used. Plasmids used for
generation of lentivirus were amplified from glycerol stocks, isolated (Macher-
y&Nagel plasmid isolation kit), and used for transfection of HEK293T cells. Len-
tivirus was produced for 24 h in HEK293T cells co-transfected with the viral core
packaging construct pCMVR8.74, the VSV-G envelope protein vector pMD2.G
and the respective pGIPZ-shRNA-target plasmid using lipofectamine 3000 (Invi-
trogen #L3000008). Filtered virus supernatant was used to transduce MDA-MB-
468 and 4T1 cells in DMEM supplemented with 2% FBS. After 24 h incubation at
37 °C, virus was removed and cells were cultured in DMEM supplemented with
10 % FBS for 48 h. 96 h post transduction, cells were cultured in selection media
containing 2 µg/mL of puromycin (Sigma #P8833) for five passages to obtain stably
transduced GFP-positive cells.

Generation of KO cells. Gene knock-out (KO) using the CRISPR-Cas9 system was
performed in MDA-MB-468 using a vector expressing hCas9 and the respective
guideRNA to target the gene of interest. For silencing of the MTHFD2 gene in
MDA-MB-468 cells, two different gRNA sequences (gRNA#918: CGCCAAC-
CAGGATCACACTC (Vector ID: VB190718-1104ncn); gRNA1.Ex:
GCTCGCGGCAGTTCGGTAAGA (Vector ID: VB190719-1026vzh) purchased
from VectorBuilder were used. A control vector was used scramble_gRNA
(GTGTAGTTCGACCATTCGTG (Vector ID: VB190718-1103vja) together with
both constructs. To generate aMTHFD2-KO cell line, 300.000 cells were seeded the
day prior to transfection into a 6 well plate in DMEM supplemented with 10% FBS.
24 h later, the culture medium was replaced with 2 mL of DMEM-F12 (LONZA
#12-719 F) supplemented with 10 % FBS, Glucose (17 mM final concentration),
Glutamine (2 mM final concentration), and 1 mM Sodium Formate and the cells
were transfected using Opti-MEM, Lipofectamine, P3000 and 2 µg of plasmid
DNA. Post incubation for 24 h, the transfection mix was removed and cells were
replaced with fresh DMEM-F12. 72 h post transfection, cells were sorted into single
cells by FACS based on their GFP fluorescence. Single cells were grown in DMEM-
F12 supplemented with 1% Pen-Strep (Sigma, # P4333) until the formation of
single colonies. These were further expanded and characterised by means of
Western Blot.
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siRNA-mediated gene silencing. 500.000 MDA-MB-468 cells were transfected
with 40 pmol siRNA upon seeding in 6 well-plates using Lipofectamine 3000
(ThermoFisher) according to the manufacturer’s instructions. Non-silencing con-
trol siRNA (siRNA ON-TARGETplus Human non-targeting (1810-10-05) siRNA
SMARTpool) and siRNA directed against human ALDH1L2 mRNA (siRNA ON-
TARGETplus Human ALDH1L2 (160428; 26918-01-0005) siRNA SMARTpool)
were purchased from Dharmacon.

Animal model. Animal experiments were performed according to all applicable
laws and regulations, after receiving approval by the institution’s Animal Experi-
mentation Ethics Committee at UL (AEEC) and the veterinarian service of the
Ministry of Agriculture, Viniculture & Rural Development (TumorMetab LUPA
2020/01). They ensure that care and use of animals for research purposes was
conducted according to the EU Directive 2010/63/EU, as well as the Grand-Ducal
Regulation of January 11, 2013 on the protection of animals used for scientific
purposes. These included the justification of the use of animals, their welfare and
the incorporation of the principles of the 3 R’s (Replacement, Reduction and
Refinement). A biostatistician reviewed all animal protocols. Mice were housed in a
specific pathogen free (SPF) facility at a relative humidity of 40–70%, at 22 °C, and
in 12 h dark/light cycles. Syngeneic 4T1 mammary carcinoma cells were orthoto-
pically implanted into the left mammary fat pads (1 injection/mouse) of immune
competent female Balb/c mice (8-10 month old) according to established
protocols65. Briefly, each injection contained 2000 cells in a mixture of 25 μL PBS
and 25 μL matrigel. 9 mice per group were injected with either 4T1 SCR or 4T1
Mthfd1l KD cells. Primary tumor growth was monitored between day 7 and day 35
of the experiment. Weight was monitored and no weight loss was observed.
Experiment was terminated after 6 weeks and lung and liver were prepared for
examination of metastatic outgrowth. No metastases were found in the liver.
Macroscopic lung metastases were blindly counted under a microscope and
microscopic lung metastases were visualized by H&E staining.

H&E staining. H&E staining was performed on 10 μm sections of paraffin
embedded lung tissue. Staining was performed according to established protocols.
Briefly, selected sections were dehydrated with MeOH and stained with Gill 2
hematoxylin. Sections were neutralized with successive washes of tap water, hard
water (10 g MgSO4 and 0.7 g NaHCO3 per L), and distilled water. Subsequently,
sections were stained with Eosin-solution and dehydrated through successive
washes with 80%, 95%, 100% EtOH and Xylol prior to mounting. Images for
quantification were acquired using BioTek Cytation 5 Cell Imaging Multimode
Reader. Area of lung and metastasis were measured in ImageJ. Representative
images for publication were acquired using Olympus IX83 microscope. Collapsed
lungs were excluded from quantitative analysis.

Proteomics. SILAC (Stable Isotope Labeling with Amino acids in Cell culture)
strategy was used for proteomic analysis. In general, MDA-MB-468 cells were
cultivated in DMEM-F12 SILAC medium supplemented either with Lys0 and Arg0

(light channel) or Lys8 and Arg10 (heavy channel). After 6 passages, labeling
efficiency of heavy channel was confirmed using LC-MS/MS. Cells in light channel
were treated with 50 nM MTX for 24 h and 72 h, while heavy channel was used as
control. Cell pellets of biological duplicates were collected. Proteins were extracted
in lysis buffer (50 mM ammonium bicarbonate, 6 M Urea, 2 M Thio-urea, pH 8)
following a 30 min incubation at 4°C in the presence of protease inhibitors
(cOmplete™ EDTA-free Protease Inhibitor Cocktail, Roche). Following cen-
trifugation at 16,000 g for 10 min, supernatants were taken for protein quantifi-
cation. Samples from light channel (50 μg protein) were mixed with control heavy
channel (50 μg protein) for protein reduction (5 mM DTT, 1 h incubation at 37°C)
and alkylation (10 mM IAA, 45 min in dark at room temperature). Protein
digestion was performed with Lys-C (FUJIFILM Wako, 125-05061) at 1:30 ratio
(enzyme/protein substances) for 4 h at 37 °C, then samples were diluted 4 times
with 50 mM ammonium bicarbonate and digested overnight with 1 μg of trypsin at
37°C. Digestion was terminated through addition of formic acid (1% final con-
centration). Digested peptides were cleaned up with reverse phase Sep-Pak C18 1
cc Vac Cartridge (Waters, WAT054955) and eluted with 1 mL 50% ACN. Eluted
peptides were dried by Speedvac (Thermo Fisher Scientific) and re-suspended in
0.1% formic acid. Peptide concentration was measured with Nanodrop. Peptides
were measured by LC-MS/MS on Q-Exactive HF mass spectrometer (Thermo
Fisher) connected to a Dionex Ultimate 3000 (Thermo Fisher). 500 ng of peptides
were loaded onto a trap column (Acclaim PepMap 75 μm x 2 cm, C18, 3 μm) and
separated on a 25 cm Acclaim pepmap RSLC column (75 μm x 25 cm, C18, 2 μm)
using a 150 min gradient (2% to 90% acetonitrile) with a flow rate of 0.3 μL/min.
MS data were acquired in data-dependent mode. Survey scans of peptide pre-
cursors from 375 to 1500 m/z were performed at 70,000 resolution with a 3 × 106

ion count target and the top 12 abundant peaks from survey scan were selected for
fragmentation. Tandem MS was performed by isolation at 1.4 m/z with the
quadrupole, HCD fragmentation with a normalized collision energy of 28. The
MS2 ion count target was set to 1 × 105 and the max injection time was 45 ms. Only
precursors with a charge state of 2–7 were sampled for MS2. The dynamic
exclusion duration was set to 20 s with a 10 ppm mass tolerance around the
selected precursor and its isotopes. Each sample was analyzed twice as technical
replicates. All raw data was analyzed with MaxQuant (version 1.6.7.0) and searched

with Andromeda against the Homo sapiens database from Uniprot. The minimal
peptide length was set to 7 amino acids and the maximum of 3 missed cleavages
were allowed. The search included variable modifications of methionine oxidation
and N-terminal acetylation, deamidation (N and Q) and fixed modification of
carbamidomethyl cysteine. The “Match between run” was checked within 1 min
retention time window. Mass tolerance for peptide precursor and fragments were
set as 10 ppm and 20 ppm, respectively. The FDR was set to 0.01 for peptide and
protein identifications. SILAC based protein quantification (MaxQuant built-in)
was used for quantitative evaluation of identified proteins. ProTIGY (https://
github.com/broadinstitute/protigy), an R based tool, was used for differential
analysis of MaxQuant output.

Statistics. Unpaired t-test with Welch’s correction was applied for pairwise
comparison (two-sided) using GraphPad Software Vers.8. For comparison of
multiple groups ordinary Brown Forsythe & Welch one-way or two-way ANOVA
with Dunnett’s multiple comparison or Games-Howell’s multiple comparisons test
was performed using GraphPad Software Vers.8. Resulting p-values for compar-
isons of interest are given as numerical values within the respective graphs. For
normalization, data points of one experiment were either normalized to the
untreated control or divided by the global mean of the individual experiment. We
define one n as one independent biological experiment (in some cases further
consisting of several wells, e.g. triplicate wells for all stable isotope tracing
experiments). The technical mean of one biological experiment was considered as
one n. The mean values of several independent, biological experiments (as indi-
cated in figure legends) were plotted and used for statistical analysis as indicated.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. Proteomics data is available at the proteomics
identification database (PRIDE) under the id: PXD027175 (INSERT URL here, once
available). The remaining metabolomics data from targeted analysis are available within
the article and the supplementary information files (source data file). Source data are
provided with this paper.
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TNF-related apoptosis inducing ligand (TRAIL) is expressed on cytotoxic T lymphocytes
(CTLs) and TRAIL is linked to progression of diabetes. However, the impact of high
glucose on TRAIL expression and its related killing function in CTLs still remains largely
elusive. Here, we report that TRAIL is substantially up-regulated in CTLs in environments
with high glucose (HG) both in vitro and in vivo. Non-mitochondrial reactive oxygen
species, NFkB and PI3K/Akt are essential in HG-induced TRAIL upregulation in CTLs.
TRAILhigh CTLs induce apoptosis of pancreatic beta cell line 1.4E7. Treatment with
metformin and vitamin D reduces HG-enhanced expression of TRAIL in CTLs and
coherently protects 1.4E7 cells from TRAIL-mediated apoptosis. Our work suggests
that HG-induced TRAILhigh CTLs might contribute to the destruction of pancreatic beta
cells in a hyperglycemia condition.

Keywords: High glucose, CTLs, TRAIL, ROS, PI3K-Akt, NFkB

INTRODUCTION

An elevated level of blood glucose is a typical symptom for diabetes, a metabolic disease. Diabetes
affects 422 million people globally and has become the seventh leading cause of death worldwide (1).
Diabetes is mainly categorized into two groups, type 1 diabetes and type 2 diabetes. Type 1 diabetes
has been identified as an autoimmune disease, for which Cytotoxic T lymphocytes (CTLs) play an
important role in destroying the insulin-producing pancreatic beta-cells in an antigen specific
manner (2). For type 2 diabetes, CTLs, along with other factors, are reported to be associated with its
initiation and progression (3).

CTLs are the key players in the adaptive immune system to destroy pathogen-infected or
tumorigenic cells (4). Usually, CTLs employ two major killing mechanisms: lytic granules (LGs) and
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the Fas/Fas ligand (FasL) pathway. LGs contain cytotoxic
proteins, such as the pore-forming protein perforin and the
serine proteases termed granzymes. Upon target recognition,
LGs are reoriented towards the CTL-target contact site, termed
the immunological synapse (IS), and their cytotoxic content will
be specifically released into the cleft, resulting in direct lysis or
apoptosis of target cells (5). FasL, a member of tumor necrosis
factor (TNF) family, is expressed on the surface of CTLs.
Engagement of FasL with its Fas receptor, which spans on the
target cell surface, initiates apoptotic cascades in target cells (5,
6). Emerging evidence shows that the effector functions of CTLs
are highly dependent on their metabolic status (7). Glucose
metabolism and the proper access to glucose are essential to
maintain CTL effector functions, especially their killing function
(8). It is reported that with excessive glucose, calcium influx
elicited upon conjugation with target cells is reduced (9) and
CTL killing efficiency is elevated partially regulated by Ca2+

without affecting lytic granule pathway and FasL expression (10).
TNF-related apoptosis-inducing ligand (TRAIL), similar as

FasL, also belongs to the TNF super family. A rich body of
studies suggests that TRAIL and/or TRAIL receptors are
correlated with progression of diabetes and diabetes-related
complications (11, 12). Interestingly, TRAIL is expressed in
CTLs (13) to clear viral-infected cells and down-size the
effector population to terminate immune responses in an
antigen-independent manner (14). TRAIL and TRAIL
receptors are linked to both type 1 and type 2 diabetes (15,
16). In humans, four TRAIL receptors are expressed, TRAIL-R1,
-R2, -R3 and -R4 (17). The former two (TRAIL-R1 and -R2) are
activating receptors, which contain functional death domains to
trigger the caspase-8-dependent apoptotic pathway. TRAIL-R3
and -R4 function as decoy receptors, lacking the capability to
initiate the death signaling pathway. TRAIL-R1 and/or -R2 are
expressed in many normal tissues including pancreas and
especially pancreatic beta cells (18, 19).

