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INTRODUCTION 

 

1. General T Cell Biology 

 

The immune system can be considered as a collection of specialized cell types 

that function to prevent infection and disease. While protection from pathogens 

is perhaps the canonical role of the immune system, it must also recognize and 

eliminate non-healthy “self” cells including tumor or apoptotic cells. T lymphocytes 

play a key role in these processes, recognizing potential threats and contributing 

to their neutralization (Murphy and Weaver, 2017). This is possible due to the 

process of somatic recombination of the genes that constitute the T cell receptor 

(TCR), leading to a wide array of almost limitless antigen specificity (Roth, 2014). 

Importantly, the TCR can only recognize antigen when presented through MHC 

complexes on antigen-presenting cells (APCs) (Huang et al., 2012). 

 

1.1.  T Cell Subsets 

 

A naïve T cell, by itself, is not capable of staving off pathogens. Before doing so, 

it must differentiate (Murphy and Weaver, 2017). Here, dendritic cells (DCs) act 

as the bridge between innate immunity and T cell differentiation, by presenting 

pathogen-derived peptides on MHC molecules to the TCR (Paul, 2011). If a T cell 

recognizes antigen this way, while simultaneously co-stimulated by CD80/CD86 

(which bind to CD28 on T cells), it will become activated and undergo intense 

proliferation (Chambers and Allison, 1997; Chen and Flies, 2013). Specialization 

of a T cell is then supported by a third signal in the form of Interleukins (ILs) 

(Curtsinger and Mescher, 2010; Keppler et al., 2012). Different pathogens trigger 

the production of different classes of these cytokines either in professional APCs 

or bystander cells, such as epithelial cells. Ultimately, exposure of these fate-

specifying cytokines ensures the T cell will differentiate and respond adequately 

to the initial threat. 

 

1.1.1 Th1 cells 
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Th1 cells develop when there is an abundance of IFN-γ and IL-12 present during 

their differentiation (Heufler et al., 1996). IFN-γ and IL-12 are known to stimulate 

STAT1 and STAT4, respectively, which in turn support T-bet expression. T-bet 

commits and stabilizes T cells to a Th1 lineage and orchestrates their 

transcriptional programme (Heufler et al., 1996). The hallmark cytokine produced 

by Th1 cells is IFN-γ, which acts on macrophages to boost their antimicrobial 

activity (Damsker et al., 2010; Mosmann and Coffman, 1989). Therefore, Th1 

cells assist mainly in responses against intracellular pathogens. 

 

1.1.2 Th2 cells 

Th2 cells differentiate in response to IL-4 (Mosmann and Coffman, 1989; Xin et 

al., 2007). While activated DCs and macrophages can produce IL-12, which 

promotes a Th1 response, they do not appear to produce IL-4. Therefore, the 

innate source of IL-4 that triggers Th2 polarization is still elusive. This cytokine 

can be produced by several innate immune cells, such as eosinophils, mast cells, 

NKT cells and ILC2s (Pelly et al., 2016; Yoshimoto, 2018). Nevertheless, the 

relative importance of each cell type to “kick-start” a Th2 response is still not well 

understood. Regardless, IL-4 strongly favors Th2 polarization by inducting 

STAT6 signaling, which promotes GATA-3 expression. Together with STAT5, 

they help drive IL-4 production by the differentiating Th2 cell, which further 

enforces lineage commitment. Th2 responses culminate in the production of “type 

2” cytokines such as IL-4, IL-5 and IL-13. Among the effect of these cytokines are 

B cell class-switching to immunoglobulin E (IgE), macrophage alternative 

polarization (M2), activation of eosinophils, mast cells and goblet cells and airway 

muscle contraction (Ohta et al., 2008). A type 2 immune response is aimed at 

expelling helminths while simultaneously favoring tissue repair. 

 

1.1.3. Th17 cells 

 

While T helper (Th) cell differentiation was initially defined as a bi-dimensional 

axis composed of Th1 and Th2 cells (Mosmann et al., 2005), it is now widely 

accepted that at least a third effector subset exists: Th17 cells (Bettelli et al., 

2007; Steinman, 2007). The name Th17 is derived from the hallmark cytokine 

produced by these cells, IL-17. Interestingly, Th17 cell differentiation is slightly 
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more complex than their Th1 and Th2 counterparts. A few cytokines have been 

implicated as necessary for Th17 differentiation, such as IL-6, IL-1β, IL-23, and 

TGF-β. However, all these cytokines are dispensable in certain conditions: IL-6 

was reported to be dispensable in an excess of IL-1 (Ikeda et al., 2014); IL-1- and 

IL-23-deficient mice can still generate Th17 cells (Dutzan et al., 2017). TGF-β is 

thought to only indirectly promote Th17 commitment, by down-regulating Th1 and 

Th2 instead (Das et al., 2009). Accordingly, Th17 cells have been generated in 

the absence of TGF-β signaling by different groups (Das et al., 2009; Ghoreschi 

et al., 2010). Moreover, while CD28 co-stimulation is classically known to be 

necessary for T cell activation, Th17 polarization is paradoxically boosted in the 

complete absence of CD28 stimulation (Bouguermouh et al., 2009; Revu et al., 

2018). Regardless of which cytokines are fundamental, Th17 are intimately 

dependent on Rorγt expression and transcriptional activity (Castro et al., 2017; 

Guendisch et al., 2017; Ivanov et al., 2006). Rorγt is induced downstream of 

STAT3 signalling (Yang et al., 2007), which is triggered during initial T cell 

activation by IL-6 (Korn et al., 2008) and at later stages, also by IL-23 (Ivanov et 

al., 2006; Korn et al., 2009). Even though Th17 differentiation and plasticity 

remain only partially understood, the roles of its main effector cytokine IL-17 (and 

to some extent, IL-22) are relatively well defined. Together, these cytokines act 

on epithelial and myeloid cells, leading to the production of antimicrobial peptides, 

neutrophil recruitment, epithelial stem cell proliferation, etc. (Flannigan et al., 

2017; Lindemans et al., 2015; Mulcahy et al., 2016). Both IL-17 and IL-22 are 

important at mucosal surfaces and largely explain why Th17 cells assist in fungal 

or extracellular bacterial infections. IL-17 and IL-22 can be co-produced with IL-

21, IL-10, IL-9, and IFN-γ (Chang et al., 2017; Chen et al., 2017b; Liang et al., 

2006; Nowak and Noelle, 2010). 

 

1.1.4. T regulatory cells 

 

Mature T cells are capable of interacting with APCs through MHC proteins while 

remaining self-tolerant (Murphy and Weaver, 2017). However, central tolerance 

is not infallible and self-reactive T cells can still exit the thymus (Richards et al., 

2016). Accordingly, other tolerogenic safeguards have evolved to prevent 

autoimmunity. Additional checkpoints preventing detrimental immune activation 
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are commonly referred to as peripheral tolerance. This includes not only intrinsic 

cellular processes, such as induced lymphocyte anergy (Schwartz, 2003) but also 

the function of specialized cells that can prevent or downregulate an immune 

response. While several different cell types with an immune regulatory capacity 

have been described (Lindemans et al., 2015; Steinman, 2012; Wang et al., 2017; 

White and Wraith, 2016), T regulatory cells (Tregs) play the most important role 

in maintaining peripheral tolerance and have been the focus of intense research 

(Berod et al., 2017; Josefowicz et al., 2012). Tregs differentiate in the thymus 

(referred to as tTregs), but naïve T cells can also commit to a regulatory lineage 

in the periphery, usually defined as pTregs (Abbas et al., 2013; Asano et al., 

1996; Sakaguchi et al., 1995; Zhou et al., 2009). Both tTregs and pTregs can 

exert their regulatory capacity through indirect inhibition of T cell activation and 

proliferation (Berod et al., 2017; Josefowicz et al., 2012; Rocamora-Reverte et 

al., 2020; Sakaguchi et al., 2020; Shevyrev and Tereshchenko, 2019). Besides 

preventing T effector cell (Teff) activation, Tregs also secrete various 

immunomodulatory cytokines, e.g.  IL-10, TGF-β, and IL-35, which are known to 

downmodulate the function of several other immune cells (Andersson et al., 2008; 

Collison et al., 2007; Nakamura et al., 2004; Roncarolo et al., 2006). The whole 

arsenal of mechanisms that orchestrate Treg-mediated immunosuppression has 

been reviewed by Schmidt and colleagues (Schmidt et al., 2012) and, more 

recently, by Sakaguchi et al. (Sakaguchi et al., 2020). 

  

Classically, Tregs are identified by the expression of the Forkhead Box P3 

(FoxP3) transcription factor (Berod et al., 2017). Loss-of-function mutations in the 

Foxp3 gene result in lack of Treg differentiation and/or functionality, leading to 

the development of multiorgan autoimmunity both in mice (“scurfy” phenotype) 

and humans (Immunodysregulation Polyendocrinopathy Enteropathy X-linked 

[IPEX] syndrome)  (Bacchetta et al., 2018; Bennett et al., 2001; Lahl et al., 2007; 

Mayer et al., 2014; Wildin et al., 2001).  

 

2. Metabolism Goes Hand-in-Hand With T cell Differentiation 

2.1. Naïve T cell Metabolism 
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Until it is presented antigen, naïve T cell survival and homeostatic proliferation 

are achieved through IL-7 signaling (Schluns et al., 2000; Vivien et al., 2001). 

Due to their low proliferation rate and no production of effector cytokines, naïve 

T cells are relatively quiescent from a metabolic perspective. Consequently, 

naïve T cells have a lower requirement for cellular building blocks or for the up-

regulation of anabolic pathways (which fuel the de novo synthesis of DNA, 

proteins and lipids) (Almeida et al., 2016). Naïve T cells mainly use the available 

nutrients to maximize energy production through OXPHOS. In this way, fatty 

acids and glucose can be fully oxidized to reach an optimal yield of ATP. 

 

2.2.  Activated T cells “Wake up” Upon Stimulation 

 

In contrast to their naïve phenotype, activated CD4+ T cells are highly proliferative 

before terminally differentiating into Th cells, such as Th1, Th2, or Th17 

(Proserpio et al., 2016). Therefore, cellular metabolism during the activation steps 

must adequately support high rates of proliferation and biosynthesis (Frauwirth 

et al., 2002; Wang et al., 2011). To support this, different glycolysis- and 

glutaminolysis-associated genes are induced downstream of TCR stimulation 

(Macintyre et al., 2014; Sinclair et al., 2013; Wang et al., 2011). Among those, 

one can find transporters not only for glucose and glutamine but also amino acids. 

Moreover, the fluxes through glycolysis, pentose phosphate (PPP), and 

hexosamine pathways (Wang et al., 2011) are increased. This metabolic shift is 

largely under the control of mTOR (Babcock et al., 2013; Finlay et al., 2012; 

Hatziapostolou et al., 2013; Waickman and Powell, 2012b), a protein kinase that 

integrates various environmental cues and regulates multiple cellular processes 

accordingly (Chantranupong et al., 2016; Chen et al., 2010; Kim et al., 2013; 

Pollizzi and Powell, 2015; Waickman and Powell, 2012a). Among the pathways 

regulated by mTOR are protein and lipid synthesis, autophagy, and glycolysis, all 

of which play a role during T cell activation (Fernandez-Ramos et al., 2016; Inoki 

et al., 2012). 

 

2.3. Regulation of T Cell Differentiation by mTOR 
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mTOR derives its name from how it was originally discovered and is short for 

Mechanistic Target Of Rapamycin (Brown et al., 1994). Rapamycin is a 

Streptomyces-derived metabolite that is used as an immunosuppressive drug 

(Baroja-Mazo et al., 2016; Gabardi and Baroletti, 2010; Gharbi et al., 2014), as I 

will discuss ahead. The mTOR kinase can be integrated into two different 

complexes (mTORC1 and mTORC2), depending on the different scaffolding 

proteins that it associates with (Kim and Guan, 2019; Laplante and Sabatini, 

2012; Liu and Sabatini, 2020). This way, the same protein can perform distinct 

functions and be regulated by different stimuli. mTORC1 is poised to determine 

the availability of nutrients and growth factors that are required for cell growth and 

division: amino acids, oxygen, energy availability, and growth factors all positively 

regulate mTORC1 (Chantranupong et al., 2016; Chen et al., 2010; Gharbi et al., 

2014; Kim et al., 2013; Pollizzi and Powell, 2015; Waickman and Powell, 2012a). 

If conditions are unfavorable for cell growth and/or division (examples being DNA 

damage, low ATP levels, and/or hypoxia), mTORC1 signaling is impaired and cell 

growth does not take place (Laplante and Sabatini, 2012). mTORC2, instead, is 

mainly stimulated by growth factors and cytokines (Laplante and Sabatini, 2012). 

 

Considering the drastic metabolic shift upon T cell activation and the role of 

mTOR, it is perhaps expected that both mTOR complexes “have a say” during 

the differentiation of T cells. Indeed, Rapamycin treatment, which mainly affects 

mTORC1 activity, prevents Teff differentiation (Battaglia et al., 2006; Battaglia et 

al., 2005; Delgoffe et al., 2009). Consistently, knockout of mTOR in T cells (which 

prevents both mTORC1 and mTORC2 activity) impairs all Th subsets (Delgoffe 

et al., 2009). The individual role of each mTOR complex has also been 

investigated: T cells lacking mTORC1 activity due to deletion of the gene 

encoding its upstream molecule Rheb cannot develop into Th1 and Th17 cells 

but can still acquire a Th2 phenotype (Delgoffe et al., 2011). Chemical inhibition 

of mTORC1 with Arctigenin, (isolated from Arctium lappa L. fruit) mimics these 

results, by impairing Th17 and Th1 induction (Wu et al., 2015). By contrast, mice 

with a T cell-specific deletion of the gene encoding for Raptor (a protein that is 

part of the mTORC1 scaffolding complex) were only unable to differentiate into 

Th17, while Th1 development was unaffected (Kurebayashi et al., 2012). 

Interestingly, lack of Raptor in T cells was also shown to restrict Th2 development 
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in an independent study, which did not address defects in other Th subtypes 

(Yang et al., 2013). Thus, while mTOR has a role during T cell differentiation, its 

different scaffolding complexes can have redundant roles in different conditions 

which originate different Th subsets. mTORC1 appears to be necessary for Th17 

differentiation, but the dependence of other Th lineages on it is less clear and 

perhaps dependent on the experimental setting. mTORC2 turns out to be 

similarly complex: Even though it was shown consistently that deletion of Rictor 

(scaffolding protein which is part of the mTORC2 complex) in T cells impairs Th2 

differentiation (Delgoffe et al., 2011; Lee et al., 2010), Th1 development was only 

affected in one of the studies (Lee et al., 2010). The reasons for these 

discrepancies are unclear. 

 

2.4. How glucose fuels T cell differentiation 

 

Intriguingly, the majority of the carbons derived from the glucose that is taken up 

by T cells following activation is not used as a precursor for anabolic pathways 

but instead secreted as lactate (Brand et al., 1988; Fox et al., 2005; Hume et al., 

1978), even in normoxic conditions. This is commonly referred to as aerobic 

glycolysis. A common notion in the immunometabolism field that attempts to 

explain this phenotype is that a shift of metabolism towards aerobic glycolysis 

augments intracellular concentrations of glycolytic intermediates, fuelling 

biosynthetic reactions (Buck et al., 2015; Loftus and Finlay, 2016; Palmer et al., 

2015; Waickman and Powell, 2012b). Indeed, glycolysis can “branch-off” into 

other pathways, with glucose-derived metabolites working as precursors for 

protein, nucleotide, and lipid synthesis (through the PPP, the serine biosynthesis 

pathway, or de novo FAS, for example) (Barcia-Vieitez and Ramos-Martinez, 

2014; Berod et al., 2014; Locasale, 2013). However, when glycolytic 

intermediates are diverted from glycolysis to synthesize biomolecules, lactate can 

no longer be generated from them. In the same manner, if lactate is generated, 

those specific glucose-derived carbons could not have been used in biomolecule 

synthesis. Hence, while the increase of glycolysis per se in proliferating T cells 

can be justified by an increased biosynthetic demand, lactate generation cannot. 

Another recurrent concept is that lactate generation is coupled to NAD+ 

regeneration and therefore, NAD+ homeostasis is promoted by an increased rate 
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of aerobic glycolysis. In turn, this would facilitate anabolic reactions that depend 

on this co-factor to take place (Cao et al., 2014b; Lunt and Vander Heiden, 2011). 

However, the number of regenerated NAD+ molecules from lactate production is 

the same number spent to generate pyruvate from glucose in the first place. 

Therefore, it is difficult to understand how aerobic glycolysis can lead to an overall 

net gain of NAD+. Even though both “regular” glycolysis coupled to biosynthesis 

and aerobic glycolysis occur concomitantly in cells (Bental and Deutsch, 1993; 

Glick et al., 2014), it is unclear how they directly contribute to each other. 