In this work, we show that TRAIL is substantially up-
regulated in high glucose-cultured CTLs and in CTLs from
diabetic patients or diabetic mouse models. This high glucose-
enhanced TRAIL expression could be diminished by removal of
reactive oxygen species (ROS), blockade of NFkB or PI3K/Akt.
Pancreatic beta-cells can be killed by TRAILhigh CTLs in a
TRAIL-dependent manner. Furthermore, we found that
treatment of two drugs, metformin and vitamin D, could
individually or additively abolish the enhanced TRAIL
expression induced by high glucose in CTLs to protect
pancreatic beta cells from TRAIL-mediated apoptosis.

MATERIALS AND METHODS

Antibodies and Reagents
All chemicals are from Sigma-Aldrich (highest grade) if not
mentioned otherwise. The following antibodies and reagents
were purchased from Biolegend: APC/Cy7 anti-human CD3
antibody, BV421 anti-human CD3 antibody, BV421 anti-human
CD8 antibody, APC anti-human CD253 (TRAIL) antibody, APC

anti-mouse CD253 (TRAIL) Antibody, BV421 anti-mouse CD8a
Antibody, PE anti-mouse CD3 Antibody, PerCP anti-human
CD25 antibody, APC anti-human CD62L antibody, APC anti-
human CD262 (TRAIL-R2), and 7-AAD viability staining
solution. The following antibodies were also used: FITC anti-
human CD69 (eBiosciences), FITC anti-human CD44
(DAKO), Purified NA/LE mouse anti-human CD253 (BD
Biosciences), BV421 mouse anti-human CD263 (TRAIL-R3)
(BD Biosciences), Alexa647 mouse anti-human GLUT1 (BD
Biosciences), human TRAIL R1/TNFRSF 10A PerCP-conjugated
antibody (R&D Systems), and human TRAIL R4/TNFRSF 10D
PE-conjugated antibody (R&D Systems). In addition, the
following reagents were used: NucView Caspase-3 enzyme
substrates (Biotium), Idelalisib (Selleckchem), MK-2206
(Selleckchem), Rapamycin (Selleckchem), Caffeic acid phenethyl
ester (CAPE) (R&D Systems), Mitoquinone (MitoQ) (Biotrend),
N-acetyl-L-cysteine (NAC) (Merck), vitamin 1,25D3 (Merck),
Calcipotriol (TOCRIS), DMSO (Merck), Cellular ROS Assay Kit
(Abcam), metformin hydrochloride (Merck), H2O2 (Merck), and
Streptozotocin (Merck).

Cell Culture
Peripheral blood mononuclear cells (PBMCs) were obtained from
healthy donors as described elsewhere (20). Primary human CD8+

T cells were negatively isolated from PBMCs using Human CD8+ T
Cell isolation Kits (Miltenyi Biotec). Human CD8+ T cells were
stimulated with CD3/CD28 activator beads (Thermo Fisher
Scientific) and cultured in DMEM medium (Thermo Fisher
Scientific) containing normal (5.6 mM) or high glucose (25 mM)
for up to three days if not otherwise mentioned. Levels of glucose in
medium was examined every day using “Contour Next Sensoren”
test strips (SMSMedipool) and consumed glucose was compensated
accordingly. If CTLs were cultured longer than three days, human
recombinant IL-2 (Miltenyi Biotec) was added to the medium every
two days from day 2 on (100 U/ml). All cells were cultured at 37°C
with 5% CO2. Human pancreatic beta cell line 1.4E7 was purchased
from Merck and cultured in RPMI-1640 medium (Thermo Fisher
Scientific) supplemented with 2 mM glutamine, 1% Penicillin-
Streptomycin plus 10% FCS (ThermoFisher Scientific).

Flow Cytometry Analysis
For cell surface staining, cells were washed twice with PBS/0.5%
BSA and stained for 30 minutes at 4°C in dark using
corresponding antibodies mentioned in the figure legends. For
intracellular staining, cells were fixed in pre-chilled 4% PFA and
permeabilized with 0.1% saponin in PBS containing 5% FCS and
0.5% BSA, followed by the immunostaining as described above.
Flow cytometry data were acquired using a FACSVerse flow
cytometer (BD Biosciences) and were analyzed with FlowJo v10
(FLOWOJO, LLC).

Assays for Apoptosis and Viability
To assess cell apoptosis, 1.4E7 cell were co-cultured with primary
human CD8+ T cells and incubated at 37°C with 5% CO2. Cells
were harvested at various time points as indicated in the text and
stained with BV421-CD3, and then incubated with NucView
Caspase-3 Substrates at room temperature for 30 minutes,
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followed with analysis using flow cytometry. To determine the
viability of CTLs, cells were stained with 7-AAD.

Diabetic Mouse Model
C57BL/6N mice were injected with streptozotocin intraperitoneally
for five days consecutively (50 mg/kg per day) and were sacrificed at
day 21. Blood samples were taken from the tail vein and glucose
level was tested by standard test strips every day after injection. Mice
with blood glucose level more than 250 mg/dL one week after the
first injection were considered as diabetic.

Microarray and Analysis
For transcriptome analyses, total RNA of CD8+ human T cells
was extracted by miRNeasy Mini Kit (Qiagen), following the
manufacturers’ instructions, and quantified using NanoDrop
2000c Spectrophotometer (Thermo Fisher Scientific). The
quality of the RNA samples was assessed by determining the
corresponding RIN (RNA integrity number) values. For this
purpose, an Agilent 2100 Bioanalyzer instrument was used
together with the RNA 6000 Nano assay from Agilent
Technologies (Santa Clara). An excellent quality of the
analyzed total RNA was verified by RIN values of 10 for all
samples. To determine the cellular transcriptomes, 100 ng of the
total RNA was analysed by microarray. The microarray analyses
were performed as previously described (21). Differential
expression analysis of the Agilent microarray data was
performed with the Linear Models for Microarray Data
(limma) R package (22). First, samples were corrected for
background (NormExp) and quantile normalized, respectively.
Control probes used for background correction, probes without
associated gene symbols, and genes classified as not expressed in
at least 6 out of 12 arrays by the Agilent feature extraction
software were removed from the dataset. After the filtering step,
the dataset contained a total of 29,037 transcripts, corresponding
to 19,834 genes. For differential expression analysis, a linear
model was fitted to each individual sample. Then, a linear model
was calculated between samples in high glucose (HG) or normal
glucose (NG) conditions. Differentially expressed genes were
identified with a t-test. The associated p-values were calculated
for each gene with an empirical Bayes method and adjusted for
multiple testing with the Benjamini-Hochberg method (23). A
gene was classified as differentially expressed (DE) for a given
contrast if its adjusted p-value was below 0.05. Among the DE
genes, an enrichment analysis for gene annotations was
performed with the limma package. Also, an enrichment
analysis based on protein interaction subnetworks was carried
out by the pathfindR package (24).

Seahorse Assay
Primary human CD8+ T cells were stimulated either in normal (5.6
mM) or high glucose (25 mM) for three days. At day 3, CTLs were
counted and seeded in 96-well XF Cell Culture Microplate in XF
Seahorse DMEMmedium at a cell concentration of 3×105 cells/well.
Following the manufacturer’s instructions (Agilent), the
extracellular acidification rate (ECAR) and oxygen consumption
rate (OCR) were measured using the XF Glycolytic Stress Test and
XF Cell Mitochondrial Stress Test kits, respectively.

Patient Materials
Blood sampleswere collected frompatientswithdiabetes type 1 and2
(using the current diagnostic criteria from the American Diabetes
Association-ADA) and healthy control subjects (all with normal
glycated haemoglobin level (HbA1c < 5,7%) at the day of the blood
sample collection). Both patients and healthy controls were recruited
in the Department of InternalMedicine II in the SaarlandUniversity
Medical Center, Homburg, Saarland, Germany. Written informed
consentwas obtained fromall subjects before blood sampling, strictly
following the procedure described in the ethical approval of the ethic
committee of themedical association of Saarland (Ethic Vote Nr: Ha
84/19). PBMCs were obtained from the blood samples and were
stimulated with CD3/CD28 activator beads (Thermo Fisher
Scientific) and cultured in DMEM containing normal (5.6 mM) or
high glucose (25 mM) for three days, supplemented with
recombinant IL-2 (100 U/ml, Miltenyi).

Intracellular ROS Detection
Cellular ROS Assay Kit (Abcam) was used to determine
intracellular ROS. Briefly, at 6 hours after activation of CD3/
CD28 activator beads, the CTLs were stained with BV421-CD8
for 30 minutes at 4°C in dark, and then incubated with
dichlorofluorescein diacetate (DCFDA, 20 µM) at 37°C for 30
minutes, followed by analysis using flow cytometry.

Quantitative RT-PCR
The mRNA expression analysis was carried out as described
before (25). Briefly, total RNA was isolated from CTLs using
TRIzol reagent (ThermoFisher Scientific). Then the isolated
RNA was reversely transcribed into complementary DNA
(cDNA) and relative gene expression was performed by qRT-
PCR using CFX96Real-TimeSystemC1000 Thermal Cycler (Bio-
Rad Laboratories). TATA box-binding protein (TBP) was used
as the housekeeping gene for the normalization of the target
genes. Primer sequences are as follows (forward/reverse): TBP
(5’-CGGAGAGTTCTGGGATTGT-3’/5’-GGTTCGTGGCT
CTCTTATC-3’). Pre-designed primers were purchased for
TRAIL (QT00068957) and Glut1 (QT00079212).

Statistical Analysis
Data are presented as mean ± SD. GraphPad Prism Software
(San Diego, CA, USA) was used for statistical analysis. The
differences between two groups were analyzed by the Student’s t-
test. For multiple comparisons, two-way ANOVA or one-way
ANOVA was performed followed by Bonferroni test.

RESULTS

Expression of TRAIL Is Up-Regulated in
CTLs by High Glucose and TRAILhigh

CTLs Induces Destruction of Pancreatic
Beta Cells
Our previous work shows that culturing CTLs in high glucose-
containing medium does not alter their expression of perforin,
granzymes, FasL, and degranulation (10). Thus, in this study we
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analyzed the impact of high glucose on expression of TRAIL in
CTLs. We used negatively isolated primary human CD8+ T cells
from healthy donors and stimulated the cells with CD3/CD28
antibody-coated beads in presence of normal (5.6 mM, NG) or
high glucose (25 mM, HG) for three days (hereafter referred to as
NG or HG-CTLs). At mRNA level, TRAIL was substantially up-
regulated in HG-CTLs compared to NG-CTLs (Figure 1A).
Concomitantly, at protein level, not only the total expression
of TRAIL was considerably enhanced (Figure 1B), but also the
expression of TRAIL on the surface was significantly elevated in
HG-CTLs compared to NG-CTLs (Figures 1C, D). To test the
in vivo relevance of this finding, we used a streptozotocin-
induced diabetic mouse model. Compared to CTLs from the
control group, CTLs from diabetic mice exhibited significantly
elevated levels of TRAIL (Figure 1E). The level of blood glucose
was positively correlated with expression of TRAIL (Figure 1F).
Furthermore, we examined TRAIL expression in freshly isolated
CD8+ T cells from diabetic patients, which was also positively
correlated with the level of blood glucose (Figure 1G). These
findings suggest that TRAIL expression in CTLs is up-regulated
by HG and that glucose levels correlate with TRAIL expression in
vivo in the context of diabetes.

Given the fact that treatment of soluble TRAIL can induce
apoptosis of human pancreatic beta cells (19), we then examined
whether CTLs expressing TRAIL could have a similar effect. We
used the human pancreatic beta cell line 1.4E7, which is a hybrid
cell line derived from electrofusion of primary human pancreatic
islets with a human pancreatic ductal carcinoma cell line PANC-1.
We incubated 1.4E7 cells with CTLs and used activity of caspase-3
in 1.4E7 cells as a readout for CTL-induced apoptosis. The results
show that HG-cultured CTLs exhibited significantly higher killing
capacity compared to their counterparts in NG (Figures 2A–D
and Figures S1A, B). Of note, apoptosis of beta cells is positively
correlated with TRAIL expression (Figures 2E, F and Figure
S1C). To test a potential causal relation between TRAIL
expression and CTL cytotoxicity against beta cells, we blocked
TRAIL function with its neutralizing antibody. The analysis of
caspase-3 activity shows that TRAIL blockade diminished CTL-
mediated killing against 1.4E7 beta cells to a large extent for HG-
CTLs (Figures 2G, H). Next, we examined the expression of
TRAIL receptors on 1.4E7 cell surface. We found that out of four
TRAIL receptors, TRAIL-R2 was predominantly expressed
(Figure S1D), which likely mediates TRAILhigh CTL-induced
apoptosis of 1.4E7 cells. Taken together, our results indicate that

A B C

E F G

D

FIGURE 1 | TRAIL is up-regulated in CTLs in environments with high glucose. Primary human CD8+ T cells were stimulated with CD3/CD28 beads for 3 days in NG
(5.6 mM) or HG (25 mM) medium. (A) Relative mRNA expression levels of TRAIL in CTLs were quantified by qRT-PCR (n = 6 donors from three independent
experiments). (B–D) Expression of TRAIL in CTLs was detected by flow cytometry. CTLs were stained with the antibodies against CD8 and TRAIL following
permeabilization (B) or without permeabilization (C, D) for total or surface protein level of TRAIL (n = 6 donors from three independent experiments). (E, F) TRAIL is
up-regulated in diabetic mice. Mouse splenocytes were isolated and stained with PE-mCD3, BV421-mCD8, and APC-mTRAIL for analysis using flow cytometry
(Ctrl = 4, STZ mice = 8). Data are represented as Mean ± SD. Correlation of TRAIL expression in CD8+ T cells and blood glucose is shown in (F, G) Positive
correlation of TRAIL expression in freshly isolated CD8+ T cells from 11 diabetic patients with the blood glucose levels from ten independent experiments. MFI, mean
fluorescent intensity. Data were analyzed by two-tailed paired Student’s t test (A, B, D), two-tailed unpaired Student’s t test (E), trendline analysis (F), or Pearson’s
correlation coefficient analysis (G). Connected lines are the data from the same donor.
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HG-CTLs are able to destroy TRAIL-R2high pancreatic beta cells in
a TRAIL-mediated manner.

Glucose Metabolic Processes in CTLs Are
Enhanced by High Glucose
Glucose metabolism encompasses the intracellular biochemical
processes to breakdown and utilize glucose to generate energy,

including oxidative phosphorylation and glycolysis. Using the
Seahorse assay, we evaluated the oxygen consumption rate (OCR)
and the extracellular acidification rate (ECAR). We found that HG-
cultured CTLs exhibited significantly elevated OCR and ECAR
compared to their counterparts cultured in NG (Figures 3A–D).

Given the essential role of mTOR in regulating glycolysis in T
cells (26), we next examined the possible involvement of mTOR

A B

C D

E F

G H

FIGURE 2 | Up-regulation of TRAIL in HG-CTLs enhances apoptosis of pancreatic beta cells. Primary human CD8+ T cells were stimulated with CD3/CD28 beads
for 3 days in NG (5.6 mM) or HG (25 mM) medium. (A–D) Apoptosis of pancreatic beta cells induced by CTLs were measured by staining active Caspase-3 using
flow cytometry. Human pancreatic beta cells 1.4E7 were incubated with CTLs with an effector to target (E:T) ratio of 20:1 for 4 hours (A, B) or 8 hours (C, D) (n = 8
donors from five independent experiments). One representative donor out of eight is shown in (A, C) respectively. (E, F) Correlation of expression of TRAIL in CD8+ T
cells with apoptosis of 1.4E7 cells (Caspase-3 activity) (n = 16 donors from five independent experiments). (G, H) CD8+ T cells-induced beta cell apoptosis is TRAIL
dependent. Caspase-3 activity was analyzed in co-culture of 1.4E7 cells and CTLs in the presence or absence of anti-human TRAIL antibody (50 µg/ml) for 4 hours.
One representative donor is shown in (G) and the quantification is shown in (H) (n = 6 donors from two independent experiments). MFI, mean fluorescent intensity.
Data were analyzed by two-tailed paired Student’s t test (B, D, H) or Pearson’s correlation coefficients (E, F). Connected lines are the data from the same donor.
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in HG-induced metabolic reprogramming in CTLs. To our
surprise, no difference was identified between NG- and HG-
CTLs regarding mTOR activation (Figure S2A). Since glucose
uptake and transport play an essential role for overall glucose
metabolism, we examined the expression of glucose transporter 1
(Glut1) and found that although its expression was down-
regulated at mRNA level in HG-CTLs (Figure S2B), at the
protein level it remained unchanged (Figures S2C, D). In
addition, the fraction of Glut1 transported to the plasma
membrane was also not altered by HG (Figures S2E, F).
Together, our results suggest that neither mTOR nor glucose
transport are likely to be responsible for HG-reprogrammed
glucose metabolic processes in CTLs.

To gain deeper insights into the genes affected by HG for
glucose metabolic reprogramming, we compared transcriptomes
of NG-CTLs and HG-CTLs (Figure 3E and Table S1). First, we
examined the expression of all glucose transporters. We found
that three glucose transporters (Glut1/SLC2A1, Glut3/SLC2A3,
and Glut14/SLC2A14) were predominantly expressed in CTLs,
and moderate downregulation in Glut1 was observed in HG-
CTLs compared to their NG counterparts (Figure 3F), which is
in a good agreement with our data from quantitative PCR
(Figure S2B). No further difference in expression of glucose
transporters was identified between NG- and HG-CTLs
(Figure 3F), further supporting our conclusion that glucose
transport is unlikely to be responsible for HG-reprogrammed
metabolic processes in CTLs. With regards to enriched GO
terms, the most significant change happened in the cellular
metabolism. When comparing HG- to NG-CTL samples, many
genes involved in metabolic processes are significantly changed
with a total of 58 being significantly up-regulated and 47 genes
being significantly down-regulated (Table S2, Row 2), which are
associated with a total of 265 GO annotations describing various
metabolic processes (Table S2). Furthermore, 6 genes
annotated with the metabolism of ROS were significantly
deregulated (Table S3).

We then examined whether ROS was involved in HG-
enhanced TRAIL expression. We first determined ROS
production in CTLs using DCFDA, a fluorescent probe used to
detect ROS in living cells (27). We found that upon activation,
ROS produced in HG-CTLs was higher than that in their NG
counterparts (Figures 3G, H). To explore whether ROS is
involved in HG-enhanced TRAIL expression, we first added
H2O2, a relatively stable form of ROS, during NG- and HG-
culture. We found that in NG condition, compared to the control
group, with 1 µM H2O2, the fraction of TRAIL+ CTLs was
enhanced (p=0.031) and the mean of MFI is also higher but
statistically not significant (p=0.218); with 3 µM H2O2, both the
fraction of TRAIL+ CTLs and MFI were enhanced (p=0.001/
0.012); whereas with 10 µM H2O2, the mean of the fraction of
TRAIL+ CTLs and MFI were enhanced but statistically not
significant (p=0.176/0.331) (Figures 3I, J). While in HG-CTLs,
neither MFI nor the fraction of TRAIL+ CTLs were altered by
addition of H2O2 (Figures 3I, J). This implies that the elevation
in TRAIL expression by HG is likely via enhanced ROS in HG-
CTLs. To test this hypothesis, we used ROS scavengers either

with a general inhibition effect [N-acetyl-L-cysteine (NAC)] or
specifically targeted to mitochondrial ROS (MitoQ). We found
that when ROS production in cytosol was removed by NAC, the
expression of TRAIL was drastically decreased in HG-CTLs to a
comparable level as in NG-CTLs (Figures 3K, L). In contrast,
removal of mitochondria-produced ROS by MitoQ in HG-CTLs
did not significantly alter TRAIL expression (Figures 3M, N).
Thus, our results suggest that in CTLs, ROS, especially cytosolic
ROS, plays a key role in HG-enhanced TRAIL expression.

HG-Enhanced TRAIL Expression on CTLs
Is Regulated by PI3K/Akt and NFkB
We then analyzed KEGG pathways based on the transcriptomics
data (Figure 4A). This analysis also revealed a statistically
significant up-regulation of 11 genes including TRAIL
(synonym name TNFSF10) annotated with the KEGG pathway
apoptosis in HG samples (Table S4). Among the top 10 GO
terms affected by HG, TRAIL is linked both to “positive
regulation of IkB kinase/NFkB signaling” and to “positive
regulation of apoptotic process” (Figure 4B).

We then focused on the involvement of NFkB in HG-
enhanced TRAIL expression and tested the effect of the NFkB
specific inhibitor CAPE. Notably, the expression of TRAIL on
HG-cultured CTLs treated with CAPE was substantially reduced
compared to untreated control cells (Figures 4C, D). This
indicates that NFkB is indispensable for expression of TRAIL
in CTLs. NFkB function can be regulated by the PI3K-Akt
pathway, which was among the deregulated KEGG pathways
(Figure 4A). We therefore used the PI3Kd inhibitor idelalisib to
block the activity of PI3K.We found that in HG-CTLs, abruption
of PI3K function with the corresponding inhibitor reduced the
expression of TRAIL to the level of NG (Figures 4E, F). We
further examined Akt, a molecule downstream of PI3K and
upstream of NFkB. We found that disruption of Akt function
by MK-2206 abolished HG-enhanced TRAIL expression
(Figures 4G, H). Apart from NFkB, mTOR is also regulated
by Akt (28). To examine whether mTOR is involved in HG-
enhanced TRAIL expression, we used rapamycin, a specific
inhibitor for mTOR, to functionally block mTOR activity. We
found that in HG-CTLs even with the highest concentration (600
nM) of rapamycin, the change in TRAIL expression was not
statistically significant, and the fraction of TRAIL+ CTLs in
rapamycin-treated HG-CTLs remained significantly higher
than the level in NG-CTLs (Figures 4I, J). Taken together,
these findings suggest that NFkB and PI3K/Akt play essential
roles in enhancement of TRAIL expression in CTLs by HG.

Metformin and Vitamin D Protect
Pancreatic Beta Cells From HG-CTL-
Mediated Apoptosis
Since the enhancement of TRAIL levels on CTLs induced by HG
leads to apoptosis of pancreatic beta cells as shown above
(Figure 2), a decrease of TRAIL expression to normal levels
should protect beta cells. We sought for possible therapeutical
approaches to achieve this purpose. We first examined
metformin, which is a widely applied first-line medication to
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FIGURE 3 | Metabolic processes in CTLs are reprogrammed by high glucose. Primary human CD8+ T cells were stimulated with CD3/CD28 beads for 3 days in NG
(5.6 mM) or HG (25 mM) medium. (A–D) Oxidative phosphorylation (n = 5 donors) and glycolysis (n = 3 donors) of CTLs from two independent experiments were
determined with seahorse assay. One representative donor for oxidative phosphorylation and glycolysis is shown in (A, C), respectively. (E) Heatmap of log2-transformed
gene expression data. The microarray data was normalized using quantile normalization. Duplicate probes for genes were aggregated by taking the median intensity.
Genes were filtered for those with an absolute fold change > 1.5, and a Benjamini-Hochberg adjusted p-value < 0.05. (F) Expression of glucose transporters at mRNA
level from the transcriptomics data (Table S1) of 6 donors collected from five independent stimulations and two independent microarray analyses. A.U. stands for
arbitrary units. (G, H) ROS production in CD8+ T cells was determined at 6 hours after CD3/CD28 bead stimulation by DCFDA (n = 5 donors from three independent
experiments). One representative donor is shown in (G) Connected lines in (H) are the data from the same donor. (I, J) H2O2 enhances TRAIL expression in CTLs in NG.
CD8+ T cells were stimulated with CD3/CD28 beads in presence or absence of H2O2 for 3 days (n = 5 from three independent experiments). One representative donor is
shown in (I, K–N) Inhibition of ROS production abolishes HG-enhanced TRAIL expression in CTLs. NAC (K, L, 10 mM, n = 6 donors) or MitoQ (M, N, 0.4 mM, n = 5
donors) from three independent experiments was added during the activation for 3 days. One representative donor for NAC and MitoQ is shown in (K, M), respectively.
Results are represented as Mean ± SD. Data were analyzed by two-tailed unpaired Student’s t test (B, D), two-tailed paired Student’s t test (H) or one-way ANOVA with
Bonferroni’s multiple comparison test (J, L, N).
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treat type 2 diabetes. We stimulated primary human CD8+ T cells
from healthy donors in medium containing NG or HG in
presence or absence of metformin for three days. We found
that TRAIL expression in HG-CTLs was significantly reduced by
metformin in a dose-dependent manner (Figures 5A, B), down to
the level of NG-CTLs at 1 mM (compare NG/vehicle and HG/
Met 1 mM). These results suggest a putative protective role of
metformin on TRAIL-mediated apoptosis of pancreatic beta cells.

Apart from metformin, vitamin D has been also linked to
diabetes (29, 30), glucose metabolism (31, 32), protection of
pancreatic beta cells (33), as well as HG-regulated cell functions
(34). Therefore, we used 1,25-dihydroxy-vitamin D3 (1,25D3),

the active form of vitamin D, and analyzed its impact on TRAIL
expression. We found that HG-induced enhancement of TRAIL
expression on CTLs was reduced by 1,25D3 in a dose-dependent
manner (Figures 5C, D). Beside the naturally existing active
form 1,25D3, the vitamin D analogue calcipotriol is widely used
topically to treat psoriasis. Our results show that nanomolar
concentrations of calcipotriol were sufficient to abolish HG-
induced enhancement in TRAIL expression (Figures 5E, F).
Our data suggest that activation of the vitamin D pathway can
diminish HG-enhanced TRAIL expression on CTLs.