Moreover, from a biosynthetic perspective, it seems counterintuitive that 

proliferating cells would generate lactate: shuttling pyruvate towards the TCA 

cycle would allow it to be used as a precursor for amino acid and lipid synthesis. 

In light of these notions, lactate production and biosynthesis are parallel glucose 

fates. This apparent paradox has been discussed recently along with other 

currently suggested advantages for the acquisition of aerobic glycolysis in fast 

proliferating cells, such as rapid ATP synthesis or an impact on cell signaling 

pathways (Liberti and Locasale, 2016). Nevertheless, the function and relevance 

of the Warburg effect in activated T cells remain unclear. 

 

Some recent data can functionally explain how aerobic glycolysis could be 

advantageous for T cells. The glycolytic enzyme glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), inhibits translation of IFN-γ in Th1 cells when not 

engaged in glycolysis (Chang et al., 2013). Possibly, GAPDH works as a 

metabolic checkpoint that links effector function to glucose availability. Aerobic 

glycolysis would act to fully engage GAPDH in glycolysis, allowing for efficient 

IFN-γ translation. This would ensure that activation is only achieved in the 

presence of an abundant amount of glucose. 

 

2.5. Mitochondria – The Powerhouse of T cell Activation 

 

Although the marked increase in aerobic glycolysis observed upon T cell 

activation could imply a lower rate of oxidative phosphorylation (OXPHOS), it is 

now clear that activated T cells also increase their levels of mitochondrial 

respiration (Frauwirth et al., 2002; Sena et al., 2013; Wang et al., 2011). The ATP 

synthase inhibitor oligomycin abrogates OXPHOS, and downstream of it, 
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proliferation (Chang et al., 2013). Thus, even though Th cells are glycolytic, a 

functional mitochondrial metabolism appears enough to sustain their metabolic 

needs. Mitochondrial metabolism is upregulated after stimulation and can support 

T cell proliferation independently of glycolysis (Klein Geltink et al., 2017; Mills et 

al., 2017; Sena et al., 2013). In accordance, mitochondrial mass, numbers, 

mtDNA and proteome are sharply increased in activated T cells when compared 

to a naïve state (Buck et al., 2016; Liesa and Shirihai, 2016; Ron-Harel et al., 

2016). Mitochondria synthesized after activation are enriched for one-carbon 

metabolism enzymes (Ye et al., 2014). This metabolic avenue provides 

precursors for NADPH, purines, and glutathione (Locasale, 2013; Stover, 2009; 

Ye et al., 2014). Knockdown of serine hydroxymethyltransferase 2 (a 

fundamental enzyme of the pathway) in T cells decreases the cellular content of 

purines and leads to DNA damage, possibly due to purine/pyrimidine imbalance 

(Ron-Harel et al., 2016). Another function of mitochondria in proliferating cells is 

the maintenance of NADH/NAD+ ratios that are favorable to proliferation. Without 

appropriate NADH to NAD+ oxidation, anabolic reactions cannot take place 

because NAD+ is required as a co-factor in many enzymatic reactions. However, 

the role of mitochondrial NADH cycling during T cell differentiation is still limited. 

The need for NAD+ availability to support cellular proliferation has been 

demonstrated in Jurkat and 143B (a bone osteosarcoma cell line) cells (Birsoy et 

al., 2015; Sullivan et al., 2015). Strikingly, the acute anti-proliferative factor upon 

electron transport chain (ETC) blockade was not reduced ATP levels (suggesting 

that aerobic glycolysis can sustain ATP production), but an inability to synthesize 

aspartate (Birsoy et al., 2015; Sullivan et al., 2015).  Aspartate biosynthesis is 

strongly dependent on the presence of NAD+. Without aspartate, protein and 

nucleotide synthesis is impaired and cells cannot proliferate normally. It is 

therefore conceivable that NAD+ regeneration is a fundamental function of 

mitochondria in proliferating T cells. 

  

Mitochondrial complex III-derived reactive oxygen species (ROS) are also 

essential for T cell activation. Without effective ROS generation, T cells are 

unable to acquire effector functions (Sena et al., 2013). It is hypothesized that 

ROS induce the activation of the nuclear factor of activated T cells (NFAT). 

Impaired binding of NFAT to the IL-2 promoter (Chow et al., 1999) can explain 
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why cytokine synthesis is impaired by the lack of ROS production. However, 

previous studies that exposed human T cells to specific ROS such as H2O2 found 

NFAT activation to be reduced, resulting in lower IL-2 production (Flescher et al., 

1989; Flescher et al., 1994). It is possible that ROS can be present either in 

healthy or deleterious doses, which would cause DNA and protein damage 

(reviewed in (Freitag et al., 2016)), however, further studies will be necessary to 

pinpoint these differences and the respective thresholds between healthy and 

deleterious ROS doses. 

 

Mitochondria additionally support T cell activation by facilitating cytosolic calcium 

(Ca2+) uptake upon TCR signaling (Quintana et al., 2007). How mitochondria 

achieve this was reviewed by Santo-Domingo and Demaurex (Santo-Domingo 

and Demaurex, 2010). Mitochondria can migrate to the immune synapse 

(Ledderose et al., 2014; Quintana et al., 2007) and act as “local buffers”, 

effectively regulating Ca2+ concentrations in the vicinity of Ca2+ importers. This 

buffering capacity helps sustain Ca2+ influx and consequent calcineurin 

activation, a protein that promotes the migration of NFAT into the nucleus 

(reviewed by Fracchia et al. (Fracchia et al., 2013)). Notably, Ca2+ enters the cell 

preferentially at locations where mitochondria approach the cell membrane, 

which could explain the need for this organelle to migrate towards the immune 

synapse (Schwindling et al., 2010). Furthermore, mitochondria also release ATP 

in the immune synapse region after T cell activation (Ledderose et al., 2014). The 

released ATP acts on extracellular purinergic receptors, which function as ATP-

gated Ca2+ channels (reviewed in (Junger, 2011)). By producing ATP that gets 

secreted into the extracellular space, mitochondria indirectly activate purinergic 

channels, promoting Ca2+ uptake, and fostering the T cell activation process 

(Ledderose et al., 2014). In summary, mitochondria regulate T cell Ca2+ signaling 

by at least two different mechanisms: Ca2+ import by triggering purinergic 

receptors and stabilization of Ca2+ influx, by acting as a Ca2+ buffering system. 

All these studies point towards an active role of mitochondria in T cell biology. 

 

3. Autoimmunity and Dysregulated T cell Responses 
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Autoimmune diseases have a prevalence of about 5% in the general population 

(Goodnow, 2007; Murphy and Weaver, 2017). In general, autoimmunity occurs 

when a host-derived immune response takes place against self-antigens. 

Therefore, for autoimmunity to occur, tolerogenic mechanisms must fail. Many 

diseases fulfill these criteria, which can either be organ-specific such as diabetes 

mellitus, multiple sclerosis (MS) (Dobson and Giovannoni, 2019; Itariu and 

Stulnig, 2014; Prinz, 2003; Velloso et al., 2013) and psoriasis or, instead, affect 

multiple tissues as is the case of systemic lupus erythematosus and IPEX 

syndrome (Dorner and Furie, 2019; Torgerson and Ochs, 2007). A prevalent 

feature of autoimmune diseases is the presence of self-reactive T cells that 

recognize non-harmful or self-antigens (Elong Ngono et al., 2012; Lande et al., 

2014; Lande et al., 2015; Ota et al., 1990; Suarez-Fueyo et al., 2016; Zhao et al., 

2019). In the scope of this thesis, I will discuss in more detail how Th cells 

contribute to the pathology of psoriasis and MS and how they can be manipulated 

to ameliorate symptoms in these diseases. 

 

3.1. Multiple Sclerosis 

 

MS is a disorder affecting the central nervous system (CNS), which involves 

autoimmune responses against myelin antigens (Høglund and Maghazachi, 

2014; Ramaglia et al., 2021; Rossi et al., 2021). In affected individuals, the 

resulting inflammation and demyelination lead to neurodegeneration (Thompson 

et al., 2018). The hallmark of MS is the presence of demyelinating lesions in the 

spinal cord and the brain’s grey and white matter (Filippi et al., 2018; Thompson 

et al., 2018). Furthermore, MS lesions contain lymphocyte and myeloid cell 

infiltrates. The events which underlie the autoimmune response that culminates 

in MS are unknown. Notwithstanding, it is apparent that MS is a multifactorial 

disease, with genetic and environmental factors contributing to its 

pathophysiology. Examples of environmental risk factors for MS are low vitamin 

D levels, smoking, Epstein-Barr virus infection, and obesity (Ascherio et al., 2014; 

Guan et al., 2019; Hedstrom et al., 2012, 2016; Munger et al., 2009; Nielsen et 

al., 2017). Like for many other autoimmune disorders, polymorphisms in HLA 

genes that comprise the MHC locus increase the chances for an individual to 

develop the disease (Patsopoulos et al., 2013; Shiina et al., 2004). It is estimated 
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that between 17% and 62% of the genetic component of MS is explained by 

genetic differences in MHC-related genes (Haines et al., 1998). Other risk alleles 

include the genes encoding for the IL-2 and IL-7 receptors (Hafler et al., 2007), 

which directly affect T cell homeostasis, survival, and proliferation (Fry et al., 

2001; Ross and Cantrell, 2018). All these risk factors are consistent with MS 

being primarily a T cell-driven autoimmune disease (Fletcher et al., 2010; 

Severson and Hafler, 2010), even though targeting B cells also shows clinical 

potential (Glatigny and Bettelli, 2018). Mouse models of MS have been essential 

in strengthening our knowledge of the human disease, and several self-antigens 

are now postulated as epitopes recognized by both T and B cells. Among them 

is the proteolipid protein (PLP) (McRae et al., 1992; Tuohy et al., 1988), myelin 

basic protein (MBP) (Zamvil et al., 1985; Zamvil et al., 1986), and myelin 

oligodendrocyte glycoprotein (MOG); however, other self-antigens have been 

described (Amor et al., 1994; Glatigny and Bettelli, 2018; Mendel et al., 1995). 

When these antigens are administered together with an immunogenic adjuvant, 

the inoculated mice develop progressive paralysis 10−15 days upon 

immunization, which follows a predictable pattern beginning on the tail and 

progressing towards the front limbs. 

 

Th1 cells were initially thought to be the main drivers of EAE (Segal et al., 1998), 

was based on initial studies showing that IL-12p40-deficient mice failed to 

develop the classical clinical signs of the disease (Segal et al., 1998). IL-12p40 

is a core component of IL-12, along with IL-12p35. Paradoxically, mice which 

lacked IL-12p35 were susceptible to the disease (Gran et al., 2002). Further 

findings raised additional suspicion that Th1 cells could not be the main drivers 

of the disease: mice lacking IFN-γ and STAT1 developed the disease more 

severely than wild-type counterparts (Bettelli et al., 2004; Ferber et al., 1996). 

Soon after, Th17 cells replaced Th1 as the accepted main drivers of the disease: 

the discovery that IL-12p40 was also able to associate with Il-12p19 (Oppmann 

et al., 2000), making up IL-23 (which is needed for Th17 responses), explained 

those apparent discrepancies: IL-23, and not IL-12, was necessary for the 

development of EAE (Cua et al., 2003). When IL-23 was found to polarize 

differentiating T cells towards a non-Th1, non-Th2 subtype – later coined as Th17 

(Langrish et al., 2005) – it became easy to establish a causal link between Th17 
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cells and pathogenicity in EAE. Indeed, IL-17-/- mice were found to be resistant to 

EAE (Komiyama et al., 2006). While this could suggest that EAE is exclusively 

Th17 mediated, other experiments indicate that this cannot be the case: Adoptive 

transfer of myelin-reactive Th1 cells results in EAE symptoms in mice (O'Connor 

et al., 2008). It was later found that this Th1 population can access the CNS and 

facilitate the entry of other cells types, such as host-derived Th17 cells (Lees et 

al., 2008). While the individual role of each cell type remains unclear to the 

present day, is it probable that both Th1 and Th17 contribute to the disease in 

synergistic ways. 

 

3.2. Psoriasis 

 

Psoriasis can have different clinical manifestations, with the most common being 

plaque psoriasis, comprising over 80% of all the psoriasis cases. Plaque psoriasis 

is defined by the presence of symmetric, erythematous skin plaques, with clearly 

defined edges. Itchiness and pain can also accompany the lesions (Kim et al., 

2017). The contribution of T cells for the pathogenesis of psoriasis was initially 

inferred from data on the usage of immunosuppressants in transplant settings. 

Cyclosporin A, which inhibits T cell activation, was found to ameliorate symptoms 

associated with psoriasis (Griffiths et al., 1986; Mueller and Herrmann, 1979). 

Furthermore, transplant of human psoriasis skin grafts into immunodeficient 

mice, alongside donor-derived lymphocytes, leads to the development of 

psoriasis-like symptoms in the grafted skin. This is characterized by a thickening 

and scaling of the skin accompanied by erythema and neo-vascularization 

(Wrone-Smith and Nickoloff, 1996). Within the lesional skin of psoriasis patients, 

there is an aberrant infiltration of leukocytes and pro-inflammatory cytokine 

production, alongside keratinocyte hyperproliferation and hyperkeratosis (Schon 

and Boehncke, 2005).  

 

Initially, it was believed that Th1 cells were the main drivers of psoriasis (Schlaak 

et al., 1994), with many type-1, but not type-2, cytokines being observed in 

psoriatic lesions (Uyemura et al., 1993). Even though the mechanisms underlying 

the disease are complex, multifactorial, and poorly understood, it is now clear that 

many other cell types and cytokines play a role (Deng et al., 2016; Harden et al., 
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2015b). This is illustrated by the lack of therapeutic efficacy of IFN-γ-

neutralization in psoriasis patients (Harden et al., 2015a). TNF-α is also increased 

in the skin of psoriasis patients (Caldarola et al., 2009; Lizzul et al., 2005) and 

neutralization of this cytokine ameliorates the symptoms of the disease, through 

a mechanism involving Th17 responses. Consistent with this is the fact that the 

IL-23 cytokine and pathway are known to be upregulated in the psoriatic skin (Lee 

et al., 2004). Additionally, both IL-23- and IL-17-deficient mice fail to develop the 

disease in the imiquimod(IMQ)-induced model of psoriasis (van der Fits et al., 

2009). Moreover, IL-17-neutralizing strategies are protective and resolve 

inflammation in both mice and patients with the disease (Krueger et al., 2012; 

Moos et al., 2019). Since many cells can produce IL-17, such as γδ-T cells, 

ILC3s, and Tc17 cells (Brembilla et al., 2018), further studies will be necessary 

to understand the individual contribution of each subtype. Moreover, even though 

Th17 cells are found in the psoriatic skin, it is still poorly understood which 

antigens are the target of the T cell-mediated autoimmunity. Additionally, the lack 

of adequate preclinical psoriasis animal models until recently has contributed to 

a marginal knowledge of the mechanisms that contribute to the disease. The 

IMQ-induced mouse model has facilitated mechanistic studies, but how closely it 

mimics the human disease is still debated (van der Fits et al., 2009). 

 

4. Th17 Cells Protect From Fungal Infections 

 

As I have briefly discussed before, Th cells are important in responses against 

pathogens, with each subtype being specialized in orchestrating an immune 

response against different classes of pathogens. While the main focus of this 

work is not infection, its results might have implications in the field, particularly in 

opportunistic infections with otherwise harmless organisms. Among them is 

Candida albicans. C. albicans is part of the human microbiota and is considered 

a harmless commensal organism (Hernandez-Santos and Gaffen, 2012). 

However, when individuals are immunocompromised, this healthy 

commensalism relationship is broken and C. albicans can turn pathogenic 

(Cassone and Cauda, 2012; Kim and Sudbery, 2011; Puebla, 2012). For 

example, in patients with HIV, depletion of CD4+ T cells contributes to the 

increase of incidence of opportunistic infections (Anwar et al., 2012; Klatt and 
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Brenchley, 2010). Th17 cells play a particular role in staving off fungal infections. 

This is illustrated by the fact that most C. albicans-specific memory T cells have 

a Th17 phenotype (Acosta-Rodriguez et al., 2007). Therefore, it is perhaps 

unsurprising that when the Th17/IL-17A axis is compromised, candidiasis tends 

to occur, as verified in humans harboring loss-of-function mutations in the genes 

encoding for the IL-17 receptor and IL-17F (Puel et al., 2011). Additionally, 

antibodies that neutralize IL-17 or its receptor slightly increase the risk of C. 

albicans infection in patients with psoriasis (Saunte et al., 2017). Therefore, drugs 

that inhibit the function of Th17 cells have the potential to facilitate opportunistic 

infections. 