Since both metformin and vitamin D down-regulate HG-
enhanced TRAIL expression, we tested whether they may

A B

C D E F

G H I J

FIGURE 4 | Up-regulation of TRAIL in CTLs is regulated by the PI3K/Akt/NFkB axis. (A) Enriched KEGG pathways for the comparison between HG and NG
conditions. (B) Ten most significantly enriched/depleted Gene ontology terms in HG vs NG conditions. Enrichment analysis was performed with the pathfindR
package, which creates a sub-network of the human protein-protein interaction network that only contains genes with significant differential expression. The
enrichment factor of an annotation is calculated as the fraction of proteins having this annotation in the sub-network, relative to the entire network. (C–J) Primary
human CD8+ T cells were stimulated with CD3/CD28 beads for 3 days in presence or absence of NF-kB specific inhibitor CAPE (C, D, 5 mM, n = 8 donors from
three independent experiments), PI3K inhibitor Idelalisib (E, F, 300 nM, n = 6 donors from three independent experiments), Akt inhibitor MK-2206 (G, H, 200 nM,
n = 7 donors from four independent experiments), or mTOR inhibitor Rapamycin (I, J, 600 nM, n = 5 donors from three independent experiments). CD8+ T cells
were stained with antibody against CD8 and TRAIL and were analyzed by flow cytometry. Representative donors are shown in (C, E, G, I). Data are represented as
Mean ± SD and p values were assessed by one-way ANOVA with Bonferroni’s multiple comparison test.
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function in a synergistic manner. We chose intermediate
concentrations for metformin (0.3 mM) and 1,25D3 (4 µM), at
which the down-regulation of TRAIL was modest in both cases
(Figures 5B, D). Under this condition, we observed that metformin
and 1,25D3 together further down-regulated TRAIL expression
enhanced by HG (Figures 5G, H). Importantly, treatment

with metformin or 1,25D3 did not affect T cell activation
(Figures S3A–D) or viability (Figure S3E). These results indicate
that metformin and vitamin D function in an additive manner to
down-regulate HG-enhanced TRAIL expression on CTLs.

Our findings raise the important question whether metformin
and/or vitamin D could protect pancreatic beta cells from HG-
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FIGURE 5 | Treatment of metformin and vitamin D rescues TRAIL-mediated pancreatic beta cell destruction. Primary human CD8+ T cells were stimulated
with CD3/CD28 beads for 3 days in presence of metformin (Met), 1,25D3, or calcipotriol (Cal) with indicated concentrations. TRAIL expression was analyzed by
flow cytometry. (A, B) Treatment of metformin reduces HG-enhanced TRAIL expression in CD8+ T cells (n = 4-6 donors from four independent experiments).
(C, D) Vitamin D regulates TRAIL expression (n = 5-6 donors from four independent experiments). (E, F) Enhancement of TRAIL expression by HG could be
downregulated by calcipotriol (n = 2-7 donors from four independent experiments). (G, H) The combination of metformin and vitamin D synergistically inhibits HG-
enhanced TRAIL expression (n = 6 donors from three independent experiments). (I, J) Metformin and vitamin D can rescue HG-enhanced CTL-mediated beta cell
apoptosis. Primary human CD8+ T cells were stimulated with CD3/CD28 beads for 3 days in presence of metformin (Met, 300 µM) and/or Vitamin D (1,25D3, 4 µM).
1.4E7 beta cells were co-incubated with CTLs for 4 hours. Results are from 8 donors from six independent experiments. Data are shown as means ± SD. One-way
ANOVA with Bonferroni’s multiple comparison test was applied for statistical analysis.
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cultured CTLs by reducing their TRAIL expression. To address this
question, we stimulated primary human CD8+ T cells in presence of
metformin and/or 1,25D3. Subsequently CTLs were added to 1.4E7
beta cells without metformin and 1,25D3 to avoid the possible effect
on beta cells per se. Analysis of 1.4E7 apoptosis at various time
points shows that metformin, 1,25D3, or the combination of both
reduced TRAIL-mediated beta cell apoptosis to the level of NG
control cells (Figures 5I, J; Figures S3F, G). In summary, our
results suggest that apoptosis of beta cells mediated by HG-induced
TRAILhigh CTLs from healthy donors can be protected by
metformin and/or vitamin D in vitro.

To test the clinical relevance of metformin and vitamin D
protection against TRAIL-induced beta cell apoptosis, we
analyzed CTLs from patients diagnosed with diabetes. We found
that after stimulation, the expression of TRAIL on diabetic CTLs
was significantly higher compared to that of CTLs from healthy
individuals, for both NG and HG conditions (Figures 6A, B).
Remarkably, TRAIL expression of diabetic CTLs under the NG
condition was already comparable to that of healthy CTLs in the
HG condition (Figure 6B). TRAIL expression in diabetic CTLs did
not differ between type 1 and type 2 diabetes (Figures S4A, B), or
between males and females (Figures S4C, D), and did not correlate
with the age (Figures S4E, F).

The correlations between TRAIL expression and diabetes
prompted us to examine whether metformin and 1,25D3 can
also regulate TRAIL expression in CTLs from diabetic patients.
We found that TRAIL expression in diabetic CTLs was down-
regulated by 1,25D3 (Figure S5A), calcipotriol (Figure S5B) or
metformin (Figure S5C) in a dose-dependent manner. Together,
metformin and 1,25D3 could even further suppress TRAIL
expression in diabetic CTLs (Figure 6C). Interestingly, CTLs
from patients who did not take metformin or vitamin D showed
clear TRAIL enhancement in HG (Figure 6D), whereas CTLs
from patients who took metformin did not show any difference
between NG and HG (Figure 6E). CTLs from patients who took
vitamin D exhibited only a moderate increase in TRAIL
expression under HG condition (Figure 6F). For both the
control group (no metformin and no vitamin D) and the
metformin group, culturing CTLs from diabetic patients in
presence of metformin in HG further down-regulated TRAIL
expression (Figure 6G). Similarly, for the vitamin D group and
the control group, culturing the diabetic CTLs with vitamin D in
HG decreased TRAIL expression (Figure 6H). These findings
suggest that HG-enhanced TRAIL expression on diabetic CTLs
can be also down-regulated by metformin and vitamin D.

DISCUSSION

TRAIL is involved in the development of obesity and diabetes (11).
In humans, the TRAIL family consists of four membrane receptors,
TRAIL-R1, -R2, -R3 and -R4. Among them, TRAIL-R1 and -R2,
also known as death receptor 4 (DR4) and 5 (DR5), are responsible
for inducing TRAIL-mediated cell apoptosis, whereas TRAIL-R3
and -R4 are decoy receptors, which lack the cytoplasmic death
domain. Thus, the ratio of death receptors over decoy receptors

determines the sensitivity or efficacy of TRAIL-mediated cell
apoptosis. TRAIL-R1 and -R2 are highly expressed in many
tissues including kidney, heart, adipose tissue, and pancreas; in
comparison, decoy receptors TRAIL-R3 and -R4 are not detectable
in most of the tissues except for immune function-related organs/
tissues (e.g. spleen, bone marrow, and lymph nodes) and pancreas
(35). Infiltration of immune cells, especially CD8+ T cells, is
positively correlated with the progression of diabetes and related
complications (11). Therefore, it is likely that TRAILhigh CTLs
induced by diabetic conditions not only contribute to destruction
of pancreatic beta-cells in an antigen-independent manner but are
also involved in attacking TRAIL-R1/-R2high cells in different tissues
resulting in undesirable complications. Our findings indicate that
harnessing TRAIL expression in CTLs can therefore protect insulin-
producing beta cells.

If down-regulation of TRAIL expression on CTLs could protect
beta-cells, is progression of diabetes ameliorated by TRAIL
deficiency? Feeding high-fat diet to a TRAIL/ApoE double knock-
out strain significantly enhanced their fasting glucose compared to
ApoE-/- or TRAIL-/- mice (36). Along this line, intraperitoneal
injection of soluble TRAIL in mice fed with high-fat diet reduces
beta-cell loss (37). An obvious question is why systemic blockade of
TRAIL exacerbates diabetes? Compelling evidence show that TRAIL
is an essential regulator to suppress the function of diabetogenic T
cells,which recognize autoantigensonpancreatic beta-cells leading to
their destruction. For example, injection of soluble DR5 (TRAIL-R2)
in NOD mice elevates proliferation of GAD65-specific T cells (15).
Along this line, blockade of TRAIL enhances proliferation of
transferred diabetogenic T cells in NOD mice (37). Therefore,
systematic blockade of TRAIL cannot protect pancreatic beta-cells.

In many cell types, glucose transporters (Gluts), especially Glut1,
are up-regulated upon activation. For example, expression of Glut1 is
elevated upon activation in murine CD4+ T cells and macrophages to
favor glucose glycolysis over oxidative phosphorylation (38). In
human T cells, expression of Glut1 is reported to be enhanced in
CD3/CD28 bead-stimulated T cells compared to naive T cells (38).
In comparison, our results how that the expression of Glut1 at the
protein level is not altered by HG and even marginally down-
regulated at the mRNA level. Our microarray data suggest that the
expression levels of other Gluts are not influenced by HG, at least at
the mRNA level. This indicates that in CTLs, glucose transporters are
unlikely the target proteins responsive to HG tomediate HG-induced
metabolic reprogramming.

Type I interferons (IFNs, e.g., IFN-a and IFN-b) can induce
TRAIL expression on T cells (39). However, we could not detect
differences in IFN-a and IFN-b expression by microarray
analysis between CTLs cultured in NG and HG. This indicates
that type I IFNs produced by CTLs are very unlikely to be
involved in HG-enhanced TRAIL expression in CTLs.
Interestingly, compelling evidence show that IFN-a plays a
critical role in initiation of type 1 diabetes (40–42). In a mouse
model, blockade of IFN-a signaling at prediabetic stage prevents
beta-cells from destruction by CTLs (43). Therefore, we postulate
that prior to clinical disease-resulted elevation of blood glucose,
TRAIL expression on CTLs could be induced by IFN-a, which
could also contribute to development of diabetes.
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ROS is a byproduct of cellular metabolic redox reactions,
which is closely related to progression of diabetes and its
complications (44). In Th17 cells, a high glucose-induced
autoimmune reaction is mediated by ROS originated from
mitochondria (45). Our results show that for human CTLs,
ROS is indeed involved in regulating HG-enhanced TRAIL
expression, but cytosolic rather than mitochondrial ROS
appears to be decisive. This suggests that Th17 cells and CTLs
may differ in their regulatory mechanisms in response to HG.
Interestingly, ROS can activate the PI3K/Akt pathway as well as
the NFkB pathway (46, 47), which we also found to be essential
for HG-enhanced TRAIL expression. Thus, in CTLs, ROS could
act upstream of the PI3K/Akt/NFkB axis to regulate HG-
enhanced TRAIL expression.

Vitamin D is closely related to insulin resistance and onset of
diabetes (48). Vitamin D also has a profound impact on the
immune system (49). In particular, expression of the vitamin D
receptor induced by initial TCR signaling via p38 is essential for
upregulation of phospholipase C gamma 1, which plays a pivotal

role in T cell activation and Treg/Th17 differentiation (50, 51). In
addition, vitamin D could also accelerate the transition of Th1
cells from pro-inflammatory to anti-inflammatory phase by
epigenetic remodeling (52). Interestingly, vitamin D is involved
in maintaining mitochondrial functions to optimize cellular
redox conditions, thus protecting cells from oxidative stress-
related damages (53). We postulate that vitamin D could
diminish HG-enhanced TRAIL expression through reducing
intracellular ROS production.

The impact of combined use of vitamin D and metformin has
been investigated in various pathological scenarios. For example,
combination of vitamin D and metformin shows a positive
chemopreventive effect on colorectal cancer in rat and mouse
models (12) and could be potentially effective to treat patients
with polycystic ovary syndrome based on its effect on menstrual
cycle (54). A recent study reported that in a type 2 diabetes mouse
model, which cannot be controlled by metformin alone, additional
vitamin D therapy improved insulin sensitivity in skeletal muscles
(55). This finding supports our findings that combination of
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FIGURE 6 | Treatment of metformin and vitamin D decreases TRAIL-expression in CTLs from diabetic patients. (A, B) TRAIL expression in CTLs from control and
diabetic patients. PBMCs isolated from healthy individuals or diabetic patients were stimulated with CD3/CD28 beads in NG (5.6 mM, pink shade) or HG (25 mM,
blue shade) medium for 3 days. Then the samples were stained with CD3, CD8 and TRAIL and analyzed by flow cytometry (Ctrl, n = 13 from thirteen independent
experiments; diabetic patients, n = 33 from twenty-four independent experiments). One representative donor from either group is shown in (A, C) Metformin and
vitamin D diminish enhanced TRAIL expression in diabetic CTLs. Diabetic CTLs from (B) were treated with met (300 µM) and/or 1,25D3 (4 µM) during bead-
activation for 3 days (n = 29 from twenty-one independent experiments). (D–H) Diabetic patients from (B) were categorized into three groups based on whether
metformin or vitamin D was taken. Data are represented as Mean ± SD and p values were assessed by two-tailed unpaired Student’s t test (B), two-tailed paired
Student’s t test (D–F), one-way ANOVA (C), or two-way ANOVA with Bonferroni’s multiple comparison test (G, H).
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metformin and vitamin D could be beneficial to diabetic patients by
reducing HG-enhanced expression of TRAIL in CTLs to protect
beta cells from TRAIL-mediated apoptosis. In summary, we suggest
a novel mechanism of CTL involvement in progression of diabetes,
which establishes CTLs as a possible target for combinedmetformin
and vitamin D therapy to protect pancreatic beta cells of diabetic
patients, especially for the patients who still have sufficient numbers
of beta-cells stay undestroyed.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the
article/Supplementary Material. Microarray data have been
deposited in the ArrayExpress database at EMBL-EBI
(www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-
11441. Further inquiries can be directed to the corresponding author.

ETHICS STATEMENT

Research carried out for this study with material from healthy
donors (leukocyte reduction system chambers from human blood
donors), from diabetic patients and the healthy individuals is
authorized by the local ethic committee (declaration from Ha 84/
15, Prof. Dr. Rettig-Stürmer/Amendment M Hoth and Ha 84/19,
GC, respectively). Protocols for the STZ-induced diabetes mouse
model for this study is approved by the local regulatory authorities
(Animal experiment approval 49/2019, LP). The animal
experiments were performed according to local, national, and
European Union ethical guidelines.

AUTHOR CONTRIBUTIONS

WY designed and performed most experiments and all the
corresponding analyses if not mentioned otherwise. AD and

VH analyzed microarray data. CD and MHa carried out
microarray and EM helped interpret the results. FK, GC, and
FL collected blood samples from diabetic patients and controls,
and supervised the treatment of the patients. LS-B and DB
performed seahorse assay and the analysis. GS carried out
qRT-PCR. AY, RZ, and AK helped with flow cytometry. LP
provided diabetic mice. MHo helped with data interpretation
and provided critical feedback on all aspects of the project. BQ
generated concepts, designed experiments, and wrote the
manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This project was funded by the Deutsche Forschungsgemeinschaft
(SFB 1027 A2 to BQ, A11 to MHo, C3 and ZX to VH, TRR219
(M04) to LP), and HOMFOR2019 (to BQ). The flow cytometer
was funded by DFG (GZ: INST 256/423-1 FUGG). LS-B and DB
are funded by the FNR, respectively by the PRIDE program
(PRIDE/11012546/NEXTIMMUNE) and the ATTRACT
program (A14/BM/7632103).

ACKNOWLEDGMENTS

We thank the Institute for Clinical Hemostaseology and
Transfusion Medicine for providing donor blood; Carmen
Hässig, Cora Hoxha, and Susanne Renno for excellent
technical help; Xiangda Zhou for the support in HG-culture.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.831680/
full#supplementary-material

REFERENCES
1. World Health Organization. Global Report on Diabetes. Geneva, Switzerland:

World Health Organization (2016).
2. Pugliese A. Autoreactive T Cells in Type 1 Diabetes. J Clin Invest (2017)

127:2881–91. doi: 10.1172/JCI94549
3. KumarNP,SridharR,NairD,BanurekhaVV,NutmanTB,BabuS.Type2Diabetes

Mellitus is Associated With Altered CD8(+) T and Natural Killer Cell Function in
PulmonaryTuberculosis. Immunology (2015) 144:677–86. doi: 10.1111/imm.12421

4. Halle S, Halle O, Forster R. Mechanisms and Dynamics of T Cell-Mediated
Cytotoxicity InVivo.Trends Immunol (2017) 38:432–43. doi: 10.1016/j.it.2017.04.002

5. Dieckmann NM, Frazer GL, Asano Y, Stinchcombe JC, Griffiths GM. The
Cytotoxic T Lymphocyte Immune Synapse at a Glance. J Cell Sci (2016)
129:2881–6. doi: 10.1242/jcs.186205

6. Hassin D, Garber OG, Meiraz A, Schiffenbauer YS, Berke G. Cytotoxic T
Lymphocyte Perforin and Fas Ligand Working in Concert Even When Fas
Ligand Lytic Action is Still Not Detectable. Immunology (2011) 133:190–6.
doi: 10.1111/j.1365-2567.2011.03426.x

7. Geltink RIK, Kyle RL, Pearce EL. Unraveling the Complex Interplay Between
T Cell Metabolism and Function. Annu Rev Immunol (2018) 36:461–88.
doi: 10.1146/annurev-immunol-042617-053019

8. Sugiura A, Rathmell JC. Metabolic Barriers to T Cell Function in Tumors.
J Immunol (2018) 200:400–7. doi: 10.4049/jimmunol.1701041

9. Zou H, Yang W, Schwar G, Zhao R, Alansary D, Yin D, et al. High Glucose
Distinctively Regulates Ca(2+) Influx in Cytotoxic T Lymphocytes Upon
Target Recognition and Thapsigargin Stimulation. Eur J Immunol (2020)
50:2095–8. doi: 10.1002/eji.202048577

10. Zhu J, Yang W, Zhou X, Zöphel D, Soriano-Baguet L, Dolgener D, et al.
High Glucose Enhances Cyto tox ic T Lymphocyte -Med ia t ed
Cytotoxicity . Front Immunol (2021) 12:689337. doi : 10.3389/
fimmu.2021.689337

11. Harith HH, Morris MJ, Kavurma MM. On the TRAIL of Obesity and
Diabetes. Trends Endocrinol Metab (2013) 24:578–87. doi: 10.1016/
j.tem.2013.07.001

12. Bossi F, Bernardi S, Zauli G, Secchiero P, Fabris B. TRAIL Modulates the
Immune System and Protects Against the Development of Diabetes.
J Immunol Res (2015) 2015:680749. doi: 10.1155/2015/680749

13. Mirandola P, Ponti C, Gobbi G, Sponzilli I, Vaccarezza M, Cocco L, et al.
Activated Human NK and CD8+ T Cells Express Both TNF-Related
Apoptosis-Inducing Ligand (TRAIL) and TRAIL Receptors But are
Resistant to TRAIL-Mediated Cytotoxicity. Blood (2004) 104:2418–24.
doi: 10.1182/blood-2004-04-1294

Yang et al. HG Enhances TRAIL-Mediated CTL Killing

Frontiers in Immunology | www.frontiersin.org February 2022 | Volume 13 | Article 83168012

https://www.frontiersin.org/articles/10.3389/fimmu.2022.831680/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.831680/full#supplementary-material
https://doi.org/10.1172/JCI94549
https://doi.org/10.1111/imm.12421
https://doi.org/10.1016/j.it.2017.04.002
https://doi.org/10.1242/jcs.186205
https://doi.org/10.1111/j.1365-2567.2011.03426.x
https://doi.org/10.1146/annurev-immunol-042617-053019
https://doi.org/10.4049/jimmunol.1701041
https://doi.org/10.1002/eji.202048577
https://doi.org/10.3389/fimmu.2021.689337
https://doi.org/10.3389/fimmu.2021.689337
https://doi.org/10.1016/j.tem.2013.07.001
https://doi.org/10.1016/j.tem.2013.07.001
https://doi.org/10.1155/2015/680749
https://doi.org/10.1182/blood-2004-04-1294
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


14. Falschlehner C, Schaefer U, Walczak H. Following TRAIL's Path in the
Immune System. Immunology (2009) 127:145–54. doi: 10.1111/j.1365-
2567.2009.03058.x

15. Lamhamedi-Cherradi SE, Zheng S, Tisch RM, Chen YH. Critical Roles of
Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand in Type 1
Diabetes. Diabetes (2003) 52:2274–8. doi: 10.2337/diabetes.52.9.2274

16. Mattisson IY, Bjorkbacka H, Wigren M, Edsfeldt A, Melander O, Fredrikson
GN, et al. Elevated Markers of Death Receptor-Activated Apoptosis are
Associated With Increased Risk for Development of Diabetes and
Cardiovascular Disease. EBioMedicine (2017) 26:187–97. doi: 10.1016/
j.ebiom.2017.11.023

17. Shirley S, Morizot A, Micheau O. Regulating TRAIL Receptor-Induced Cell
Death at the Membrane : A Deadly Discussion. Recent Pat Anticancer Drug
Discovery (2011) 6:311–23. doi: 10.2174/157489211796957757

18. Daniels RA, Turley H, Kimberley FC, Liu XS, Mongkolsapaya J, Ch'En P, et al.
Expression of TRAIL and TRAIL Receptors in Normal andMalignant Tissues.
Cell Res (2005) 15:430–8. doi: 10.1038/sj.cr.7290311

19. Ou D, Metzger DL, Wang X, Huang J, Pozzilli P, Tingle AJ. TNF-Related
Apoptosis-Inducing Ligand Death Pathway-Mediated Human Beta-Cell
Destruction. Diabetologia (2002) 45:1678–88. doi: 10.1007/s00125-002-
0926-2

20. Kummerow C, Schwarz EC, Bufe B, Zufall F, Hoth M, Qu B. A Simple,
Economic, Time-Resolved Killing Assay. Eur J Immunol (2014) 44:1870–2.
doi: 10.1002/eji.201444518

21. Diener C, Hart M, Kehl T, Rheinheimer S, Ludwig N, Krammes L, et al.
Quantitative and Time-Resolved miRNA Pattern of Early Human T Cell
Activation. Nucleic Acids Res (2020) 48:10164–83. doi: 10.1093/nar/gkaa788

22. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma Powers
Differential Expression Analyses for RNA-Sequencing and Microarray
Studies. Nucleic Acids Res (2015) 43:e47. doi: 10.1093/nar/gkv007

23. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical
and Powerful Approach to Multiple Testing. J R Stat Soc Ser B (1995) 57:289–
300. doi: 10.1111/j.2517-6161.1995.tb02031.x

24. Ulgen E, Ozisik O, Sezerman OU. Pathfindr: An R Package for Comprehensive
Identification of Enriched Pathways in Omics Data Through Active
Subnetworks. Front Genet (2019) 10:858:858. doi: 10.3389/fgene.2019.00858

25. Qu B, Pattu V, Junker C, Schwarz EC, Bhat SS, Kummerow C, et al. Docking
of Lytic Granules at the Immunological Synapse in Human CTL Requires
Vti1b-Dependent Pairing With CD3 Endosomes. J Immunol (2011)
186:6894–904. doi: 10.4049/jimmunol.1003471

26. Salmond RJ. mTOR Regulation of Glycolytic Metabolism in T Cells. Front Cell
Dev Biol (2018) 6:122:122. doi: 10.3389/fcell.2018.00122

27. Kristiansen KA, Jensen PE, Moller IM, Schulz A. Monitoring Reactive Oxygen
Species Formation and Localisation in Living Cells by Use of the Fluorescent
Probe CM-H(2)DCFDA and Confocal Laser Microscopy. Physiol Plant (2009)
136:369–83. doi: 10.1111/j.1399-3054.2009.01243.x

28. Xu F, Na L, Li Y, Chen L. Roles of the PI3K/AKT/mTOR Signalling Pathways
in Neurodegenerative Diseases and Tumours. Cell Biosci (2020) 10:54.
doi: 10.1186/s13578-020-00416-0

29. Mitri J, Muraru MD, Pittas AG. Vitamin D and Type 2 Diabetes: A Systematic
Review. Eur J Clin Nutr (2011) 65:1005–15. doi: 10.1038/ejcn.2011.118

30. Maddaloni E, Cavallari I, Napoli N, Conte C. Vitamin D and Diabetes
Mellitus. Front Horm Res (2018) 50:161–76. doi: 10.1159/000486083

31. Jamka M, Wozniewicz M, Jeszka J, Mardas M, Bogdanski P, Stelmach-Mardas
M. The Effect of Vitamin D Supplementation on Insulin and Glucose
Metabolism in Overweight and Obese Individuals: Systematic Review With
Meta-Analysis. Sci Rep (2015) 5:16142. doi: 10.1038/srep16142

32. H P, O C, Da U, O G, Ng D. The Impact of Vitamin D Replacement on
Glucose Metabolism. Pak J Med Sci (2013) 29:1311–4. doi: 10.12669/
pjms.296.3891

33. Wei Z, Yoshihara E, He N, Hah N, Fan W, Pinto AFM, et al. Vitamin D
Switches BAF Complexes to Protect Beta Cells. Cell (2018) 173:1135–
49.e1115. doi: 10.1016/j.cell.2018.04.013

34. Ferreira GB, Vanherwegen AS, Eelen G, Gutierrez ACF, Van Lommel L,
Marchal K, et al. Vitamin D3 Induces Tolerance in Human Dendritic Cells by
Activation of Intracellular Metabolic Pathways. Cell Rep (2015) 10:711–25.
doi: 10.1016/j.celrep.2015.01.013

35. Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A,
et al. Proteomics. Tissue-Based Map of the Human Proteome. Science (2015)
347:1260419. doi: 10.1126/science.1260419

36. Di Bartolo BA, Chan J, Bennett MR, Cartland S, Bao S, Tuch BE, et al. TNF-
Related Apoptosis-Inducing Ligand (TRAIL) Protects Against Diabetes and
Atherosclerosis in Apoe (-)/(-) Mice. Diabetologia (2011) 54:3157–67.
doi: 10.1007/s00125-011-2308-0

37. Mi QS, Ly D, Lamhamedi-Cherradi SE, Salojin KV, Zhou L, Grattan M, et al.
Blockade of Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand
Exacerbates Type 1 Diabetes in NOD Mice. Diabetes (2003) 52:1967–75.
doi: 10.2337/diabetes.52.8.1967

38. Freemerman AJ, Johnson AR, Sacks GN, Milner JJ, Kirk EL, Troester MA,
et al. Metabolic Reprogramming of Macrophages: Glucose Transporter 1
(GLUT1)-Mediated Glucose Metabolism Drives a Proinflammatory
Phenotype . J B io l Chem (2014) 289 :7884–96 . doi : 10 .1074/
jbc.M113.522037

39. Kayagaki N, Yamaguchi N, Nakayama M, Eto H, Okumura K, Yagita H. Type
I Interferons (IFNs) Regulate Tumor Necrosis Factor-Related Apoptosis-
Inducing Ligand (TRAIL) Expression on Human T Cells: A Novel
Mechanism for the Antitumor Effects of Type I IFNs. J Exp Med (1999)
189:1451–60. doi: 10.1084/jem.189.9.1451

40. Stewart TA, Hultgren B, Huang X, Pitts-Meek S, Hully J, MacLachlan NJ.
Induction of Type I Diabetes by Interferon-Alpha in Transgenic Mice. Science
(1993) 260:1942–6. doi: 10.1126/science.8100367

41. Lombardi A, Tsomos E, Hammerstad SS, Tomer Y. Interferon Alpha: The Key
Trigger of Type 1 Diabetes. J Autoimmun (2018) 94:7–15. doi: 10.1016/
j.jaut.2018.08.003

42. Qaisar N, Jurczyk A, Wang JP. Potential Role of Type I Interferon in the
Pathogenic Process Leading to Type 1 Diabetes. Curr Opin Endocrinol
Diabetes Obes (2018) 25:94–100. doi: 10.1097/MED.0000000000000399