  

5. Small Molecules to Control T cell Differentiation and Function 

 

5.1. Cyclosporin 

 

Due to the role of T cells in autoimmunity and transplant rejection, there is a major 

interest in finding strategies to hamper T cell function. A breakthrough occurred 

with the discovery of cyclosporin A (CsA), which prevents IL-2 expression on 

activated T cells (Granelli-Piperno, 1988; Kronke et al., 1984). CsA does this by 

inhibiting calcineurin (Fruman et al., 1992; Wiederrecht et al., 1993), a 

phosphatase necessary to dephosphorylate the NFAT transcription factor and 

promote its migration to the nucleus, where it promotes IL2 transcription during 

early activation of T cells (Chow et al., 1999). When the calcineurin/NFAT axis is 

inhibited, IL-2 is not produced and T cell activation is compromised. The 

expression of genes encoding for Th1, Th2, and Th17 effector cytokines such as 

Ifng, Il4, and Il17, respectively, are also controlled by NFAT (Dong, 2008; Kiani 

et al., 2001; Köck et al., 2014). As such, the function of all Th subsets may be 

inhibited by CsA. CsA saw the first clinical use as a preventive drug against the 

rejection of renal transplants. The 1 year-survival rate was higher in patients 

receiving CsA, when compared to the previous “gold standard”: a combination of 

azathioprine and steroids (European Multicentre Trial, 1983). Following its 

remarkable success, CsA was eventually used in other autoimmunity diseases 

such as psoriasis, rheumatoid arthritis, and ulcerative colitis (Ellis et al., 1991; 

Forre et al., 1988; Loftus et al., 2003; Mueller and Herrmann, 1979). 
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Unfortunately, nephrotoxicity is a relatively common side-effect of CsA and as a 

result, long-term usage is challenging (Calne et al., 1978; Frey, 1990). 

 

5.2. Rapamycin 

 

Rapamycin is a well-known mTOR inhibitor that is known to interfere with Th 

differentiation and function, as I have discussed previously. While mTOR is also 

necessary for other immune cells, it is reasonable to assume that its activity in 

vivo is not only through inhibition of Th cells, I will not focus on them. Rapamycin 

and its analogues bind to FKBP12, which in turn prevents Raptor from binding to 

mTOR, inhibiting the formation of the mTORC1 complex (Abraham and 

Wiederrecht, 1996; Oshiro et al., 2004). While this would suggest Rapamycin is 

an exclusive mTORC1 inhibitor, long-term exposure to Rapamycin also inhibits 

mTORC2 (Sarbassov et al., 2006; Schreiber et al., 2015). In T cells, Rapamycin 

downregulates protein and DNA synthesis, leading to cell cycle arrest (Terada et 

al., 1993) and compromising proliferation in response to pro-proliferative 

cytokines (Bertagnolli et al., 1994; Sehgal, 1998). Rapamycin also skews Th cell 

differentiation as I have mentioned before, with perhaps the most striking 

example being that T cells preferentially commit to a Treg, rather than Th17, 

lineage when exposed to Rapamycin (Kopf et al., 2007). 

 

The discovery of Rapamycin was an exciting one, especially considering the 

different mechanism of action compared to CsA. mTOR inhibition arose as a 

novel strategy to halt autoimmunity and transplant rejection and was soon 

explored in animal models with positive outcomes (Belitsky et al., 1993; 

MacDonald et al., 1994). Therapeutical administration of CsA + Rapamycin soon 

followed, to determine how both drugs synergized with each other to improve 

outcomes in transplantation medicine. The findings published from clinical trials 

showed a remarkable reduction of acute rejection (Kahan et al., 1998). Some 

other studies further attempted to understand if CsA could be withdrawn if the 

patients were maintained with Rapamycin, to minimize the renal toxicity of CsA 

(Oberbauer et al., 2005; Thervet, 2006). While the best treatment regimen is still 

under debate, there is no doubt that the discovery of Rapamycin introduced 
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flexibility and margin of maneuver to clinicians working in transplantation 

medicine. 

 

5.3. Metformin 

 

The search for immunosuppressive drugs is ongoing. With the recent advances 

in immunometabolism, immunologists and doctors have turned their attention to 

inhibitors of metabolic pathways. One example is the drug used for type 2 

diabetes patients, Metformin (Scarpello and Howlett, 2008). Metformin effects 

include lowering of blood sugar and inhibition of gluconeogenesis (Cao et al., 

2014a; Kim et al., 2008). These were initially thought to be mediated through 

activation of AMP-activated protein kinase (AMPK) (Cao et al., 2014a), but this 

has recently been disproved (Deschemin et al., 2017). Metformin has also been 

tested for its immunomodulatory potential on T cells, by groups wanting to study 

the role of AMPK in these cells. Since Metformin has also been described as an 

inhibitor of the mitochondrial complex I (Luengo et al., 2014; Wheaton et al., 

2014), AMPK activation may be taking place downstream of mitochondrial 

inhibition. In vitro, Metformin leads to impaired T cells proliferation and cytokine 

expression (Duan et al., 2019; Son et al., 2014). In Th17-polarizing conditions, 

the down-regulation of Rorγt and IL-17 occurs in parallel with the upregulation of 

FoxP3 (Duan et al., 2019; Son et al., 2014). In vivo, Metformin reduces the 

TH17/Treg cell ratio in mouse models of arthritis and colitis (Lee et al., 2015; Son 

et al., 2014) and increases the numbers of Tregs in an animal model of asthma 

(Guo et al., 2021). Considering what is already known about mitochondrial 

metabolism and T cells as I have described above, it is conceivable that 

Metformin inhibits T cells by compromising OXPHOS. So far, Metformin has not 

seen much clinical use against autoimmunity, but the recent data strongly 

encourages retrospective analysis of patients taking this drug and potentially 

repurposing of Metformin as an immunosuppressive drug. 

 

5.4. Argyrins 

 

The potential for Metformin as an immunosuppressive drug is apparent: Th cells 

are reliant on functional mitochondria for their function and the drug is well 
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tolerated in vivo. However, it is possible that long-term compensatory 

mechanisms can occur which would negate the effect of the drug. For example, 

cells could rely on Complex II-fueled respiration to bypass the inhibition of 

Complex I (Protti, 2018; Wheaton et al., 2014). At the same time, a “point-blank” 

mitochondrial inhibition compromises the applicability of a drug to be used in vivo, 

due to the necessity of this organelle for cellular bioenergetics (Krähenbühl, 

2001). Therefore, inhibition of OXPHOS is tricky, even if it shows potential to 

achieve immunosuppression in vitro. The Argyrin family of compounds contains 

several members with similar backbones, and are all derived from Myxobacteria. 

Interestingly, preliminary in vitro studies found that Argyrins prevented a mixed 

lymphocyte reaction and T-cell dependent antibody production by B cells, but the 

mechanism remained elusive. Some Argyrins (B and F) were found to inhibit 

mitochondrial translation (Chen et al., 2017a; Nyfeler et al., 2012), which could 

explain their immunosuppressive effect. The process of mitochondrial translation 

will be discussed ahead. However, these findings prompted us to test both 

Argyrins and other available inhibitors of mitochondrial translation in models of T-

cell mediated autoimmunity. 

 

6. Mitochondrial Translation 

 

Most of the mitochondrial proteome is encoded in the nuclear genome, translated 

in the cytosol and only then imported into the organelle. However, mitochondria 

still retain their own genome, which in humans encodes for 13 essential proteins 

which are necessary to assemble the ETC (Anderson et al., 1981). The proteins 

encoded by genes are translated by mitochondrial ribosomes (mitoribosomes) 

(Skrtic et al., 2011; Tan et al., 2017a). Furthermore, mtDNA also encodes 2 

rRNAs to assemble mitoribosomes and 22 mitochondrial tRNAs. 

 

Just like cytosolic translation, mitochondrial translation consists of 3 main events: 

initiation, elongation, and termination (D'Souza and Minczuk, 2018). Initiation is 

carried out by two proteins called mitochondrial translation initiation factor IF-2 

(MTIF2) and IF-3 (MTIF3) and starts, like cytosolic translation, with the amino 

acid methionine (Gaur et al., 2008; Liao and Spremulli, 1990). Elongation of the 

nascent peptide chain requires the concerted effort of elongation factors. During 
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elongation, the mitochondrial elongation factor Tu, (mEFTU) binds to GTP and 

the aminoacyl-tRNA, bringing it to the A-site of the mitoribosome. Once at the 

codon-anticodon site, GTP hydrolysis catalyzes the peptidic bond formation and 

is released with a GDP molecule bound. The mitochondrial elongation factor Ts 

„recycles“ the mEFTU:GTP complex, by mediating the exchange of a new GTP 

molecule for the bound GDP molecule (Cai et al., 2000). Finally, mitochondrial 

elongation factor G1 (mEF-G1) catalyzes the movement of the polypeptide chain 

back to the P site, in a GTP-dependent fashion (Bhargava et al., 2004). This 

exposes the A-site of the mitoribosome again, for a new step of elongation until 

a STOP codon is found at the A-site. When that happens, termination is assisted 

by a release factor (MTRF1), which promotes the cleavage of the bond between 

the last peptide of the nascent chain and its respective tRNA. Once the peptide 

is released, two ribosomal recycling factors, MRRF and EFG2, disassemble the 

mitoribosome. 

 

Both the mitochondrial translation-associated enzymes and mitoribosomes show 

similarities with the prokaryotic protein synthesis machinery, with all of the 

enzymes above having closely related homologues in prokaryotes. These notions 

are consistent with the bacterial origin of mitochondria (Bhargava et al., 2004; Cai 

et al., 2000; Kondo and Westhof, 2008; Lei et al., 2012).  

 

6.1. Antibiotics Affecting Mitochondrial Translation 

 

Several classes of antibiotics work by inhibiting bacterial protein synthesis 

(Kapoor et al., 2017). They can do so by binding directly to the ribosome or 

inhibiting critical proteins that assist the ribosome in carrying out protein 

synthesis, such as elongation factors G (EF-G) or Tu (bacterial homologues of 

mEF-G1 and mEFTU, respectively). I will briefly discuss different classes of 

ribosomal-targeting antibiotics (RAbos), their mechanisms of action, and eventual 

cross-inhibition of mitochondrial translation. 

 

6.1.1. Amphenicols 
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Chloramphenicol and other amphenicols bind to the 50s subunit, blocking the 

reaction catalyzed by peptidyl transferase, preventing peptide elongation 

(Chopra, 2010). Since this site is highly conserved in mitochondria, amphenicols 

act similarly in mitoribosomes and are also able to inhibit mitochondrial translation 

(Richter-Dennerlein et al., 2016; Richter et al., 2015).  

 

6.1.2. Tetracyclines and Glycylglycines 

 

The tetracycline family of antibiotics inhibits protein synthesis by blocking the 

docking of the aminoacyl-tRNA to the A-site of the ribosome (Brodersen et al., 

2000). Tigecycline is a tetracycline derivative that is considered a glycylglycine 

antibiotic and shares the same mechanism of action (Bauer et al., 2004; 

Brodersen et al., 2000). The tetracycline family encompasses the naturally-

occurring tetracycline, semi-synthetic derivatives like doxycycline, which are 

obtained by chemical modifications of the tetracycline molecule backbone, and 

Glycylglycines such as Tigecycline, which are considered “third-generation“ 

tetracyclines. Their name derives from the glycine bond to the C9 of the 

tetracycline backbone, and they can bypass some of the resistance mechanisms 

associated with previous-generation tetracyclines (Nelson and Levy, 2011).   

 

The mechanism of action of tetracyclines at the prokaryotic ribosome also 

appears to extend to mitoribosomes. Tetracycline, doxycycline, and tigecycline 

have all been shown to inhibit mitochondrial protein synthesis in eukaryotic 

systems (Hu and Guo, 2019; McKee et al., 2006; Moullan et al., 2015). In fact, 

tigecycline has recently entered clinical trials for acute myeloid leukemia, due to 

results hinting that targeting mitochondrial translation selectively kills tumor cells, 

which have a higher dependence on OXPHOS compared to normal cells (Skrtic 

et al., 2011; Sriskanthadevan et al., 2015).  

 

6.1.3. Oxazolidinones 

 

Oxazolidinones are a special class of antibiotics in the sense that they are not 

isolated from any organism, nor are they obtained from modification of naturally 

occurring antibiotics. The first approved drug of this class was Linezolid, due to 
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its good pharmacokinetic and pharmacodynamic profiles when compared to other 

oxazolidinones (Shaw and Barbachyn, 2011). Oxazolidinones appear to occupy 

the 50S subunit of the ribosome and inhibit translation initiation, by blocking the 

A-site of the peptidyl transferase center, interfering with the binding of aminoacyl-

tRNAs (Leach et al., 2007). Furthermore, they also bind to mitoribosomes and 

equally prevent mitochondrial tRNA binding. 

  

Due to its synthetic origin and lack of naturally occurring resistance mechanisms, 

Linezolid is extremely valuable as a reserve antibiotic and is only used as a last 

resort in patients with life-threatening infections caused by antibiotic-resistant 

bacterial strains.  

 

6.1.4. Argyrins and Fusidic Acid 

 

The similarities and differences of enzymes that participate in mitochondrial 

translation can be illustrated by 2 different classes of molecules: Argyrins and 

Fusidic acid. Both molecules inhibit EF-G in bacteria, which is the bacterial 

homologue of mEF-G1. However, while mammalian mitochondria and mEF-G1 

are highly resistant to inhibition by fusidic acid (Chung and Spremulli, 1990), they 

are susceptible to Argyrin. This is likely explained by Argyrins binding to a domain 

of EF-G that is conserved in mEF-G1 (Nyfeler et al., 2012). Consequently, they 

are potent inhibitors of mitochondrial translation elongation. 
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ABSTRACT 

 

Mitochondrial respiration, necessary to fuel effector T cell function, relies on the 

proper assembly of nuclear- and mitochondrial-encoded electron transport chain 

subunits. This requires a concerted cooperation between mitochondrial and 

cytoplasmic translation systems. Blocking the translation machinery of 

mitochondria gradually compromises the metabolic fitness of differentiating T 

cells, causing them to become dysfunctional. In contrast, quiescent naive T cells 

are fairly resistant to inhibition of this pathway. I show here that the mitochondrial 

translation machinery is crucial for T helper cells to maintain their effector 

function. Accordingly, the mitochondrial elongation factor G1 inhibitor Argyrin C 

inhibits mitochondrial protein synthesis and the expression of Th1, Th2, and Th17 

effector cytokines. Genetic deletion of Gfm1 equally compromises mitochondrial 

translation and cytokine expression. Moreover, Linezolid, an FDA-approved 

antibiotic that blocks mitochondrial translation recapitulates Arg C 

immunosuppressive features and effectively blocks the course of a T cell-

mediated autoimmune disease. Thus, targeting the mitochondrial translation 

machinery in T cells by repurposing antibiotic drugs has the potential to halt 

autoimmunity. 
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SUMMARY

While antibiotics are intended to specifically target bacteria, most are known to affect host cell physiology. In

addition, some antibiotic classes are reported as immunosuppressive for reasons that remain unclear. Here,

we show that Linezolid, a ribosomal-targeting antibiotic (RAbo), effectively blocked the course of a T cell-

mediated autoimmune disease. Linezolid and other RAbos were strong inhibitors of T helper-17 cell effector

function in vitro, showing that this effect was independent of their antibiotic activity. Perturbingmitochondrial

translation in differentiating T cells, either with RAbos or through the inhibition of mitochondrial elongation

factor G1 (mEF-G1) progressively compromised the integrity of the electron transport chain. Ultimately,

this led to deficient oxidative phosphorylation, diminishing nicotinamide adenine dinucleotide concentra-

tions and impairing cytokine production in differentiating T cells. In accordance, mice lacking mEF-G1 in

T cells were protected from experimental autoimmune encephalomyelitis, demonstrating that this pathway

is crucial in maintaining T cell function and pathogenicity.

INTRODUCTION

Bacteria require intact cell walls and functional ribosomes to

retain their structural and metabolic integrity. As such, inhibition

of these processes by antibiotics either kills bacteria or prevents

their growth and division (Kohanski et al., 2010; Silhavy et al.,

2010; Wilson and Doudna Cate, 2012). As eukaryotic cells do

not possess cell walls and their ribosomes are structurally

different from bacterial ribosomes, antibiotics can be used to

eradicate bacterial infections with limited toxicity to the host.

Nevertheless, some antibiotics have reported side effects,

such as candidiasis, anemia, bone marrow suppression, lactic

acidosis, and immunosuppression (Hellinger and Brewer,

1999; Josefsdottir et al., 2017; Mao et al., 2018; Ónodi-Nagy

et al., 2015; Prieto de Paula et al., 2017; Tedesco, 1975; Xu

et al., 2008; Zimmermann et al., 2018). Since antibiotics are often

administered to stave off infections, it is important to understand

the mechanisms governing antibiotic-mediated immunosup-

pression. Without a proper immune response, both the clear-

ance of infections and control of opportunistic pathogens are

impaired. Here, we focused on Linezolid, a ribosomal-targeting

antibiotic (RAbo) from the Oxazolidinone family, which targets

68 Immunity 54, 68–83, January 12, 2021 ª 2020 The Authors. Published by Elsevier Inc.
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Gram-positive bacteria (Perry and Jarvis, 2001) and is approved

(and reserved) for the treatment of several multi-resistant bacte-

rial infections (Hashemian et al., 2018). Patients requiring Line-

zolid treatment often present in a critical state and are at

increased risk of fungal infections (Falagas and Vardakas,

2008). Moreover, Linezolid is associated with higher mortality

by Gram-negative pathogenswhen compared with Vancomycin.

As both antibiotics share a similar spectrum of action (Wilcox

et al., 2009), this discrepancy is unusual.

Linezolid, like other RAbos, inhibits mitochondrial translation

in mammalian systems and cell lines by occupying the peptidyl

transferase center of the mitochondrial ribosome (mitoribo-

some), interfering with the binding of aminoacyl-tRNAs (Leach

et al., 2007; McKee et al., 2006; Moullan et al., 2015; Zhang

et al., 2005). The assembly of electron transport chain (ETC)

complexes requires the coordinated translation of proteins by

cytosolic and mitochondrial ribosomes (Priesnitz and Becker,

2018; Richter-Dennerlein et al., 2016). By blocking mitoribo-

somes, RAbos lead to an imbalance of nuclear and mitochon-

drial-encoded ETC subunits (Houtkooper et al., 2013). This mito-

nuclear imbalance and its relevance to organismal physiology

have been previously explored in different fields of medical

research. Specifically, inhibition of mitochondrial translation

reduces adipokine secretion in adipocytes (Llobet et al., 2017),

improves worm lifespan in C. elegans (Houtkooper et al.,

2013), and selectively kills leukemia cells (Skrti�c et al., 2011).

The consequence of blocking mitochondrial protein synthesis

in immune cells, however, has not been well elucidated.

Here, we show that Linezolid exhibits immunosuppressive

properties, preventing the development of self-reactive T helper

(Th) cells in a mouse model of multiple sclerosis. Linezolid and

other RAbos also inhibited Th17 cell function in vitro, showing

that immunosuppression occurred independently of their anti-

biotic activity. Mechanistically, we demonstrate that inhibiting

mitochondrial translation led to a mitonuclear imbalance in

differentiating Th17 cells, impairing mitochondrial activity and

interleukin-17 (IL-17) production. In conclusion, administration

of RAbos should be carried out with extra caution to prevent un-

desired immunosuppression. On the other hand, repurposing of

RAbos and/or development of novel drugs with a similar mech-

anism of action could potentially be used to control T cell-medi-

ated autoimmune disorders.

RESULTS

Linezolid Inhibits the Onset of a T Cell-Mediated

Autoimmune Disease

To determine if Th cell responses in vivo were altered by RAbos

treatment, we employed the murine model of T cell-mediated

autoimmunity experimental autoimmune encephalomyelitis

(EAE). Myelin oligodendrocyte glycoprotein (MOG)-immunized

mice developed classical clinical signs of EAE, presenting with

infiltrating Th cells in the central nervous system (CNS), as well

as decreased motility. Administration of a human-equivalent

dose of Linezolid limited the development and severity of EAE

symptoms (Figures 1A and 1B). This correlated with lower fre-

quency and numbers of MOG-specific IL-17- and interferon-g

(IFN-g)-producing Th cells in the CNS of Linezolid-treated mice

(Figure 1C); the frequency of FoxP3+ Th cells was not affected.

Antibiotics can disturb the intestinal microbiome, which in turn

can influence the outcome of an immune response (Hagan

et al., 2019; Mestre et al., 2019; Ochoa-Reparaz et al., 2009).

To rule out that any effects mediated by Linezolid were due to

its antibacterial activity, Vancomycin, which holds a similar spec-

trum of bacterial activity as Linezolid (Mutnick et al., 2002), was

used as control. Of note, while Vancomycin inhibits cell wall syn-

thesis in bacterial cells, Linezolid inhibits prokaryotic ribosomes

(Gardete and Tomasz, 2014; Leach et al., 2007). Vancomycin-

treated mice developed severe EAE symptoms comparable to

those of the untreated group, suggesting that Linezolid’s immu-

nosuppression was due to its effect on host, and not bacte-

rial, cells.

Mitochondrial Translation Inhibition by Antibiotics

Inhibits Th17 Cell Function

Because mitochondria are of prokaryotic origin, there are simi-

larities between the bacterial and mitochondrial protein transla-

tion machineries (Degli Esposti et al., 2014); consequently,

some RAbos can also inhibit mitoribosomes. This is true not

only for Linezolid but also for other antibiotics from different clas-

ses such as Tigecycline and Thiamphenicol (Jager and Bass,

1975; Lamb et al., 2015; Yunis et al., 1973). Hence, we postu-

lated that RAbos inhibited Th17 cell function through inhibition

of mitochondrial translation. In accordance, when murine naive

CD4+ T cells were cultured under Th17 cell-polarizing conditions

in the presence of the aforementioned antibiotics, IL-17 produc-

tion was reduced in a dose-dependent manner (Figure 2A,

above). Loss of cytokine-producing cells was not caused by

death of effector cells, as viability was unaffected (Figure 2A,

below). To verify that this effect was not exclusive tomurine cells,

we differentiated human cord blood-derived naive T cells under

Th17 cell-polarizing conditions in the presence of Linezolid.

Accordingly, human Th17 cells equally presented lower IL-17

secretion (and normal viability) upon Linezolid treatment (Fig-

ure 2B). We then sought to confirm that Linezolid was able to

acutely inhibit mitochondrial translation in T cells. To this end,

we labeled mitochondrial translation products with [35S]-methio-

nine in a murine lymphoma T cell line (EL-4), pretreated for 1 h

with 100 mM of Linezolid. We observed a near-complete

blockage of [35S]-methionine incorporation into mitochondrial-

encoded ETC subunits (Figure 2C), which coincided with the

concentration required to fully inhibit IL-17 production

(Figure 2A).

The ETC is composed of five complexes, made up of several

protein subunits that must be correctly assembled. While all

complex II subunits are encoded in the nucleic DNA (nDNA)

and translated in the cytosol, complexes I, III, IV, and V contain

subunits encoded by both nDNA and mitochondrial DNA

(mtDNA). Therefore, the assembly of these complexes requires

a tight coordination between the cytosolic and mitochondrial

protein machinery. When mitochondrial translation is interrup-

ted, a mitonuclear imbalance occurs, characterized by a higher

ratio of nDNA- to mtDNA-encoded subunits (Houtkooper et al.,

2013; Moullan et al., 2015). Accordingly, Linezolid selectively

depleted the mtDNA-encoded mitochondrial-NADH-ubiquinone

oxidoreductase chain 1 (ND1) and cytochrome C oxidase I

(COX1) proteins in Th17 cells (Figure 2D). In contrast, the quantity

of nuclear-encoded succinate dehydrogenase complex
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Figure 1. Linezolid Inhibits the Onset of T Cell-Mediated Autoimmune Diseases EAE in MOG-Immunized Mice

(A) EAE clinical score of mice treated daily with Linezolid, Vancomycin, or untreated.

(B) Distribution of disease severity: no EAE: score < 1, mild EAE: 1 % score < 3, severe EAE: score R 3.

(C) Frequency (top) and number (bottom) of CD4+ T cells isolated from the central nervous system of Linezolid-treated, Vancomycin-treated, and untreatedmice.

Plots are obtained from the pooled data of three independent experiments.

(A–C) individual experiments, with error bars showing the SEM of the pooled scores (A). Statistical significance was determined using two-way ANOVA with

Bonferroni multiple corrections test compared to untreated mice. *p < 0.05, **p < 0.01, and ***p < 0.001.

ll
OPEN ACCESS Article

70 Immunity 54, 68–83, January 12, 2021 33



Figure 2. Linezolid and Other RAbos Disrupt Th17 Effector Cell Function by Targeting Mitochondrial Translation

(A) Naive mouse CD4+ T cells cultured under Th17 cell polarizing conditions with Linezolid, Tigecycline, or Thiamphenicol. After 96 h of culture, cells were stained

for intracellular IL-17. Bar graphs represent % of IL-17+ cells amongst live CD4+ T cells (top) and % viable CD4+ T cells (bottom).

(B)HumannaiveTcellswere stained for intracellular IL-17 (right) afterbeingdifferentiated for 6days in thepresenceof the indicatedconcentrationsofLinezolid.Graphs

contain the data for each of six individual donors, indicated by connected dots: % of IL-17+ cells amongst live CD4+ T cells (left) and% of viable CD4+ T cells (right).

(legend continued on next page)
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flavoprotein subunit A (SDHA) was not affected (Figure 2D). We

further confirmed that Linezolid also inhibited COX1 expression

in CD4+ T cells in vivo during EAE (Figure S1A), while not mark-

edly affecting CD4+ T cell proliferation, measured by bromo-

deoxyuridine (BrdU) incorporation (Figure S1B). Linezolid is a re-

ported activator of the NLRP3 inflammasome; however, the

NLRP3 inhibitor MCC950 did not prevent Linezolid from inhibit-

ing IL-17 production (Figure 2E). These findings confirm that mi-

toribosomes—but not cytosolic ribosomes—are targets of Line-

zolid and necessary for IL-17 production in Th17 cells.

Argyrin C and Linezolid Exert Analogous Effects on

Differentiating Th17 Cells

Mitoribosomes contain 12S and 16S ribosomal RNA (rRNA), en-

coded by the MT-RNR1 and MT-RNR2 genes, respectively.

These rRNAs differ among individuals depending on their mito-

chondrial haplotype (Chen et al., 2012; H€akli et al., 2015; Pa-

cheu-Grau et al., 2010). This has the potential to modulate the

susceptibility of mitoribosomes to Linezolid (Pacheu-Grau

et al., 2013). Furthermore, as Linezolid is a reserve antibiotic, it

is difficult to conceive it as an immunosuppressant. To explore

different ways of inhibiting mitochondrial translation, we em-

ployed the Argyrin (Arg) family of compounds (Figures 3A and

S2A). Args do not bind to the mitoribosome but instead to mito-

chondrial elongation factor G1 (mEF-G1) (Nyfeler et al., 2012), an

enzyme necessary for the elongation step of mitochondrial pro-

tein synthesis (Tsuboi et al., 2009). The inhibitory capacities of

the different Args were quantified in murine naive CD4+ T cells

under Th17 cell polarizing conditions (Figures S2A and S2B).

Args A and B reduced the frequency of IL-17-producing T cells

only at the highest concentration (240 nM) tested, while Args C

and D were effective at much lower doses (24 nM). Notably,

Args F and H had no immunosuppressive activity at the tested

concentrations (Figure S2B, left). Nevertheless, Arg F still re-

tained the capacity to inhibit IL-17 production, albeit at higher

concentrations (>600 nM) (Figure S2C, left). This is consistent

with a previous report, showing that Arg F inhibits COX2 expres-

sion at doses higher than 600 nM (Chen et al., 2017). As we

observed for RAbos, cellular viability was not affected by any

Arg (Figure S2B, right and Figure S2C, right).

Considering the differences in the activity of each compound,

we focused on the most active metabolite, Arg C, for further

studies (Figure 3A). To assess whether Arg C and Linezolid exert

a general inhibitory effect on effector Th cell subset function, we

differentiated Th1, Th2, and Th17 cells under a broader range of

Arg C and Linezolid concentrations. IFN-g and IL-13 production

by murine Th1 and Th2 cells, respectively, was reduced by both

Arg C and Linezolid (Figures S3A–S3D). Similar to Linezolid, Arg

C reduced the frequency of human IL-17-producing T cells (Fig-

ure 3B, above) without affecting viability (Figure 3B, below).

mEF-G1 inhibition hampered mitochondrial translation,

measured by a near-complete blockage of [35S]-methionine

incorporation in mtDNA-encoded subunits in Arg C-treated EL-

4 cells (Figure 3C). A reduction of [35S]-methionine incorporation

was also detectable after Arg F pretreatment (60 nM). However,

this impairment was partial and only observed at a concentration

100-fold higher than that required for a similar inhibition with Arg

C. This coincided with the lack of cytokine inhibition by Arg F at

60 nM (Figures S2B and S2C).

Both Linezolid and Arg C present as inhibitors of mitochondrial

protein synthesis. Despite the different molecular targets, both

inhibited Th17 cell function. To determine overall similarities be-

tween the two drugs, we performed RNA sequencing (RNA-seq)

analysis on Th17 cells exposed to Linezolid, Arg C, or vehicle for

96 h. Differential gene expression analysis showed that most

genes significantly up or downregulated by Linezolid were

equally regulated by Arg C (Figure 3D). Glycolysis and Th17

cell activation were among the top pathways downregulated

by both drugs (Figures 3E and 3F). This lower expression of

glycolytic genes was not due to lower expression of HIF1a (Fig-

ure S2D) nor was it restored by the HIF1a activator dimethylox-

allyl glycine (DMOG; Figure S2E). Genes downregulated by both

Linezolid and Arg C in the ‘‘Th17 activation pathway’’ category

included several Th17 cell-associated genes, such as Il17a,

Il17f, Il23r, Rorc, Ahr, and Il21 (Figure 3F). Of note, pathways

significantly upregulated by Linezolid and Arg Cwere associated

with cell cycle control and response to DNA damage (Figures 3E

and 3F). Overall, our results demonstrate a high degree of simi-

larity between the effects of Linezolid and Arg C on Th17 cells.

Proliferating T Cells Depend on Functional

Mitoribosomes to Maintain Their ETC Integrity and

Effector Function

Naive T cells have a lower proliferation rate and cellular respira-

tion and decreased mitochondrial proteome when compared to

activated T cells (Almeida et al., 2016; Buck et al., 2016; Liesa

and Shirihai, 2016; Ron-Harel et al., 2016). T cell activation leads

to several rounds of cell division, which require the biogenesis of

mitochondrial proteins, including those encoded by mtDNA. To

assess the reliance of differentiating T cells on mitochondrial

translation, we measured the intracellular content of ND1 and

COX1 throughout a culture with Arg C. After 48 h of treatment,

the amounts of both ND1 and COX1 decreased exclusively in

Arg C-treated differentiating Th17 cells. Arg F at 60 nM failed

to reduce the expression of either subunit (Figure 4A, left). Like

Linezolid, Arg C did not reduce the expression of the nuclear-en-

coded protein SDHA. We further hypothesized that non-prolifer-

ating naive T cells would lose their ETC subunits slower when

mitochondrial translation is inhibited. To test this, we quantified

the amount of COX1 and ND1 proteins in IL-7-maintained, Arg

C-treated, naive T cells. COX1 and ND1 were still detectable

even after 120 h of Arg C-treatment, showing that activated

T cells are more sensitive to inhibition of this pathway than their

naive counterparts (Figure 4A, right). To exclude compensatory

(C) Mitochondrial translation products in EL-4 cells pre-incubated for 1 h with Linezolid or DMSO and radioactively labeled with [35S]-methionine.

(D) SDHA, COX1, ND1, and b-actin quantified by western blot in mouse Th17 cells after 96 h of culture.

(E) Naive mouse CD4+ T cells cultured under Th17 cell polarizing conditions in the presence of Linezolid, with and without the NLRP3 inflammasome inhibitor

MCC950 (10 mM).

Plots are representative of two (C) or three (D) experiments, and bar graphs are pooled means of technical replicates from three (A, middle and right and E) or four

(A, left) independent experiments, with error bars representing the SD of the pooled means. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S1.
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effects, we also measured COX1 and ND1 at 72 h and found

them to be expressed at similar amounts to controls (data

not shown).

Mitochondrial respiration supports the metabolic needs of

proliferating cells through the regeneration of electron-accepting

co-factors such as nicotinamide or flavin adenine dinucleotide

(NAD+and FAD, respectively) (Sullivan et al., 2015). Consistent

with this, both Arg C and Linezolid decreased the Th17 cell intra-

cellular NAD+/NADH ratio after 48 h of treatment (Figures 4B and

S4A). A reduced NAD+/NADH ratio leads to allosteric inhibition of

the enzyme complex pyruvate dehydrogenase, which converts

pyruvate into acetyl-CoA by decarboxylation. In these condi-

tions, pyruvate would preferentially be converted into lactate

(Holness and Sugden, 2003; Randle et al., 1963; Skrti�c et al.,

2011). This was corroborated by a drop in pH of the culture me-

dium and a slight increase in lactate production by Arg C-treated

cells (Figures S4B and S4C). Deficient electron flow from NADH

to oxygen, together with a lack of mitochondrial-encoded sub-

units of complex V, F1Fo-ATPase (namely ATP6 and ATP8),

should hinder oxidative phosphorylation-derived ATP produc-

tion. Accordingly, the ADP/ATP ratio was significantly increased

in Arg C-treated cells compared to controls (Figure S4D). We

also observed that Linezolid and Arg C modestly increased the

degree of AMPK phosphorylation (pAMPK, Figure S4E). Howev-

er, exogenous ATP supplementation was unable to rescue cyto-

kine production in either of the treatment groups (Figure S4F).