43. Marro BS, Ware BC, Zak J, de la Torre JC, Rosen H, Oldstone MB.
Progression of Type 1 Diabetes From the Prediabetic Stage Is Controlled by
Interferon-Alpha Signaling. Proc Natl Acad Sci USA (2017) 114:3708–13.
doi: 10.1073/pnas.1700878114

44. Volpe CMO, Villar-Delfino PH, Dos Anjos PMF, Nogueira-Machado JA.
Cellular Death, Reactive Oxygen Species (ROS) and Diabetic Complications.
Cell Death Dis (2018) 9:119. doi: 10.1038/s41419-017-0135-z

45. Zhang D, Jin W, Wu R, Li J, Park SA, Tu E, et al. High Glucose Intake
Exacerbates Autoimmunity Through Reactive-Oxygen-Species-Mediated
TGF-Beta Cytokine Activation. Immunity (2019) 51:671–81.e675.
doi: 10.1016/j.immuni.2019.08.001

46. Koundouros N, Poulogiannis G. Phosphoinositide 3-Kinase/Akt Signaling
and Redox Metabolism in Cancer. Front Oncol (2018) 8:160:160. doi: 10.3389/
fonc.2018.00160

47. Morgan MJ, Liu ZG. Crosstalk of Reactive Oxygen Species and NF-kappaB
Signaling. Cell Res (2011) 21:103–15. doi: 10.1038/cr.2010.178

48. Berridge MJ. Vitamin D Deficiency and Diabetes. Biochem J (2017) 474:1321–
32. doi: 10.1042/BCJ20170042

49. Aranow C. Vitamin D and the Immune System. J Investig Med (2011) 59:881–
6. doi: 10.2310/JIM.0b013e31821b8755

50. von Essen MR, Kongsbak M, Schjerling P, Olgaard K, Odum N, Geisler C.
Vitamin D Controls T Cell Antigen Receptor Signaling and Activation of
Human T Cells. Nat Immunol (2010) 11:344–9. doi: 10.1038/ni.1851

51. Zhou Q, Qin S, Zhang J, Zhon L, Pen Z, Xing T. 1,25(OH)2D3 Induces
Regulatory T Cell Differentiation by Influencing the VDR/PLC-Gamma1/
TGF-Beta1/Pathway. Mol Immunol (2017) 91:156–64. doi: 10.1016/
j.molimm.2017.09.006

52. Chauss D, Freiwald T, McGregor R, Yan B, Wang L, Nova-Lamperti E, et al.
Autocrine Vitamin D Signaling Switches Off Pro-Inflammatory Programs of
TH1 Cells. Nat Immunol (2021) 23:62–74. doi: 10.1038/s41590-021-01080-3

53. Wimalawansa SJ. Vitamin D Deficiency: Effects on Oxidative Stress,
Epigenetics, Gene Regulation, and Aging. Biol (Basel) (2019) 8:30.
doi: 10.3390/biology8020030

54. Rashidi B, Haghollahi F, Shariat M, Zayerii F. The Effects of Calcium-
Vitamin D and Metformin on Polycystic Ovary Syndrome: A Pilot Study.
Taiwan J Obstet Gynecol (2009) 48:142–7. doi: 10.1016/S1028-4559(09)
60275-8

Yang et al. HG Enhances TRAIL-Mediated CTL Killing

Frontiers in Immunology | www.frontiersin.org February 2022 | Volume 13 | Article 83168013

https://doi.org/10.1111/j.1365-2567.2009.03058.x
https://doi.org/10.1111/j.1365-2567.2009.03058.x
https://doi.org/10.2337/diabetes.52.9.2274
https://doi.org/10.1016/j.ebiom.2017.11.023
https://doi.org/10.1016/j.ebiom.2017.11.023
https://doi.org/10.2174/157489211796957757
https://doi.org/10.1038/sj.cr.7290311
https://doi.org/10.1007/s00125-002-0926-2
https://doi.org/10.1007/s00125-002-0926-2
https://doi.org/10.1002/eji.201444518
https://doi.org/10.1093/nar/gkaa788
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.3389/fgene.2019.00858
https://doi.org/10.4049/jimmunol.1003471
https://doi.org/10.3389/fcell.2018.00122
https://doi.org/10.1111/j.1399-3054.2009.01243.x
https://doi.org/10.1186/s13578-020-00416-0
https://doi.org/10.1038/ejcn.2011.118
https://doi.org/10.1159/000486083
https://doi.org/10.1038/srep16142
https://doi.org/10.12669/pjms.296.3891
https://doi.org/10.12669/pjms.296.3891
https://doi.org/10.1016/j.cell.2018.04.013
https://doi.org/10.1016/j.celrep.2015.01.013
https://doi.org/10.1126/science.1260419
https://doi.org/10.1007/s00125-011-2308-0
https://doi.org/10.2337/diabetes.52.8.1967
https://doi.org/10.1074/jbc.M113.522037
https://doi.org/10.1074/jbc.M113.522037
https://doi.org/10.1084/jem.189.9.1451
https://doi.org/10.1126/science.8100367
https://doi.org/10.1016/j.jaut.2018.08.003
https://doi.org/10.1016/j.jaut.2018.08.003
https://doi.org/10.1097/MED.0000000000000399
https://doi.org/10.1073/pnas.1700878114
https://doi.org/10.1038/s41419-017-0135-z
https://doi.org/10.1016/j.immuni.2019.08.001
https://doi.org/10.3389/fonc.2018.00160
https://doi.org/10.3389/fonc.2018.00160
https://doi.org/10.1038/cr.2010.178
https://doi.org/10.1042/BCJ20170042
https://doi.org/10.2310/JIM.0b013e31821b8755
https://doi.org/10.1038/ni.1851
https://doi.org/10.1016/j.molimm.2017.09.006
https://doi.org/10.1016/j.molimm.2017.09.006
https://doi.org/10.1038/s41590-021-01080-3
https://doi.org/10.3390/biology8020030
https://doi.org/10.1016/S1028-4559(09)60275-8
https://doi.org/10.1016/S1028-4559(09)60275-8
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


55. Amin SN, Hussein UK, Yassa HD, Hassan SS, Rashed LA. Synergistic Actions
of Vitamin D and Metformin on Skeletal Muscles and Insulin Resistance of
Type 2 Diabetic Rats. J Cell Physiol (2018) 233:5768–79. doi: 10.1002/jcp.26300

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

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.

Copyright © 2022 Yang, Denger, Diener, Küppers, Soriano-Baguet, Schäfer,
Yanamandra, Zhao, Knörck, Schwarz, Hart, Lammert, Roma, Brenner, Christidis,
Helms, Meese, Hoth and Qu. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Yang et al. HG Enhances TRAIL-Mediated CTL Killing

Frontiers in Immunology | www.frontiersin.org February 2022 | Volume 13 | Article 83168014

https://doi.org/10.1002/jcp.26300
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


 

304 
 

APPENDIX 7 
 

Research Publication 

(Co-author) 

 

ZHU, J., YANG, W., ZHOU, X., ZÖPHEL, D., SORIANO-BAGUET, L., DOLGENER, D., CARLEIN, C., HOF, 

C., ZHAO, R., YE, S., SCHWARZ, E.C., BRENNER, D., PRATES ROMA, L., QU, B., 2021. High Glucose 

Enhances Cytotoxic T Lymphocyte-Mediated Cytotoxicity. Front. Immunol. 12, 689337. 



High Glucose Enhances Cytotoxic
T Lymphocyte-Mediated Cytotoxicity
Jie Zhu1,2†, Wenjuan Yang2†, Xiangda Zhou2, Dorina Zöphel2, Leticia Soriano-Baguet3,4,5,
Denise Dolgener2, Christopher Carlein2, Chantal Hof2, Renping Zhao2, Shandong Ye1,
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Cytotoxic T lymphocytes (CTLs) are key players to eliminate tumorigenic or pathogen-
infected cells using lytic granules (LG) and Fas ligand (FasL) pathways. Depletion of glucose
leads to severely impaired cytotoxic function of CTLs. However, the impact of excessive
glucose on CTL functions still remains largely unknown. Here we used primary human
CD8+ T cells, which were stimulated by CD3/CD28 beads and cultured in medium either
containing high glucose (HG, 25 mM) or normal glucose (NG, 5.6 mM). We found that in
HG-CTLs, glucose uptake and glycolysis were enhanced, whereas proliferation remained
unaltered. Furthermore, CTLs cultured in HG exhibited an enhanced CTL killing efficiency
compared to their counterparts in NG. Unexpectedly, expression of cytotoxic proteins
(perforin, granzyme A, granzyme B and FasL), LG release, cytokine/cytotoxic protein
release and CTL migration remained unchanged in HG-cultured CTLs. Interestingly,
additional extracellular Ca2+ diminished HG-enhanced CTL killing function. Our findings
suggest that in an environment with excessive glucose, CTLs could eliminate target cells
more efficiently, at least for a certain period of time, in a Ca2+-dependent manner.

Keywords: high glucose, cytotoxic T lymphocytes, cytotoxicity, glycolysis, glucose uptake, migration, proliferation, Ca2+

INTRODUCTION

Cytotoxic T lymphocytes (CTLs) are the key players to eliminate tumorigenic or pathogen-infected
cells (1, 2). CTLs patrol tissues to search for cognate target cells (3–6). Once the targets are
identified, killer cells form an intimate contact with the target cells, which is termed immunological
synapse (IS) (7–9). To execute their effector functions, CTLs employ mainly two common killing
pathways: lytic granules and Fas/Fas ligand (FasL) pathway. Lytic granules contain cytotoxic
proteins, such as perforin and granzymes, which can be released at the interface between CTLs and
target cells to induce destruction of target cells (10–12). FasL on CTL surface engages with the Fas
receptor on target cells to trigger the apoptosis cascades in target cells (13–15).
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Glucose metabolism has a central role in regulating effector
killing functions of CTLs (16–18). It is known that in absence of
glucose, CTLs are not able to exert their effector functions (17).
Aerobic glycolysis induced by early T-cell receptor is required for
cytokine production in CTLs (19). The availability of glucose
modulates IFN-g production in CTLs (20). Under pathological
conditions such as leukemia, glucose metabolism of CD8+ T cells
is impaired leading to jeopardized cytolytic function of CTLs
(21). Notably, enhancement of this impaired glycolysis in CTLs
by either checkpoint block or inhibition of autophagy is
beneficial for tumor rejection (22, 23). The impact of high
glucose on functionality of CTLs remains, however,
poorly characterized.

In this work, we investigated the regulation of effector killing
function of CTLs by high glucose. We show that stimulating
CD8+ T cells in high glucose significantly enhances killing
efficiency of CTLs without affecting cell proliferation,
expression of cytotoxic proteins (perforin, granzyme A,
granzyme B and FasL), LG release, or CTL migration. Increase
in extracellular Ca2+ can diminish this HG-enhanced CTL-
mediated cytotoxicity.

MATERIALS AND METHODS

Antibodies and Reagents
The following antibodies or reagents were used: Alexa 488 anti-
human CD107a antibody (H4A3, Biolegend), APC-Cy7 anti-
human CD3 antibody (HIT3a, Biolegend), BV421 anti-human
CD8 antibody (SK1, Biolegend), Alexa 488 anti-human
Granzyme A antibody (CB9, Biolegend), Alexa 647 anti-
human perforin antibody (dG9, Biolegend), PE anti-human
Fas-L antibody (NOK-1, Biolegend), PerCP anti-human CD3
(HIT3a, Biolegend) antibody, Carboxyfluorescein succinimidyl
ester (CFSE, Thermo Fisher Scientific), 2-NBDG (ThermoFisher
Scientific), Calcein-AM (ThermoFisher Scientific), Protein
transport inhibitor (BD), neutralized bovine collagen type I
solution (Advanced Biomatrix), Staphylococcal enterotoxin A
and B (SEA and SEB, Sigma), CaCl2·2H2O (Biomol),
Paraformaldehyde (PFA, Polysciences), Saponin (Sigma), and
streptozotocin (Sigma).

Cell Culture
Raji cells were cultured in RPMI-1640 medium (ThermoFisher
Scientific) containing 10% FCS and 1% Penicillin-Streptomycin.
Peripheral blood mononuclear cells (PBMCs) were obtained
from healthy donors as described before (24). Primary human
CD8+ T cells were negatively isolated from PBMCs using Human
CD8+ T Cell isolation Kits (Miltenyi Biotec) according to the
manufacturer’s instruction. Human CD8+ T cells were
stimulated with CD3/CD28 activator beads (ThermoFisher
Scientific) and cultured in DMEM containing normal (5.6 mM,
NG) or high glucose (25 mM, HG) (ThermoFisher Scientific) for
3 days if not otherwise mentioned. Since day 2, additional
glucose was added into the medium every two days to
compensate the consumed glucose along with recombinant

human IL-2 (50 ng/ml, ThermoFisher Scientific). All cells were
cultured at 37°C with 5% CO2. EG7 mouse lymphoma cell line
was stably transfected with 4 µg of pCasper-pMax plasmid (25)
using SF Cell Line 4D-NucleofectorTM X Kit (Lonza). 48h after
transfection, cells were treated with 0.4 mg/ml G418 and 4 µg/ml
puromycin in RPMI-1640 (ThermoFisher Scientific) with 10%
FCS. Monoclonally expanded EG7-pCasper cells were cultured
in selection medium, supplemented with 1% Penicillin/
Streptomycin. Flow cytometry analysis revealed 98% of EG7-
pCasper cells were fluorescent.