As expected, Arg C and Linezolid-treated cells had a lower

basal and carbonyl cyanide-p-trifluoromethoxyphenylhydrazone

(FCCP)-stimulated maximal cellular respiration (Figures 4C and

4D). The profound effects on mitochondria elicited by Arg C

were also observed by electron microscopy: in contrast to the

normal round-shaped mitochondria (Buck et al., 2016), Arg C-

treated Th17 cells had elongated mitochondria with loosened

cristae (Figure 4E). After 96 h of culture, mitochondria were

swollen or sac-shaped and had a morphology reminiscent of

that of this organelle in cells devoid of mtDNA (r0 cells) (Armand

et al., 2004). Similar to r
0 cells (Appleby et al., 1999), Arg C-

treated cells were able to maintain their mitochondrial mem-

brane potential (Figure S4G). While the loss of mtDNA-encoded

subunits was evident at 48 h, IL-17 production was comparable

to controls at this time point (Figure 4F). These findings hinted

that initial Th differentiation steps were unaffected. To confirm

this, wemeasured the expression of the Th cell master transcrip-

tion factors. Indeed, Arg C did not affect the expression of T-bet,

GATA-3, or RORgt in Th1, Th2, and Th17 cells, respectively (Fig-

ures S5A–S5C); this strongly suggested that Arg C impaired

cytokine production rather than Th commitment. Nevertheless,

considering our transcriptomic data showed cell cycle pathways

to be dysregulated (Figures 3E and 3F), we investigated the rela-

tionship between proliferation and loss of cytokine production

caused by Arg C. Using cells labelled with CellTrace, we

observed that Arg C mildly impaired proliferation exclusively to-

ward the final stages of differentiation (Figure S5D). Importantly,

this moderate decline in cellular proliferation was not the main

cause of cytokine inhibition, as cells from each individual cycle

showed significantly reduced IL-17 production after 72 h of cul-

ture (Figure S5E). The upregulation of proliferation-associated

genes by Arg C and Linezolid led us to wonder if these drugs

were preventing T cells from transitioning to a cytokine-produc-

tion phenotype by maintaining them in a proliferative state. How-

ever, cytokine production was not recovered upon treatment

with any of the tested classes of proliferation inhibitors (Fig-

ure S5F). Therefore, Arg C’s inhibitory effect on cytokine produc-

tion is not merely a consequence of impaired cellular division of

effector cells.

Gfm1 Loss Results in Deficient Mitochondrial

Translation and Impaired Th17 Effector Cell Function

Aside from targeting mitoribosomes, Linezolid is also a weak in-

hibitor of monoamine oxidase (Quinn and Stern, 2009). Also,

Args have been described as inhibitors of the proteasome (Loizi-

dou and Zeinalipour-Yazdi, 2014; Nickeleit et al., 2008). To

exclude that any of these side effects were responsible for the

immunosuppressive effects of these drugs, we genetically tar-

geted mitochondrial protein synthesis in T cells. As the target

of Linezolid is the mitoribosome, which consists of several pro-

teins and rRNAs, we focused instead on Gfm1, the gene encod-

ing mEF-G1, located on chromosome 3 (Gao et al., 2001). Given

that ubiquitous deletion of Gfm1 is lethal at pre-weaning stages,

we generated an inducible, T cell-specific, Gfm1�/� mouse

strain (T-Gfm1D). Mice expressing a CD4-specific, tamoxifen-

inducible Cre enzyme (Cd4-creERT2/WT) were crossed with mice

carrying a loxP-flanked exon 4 in the Gfm1 gene (Gfm1flox/flox)

(Figure 5A). Except for amodest increase in the proportion of sin-

gle-positive (SP) CD8+ population within the thymus of T-Gfm1D

mice, immune homeostasis was not significantly affected by any

of the used combinations of Gfm1 and Cd4 transgenic alleles

(Figures S6A and S6B). In contrast to Gfm1�/� mice, T-Gfm1D

Figure 3. Inhibiting Mitochondrial Translation with Arg C Inhibits Th17 Cell Function

(A) Chemical structure of Arg C.

(B) Left: mouse naive CD4+ T cells cultured for 4 days under Th17 cell polarizing conditions in the presence of Arg C or vehicle (DMSO). Cells were stained for

intracellular IL-17 and gated on live CD4+ T cells. Bar graphs show % of IL-17+ cells (top left) amongst total live CD4+ T cells (bottom left). Right: human CD4+

CD45RO� naive T cells isolated from cord blood were cultured for 6 days under Th17 cell polarizing conditions and treated with Arg C or vehicle (DMSO). Cells

were stained for intracellular IL-17, gated on live CD4+ T cells. Graphs contain the data of five individual donors, indicated by connected dots. The values

represent % of IL-17+ cells amongst live CD4+ cells (above) and the % of viable CD4+ cells (below).

(C) Mitochondrial translation products in EL-4 cells pre-incubated for 1 h with Arg C, Arg F, or vehicle (DMSO) and radioactively labeled with [35S]-methionine.

(D–F) Mouse naive CD4+ T cells were cultured under Th17 cell polarizing conditions in the presence of Arg C (60 nM), Linezolid (100 mM), or DMSO. (D) Venn

diagrams showing the number of genes differentially up (left) or downregulated (right) by Linezolid versus Arg C, DMSO versus Arg C, and DMSO versus Linezolid.

The overlapping genes are those found in both conditions (E). Top canonical pathways up or downregulated by both Arg C and Linezolid. (F) Heat maps showing

expression of genes among three selected relevant pathways.

Results (B, left) are the pooled means of technical replicates from three independent experiments, with error bars representing the SD of the pooled means. *p <

0.05, **p < 0.01, and ***p < 0.001. Representative results of two (C) experiments. Genes (E) are included if they were found to be up or downregulated in both

independent experiments performed. See also Figures S2 and S3.
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Figure 4. Arg C Treatment Selectively Affects High Proliferating Cells, Leading to Mitochondrial Dysfunction

Naive CD4+ T cells were cultured under Th17 cell polarizing conditions in the presence of Arg C (60 nM), Arg F (60 nM), Linezolid (100 mM), or vehicle (DMSO).

(A) SDHA, ND1, and COX1 were quantified by western blot at the indicated time points.

(B) NAD+/NADH ratio measured at the indicated time points.

(legend continued on next page)
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mice are viable and expressed normal amounts of COX1 in their

CD4+ T cells, indicative of functional mitochondrial translation

(Figures 5B and S6C). Upon treatment with 4-hydroxytamoxifen

(4-OHT), COX1 expression dropped in CD4+ T cells from T-

Gfm1D mice in comparison to those still harboring Gfm1 WT al-

leles, either in a haplo-sufficient form (T-Gfm1het: Gfm1flox/WT

Cd4creERT2/WT) (Figure 5B) or lacking Cre-recombinase activity

(Gfm1fl/fl: Gfm1flox/floxCd4creWT/WT) (Figure S6C). Similar to Arg

C, differentiation of 4-OHT-treated naive T cells isolated from

T-Gfm1D mice under Th17 cell-skewing conditions yielded a

significantly reduced frequency of IL-17-expressing cells (Fig-

ures 5C and S6D). Finally, we demonstrated that tamoxifen-

mediated genetic deletion of Gfm1 in CD4+ cells from

T-Gfm1D mice, led to significant protection from the develop-

ment of EAE.Mice retaining a functionalGfm1 allele in CD4+ cells

(T-Gfm1het) were more susceptible to symptoms of the disease

(Figure 5D) and had higher numbers and percentages of MOG-

specific IL-17- and IFN-g-producing Th cells in the CNS (Fig-

ure 5E). Taken together, our results indicate that loss of

mitochondrial translation in T cells, either genetically or pharma-

cologically, restrains Th17 cell function. We further show that

mitochondrial translation is necessary for T cell pathogenicity

in vivo and could represent a therapeutic target to halt Th cell

aberrant responses.

Enabling Mitochondria-Independent NAD+

Regeneration Facilitates Cytokine Production in Arg C

and Linezolid-Treated Cells

Without electron acceptors, cells with dysfunctional mitochon-

dria cannot regenerate cellular NAD+ (Sullivan et al., 2015). As

loss of mitochondrial translation reduces the NAD+/NADH ratio

in differentiating T cells, we hypothesized that facilitating NAD+

regeneration could partially restore cytokine production. To

avoid any metabolic biases due to supplementation of the cul-

ture medium with exogenous metabolites, we supplemented it

with lactate oxidase (Lox), allowing extracellular lactate to be

converted to pyruvate. Pyruvate can then re-enter the cell and

be converted back to lactate, regenerating a molecule of NAD+

in the process (Figure 6A). H2O2 generated by Lox was toxic at

relatively low concentrations of the enzyme (data not shown).

To prevent toxicity, we supplemented the medium with Catalase

(Cat). The addition of both enzymes (LoxCat) rescued IL-17 pro-

duction in both Arg C- and Linezolid-treated cells. This effect

was not mediated by Cat, as Cat-exposed Arg C- and

Linezolid-treated cells failed to produce significant amounts of

cytokines (Figure 6B). LoxCat-exposed cells had a higher IL-17

production and NAD+/NADH ratio than that of the respective

controls (Figures 6B and 6C). Supplementation of the cultureme-

dium with pyruvate equally restored cytokine production (Fig-

ure 6D). To uncouple this phenotype from other potential cellular

roles of pyruvate, we supplemented the medium with a-ketobu-

tyrate (a-KB). a-KB can also be reduced by lactate dehydroge-

nase (LDH) to regenerate NAD+ (Sullivan et al., 2015) and was

also able to rescue cytokine production in Arg C- and Line-

zolid-treated Th17 cells (Figure 6D). It has recently been shown

that, when cellular respiration is impaired, serine catabolism

via the mitochondrial folate pathway is responsible for the accu-

mulation of NADH (Yang et al., 2020). Therefore, to understand if

this pathway was responsible for NAD+ depletion (and presum-

ably, loss of cytokine production) upon Arg C and Linezolid treat-

ment, we incubated these cells with DS18561882. DS18561882

is an inhibitor of methylenetetrahydrofolate dehydrogenase 2

(MTHFD2), a mitochondrial enzyme of the folate pathway that

catalyzes an NAD+-consuming step. By treating cells at 24 h of

culture, we hypothesized that we would be able to mitigate the

observed drop in the intracellular NAD+/NADH ratio observed

from 48 h onwards of Arg C or Linezolid treatment (Figure 4B),

and, consequently rescue cytokine production. As surmised,

DS18561882 was able to mitigate the inhibitory effect of Arg C

and Linezolid upon IL-17 production (Figure 6E). Therefore, RA-

bos appear to downregulate Th17 cell function and cytokine pro-

duction by compromising mitochondrial and, consequently,

cellular NAD+-regeneration.

DISCUSSION

It is well established that someRAbos can inhibit mitoribosomes,

and some have been described as immunosuppressive. For

example, Chloramphenicol diminishes neutrophil extracellular

trap release and Doxycycline inhibits B cell class switching and

IgM secretion (Bystrzycka et al., 2017; Kuzin et al., 2001). How-

ever, how the reduction of immune cell function occurred is not

well understood. We have shown here that inhibition of mito-

chondrial protein synthesis by antibiotics can reduce Th cell

cytokine secretion. Certain clinical observations suggest that

Linezolid is immunosuppressive: as previously mentioned, Line-

zolid treatment confers an increased risk of fungal and Gram-

negative infections (Falagas and Vardakas, 2008; Wilcox et al.,

2009). Th17 cell function is necessary for mounting antifungal

and antibacterial responses. As Linezolid is active exclusively

against Gram-positive bacteria, we postulated that Linezolid fa-

cilitates opportunistic fungal or Gram-negative infections by

dampening Th17 cell function. Importantly, we found Linezolid

to inhibit both mitochondrial translation and Th17 cell function

in vitro at concentrations routinely achieved during clinical

administration (Bosso et al., 2004). We also showed that Line-

zolid prevented the development of self-reactive T cells in the

T cell-mediated autoimmunity EAE model. Thus, repurposing

Linezolid as an immunosuppressive drug resulted in significant

protection from pathogenic T cell infiltration and led to absent

(C and D) (C) Representative plot of oxygen consumption rate (OCR) at 72 h of culture and (D) respective basal (before drug addition) and maximal (after FCCP

addition) respiratory activity of the cells. OCR is reported as picomoles (pmol) of O2 per minute. Oligo, oligomycin; FCCP, carbonyl cyanide-p-tri-

fluoromethoxyphenylhydrazone; Rot, rotenone; AA, antimycin A.

(E) Representative electronic microscopy images show mitochondria morphology of Arg C- (60 nM) or DMSO-treated naive T cells from 48 h of culture.

(F) Cells were stained for intracellular IL-17. The graph shows % of IL-17+ cells amongst total live CD4+ T cells after 48, 72, and 96 h of culture.

Statistical significance was determined using two-way ANOVA with Bonferroni multiple corrections test. Representative results of three (A), five (C), and

one (E) experiments are shown. Results are pooled means of technical replicates from three (B and F) and five (D) independent experiments, with error bars

representing the SD of pooled means. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figures S4 and S5.
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Figure 5. T Cell-Specific Gfm1 Deletion Attenuates Th17 Cell-Associated Cytokine Production and Mitigates the Development of EAE in

MOG-Immunized Mice

(A) Generation of the CD4-specific, tamoxifen-inducible Cre mouse line. The loxP-flanked exon 4 of the Gfm1 gene is deleted after exposure to tamoxifen.

(legend continued on next page)
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(or mild) EAE symptoms. However, future studies will be neces-

sary to determine if T cell-suppression by Linezolid contributes

to the progression of infections.

To further study the role of mitochondrial translation in T cells,

we searched for alternativemethods to inhibit this process. In light

of the indispensable role ofmEF-G1 in catalyzing the translocation

of mitoribosomes during mitochondrial protein translation (Bhar-

gava et al., 2004; Tsuboi et al., 2009), we made use of Arg C to

hinder mEF-G1’s activity during Th cell differentiation. Murine

mEF-G1 shares 89% sequence identity with the human homo-

logue mEF-G1 (Gao et al., 2001), and accordingly, Arg C was

active against both human and mouse Th17 cells. The similarities

in the gene transcriptional changes of Arg C- and Linezolid-

treated cells further confirmed that targeting mitochondrial trans-

lation with either compound leads to analogous cellular effects.

Using Arg C, we determined that differentiating T cells are highly

reliant on mitoribosomes to keep up with ETC biosynthetic de-

mands. Notably, although Arg C inhibited mitochondrial protein

synthesis after 1 h of treatment, the lack of mitochondrial-en-

coded and -translated ETC subunits was first observed 48 h after

cell activation. At 24 h, themajority of cells had not yet proliferated

(Jelley-Gibbs et al., 2000) and, presumably, did not need to syn-

thesize large amounts of ETC subunits. Between 24 and 48 h,

cell growth anddivisionwould require an increase inmitochondrial

mass and proteome; therefore, an impairment of the mitochon-

drial translation machinery would render cells unable to keep up

with the cellular demand for increased synthesis of ETC subunits.

Ultimately, this would ‘‘dilute’’ pre-existing mitochondrial-en-

coded proteins such as COX1 and ND1 amongst daughter cells.

Consequently, interfering with mitochondrial translation might

deplete mtDNA-encoded proteins more quickly in rapidly dividing

cells such as activated T cells (Fu et al., 2017), while non-prolifer-

ative cells or tissues should be able to retain their ETC subunits for

longer. Accordingly, we showed that naive T cells exposed to Arg

C for as long as 120 h still expressed both COX1 and ND1.