2-NBDG Uptake Assay
On day 3 after bead-stimulation, CTLs were loaded with 2-
NBDG (120 µM, 5% FCS in PBS) at 37°C for 30 min.
Subsequently, loaded CTLs were washed twice in PBS (0.5%
BSA) and analyzed immediately by flow cytometry (ex. 465 nm,
em. 540 nm).

Seahorse Assay
Primary human CD8+ T cells were stimulated with human CD3/
CD28 Activator beads (ThermoFisher Scientific) for 3 days in
DMEM containing 5.6 mM or 25 mM glucose (ThermoFisher
Scientific). At day 3, CTLs were plated in 96-well XF Cell Culture
Microplate in XF Seahorse DMEM medium at a cell density of
3 × 105 cells/well. Following the manufacturer’s instructions
(Agilent), the extracellular acidification rate (ECAR) were
measured using the XF Glycolytic Stress Test kit.

Real-Time Killing Assay
The real-time killing assay was carried out as previously
described (26). Briefly, Raji cells were pulsed with staphylococcal
enterotoxin A (SEA; 1 µg/ml) and SEB (1 µg/ml) at 37°C for
30 min, followed by calcein-AM loading (500 nM, ThermoFisher
Scientific) for 15 min at room temperature. Primary CD8+ T cells
were co-incubated with the target cells with indicated effector to
target (E:T) ratios in AIMV medium (glucose 16.09 mM)
supplemented with 10 mM HEPES. With addition of CaCl2
(1 mM), the respective AIMV medium was pre-equilibrated in
the incubator for 24 hours. The fluorescence was measured with a
GENiosPro micro-plate reader (TECAN) using bottom reading
mode at 37°C every 10 minutes for 4 hours.

Diabetic CTL Preparation
Male C57BL/6J mice were injected with streptozotocin (STZ)
intraperitoneally using a single high dose injection protocol (27).
STZ was administered in a concentration of 150 mg/kg body
weight diluted in a 0.1 M sodium citrate buffer. Blood samples
were taken from the tail vein and glucose levels were tested by
standard test strips (Accu-Chek) twice a week. Additionally,
overall health status and body weight was monitored and
evaluated using a score sheet over the whole observation
period. One week after injection, the blood sugar levels were
evaluated. Mice with a blood glucose level of more than 280 mg/
dL one week after the injection were considered as diabetic and
were sacrificed at day 29 after injection. Spleens were removed
from mice and kept in sterile PBS on ice until isolation.
Splenocytes were isolated with a 40 µm cell strainer (Corning)
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and erythrocytes were lysed using a hypo-osmolar solution.
CD8+ T cel ls were isolated with the Dynabeads™

Untouched™ Mouse CD8 Cells Kit (ThermoFisher Scientific).
Purity of isolated cells was evaluated by flow cytometry. Isolated
CD8+ T cells were stimulated with Dynabeads Mouse T-
Activator CD3/CD28 (ThermoFischer Scientific) for 3 days
and cultured in AIM V medium (ThermoFisher Scientific)
containing 10% FCS, 50 µM ß-Mercaptoethanol and 100 U/ml
recombinant human IL-2 (Miltenyi Biotec).

3D Killing Assay
For 3D killing assay, the EG7-pCasper cells was used as target
cells, which were embedded into collagen (type I bovine, 2 mg/
ml) in a 96-well plate. After consolidation of collagen, stimulated
mouse CD8+ cells were loaded on the top of the collagen as
effector cells. The E:T ratio was 10: 1 and all conditions were
done in duplicate. The killing was measured by a high-content
imaging system (ImageXpress, Molecular Devices) at 37°C with
5% CO2 every 10 min for 24 hours. Signal of FRET and GFP
channels were analyzed with ImageJ.

Degranulation Assay
To assess degranulation, SEA/SEB-pulsed Raji cell were settled
with CTLs in the presence of Alexa 488 conjugated anti-human
CD107a antibody and protein transport inhibitor (GolgiStop,
BD). Cells were incubated at 37°C with 5% CO2 for 4 hours.
Afterwards, the cells were stained with BV421 anti-human CD8
antibody to distinguish target cells from CD8+ T cells prior to
analysis using flow cytometry.

Flow Cytometry
To determine proliferation, freshly isolated primary human
CD8+ T cells were stained with CFSE (1 µM) at room
temperature for 10 min prior to CD3/CD28 bead stimulation.
To stain perforin and granzyme B, cells were fixed in pre-chilled
4% PFA and permeablized with 0.1% saponin in PBS/0.5% BSA
and 5% FCS. Flow cytometry data were acquired using a
FACSVerse™ flow cytometer (BD Biosciences) and were
analyzed with FlowJo v10 (FLOWJO, LLC).

RNA Isolation and qRT-PCR
The analysis of mRNA expression was carried out as previously
reported (28). Briefly, total RNA was extracted from primary
human CD8+ T cells after stimulation for 3 days using TRIzol
reagent (ThermoFisher Scientific). Subsequently, total RNA was
reversely transcribed and the cDNAwas used for quantitative Real-
time PCR (qRT-PCR). Real-time PCR was performed in a
CFX96Real-TimeSystemC1000 Thermal Cycler (Bio-Rad
Laboratories) (software: Bio-Rad CFX Manager, Version 3.0). As
internal controls, TBP (TATA box-binding protein) and RNA
polymerase were used. The mRNA level from the genes of interest
is normalized to TBP and RNA polymerase as described elsewhere
(29). Primer sequences for the two reference genes RNAPol and
TBP are listed in (29) and for perforin (PRF1) in (30). Primer
sequences for GZMA (NM_006144) are GZMA_forw. 5’
TTGGGGCTCACTCAATAACC 3’ and GZMA_rev. 5’ TGGTT
CCTGGTTTCACATCA 3’, for GZMB (NM_00413) GZMB_forw.

5’ GAGACGACTTCGTGCTGACA 3’ and GZMB_rev. 5’
CTGGGCCTTGTT GCTAGGTA 3 ’ and for FASLG
(NM_000639) FASLG_forw. 5’ GCACACAGCATCATCT TTGG
3’ and FASLG_rev. 5’ CAAGATTGAC CCCGGAAGTA 3’.

Multiplex Cytokine Assay
Supernatant was harvested at day 3 after bead-activation and
kept at -80°C until use. The preset CD8/NK panel (Biolegend)
was used. Concentration of each analyte was determined
according to manufacturer’s instructions.

Light-Sheet Microscopy
Visualization of CTL migration using light-sheet microscopy was
conducted as previous described (31). Briefly, day 2 after
stimulation, the CD3/CD28 beads were removed and the CTLs
were loaded with CFSE according to the manufacturer instruction
and further cultured in NG- or HG-medium for 24 hours. Then
CFSE-loaded CTLs were resuspended in chilled neutralized
collagen type I solution (2 mg/ml, Advanced Biomatrix) and
polymerized at 37°C with 5% CO2 for 40 min followed by 1
hour-recovery in AIMV medium. Migration of CTLs was
visualized at 37°C with 5% CO2 for 1 hour with an interval of
30 sec using the Z.1 light-sheet microscope (Zeiss). Z-stepsize was
1 mm and 201 slices were obtained for each stack. Using Imaris
8.1.2 (Bitplane), cell trajectories were automatically tracked, the
velocity and persistence were analyzed. The CTLs with a track
duration less than 10 min were excluded from the quantification.

Ethical Considerations
Protocols of research carried out for this study with human
material (leukocyte reduction system chambers from human
blood donors) is authorized by the local ethic committee
[declaration from 16.4.2015 (84/15; Prof. Dr. Rettig-Stürmer)].
All individuals fulfilled the donor criteria of the German
regulations (32). Informed consent was obtained from all
subjects or, if subjects are under 18, from a parent and/or legal
guardian. Protocols for the STZ-induced diabetes mouse model
for this study is approved by the local regulatory authorities
(Animal experiment approval 49/2019, Prof. Leticia Prates
Roma). The animal experiments were performed according to
local, national, and European Union ethical guidelines.

Statistical Analysis
GraphPad Prism Software (San Diego, CA, USA) was used for
statistical analysis. The differences between two groups were
analyzed by paired t-test. For multiple comparisons, two-way
ANOVA were performed, followed by Bonferroni test. *P < 0.05;
**P < 0.01; ***P < 0.001; ns, not significant. Data are presented as
mean or mean ± S.E.M.

RESULTS

Glycolysis Is Enhanced in CTLs Cultured in
High Glucose
To analyze whether high glucose affects CTL functions, we used
5.6 mM as normal glucose level (NG) and 25 mM as high glucose
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(HG), which imitates a severe hyperglycemia condition (33).
Primary human CD8+ T cells were activated with anti-CD3/
CD28 antibody-coated beads in NG- or HG-medium. Given the
fact that stimulated CD8+ T cells consume significant amount of
glucose (34), glucose was added every day to compensate the
consumed glucose (Supplementary Figure 1). First, we
examined the glucose uptake using 2-NBDG, a fluorescent
analog of glucose, which cannot be metabolized by glycolytic
enzymes. The uptake of 2-NBDG was substantially enhanced in
stimulated CD8+ T cells compared to their unstimulated
counterparts both in NG and HG conditions (Figures 1A, B).
Although no difference was identified in fraction of 2-NBDG+

stimulated CD8+ T cells between NG and HG conditions, the
mean fluorescence intensity (MFI) of 2-NBDG in HG-CTLs is
higher than that in NG-CTLs (Figures 1A, B). Since 2-NBDG
uptake does not reflect functional change in Glucose transporter
1 (35), we also determined the consumption of glucose on each
day after stimulation. We found that although no significant
difference was identified for day 1 between HG- and NG-CTLs,
for the second day, NG-CTLs consumed more glucose, whereas
for the third day HG-CTLs consumed more glucose (Figure 1C),

which is in good agreement with MFI of 2-NBDG (Figure 1B,
right panel). Of note, the overall consumption of glucose within 3
days was slightly higher in HG-CTLs than in NG-
CTLs (Figure 1D).

Next, we examined the impact of HG on glycolysis in CTLs.
We used Seahorse Extracellular Flux Analyzer to determine the
extracellular acidification rate (ECAR) of NG- and HG-CTLs at
day 3 after stimulation. The results show that both glycolysis
(between glucose and oligomycin) and glycolytic capacity
(between oligomycin and 2-DG) was elevated in HG-CTLs
relative to NG-CTLs for both donors examined (Figure 1E).
This result is in good agreement with our observation that the
color of HG medium was more yellowish than NG medium on
day 3. Thus, we conclude that glycolysis of fully activated CTLs is
enhanced in an environment with excessive glucose.

Compelling evidence shows that deficiency in glycolysis leads
to impaired T cell proliferation (36). Here we examined the
impact of enhanced glycolysis in CTLs by HG on CTL
proliferation. Freshly isolated primary human CD8+ T cells
were stained with CFSE and then stimulated by anti-CD3/anti-
CD28 antibody-coated beads in NG- or HG-medium. The results

A

C D E

F G

B

FIGURE 1 | Impact of HG culture on glycolysis and proliferation of CTLs. Primary human CD8+ T cells were stimulated with anti-CD3/CD28-antibody coated beads
in medium containing NG (5.6 mM) or HG (25 mM) for 3 days. (A, B) Glucose uptake in NG- and HG-cultured CTLs. On day 3, bead-stimulated (stim.) or
unstimulated CD8+ T cells (Unstim.) were loaded with 2-NBDG at 37°C for 30 min and analyzed with flow cytometry. FMO for gating is shown in light grey in (A).
Fraction of 2-NBDG+ cells and mean fluorescence intensity (MFI) is shown in (B). (C, D) Glucose concentration was measured at indicated time points using blood
glucose meter (Bayer). Glucose consumption was calculated for 1.5 × 106 CTLs. (E) Extracellular acidification rate (ECAR) of CTLs. (F, G) Proliferation of CTLs
cultured in NG- or HG-medium. Primary human CD8+ cells were stained with CFSE prior to CD3/CD28 bead-activation. The fluorescence was determined with flow
cytometry. Results are from three (A, B), twenty-two (C, D), two (E) or four donors (F, G). * p < 0.05; *** p < 0.001; ns, not significant.
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show that without bead-stimulation, CD8+ T cells did not
proliferate; with bead-stimulation, proliferation of CD8+ T cells
cultured in HG stayed in a comparable range as their
counterparts in NG (Figures 1F, G). This result indicates that
HG-enhanced glycolysis in CTLs does not further promote
their proliferation.

CTL-Mediated Cytotoxicity Is Enhanced in
an Environment With Excessive Glucose
We further investigated the impact of HG on CTL-mediated
cytotoxicity. The killing kinetics was determined using the real-
time killing assay (26). We observed that cytotoxicity of CTLs is
significantly enhanced when cultivated in HG, in comparison
with their counterpart in NG on day 3 (Figures 2A, B) and day 6
(Figure 2C) after CD3/CD28 bead-stimulation. In addition, we
also examined cytotoxicity of CTLs from a diabetes mouse
model. We visualized CTL-mediated cytotoxicity using a 3D
killing assay established in our lab, where the target cells were
embedded in 3D collagen matrices and CTLs were added from
top. The target cells (EG7-pCasper) stably express an apoptosis
reporter pCasper, a GFP-RFP FRET pair, allowing us to
distinguish live targets (yellow-colored) from apoptotic (green-

colored) or dead (complete loss of fluorescence) targets
(Figure 3A). In collagen matrices, target cells proliferated
during the period of visualization and only a few target cells
went apoptotic (Figure 3A, Target only, Movie 1), indicating
that photocytotoxicity of this long-term measurement is
negligible. Analyses of conditions with effector cells show that
both the control CTLs and the diabetic CTLs induced apoptosis
(determined by a drop in FRET signal followed by an increase in
GFP signal) and complete destruction of target cells (indicated by
an abrupt drop in GFP signal) (Figures 3A, B, Movies 2–3*).
Remarkably, the CTLs from all three diabetic mice exhibited
faster killing kinetics compared to their control counterparts
(Figure 3B). Together, these results suggest that cytotoxicity of
CTLs is enhanced in an environment with excessive glucose.

HG-Enhanced CTL Is Regulated By Ca2+
Next, we investigated potential mechanisms how HG could
regulate CTL killing efficiency. The lytic granule (LG) pathway
is considered as one of the main mechanisms to mediate
elimination of target cells by CTLs. Therefore, we investigated
the possible impact of HG on release of LG using a CD107a
degranulation assay. We found that release of LG upon target-

A B

C

FIGURE 2 | Culture in HG enhances CTL-mediated cytotoxicity. Primary human CD8+ T cells were stimulated with anti-CD3/CD28-antibody coated beads in medium
containing NG (5.6 mM) or HG (25 mM) for 3 days (A-C) or 6 days (C) as indicated. Killing kinetics was determined with the real-time killing assay. SEA/SEA pulsed Raji
cells were used as target cells at an effector to target (E:T) ratio of 20:1 or 10:1. Results are from five (A, B) or three donors (C). * p < 0.05; ** p < 0.01; ns, not significant.
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recognition in HG-cultured CTLs is in a comparable range as
their counterparts in NG (Figures 4A, B). Subsequently, we
examined the expression of LG-containing cytotoxic proteins,
such as perforin, granzyme A (GzmA) and granzyme B (GzmB)
using quantitative PCR and flow cytometry. We found that at
mRNA level the expression of perforin and GzmB was not
altered, whereas GzmA was even slightly down-regulated by
HG (Figure 4C). Concomitantly, at protein level, there is no
difference identified in perforin but a slight reduction in GzmA
in HG-cultured CTLs (Figures 4D, E). Since GzmA and GzmB
are serine proteases and contribute to target lysis, HG-enhanced
CTL killing capacity cannot be attributed to this slight reduction
in GzmA expression. The slight GzmA reduction should, if at all,
decrease the cytotoxic capacity of CTL but certainly not enhance
it. Next, we examined Fas/FasL pathway, another key mechanism
employed by CTLs to destroy target cells. Our results show that
in HG-cultured CTLs, the expression of FasL was moderately up-
regulated at mRNA level (Figure 4F), but did not differ at protein
level compared to their counterparts in NG (Figure 4G). Taken
together, our data suggest that both LG machinery and FasL
pathway do not contribute to the enhancement of CTL-mediated
cytotoxicity by HG.

Although expression of these cytotoxic proteins was not
altered by HG, the release could still differ. To examine this
hypothesis, we carried out a bead-based multiplex cytokine assay,
which enabled us to simultaneously determine up to 13 analytes
from same samples. The panel includes six key cytotoxic proteins
(perforin, GzmA, GzmB, granulysin, soluble Fas, and soluble
FasL) and seven main cytokines produced by CD8/NK cells
(IFNg, TNFa, IL-2, IL-4, IL-6, IL-10 and IL-17A). As shown in
Figure 4H, no difference was identified in the above-mentioned

cytotoxic proteins or cytokines between NG- and HG-CTLs
(Figure 4H), indicating that the vesicle release machinery in
CTLs is not affected by HG. This result suggests that HG-
enhanced cytotoxicity of CTLs is not due to change in release
of cytokine or cytotoxic proteins.

Migration also plays an essential role in CTL-mediated
killing. Generally speaking, higher speed would allow CTLs to
find their target cells more quickly, hence increasing the number
of killing events in a limited period of time. Therefore, using
light-sheet microscopy, we visualized CTL migration in a 3D
collagen matrix. The quantification of velocity and persistence
shows that there is no significant difference between NG- and
HG-treated CTLs (Figures 4I, J). These results imply that HG
does not alter the motility of CTLs.

Our previous work shows that intracellular calcium in HG-
cultured CTLs was decreased upon contact with target cells
compared to their counterparts cultured in NG (37). We thus
postulated that the enhanced CTL cytotoxicity by HG-culture
could be linked to decreased Ca2+ influx. To test this postulation,
we added extra Ca2+ in the medium during the killing assay to
elevate the decreased Ca2+ influx in HG-cultured CTLs upon
target recognition. The real-time killing results show that
addition of Ca2+ could indeed abolish (Donor1) or diminish
(Donor2&3) the difference in killing efficiency between NG- and
HG-cultured CTLs (Figure 4K). Moreover, we compared the
target lysis of HG-CTLs between Ctrl and addition of Ca2+ at
three time points (60, 120, and 240 min). The statistics show that
target lysis of HG-CTLs was significantly diminished with
addition of Ca2+ (Figure 4L). These data suggest intracellular
Ca2+ as a potential target manipulated by HG to modulate TCR-
dependent CTL killing functions.

A B

FIGURE 3 | CTLs from diabetic exhibit faster killing kinetics. 3D killing assay was carried out to determine killing kinetics at 37°C with 5% CO2 every 10 minutes for
24 hours. EG7-pCasper cells were used as target cells, which were embedded in collagen (2 mg/ml). CTLs were added from top. CTLs from STZ-3 mouse is shown
in (A). The quantification of the signal from FRET or GFP channel is shown in (B). Scale bars are 40 mm.
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FIGURE 4 | HG-enhanced CTL killing function is regulated by extracellular Ca2+. (A, B) Degranulation of lytic granules is not influenced by HG. CD 107a
degranulation assay was conducted. Raji cells pulsed with SEA/SEB were used as target cells. Results are from six donors. (C) The mRNA level was determined by
quantitative PCR using TBP and RNA polymerase as internal controls. Results are from six donors. (D, E) The protein level was determined using flow cytometry.
Mean fluorescence intensity (MFI, D) and the positive fraction of CTLs (E) are shown. Results are from six donors. (F, G) Expression level of FasL at mRNA level (F)
and at protein level (G). (H) Release of cytokines and cytotoxic proteins. Multiplex cytokine assay was performed to determine the concentration of the analytes.
Results are from eight donors. (I, J) Migration of CTLs is not altered in HG-cultured CTLs. Migration of CTLs was visualized using light-sheet microscopy. Velocity (I)
and persistence (J) were analyzed using Imaris. Results are from two independent experiments and from two donors (88 cells for HG and 162 cells for NG).
(K, L) Addition of extracellular Ca2+ diminishes HG-enhanced CTL killing efficiency. Bead-stimulated primary CD8+ T cells and SEA/SEB-pulsed Raji cells were used
for the real-time killing assay with addition of CaCl2 (1 mM). Target lysis of HG-CTLs at 60, 120 and 240 min were extracted from the kinetics and shown in (L).
Results are from two independent experiments and from three donors. * p < 0.05; ** p < 0.01; ns, not significant.
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DISCUSSION

An increasing number of studies have demonstrated that
glycolysis is indispensable for proper killing function of CTLs
(38, 39). Up-to-date, most studies investigate functional changes
in CTLs in a scenario of abrogation of glycolysis, for example by
using the glucose analog 2-Deoxy-D-glucose (2DG) or by
excluding glucose in the medium. A recent study also shows
that functionally-impaired T cell senescence is correlated with
prediabetes and transfer of senescent T cells leads to a
deterioration of glucose homeostasis in human and mice (40).
Targeting T cell metabolism has been suggested recently as a
promising strategy to enhance their anti-tumor function (41, 42).
In this work, we investigated the impact of excessive glucose on
killing efficiency of CTLs. We found that CTL-mediated killing is
enhanced when stimulated and cultured in medium containing
HG. Our findings are in good agreement with the previous
reports that enhancement of glycolysis in CTLs is beneficial for
tumor rejection (22, 23). A recent study has revealed that glucose
supplementation substantially improves the survival of virus-
infected mice via CHOP-mediated tissue tolerance (43). Under
this circumstance, enhanced CTL killing capability could also
contribute to the ameliorated viral clearance. In addition, we
observed that activated CD8+ T cells consumed large amount of
glucose, supporting the evidence that T cells contribute to
glucose homeostasis (44).

High blood glucose level is a typical symptom for diabetes
mellitus, which is a major cause of blindness, kidney failure,
heart attacks, stroke and lower limb amputation and is the
seventh leading cause of death worldwide (45). Type 1 diabetes
(T1D) has been identified to be an autoimmune disease for
which CTLs play an important role by destroying the insulin-
producing pancreatic beta-cells (46). Our findings suggest that
high level of blood glucose caused by T1D could potentially
further enhance CTL-mediated destruction of pancreatic beta-
cells, thus accelerating the progression of the disease. On the
other hand, a rich body of literature shows that diabetic patients
are more prone to cancer and chronic infections (47–50). In this
work, we have examined CTL functions only up to 6 days. Our
previous work shows that when co-incubated with the cognate
target cells, viability of HG-CTLs did not differ from NG-CTLs at
2 hours, and then fraction of apoptotic CTLs was slightly
enhanced in HG condition compared to their NG counterparts
(17.8% vs 15.1%) (37). It indicates that although cytotoxicity of
HG-CTLs is enhanced, but after killing more HG-CTLs undergo
apoptosis, which may lead to a decreased number of CTLs in a
long run.

In this work, we tried to identify the mechanism upregulating
CTL cytotoxicity by HG. We examined CTL proliferation,
cytotoxic protein expression, degranulation, migration and
cytokine release. None of these factors are altered by HG
culture, and they are thus unlikely to be involved in HG-
enhanced CTL killing capacity. Viability of HG-CTLs does not
explain how cytotoxicity is up-regulated, as our previous work
shows that the viability of HG-CTLs did not differ from NG-
CTLs at 2 hours after killing, and slightly more HG-CTLs were

apoptotic 16 hours after killing compared to their NG
counterparts (37). Compelling evidence shows that CTL-
mediated cytotoxicity is calcium dependent. More particularly,
reduced calcium influx in CTLs upon target recognition by
decreasing extracellular Ca2+ concentration or down-regulation
of Ca2+ channel Orai1 leads to an enhancement in CTL-
mediated cytotoxicity (28). Hallmarks of IS formation, for
example reorientation of microtubule-organizing center, are
linked to sustained Ca2+ influx (51). In this work, we identified
that Ca2+ is involved in elevation of CTL killing capacity by HG.
Our previous work shows that decreased Ca2+ influx upon target
recognition was correlated with enhanced CTL-mediated
cytotoxicity, and additional extracellular Ca2+ led to elevated
calcium influx upon target recognition (28). Of note, target
recognition-induced calcium influx is decreased in HG-CTLs
(37). Concerning the key components of SOCE (store-operated
calcium entry) channels (ORAI1, ORAI2, ORAI3, STIM1, and
STIM2), in HG-CTLs, ORAI2 and ORAI3 were upregulated,
whereas STIM1 and STIM2 were down-regulated at the mRNA
level. However, no statistically significant difference of these
proteins (ORAI1, STIM1 and STIM2) was identified at the
protein level (37). Taken together, the reduced difference in
killing between NG- and HG-CTLs by addition of extracellular
Ca2+ can be explained by the decreased difference in Ca2+ influx
upon target recognition.

Glycolysis is required for cytotoxic function of CTLs.
Inhibition of glycolysis by its inhibitor 2-DG (2-deoxyglucose)
reduces cytotoxic capacity of T cells and the expression of key
effector molecules such as IFNg and granzymes (52). It is
reported that T cell activation induces rapid aerobic glycolysis
via PDHK1; and deficiency of PDHK1 leads to decrease in
cytokine production but does not affect CD8+ T cell-induced
target lysis (19). Our results provide the first evidence from the
other direction that enhanced glycolysis in HG-CTLs is
correlated with increased cytotoxicity.

It is reported previously that cytolytic killing by mouse CTLs
is not affected in vivo by hyperglycaemia (53). More specifically,
the authors used either stimulated OT-I CD8+ T cells in vitro in
medium containing 5.5, 10, or 25 mM glucose or STZ-induced
diabetic mouse model (C57BL/6 mice), and the ones with blood
glucose > 13.3 mM were considered diabetic. The authors found
that glucose levels did not affect glycolysis, proliferation or
cytokine release in stimulated OT-I CD8+ T cells. Similarly,
proliferation, cytokine production, and cytotoxicity of CD8+ T
cells did not differ between control and diabetic mice. Our work
has the same conclusion about the impact of high glucose on
proliferation and cytokine production in CTLs as reported by
Recino et al. (53). However, there is a contradiction in the results
about glycolysis and cytotoxicity in these two studies, which can
be well explained by the differences in experiment design
between these two studies. In our STZ mouse model, the
criterion for diabetes is > 280 mg/dL (corresponding to 15.5
mM) and the mice were sacrificed at day 29. In comparison,
Recino et al. used > 13.3 mM and likely sacrificed the mice not
later than day 14. Considering the basal level of blood glucose in
mice is around 10 mM (the blood glucose of the four mice used
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in our experiments before injection: 168, 180, 157, and 192 mg/
dL, mean = 174.3 mg/dL, corresponding to 9.7 mM), the
functional changes in diabetic mouse CTLs can likely be
enhanced or become more prominent by more elevated
glucose level and longer incubation time like in our case. In
addition, the difference between human and mouse CTLs in
response to high glucose also cannot be excluded. Of note, the
C57BL/6N strain carries a mutation in the nicotinamide
nucleotide transhydrogenase (Nnt) gene. This gene encodes a
mitochondrial protein and is involved in T cell function (54). We
used C57BL/6J strain to avoid this problem.
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