Activated CD4+ T cells in the presence of Arg C, subjected to a

gradual loss of ETC integrity, displayed reduced oxygen con-

sumption and concomitant loss of electron acceptors such as

NAD+. To circumvent this, cells are forced to convert pyruvate

into lactate. As fermentation of glucose into lactate does not

yield net NAD+ (Almeida et al., 2016), over time the concentration

of this cofactor required to support essential oxidative metabolic

reactions in proliferating cells decreases. Accordingly, Th17 cells

treated with Arg C display reducedNAD+/NADH ratios and respi-

ration and increased lactate secretion. Inhibition of mitochon-

drial translation by Arg C did not influence mitochondrial mem-

brane potential. In this respect, studies on cells lacking

mtDNA, termed r�, revealed that these cells display a mitochon-

drial membrane potential high enough to sustain the import of

nuclear-encoded proteins. The mechanism is thought to involve

an electrogenic exchange of ATP4� for ADP3� by the adenine

nucleotide carrier and maintained by an incomplete F1Fo-

ATPase (Appleby et al., 1999; Buchet and Godinot, 1998; Smith

and Thorsness, 2005). The maintenance of mitochondrial mem-

brane potential is also a strong indication that loss of mitochon-

drial translation does not fully compromise mitochondrial or

cellular integrity, which may explain why cellular viability is unaf-

fected by RAbos. Furthermore, ATP consumption tomaintain the

membrane potential is likely to consume glycolysis-derived ATP

and is in agreement with the increased ADP/ATP ratio and de-

gree of AMPK phosphorylation measured in Arg C-treated cells.

Several glycolysis-associated genes were downregulated by

both Arg C and Linezolid when compared to controls in our

RNA-seq data. Themetabolic stress elicited by loss ofmitochon-

drial translation may compromise the upregulation of glycolytic

enzymes that supports anabolic metabolism in differentiating

T cells (Wang et al., 2011). At the same time, inhibited respiration

should place a higher demand for ATP synthesis on the glycolytic

pathway, forcing the cells to convert a higher proportion of pyru-

vate to lactate to preserve the limited NAD+. This may explain

why extracellular pH and lactate concentration are lower and

higher, respectively, in cells with an apparently lower amount

of glycolytic enzymes. Similarly, the RNA-seq data revealed an

upregulation of genes associated with chromosomal replication,

cell cycle, and/or DNA damage checkpoint regulation in Arg C-

and Linezolid-treated Th17 cells. Given that Arg C is mildly

anti-proliferative, it is plausible that loss of mitochondrial transla-

tion leads to replication stress and modulates proliferation at the

transcriptional level during late stages of Th17 cell differentiation.

Nevertheless, our results show that impaired proliferation cannot

explain, per se, the lower degree of cytokine production. Indeed,

upon activation, CD4+ T cells must undergo several rounds of

proliferation to develop into cytokine-producing Th effector cells

(Proserpio et al., 2016). While the loss of COX1 and ND1 occurs

at 48 h, neither proliferation nor IL-17 production is affected at

this time point. Instead, we observed that if mitochondrial trans-

lation remained inhibited, cells progressively stopped producing

IL-17. The downregulation of cytokines became evident from

72 h onwards and occurred in cells from all proliferation cycles,

highlighting that Arg C’s cytokine inhibition and anti-proliferative

phenotypes are uncoupled. In this regard, Arg C appeared to

strictly affect effector function and not initial Th cell

(B and C) Sorted naive CD4+ T cells from T-Gfm1D mice and littermate haplosufficient controls were pre-treated with 300 nM tamoxifen (4-OHT) or DMSO and

maintained in a naive state 12 days prior to being differentiated under Th17 cell skewing conditions for 4 days. Intracellular COX1 and IL-17were quantified by flow

cytometry. (B) Representative histograms (left) of COX1 expression amongst CD4+ T cells. Bar graph (right) shows COX1 median fluorescence intensity (MFI)

relative to DMSO. (C) Representative dot plots (left) show the percentage of IL-17+ amongst live CD4+ T cells. Bar graph (right) shows pooled means of the

percentage of IL-17+ CD4+ T cells.

(D and E) T-Gfm1D mice and haplosufficient controls were immunized with MOG35–55 in CFA and pertussis toxin to induce EAE. Tamoxifen was administered

twice to every mouse, 3 and 5 days after induction of EAE. The graphs show the (D) mean clinical scores and (E) CNS-infiltrating cells for T-Gfm1D mice and T-

Gfm1het haplosufficient controls.

Bar graphs (B and C) contain the pooled means from the technical replicates of three individual experiments, with error bars representing the SD of the pooled

means. Plots are obtained from the pooled data of two (D) and three (E) individual experiments, with error bars showing the (D) SEM of the pooled scores.

Statistical significance was determined (D) using two-way ANOVA with Bonferroni multiple corrections test or with (E) an unpaired t test per condition. *p < 0.05,

**p < 0.01, and ***p < 0.001.

See also Figure S6.
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transcriptional programs. This is consistent with Arg C-treated

Th1, Th2, and Th17 cells retaining their expression of master

transcription factors T-bet, GATA-3, and RORgt, respectively.

It is now well accepted that mitochondrial metabolism goes

hand-in-hand with T cell differentiation and function. Upon

T cell activation, a metabolic reprogramming occurs, increasing

the rates of glycolysis and respiration (Wang et al., 2011). Oligo-

mycin (a complex V inhibitor) blocks CD4+ T cell proliferation and

activation (Chang et al., 2013), deletion of Uqcrfs1 (a gene en-

coding for a subunit of CIII) impairs IL-2 production upon activa-

tion, andCox10 (a gene encoding for a subunit of CIV) deficiency

compromises T cell activation and proliferation, leading to

apoptosis (Tarasenko et al., 2017). Mitochondria also produce

reactive oxygen species that aid T cell activation (Sena et al.,

2013), and cytokine production in differentiated Th1 and Th17

cells is reduced upon inhibition of specific ETC complexes (Bailis

et al., 2019). Further, mtDNA content increases upon activation,

suggesting that T cell receptor stimulation is coupled to

increased mitochondrial translation (D’Souza et al., 2007; Ron-

Harel et al., 2016). While mEF-G1 is fundamental for mitochon-

drial translation, the transcription and translation of mtDNA-en-

coded genes depend on several other transcription factors and

enzymes (El-Hattab et al., 2017), such as the mitochondrial tran-

scription factor A (TFAM) (Araujo et al., 2018). A former study

from the Mittelbrunn group suggests that T cell-specific deletion

of Tfam (and consequently, loss of mitochondrial translation) im-

Figure 6. The Availability of Electron Accep-

tors Restores Cytokine Production in Th17

Cells with Impaired Mitochondrial Respira-

tion

(A) Image depicting the pyruvate-lactate cycling

and consequent intracellular regeneration of NAD+

enabled by exogenous addition of Lox (25 mU) and

Cat (50 U).

(B–E) Naive CD4+ T cells were cultured under Th17

cell polarizing conditions in the presence of the

indicated drugs. The culture medium was supple-

mented with (B and C) Cat alone (Cat) or in combi-

nation with Lox (LoxCat), (D) pyruvate or a-keto-

butyrate (both 10 mM), or (E) DS18561882, and (B,

D, and E) cytokine production and (c) NAD+/NADH

ratios were measured.

Statistical significance was determined using mul-

tiple t tests (A, B, D, and E) or a two-way ANOVA

with Bonferroni multiple corrections test (C). Bar

graphs contain the pooledmeans from the technical

replicates of three (D), four (B and C), and six (E)

individual experiments, with error bars representing

the SD of pooled means. Significance was deter-

mined as follows: *p < 0.05,**p < 0.01, and

***p < 0.001.

pairs Th17 and Th2 but exacerbates Th1

cell function (Baixauli et al., 2015). Mice

lacking TFAM in all T cells (Cd4creTfam-
flox/flox [CD4-TFAMD mice]) have more

IFN-g-producing cells in the intestinal lam-

ina propria in a model of DSS-induced in-

testinal colitis (Baixauli et al., 2015). In a

more recent publication, T cells from

CD4-TFAMDmice were shown to expressmore IFN-g and tumor

necrosis factor a (TNFa) than wild-type controls (Desdı́n-Micó

et al., 2020). These mice suffer from multi-organ morbidity and

age and die earlier than wild-type controls; this effect was sug-

gested to be mediated by intracellular NAD+/NADH imbalances.

Possibly, NAD+-sensitive enzymes such as sirtuins or transcrip-

tional regulators like C-terminal-binding protein 1 and 2 can

regulate gene expression in response to a drop in NAD+. How-

ever, if and how this occurs in T cells remains unexamined.

While the studies mentioned above suggest that TFAM defi-

ciency in T cells has systemic autoimmune-like consequences,

CD4-mediated gene deletion models are not specific for Th cells

and also delete the floxed allele(s) in regulatory T (Treg) cells

(Chen et al., 2003; Fontenot et al., 2003). In this regard, the

Zhou group has shown that genetic deletion of Tfam in Treg cells

leads to poor suppressive function and a higher degree of inflam-

mation in a model of T cell transfer colitis (Fu et al., 2019). Treg

cells lacking TFAM (from Foxp3Yfp-creTfamflox/flox [Foxp3-TFAMD]

mice) lose the expression of Foxp3 and produce cytokines such

as IL-17 and IL-13. Th cells from Foxp3-TFAMD mice also ex-

press more IFN-g, TNFa, IL-4, IL-5, IL-13, and IL-17 in different

organs and tissues (Fu et al., 2019). Importantly, while Foxp3-

TFAMDmice experienceweight loss and exhibit a systemic auto-

immunity phenotype starting from 4 to 6 weeks of age, CD4-

TFAMD mice exhibit a milder or no phenotype until 10 weeks of

age (Desdı́n-Micó et al., 2020; Fu et al., 2019). Therefore, deletion
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of TFAM in Th cells appears to delay the expected severe pheno-

type observed when this transcription factor is genetically abla-

ted exclusively in Treg cells. Taken together, the results pre-

sented in this paper, as well as those from the Mittelbrunn and

Zhou groups (Desdı́n-Micó et al., 2020; Fu et al., 2019), suggest

that shorter-term inhibition of mitochondrial translation primarily

impairs Th cell function and ameliorates autoimmunity. However,

a longer-term inhibition ultimately appears to compromise Treg

cell functionality. Animal models lacking TFAM specifically in Th

cell subsets, while retaining TFAM-competent Treg cells (and

vice versa), will be necessary to understand how inhibition of

ETC biosynthesis individually affects Th and Treg cells. Further-

more, they would help to understand the pharmacological win-

dow and dose where mitochondrial translation inhibition-medi-

ated immunosuppression overcomes systemic inflammation

due to impaired Treg cell function.

While our results may suggest repurposing RAbos as immuno-

modulatory drugs, this might be a double-edged sword given a

potential negative impact on gut flora (Hagan et al., 2019; Pamer,

2016). Also, widespread usage of Linezolid in an autoimmune

setting might speed up the dissemination of bacterial strains

resistant to this reserveantibiotic. Antibiotics that arenot routinely

used in humanmedicine, suchas Thiamphenicol, couldbe further

explored as immunomodulators. Importantly, Args display poor

antibacterial and antifungal properties and are not currently

used as antibiotics in the clinic (Sasse et al., 2002). Furthermore,

inhibitionofmEF-G1byArgCblockedmitochondrial translation in

Th17 cells at concentrations 4–5 orders of magnitude lower than

Linezolid. Even though we lacked the means to develop a good

in vivo administration method for Arg C, we propose that further

steps should be taken to adapt current or more potent mitochon-

drial translation inhibitors for therapeutic use. To encourage such

efforts, we investigated the role ofmEF-G1 in Th17 cell function in

a T cell-specific Gfm1�/� mouse strain. Tamoxifen-mediated

deletion validated thatmEF-G1 is necessary for T cells tomaintain

their effector function. Moreover, deleting Gfm1 in CD4+ cells at

the onset period of EAE induction protected against disease

symptoms and provided strong evidence that this pathway is

necessary for T cell-mediated pathogenicity. In conclusion, our

results provide evidence to consider inhibition of mitochondrial

translation as a method to halt pathological Th cell responses.

Additionally, we identify mEF-G1 as a promising target to control

this cellular process and achieve immunomodulation and high-

light the ability of RAbos to alter host cell functions.
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Desdı́n-Micó, G., Soto-Heredero, G., Aranda, J.F., Oller, J., Carrasco, E.,
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Mouse monoclonal anti-mouse anti-
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Head-inactivated FCS Biochrom S 0115 – Lot# 1289W

Penicillin-streptomycin Millipore P0781

2-mercaptoethanol Gibco #21985-023
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Recombinant murine IL-7 Peprotech 217-17

Recombinant murine IL-4 Preprotech 214-14

Recombinant human IL-12 p70 (HEK293

derived)

Peprotech 200-12H

Recombinant human IL-1beta R&D Systems 201-LB-005

Recombinant human IL-23 R&D Systems 1290-IL-010/CF
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Pierce RIPA Buffer Thermo Scientific 89900
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Antimycin A Sigma Aldrich A8674

XF Base Medium Minimal DMEM without

Phenol Red
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Glucose R 99.5% D(+) Roth HN06.1

L-Glutamine Biochrom AG M11-004

Poly-D-lysine Hydrobromide Sigma Aldrich P6407

RNAse OUT Ribonuclease inhibitor

(recombinant)

Invitrogen #10777-019

CellTrace� Violet Cell Proliferation Kit Life Technologies #65-0866-14

Fixable Viability Dye eFluor 780 eBioscience #65-0865-14

BD GolgiStop BD Biosciences #51-2092KZ

FoxP3/transcription factor staining

buffer set

eBiosciences #00-5523-00

DMOG Cayman chemicals 71210

Lactate oxidase from Aerococcus viridans Sigma L9795-50UN

Catalase, aspergillus niger Merck Millipore 219261-100KU

Linezolid Chem-Impex 29723

Tigecycline hydrate Sigma PZ0021

Thiamphenicol Chem-Impex 29857

Vancomycin Cayman-Chemical #15327

FITC BrdU Flow Kit (RUO) BD 557891

DS18561882 inhibitor Medchemexpress HY-130251

Chaetocin from chaetomium minutum Merck C9492

DIF-1 Sigma SML0599

Mitomycin Cayman 11435

Paclitaxel Cayman 10461

SP600125 Inhibitor Cayman 10010466

ATP-polyamine-biotin Medchemexpress HY-D0183

Adenosine 5’triphosphate disodium salt

hydrate

Merck A26209

MCC905 InvivoGen inh-mcc
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RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tim Spar-

wasser (sparwasser@uni-mainz.de)

Materials Availability

Mouse lines generated in this study will be maintained in the lead author’s current institute’s animal house and/or stored locally as

frozen embryos and can be made available upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MOG35–55 peptide Dr Werner Tegge, HZI Braunschweig N/A

Corn oil Sigma C8267

(Z)-4-Hydroxytamoxifen Caymen 14854

Pertussis Toxin Sigma-Aldrich #180

1X Antibiotic Antimycotic Solution Gibco 15240062

Critical Commercial Assays

EasyStepTM Mouse CD4+ Isolation Kit StemCell technologies 19852

EasySep� Human Naive CD4+ T Cell

Isolation Kit

StemCell technologies 19555

Cell Trace Violet Cell Proliferation Kit Invitrogen C34557

LIVE/DEAD Fixable Aqua Dead Cell Stain

Kit, for 405 nm excitation

Thermo Fisher L34957

Seahorse XFe96 FluxPak Agilent 102416-100

Qiagen RNAeasy Kit Qiagen #74106

Oligomycin Sigma-Aldrich 75351

FCCP Cayman 15218

Antimycin A Abcam ab141904

Rotenone Cayman 139995

Lactate Assay kit Sigma-Aldrich MAK064

NAD/NADH-GloTM Assay Promega G9072

ADP/ATP Ratio Assay kit Abcam ab83359

Deposited Data

Raw and processed RNA-seq data Gene Expression Omnibus GSE159401

Experimental Models: Cell Lines

EL4 ATCC ATCC� TIB-39�

Experimental Models: Organisms/Strains

Gfm1tm1a(EUCOMM)Wtsi: C57BL/6NTac-

Gfm1tm1a(EUCOMM)Wtsi/WtsiBiat

EMMA EM:05706

Flp-expressing mice: B6;SJL-Tg(ACTFLPe)

9205Dym/J

Jackson Stock No: 003800

Cd4CreERT2/WT: Cd4tm1(cre/ERT2)Thbu (Sledzi�nska et al., 2013) N/A

Software and Algorithms

FlowJo software (Tree Star, Inc.) FlowJo LLC https://www.flowjo.com/

Ingenuity Pathway Analysis (IPA, QIAGEN) Qiagen N/A

GraphPad Prism V6 or V7 GraphPad Software https://www.graphpad.com/

QIAGEN’s CLC Genomics Workbench 8 Qiagen N/A

ImageJ N/A N/A

Python matplotlib_venn library Pypi N/A

ComplexHeatmap R package Qiagen N/A

Atlas 5 Zeiss N/A
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Requests for Argyrins should be directed to and fulfilled by the co-author Rolf M€uller (rolf.mueller@helmholtz-hzi.de)

Data and Code Availability

The accession number for the sequencing data reported in this paper is GEO:GSE159401.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6 mice were purchased from Jackson Laboratories.Gfm1flox/floxwere generated by crossing mice carrying the heterozygous

Gfm1tm1a(EUCOMM)Wtsi ‘‘knockout first’’ allele (purchased from EMMA mouse repository) with Flp-expressing mice to obtain the con-

ditional allele (Skarnes et al., 2011). T-Gfm1D were generated by crossing Cd4CreERT2/WT (Sledzi�nska et al., 2013) to Gfm1flox/flox.

Sex- and age-matchedmice between 7 and 20 weeks of age were used for all experiments. All mice were bred andmaintained under

specific pathogen-free conditions at the animal facility of the Helmholtz Center for Infection Research (HZI, Braunschweig, Germany)

or TWINCORE (Hannover, Germany). All animal experiments were performed in compliance with the German animal protection law

(TierSchG BGBl. I S. 1105; 25.05.1998) and were approved by the Lower Saxony Committee on the Ethics of Animal Experiments as

well as the responsible state office (Lower Saxony State Office of Consumer Protection and Food Safety under the permit number

33.9-42502-04-12/0839).

Mouse T cell cultures

CD4+ CD25- T cells were isolated ex vivo from spleens and lymph nodes of mice by enrichment with EasyStepTM Mouse CD4+ Isola-

tion Kit (Stemcell Technologies) in combination with a biotin-conjugated antibody against CD25, followed by immunomagnetic nega-

tive isolation. The purity of the isolated cells was�90%. RPMI 1640 GlutaMAXTM medium or IMDMGlutaMAXTM medium (both from

Life Technologies) was used for Th1, Th2, and Treg or Th17 cell cultures, respectively. The medium was supplemented with 10%

heat-inactivated FCS (Biochrom), 500 U penicillin-streptomycin (PAA laboratories), and 50 mM b-mercaptoethanol (Life Technolo-

gies). For Th17 cell induction, 1.5 to 33105 naive T cells were cultured for 4 days with plate-bound aCD3ε (10 mg mL–1, clone

145-2C11; Bio X Cell), aCD28 (1 mg mL–1, clone 37.51; Bio X Cell), aIFN-g (5 mg mL–1, clone XMG1.2; Bio X Cell), aIL-4 (5 mg

mL–1, clone 11B11; Bio X Cell), rhTGF-b1 (2 ng mL–1; Peprotech), rmIL-6 (7.5 ng mL–1; Peprotech), and rmIL-1b (50 ng mL–1; Pepro-

tech). For Th1 induction, 13105 naive T cells were cultured for 4 days in the presence of plate-bound aCD3ε (10 mg mL–1), aCD28

(1 mg mL–1), rmIL-12 (50 ng mL-1), and aIL-4 (5 mg mL–1). For Th2 induction 13105 naive T cells were cultured for 4 days with plate-

bound aCD3ε (10 mgmL–1, clone 145-2C11; Bio X Cell), and aCD28 (10 mgmL–1, clone 37.51; Bio X Cell), aIFN-g (10 mgmL–1, clone

XMG1.2; Bio X Cell), aIL-12 (10 mg mL–1, clone 17.8; Bio X Cell), and rmIL-4 (1 mg mL–1, Preprotech). Arg C, Arg F, Linezolid (Chem-

Impex), Tigecycline hydrate (Sigma), or Thiamphenicol (Chem-Impex) were added at the indicated concentrations at the onset of the

culture. For proliferation analysis, naive T cells were labeled using 5mM CellTrace� Violet Cell Proliferation Kit (Life Technologies)

after magnetic sorting.

Human T cell cultures

Human cord blood samples were obtained from the Department of Prenatal Medicine andMidwifery of theMedical School Hannover

(MHH). All work with human blood samples was approved by the local ethics committee and informed consent was obtained from all

subjects. After Ficoll (Biocoll) gradient, naive CD44+ T cells were enriched bymagnetic separation using the EasySep�Human Naive

CD4+ T Cell Isolation Kit (Stemcell Technologies). 53104 T cells were cultured for 6 days in the presence of plate-bound aCD3ε (5 mg

mL–1), in X-Vivo 15 medium (Lonza), supplemented with 2% heat-inactivated FCS (Biochrom), 500 U penicillin-streptomycin (PAA

laboratories), and 50 mM b-mercaptoethanol (Life Technologies). To polarize the cells towards a Th17 cell phenotype, the medium

was supplemented further with rhIL-1b (10 ng mL–1, R&D Systems), rhIL-23 (20 ng mL–1, R&D Systems), rhIL-6 (20 ng mL–1; Pepro-

tech), rhIL-21 (20 ngmL–1; Peprotech), rhTGF-b1 (3 ngmL–1; Peprotech), aCD28 (500 ngmL–1), and 20mMNaCl. Arg C and Linezolid

were added at the indicated concentrations from day 0.

Naive T cell maintenance and Gfm1 deletion

Naive T cells (CD4+ CD25- CD62L+ CD44low) were sorted from spleens and lymph nodes of mice and maintained in RPMI 1640 Glu-

taMAXTM medium (from Life Technologies) supplemented with 10% heat-inactivated FCS (Biochrom), 1X Antibiotic Antimycotic So-

lution (Sigma), and 50 mM b-mercaptoethanol (Life Technologies), containing rmIL-7 (20 ng mL–1, Peprotech). rmIL-7 (10 ng mL–1)

was re-added at the 3rd, 5th, 7th, 9th, and 11th days of culture. To induce tamoxifen-mediated deletion in vitro, (Z)-4-Hydroxytamoxifen

(Sigma) at 300 nMwas added at the beginning of the culture. After 12 days, naive T cells were harvested, counted, and re-plated at a

density of 1.53105 cells per well under Th17 cell-polarizing conditions as described above.

Experimental autoimmune encephalomyelitis

EAE was induced by subcutaneous immunization with 200 mg MOG35–55 peptide (HZI, Braunschweig) emulsified in CFA (Sigma-Al-

drich), followed by intravenous injection of 200 ng pertussis toxin (Sigma-Aldrich) on days 0 and 2. To quantify disease severity,

scores were assigned daily on a scale of 0–5 as follows: 0- no paralysis, 1- limp tail, 2- limp tail and partial hind leg paralysis, 3- com-

plete hind leg paralysis, 4- tetraparesis and 5- moribund or dead. Animals were euthanized if score reached grade 3.5 for two
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consecutive days and subsequently scored as 5 the following days. To determine CNS infiltrates, micewere sacrificed at day 15 or 16

post-induction and cell suspensions from brain and spinal cord were prepared, as described previously (Berod et al., 2011). Single

suspension of cells were cultured in 48-well plates in the presence of 30mgmL–1MOG35–55 for 2 h followed by addition of Brefeldin A

(5 mg mL–1; Affymetrix/eBioscience) for 4 h. Finally, cells were analyzed by flow cytometry for expression of surface markers and

cytokine production. Where indicated, Linezolid or Vancomycin were administered daily after day 3 post-induction by oral gavage

(4 mg per mouse). Additionally, mice had ad libidum access to drinking water supplemented with 1 mg mL-1 of the indicated anti-

biotic. For COX1 analysis, mice were sacrificed at day 10 post-induction and splenocytes were stained for the markers of interest.

For BrdU incorporation, mice were given 1 mg of BrdU daily (days 9, 10, and 11 post-induction), sacrificed at day 12 post-induction

and splenocytes were stained for the markers of interest. For in vivo deletion of Gfm1 during EAE induction, mice were administered

with two doses of 2 mg of Tamoxifen (Santa Cruz) dissolved in corn oil intraperitoneally, 3 and 5 days after EAE induction.

METHOD DETAILS

Flow cytometry

Monoclonal antibodies against the following mouse antigens were purchased from Affymetrix/eBioscience: CD4 (GK1.5), IL-17A

(eBio17B7), IL-13 (eBio13A), IFN-g (XMG1.2), T-bet (eBio4B10), RORgt (B2D), GATA-3 (TWAJ), FoxP3 (FJK-16s), CD154 (MR1).

COX1 AF488 was purchased from Abcam. For human cells, the following antibodies purchased from Affymetrix/eBioscience

were used: CD4 (SK3), IL-17A (eBio64DEC17). For analysis of surface markers, cells were stained in PBS containing 0.25% bovine

serum albumin (BSA) and 0.02%azide. Dead cells were excluded by LIVE/DEAD� Fixable DeadCell Stain Kit (Life Technologies). For

mouse intracellular cytokine staining, cells were stimulated with phorbol 12-myristate 13-acetate (PMA) (0.1mgmL–1; Sigma-Aldrich)

and ionomycin (1 mgmL–1; Sigma-Aldrich) for 2 h followed by brefeldin A (5mgmL–1) for 2 h and fixed using 2%PFA fixation followed

by permeabilization with PBS containing 0.25% BSA, and 0.5% of saponin. Human intracellular staining was done as described

above, but brefeldin A was added simultaneously with PMA and ionomycin instead. For transcription factor staining, cells were

instead fixed with Foxp3/Transcription Factor Fixation/Permeabilization Kit (Affymetrix/eBioscience) according to manufacturer’s in-

structions prior to permeabilization. Stained cells were acquired on a CyAnTMADP (Beckman Coulter) or an LSR II (Becton Dickinson)

and data was analyzed with FlowJo software (Tree Star, Inc.).

Western blot

Whole-cell lysates were prepared using lysis buffer (Pierce�RIPA buffer, Thermo Scientific) supplementedwith complete EASYpack

Mini Protease Inhibitor Cocktail and PhosSTOP Phosphatase Inhibitor (both from Roche Applied Science). Cell lysates were sepa-

rated by SDS-gel electrophoresis and transferred to PVDF membranes (Merck Millipore). Immunoblotting was performed using the

following antibodies from Cell signaling: mouse anti-b-actin, goat-anti-rabbit (Horseradish peroxidase-conjugated), and anti-mouse

(Horseradish peroxidase-conjugated). The following antibodies were purchased fromAbcam:mouse anti-Sdha, rabbit anti-ND1, and

mouse anti-COX1. Rabbit anti-AMPKa (23A3) and rabbit anti-phospho-AMPKa (Thr172) were purchased from Cell Signaling Tech-

nology, and rabbit anti-HIF-1a was from Novus biological.

Metabolism analysis

Naive CD4+ T cells were plated at a density of 13105 cells per well under Th17 cell-polarizing conditions containing the indicated

drug, harvested after 72 h of culture and plated on 96-well XF cell culture microplates in XF assay medium (pH 7.4, both from Agilent)

supplemented with D-glucose (20 mM), and L-glutamine (2 mM, Gibco) with a density of 33105 cells per well. Microplates were incu-

bated for 30min at 37 �C in a non-CO2 incubator and subjected to real-time analysis of OCR using an XF96 Extracellular Flux Analyzer

(Agilent). For the mitochondrial stress assay analysis, the XF Mitochondrial Stress Test was performed according to manufacturer’s

instructions, using subsequent injections of FCCP (0.8 mM), oligomycin (1 mM), and rotenone and antimycin A (0.5 mM).

Mitochondrial membrane potential measurement

Cells were stained at the indicated time points with tetramethylrodamine, ethyl ester (TMRE, Abcam�) according to the manufac-

turer’s instructions. After a 20 min incubation with TMRE at 37 �C, cells were washed and TMRE was detected by flow cytometry.

Lactate measurement

Lactate concentration in the extracellular medium of T cells cultured under Th17 cell-polarizing conditions for 96 h was performed

using the Lactate Assay kit from Sigma-Aldrich according to manufacturer’s instructions.

NAD+/NADH ratio measurement

NAD+/NADH ratio were measured in T cells cultured under Th17 cell-polarizing conditions for 24, 48, and 96 h using NAD/NADH-

GloTM Assay (Promega) according to the manufacturer’s instructions.

ADP/ATP ratio measurement

The ratio of ADP to ATP were measured in T cells cultured under Th17 cell-polarizing conditions for 96 h using the ADP/ATP Ratio

Assay kit (Abnova) according to the manufacturer’s instructions.
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Mitochondrial translation assay

EL-4 cells were treated for 1 h with the indicated compounds or vehicle and starved for 20 min before cytosolic translation blocking.

[35S]-Methionine was added to the culture and incubated for 1 h. Cells were subsequently harvested, lysed, and subjected to elec-

trophoretic separation in an SDS-gel. Mitochondrial translation products were detected by autoradiography.

Electron microscopy analysis

Samples were incubated in fixative (2% paraformaldehyde (PFA, EMS), 2.5% glutaraldehyde (GA, EMS) in 0.1 M SodiumCacodylate

(EMS) buffer, pH 7.4) at RT for 30 min. Fixative was removed by washing 5 x 3 min in 0.1 M cacodylate buffer. 100 mL of cell suspen-

sion was embedded by centrifugation (5 min at 1230 g at 30 �C) in 100 mL 2% Low Melting Agarose (LMA, Gibco BRL) in 0.1 M ca-

codylate buffer. Samples were then incubated in 2% osmium tetroxide (OsO4, EMS), 1.5% potassium ferricyanide (EMS) in 0.1 M

cacodylate buffer for 60 min at RT. After washing in H2O, samples were incubated in 1% Thiocarbohydrazide (TCH, EMS) in water

for 20 min. TCH was removed by washing 5 x 3 min in water. Then, a second incubation in OsO4 (2% OsO4 in H2O) for 30 min at RT.

After washing in H2O for 5 x 3 min, samples were incubated overnight at 4ºC in Uranyl Acetate Replacement (UA, EMS) in H2O (1:3).

The next day, UARwas removed bywashing in H2O for 5 x 3min. The cells were then incubated for 30min inWalton’s lead solution at

60 ºC. After the washing steps, the samples were dehydrated with EtOH (70%, 90%, and 2x 100%), for 5 min each, followed by 2 x

10 min of propylene oxide (Aldrich). Subsequent infiltration with resin (Spurr, EMS) was done by incubating in 50% resin in propylene

oxide for 2 h, followed by at least 3 changes of fresh 100% resin (including one overnight incubation). Next, samples were embedded

in fresh resin and cured in the oven at 65 �C for 72 h. For FIB-SEM imaging, embedded cells were mounted on aluminium SEM stubs

(diameter 12 mm) and samples were coated with �8 nm of Platinum (Quorum Q150T ES). FIB-SEM imaging was performed using a

Zeiss Crossbeam 540 system with Atlas 5 software. The Focussed Ion Beam (FIB) was set to remove 5 nm sections by propelling

Gallium ions at the surface. Imaging was done at 1.5 kV using an ESB (back-scattered electron) detector.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq dataset, quality control, and analysis

The Raw FASTQ files were quality controlled, trimmed, and mapped to theMusmusculus reference genome (GRCm38.p5) using the

RNA-seq Analysis workflow of QIAGEN’s CLC Genomics Workbench 8. Expression was estimated as RPKM (Reads Per Kilobase of

exon model per Million mapped reads) (Mortazavi et al., 2008). Exploratory analysis revealed gene expression patterns following

treatment of naive T cells labelled with CellTrace� Violet Cell Proliferation Kit and cultured with DMSO, Linezolid, and Arg C for

96h. Total RNA was isolated using RNeasy Micro Kit (Qiagen) according to the manufacturer’s instructions. Before RNA isolation,

live CD4+ cells which proliferated at least once were sorted from each individual proliferation cycle; cells which had not proliferated

were not included in downstream analyses. Differential expression analysis was performed between the treatment groups. The sta-

tistical significance threshold level of 0.05 with Bonferroni corrected FDR p value and absolute fold change of 2 was used as a cutoff

for differentially expressed genes. We compared the number of overlapping differentially expressed genes from the three treatment

groups at each time points using a proportional Venn-diagram plotted using the Python matplotlib_venn library. Heatmap visualiza-

tion for expression dynamics for the selected genes were plotted using the ComplexHeatmap R package. Pathway analysis was per-

formed by uploading the processed RNA-seq data to Ingenuity Pathway Analysis (IPA, QIAGEN).

Statistical analysis

Data analysis was performed usingGraphPad PrismSoftware. Unless otherwise stated, data were comparedwith a one-way ANOVA

with Bonferroni multiple comparisons test. Means are given as ± standard deviation (SD) or, where indicated, as ± standard error of

the mean (SEM). Significance was determined as follows: *p < 0.05; **p < 0.01, and ***p < 0.001. When appropriate, the values for

different treatments were matched and corrected with the Geisser-Greenhouse method. If values were ±3 SDs (or more) away from

the mean, they were considered as outliers and removed from the dataset.
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Figure S1 (related to Figure 2) 

 

 

Figure S1. COX1 expression, but not proliferation, is reduced among CD4+ T cells 

isolated from the periphery of mice during the onset of EAE, related to Figure 1. (a-b) 

Mice were immunized with MOG35-55 in CFA and pertussis toxin to induce EAE. (a) On day 

10 post-induction, splenocytes were isolated and stained for intracellular COX1. (b) On day 12 

post-induction, splenocytes were isolated and stained for intracellular BrdU. The graphs 

contain the pooled data from two individual experiments and the error bars correspond to the 

SD. *p <0.05, **p <0.01, and ***p<0.001 
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Figure S2 (related to Figure 3) 

 

 
 

Figure S2. Quantification of the inhibitory effects of Argyrins on Th17 cells, related to 

Figure 3. (a) Chemical structure of Arg family members (A, B, D, F, and H). (b-d) Mouse 

naïve CD4+ T cells were cultured for 4d under Th17 polarizing conditions in the presence of 

Arg A, B, C, D, F, and H at the indicated concentrations or vehicle (DMSO). Cells were stained 
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for intracellular IL-17. (b,c) Bar graphs show % IL-17+ cells amongst total live CD4+ T cells 

(left) and % viable CD4+ T cells (right). (d) Arg C (60nM), Linezolid (100µM), or control 

(DMSO) was added to Th17 polarizing conditions and representative image of HIF1α protein 

levels was measured by western blot after 96h of culture (top) with quantification of HIF1α 

proteins (below). (e) Naïve mouse CD4+ T cells were cultured under Th17 polarizing 

conditions in the presence of Linezolid, with or without DMOG (1mM). Statistical significance 

was determined using a 2-way ANOVA with Bonferroni multiple corrections test (b,e). Results 

are the pooled means of three (b-d) individual experiments and the error bars correspond to the 

SD. *p <0.05, **p <0.01, and ***p<0.001 
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Figure S3 (related to figure 3)  
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Figure S3: Arg C and Linezolid inhibit Th1 and Th2 effector function, related to Figure 

3. (a-d) Mouse naïve CD4+ T cells were cultured for 4d under Th1 and Th2 polarizing 

conditions in the presence of Arg C (1.2, 6, 30, 60, and 120nM), Linezolid (1, 25, 50 and 

100µM) or vehicle (DMSO). Cells were stained for intracellular IFN-γ and IL-13 and gated on 

live CD4+ T cells. Bar graphs show % of IFN-γ+ or IL-13+ cells amongst total live CD4+ T cells 

(top) and % viable CD4+ cells (below). Results are the pooled means of three independent 

experiments, and the error bars correspond to the SD. *p <0.05, **p <0.01, and ***p<0.001 
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Figure S4 (related to figure 4) 

 

 
Figure S4. Both Linezolid and Arg C treatment impair mitochondria of differentiating 

Th17 cells, related to Figure 4. (a-h) Naïve CD4+ T cells were cultured under Th17 polarizing 
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conditions in the presence of indicated drugs Arg C (60nM), Linezolid (100µM), Arg F (60nM) 

or vehicle (DMSO). (a) NAD+/NADH ratio of CD4+ cells treated with Linezolid and measured 

after 24, 48, and 96h of culture. Statistical significance was determined using 2-way ANOVA 

with Bonferroni multiple corrections test. (b) Medium pH, (c) lactate concentration, (d) 

ADP/ATP ratio, and (e) Representative western blot (left) and quantification graphs (right) of 

AMPK/pAMPK levels measured after 96h of culture. (f) Cytokine production (left) and 

viability (right) of cells supplemented with exogenous ATP and ATP-polyamine-biotin (ATP-

PB; both 25µM) on the third day of culture. (g) Mitochondrial membrane potential showing 

mean fluorescence intensity (MFI) of TMRE incorporation relative to DMSO at 24, 48, and 

96h of culture. Results are pooled means of technical replicates from four (a-b, h) and three (c, 

e-g) independent experiments, and the error bars correspond to the SD. *p <0.05, **p <0.01, 

and ***p<0.001 
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Figure S5 (related to figure 4) 

 

 
 

Figure S5. T cell proliferation and cytokine production are independently affected by Arg 

C and Linezolid treatment, related to Figure 4. (a-f) Mouse naïve CD4+ T cells were 

cultured for 4d under (a) Th1, (b) Th2, (c-f) Th17 polarizing conditions in the presence of Arg 

C (60nM), Arg F (60nM) or vehicle (DMSO). Cells were stained for intracellular T-bet, 

GATA-3, and RORt and gated on live CD4+. (a-c) Representative FACS plots showing 

transcription factor expression (left) and corresponding pooled means (right) (d,e) Proliferation 

was determined using cell proliferation dye CellTraceTM Violet; cells were gated on live CD4+ 

T cells. Representative histograms showing cells gated on live CD4+ T cells (d). Cells were 

stained for intracellular IL-17 and gated on live CD4+ T cells. Bar graphs show frequencies of 

IL-17+ cells in each proliferation cycle at the indicated time point (e). Mitomycin (6µM), 

Paclitaxel (250nM), and SP600125 (9µM) were added on the second day of a Th17 culture. (f) 

Bar graphs show % IL-17+ cells amongst total live CD4+ T cells (left) and % viable CD4+ T 

cells (right). Statistical significance was determined using a 2-way ANOVA with Bonferroni 

multiple corrections test (e,f). Plots (a-c) are representative of three independent experiments 

and bar graphs (a-f) are the pooled means of three individual experiments, and the error bars 

correspond to the SD. *p <0.05, **p <0.01, and ***p<0.001  
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Figure S6 (related to figure 5)  
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Figure S6. Transgenic Gfm1flox/flox or Cd4 alleles do not affect immune homeostasis, 

related to Figure 5. The indicated organs from Gfm1fl/wt (Gfm1flox/wtCd4Crewt/wt), Gfm1fl/fl 

(Gfm1flox/floxCd4Crewt/wt), T-Gfm1het (Gfm1flox/wtCd4CreERT2/wt), and T-Gfm1Δ 

(Gfm1flox/floxCd4CreERT2/wt) mice were retrieved, analyzed, and compared to those of C57BL/6 

mice (C57). (a) Bar graphs show the indicated percentages of the (a) double-negative (DN), 

single-positive (SP) CD4+ or CD8+, and double-positive (DP) thymocytes. (b) Bar graphs 

showing the proportion of T cells (CD3+), along with the respective percentage of CD4+ and 

CD8+ T cells, in the inguinal lymph nodes (iLNs), mesenteric lymph nodes (mLNs), and spleen 

of the indicated mice. (c,d) Sorted naïve CD4+ cells from T-Gfm1Δ mice 

(Gfm1flox/floxCd4CreERT2/wt) and littermate controls lacking inducible-Cre activity 

(Gfm1flox/floxCd4Crewt/wt) were pre-treated with 300nM tamoxifen (4-OHT) or DMSO and 

maintained in a naïve state for 12 days, prior to being differentiated under Th17 skewing 

conditions for 4 days. Intracellular levels of COX1 and IL-17 were quantified by FACS. (a) 

Bar graphs show COX1 pooled and normalized median fluorescence intensity (MFI) relative 

to DMSO control and (b) the pooled means of %IL-17+ CD4+ T cells. (a-b) A total of 25 mice 

were analyzed, with a minimum of 4 from each genotype. Bar graphs contain the pooled means 

from the technical replicates of three (a-d) individual experiments, and the error bars 

correspond to the SD. *p <0.05, **p <0.01, and ***p<0.001 
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DISCUSSION 

My results have contributed to a better understanding of how antibiotics can 

modulate T cell function. While the published manuscript presented herein 

describes the work linearly, with antibiotics as the starting point, it is important to 

mention that the manuscript resulted from two closely intertwined projects which 

were ultimately merged into a single publication. Unlike what may be suggested 

by the manuscript, my interest in RAbos arose after early observations by other 

colleagues that Arg C inhibited Th17 and Th2 cells in vitro. After I established that 

Arg C was indeed a strong inhibitor of mitochondrial translation, I opted to look 

and focus mainly on clinically available RAbos and into any evidence that could 

point towards an unknown immunosuppressive potential on the same T cell 

subsets, extending those findings to a clinically relevant setting. 

It has long been known that that certain RAbos can inhibit mitoribosomes. 

Moreover, some of those RAbos have been described as immunosuppressive. 

For example, Chloramphenicol diminishes neutrophil extracellular trap release, 

and Doxycycline inhibits B cell class switching and IgM secretion (Bystrzycka et 

al., 2017; Kuzin et al., 2001). Certain clinical observations also suggest that 

Linezolid is immunosuppressive, even though (to the best of my knowledge) this 

has never been proposed or investigated. Namely, Linezolid treatment confers 

an increased risk of fungal and Gram-negative infections (Falagas and Vardakas, 

2008; Wilcox et al., 2009). Because Th17 cell function is necessary for mounting 

antifungal and antibacterial responses, I postulated that Linezolid facilitates 

opportunistic fungal or Gram-negative infections by dampening Th17 cell 

function. Importantly, I found Linezolid to inhibit both mitochondrial translation 

and Teff function in vitro at concentrations routinely achieved during clinical 

administration (Bosso et al., 2004). I also showed that Linezolid prevented the 

development of self-reactive T cells in the T cell-mediated autoimmunity EAE 

model. Thus, repurposing Linezolid as an immunosuppressive drug resulted in 

significant protection from pathogenic T cell infiltration and led to absent (or mild) 

EAE symptoms. However, future studies will be necessary to determine if T cell 

suppression by Linezolid contributes to the progression of infections. 
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To better characterize the role of mitochondrial translation in T cells, I routinely 

tested Linezolid and Arg C in parallel. Despite both drugs inhibiting mitochondrial 

translation, they do so by binding to different molecular targets. As described 

before, Linezolid appears to bind to the peptidyl transferase center of 

mitoribosomes, interfering with the binding of aminoacyl-tRNAs (Leach et al., 

2007). Arg C, instead, hinders mEF-G1 activity and prevents it from catalyzing 

the translocation of mitoribosomes during mitochondrial protein translation 

(Bhargava et al., 2004; Tsuboi et al., 2009). Murine mEF-G1 shares 89% 

sequence identity with the human homologue mEF-G1 (Gao et al., 2001), and 

accordingly, Arg C was active against both human and mouse Th17 cells. The 

similarities in the gene transcriptional changes of Arg C- and Linezolid-treated 

cells further confirmed that targeting mitochondrial translation with either 

compound leads to analogous cellular effects. Using Arg C, I determined that 

differentiating T cells are highly reliant on mitoribosomes to keep up with ETC 

biosynthetic demands. Notably, although Arg C inhibited mitochondrial protein 

synthesis after 1 h of treatment, the lack of mitochondrial-encoded and -translated 

ETC subunits was first observed 48 h after cell activation. At 24 h, the majority of 

cells had not yet proliferated (Jelley-Gibbs et al., 2000) and, presumably, did not 

need to synthesize large amounts of ETC subunits. Between 24 and 48 h, cell 

growth and division would require an increase in mitochondrial mass and 

proteome; therefore, an impairment of the mitochondrial translation machinery 

would render cells unable to keep up with the cellular demand for increased 

synthesis of ETC subunits. Ultimately, this would “dilute” pre-existing 

mitochondrial-encoded proteins such as COX1 and ND1 amongst daughter cells. 

Consequently, interfering with mitochondrial translation might deplete mtDNA-

encoded proteins more quickly in rapidly dividing cells such as activated T cells 

(Fu et al., 2017), while non-proliferative cells or tissues should be able to retain 

their ETC subunits for longer. Accordingly, we showed that naive T cells exposed 

to Arg C for as long as 120 h still expressed both COX1 and ND1. From a clinical 

perspective, this places mitochondrial translation as a promising druggable 

process that may be used to selectively target highly proliferative cells while 

sparing quiescent cells and/or tissues from undesirable mitochondrial 

dysfunction. The fact that Linezolid has an acceptable safety profile is in itself a 

testament to this hypothesis, with severe side-effects resulting from impaired 
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mitochondrial respiration (such as lactic acidosis) generally occurring rarely and 

only after prolonged treatment regimens (Mao et al., 2018). 

The gradual loss of ETC integrity in activated CD4+ T cells renders them unable 

to carry out mitochondrial respiration. In turn, Th17 cells treated with Arg C or 

Linezolid display reduced NAD+/NADH ratios. To circumvent this, cells are forced 

to convert pyruvate into lactate to produce ATP. As fermentation of glucose into 

lactate does not yield net NAD+ (Almeida et al., 2016), the concentration of this 

cofactor required to support essential oxidative metabolic reactions in 

proliferating cells decreases over time. Interestingly, inhibition of mitochondrial 

translation by Arg C did not influence mitochondrial membrane potential. In this 

respect, studies on cells lacking mtDNA, termed ρ°, revealed that these cells 

display a mitochondrial membrane potential high enough to sustain the import of 

nuclear-encoded proteins. The mechanism is thought to involve an electrogenic 

exchange of ATP4− for ADP3− by the adenine nucleotide carrier and maintained 

by an incomplete F1Fo-ATPase (Appleby et al., 1999; Buchet and Godinot, 1998; 

Smith and Thorsness, 2005). The maintenance of mitochondrial membrane 

potential is also a strong indication that loss of mitochondrial translation does not 

fully compromise mitochondrial or cellular integrity, which may explain why 

cellular viability is unaffected by either drug. 

It is now well accepted that mitochondrial metabolism goes hand-in-hand with T 

cell differentiation and function, as I have reviewed extensively elsewhere 

(Almeida et al., 2021; Almeida et al., 2016). Upon T cell activation, a metabolic 

reprogramming occurs, increasing the rates of glycolysis and respiration (Wang 

et al., 2011). Oligomycin (a complex V inhibitor) blocks CD4+ T cell proliferation 

and activation (Chang et al., 2013), deletion of Uqcrfs1 (a gene encoding for a 

subunit of CIII) impairs IL-2 production upon activation, and Cox10 (a gene 

encoding for a subunit of CIV) deficiency compromises T cell activation and 

proliferation, leading to apoptosis (Tarasenko et al., 2017). Mitochondria also 

produce reactive oxygen species that aid T cell activation (Sena et al., 2013), and 

cytokine production in differentiated Th1 and Th17 cells is reduced upon inhibition 

of specific ETC complexes (Bailis et al., 2019). Further, mtDNA content increases 

upon activation, suggesting that T cell receptor stimulation is coupled to 

increased mitochondrial translation (D'Souza et al., 2007; Ron-Harel et al., 2016). 
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While mEF-G1 is fundamental for mitochondrial translation, the transcription and 

translation of mtDNA-encoded genes depend on several other transcription 

factors and enzymes (El-Hattab et al., 2017), such as the mitochondrial 

transcription factor A (TFAM) (Araujo et al., 2018). A former study from the 

Mittelbrunn group suggests that T cell-specific deletion of Tfam (and 

consequently, loss of mitochondrial translation) impairs Th17 and Th2 but 

exacerbates Th1 cell function (Baixauli et al., 2015). Mice lacking TFAM in all T 

cells (Cd4creTfamflox/flox [CD4-TFAMΔ mice]) have more IFN-γ-producing cells in 

the intestinal lamina propria in a model of DSS-induced intestinal colitis (Baixauli 

et al., 2015). In a more recent publication, T cells from CD4-TFAMΔ mice were 

shown to express more IFN-γ and tumor necrosis factor α (TNFα) than wild-type 

controls (Desdín-Micó et al., 2020). These mice suffer from multi-organ morbidity 

and age and die earlier than wild-type controls; this effect was suggested to be 

mediated by intracellular NAD+/NADH imbalances. Possibly, NAD+-sensitive 

enzymes such as sirtuins or transcriptional regulators like CTBP1 or CTBP2 can 

regulate gene expression in response to a drop in NAD+. However, if and how 

this occurs in T cells remains unexamined. A logical candidate would be sirtuins, 

which are NAD+-dependent deacetylases (Lee, 2019). Different members of the 

sirtuin family localize to different cellular compartments and regulate different 

processes. While some regulate the acetylation level (and activity) of signaling 

proteins, others directly de-acetylate histones or transcription factors. As NAD+-

dependent enzymes, one would expect the activity of these enzymes to decrease 

with lower intracellular NAD+-levels. However, I was unaware of any method to 

directly increase sirtuin activity and was unable to test this hypothesis with the 

available tools within the given timeframe.  

The studies mentioned in the previous chapter suggest that TFAM deficiency in 

T cells has systemic autoimmune-like consequences. However, CD4-mediated 

gene deletion models are not specific for Th cells and also delete the floxed 

allele(s) in Tregs (Chen et al., 2003; Fontenot et al., 2003). In this regard, the 

Zhou group has shown that genetic deletion of Tfam in Tregs leads to poor 

suppressive function and a higher degree of inflammation in a model of T cell 

transfer colitis (Fu et al., 2019). Tregs lacking TFAM (from Foxp3Yfp-creTfamflox/flox 

[Foxp3-TFAMΔ] mice) lose the expression of FoxP3 and produce cytokines such 
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as IL-17 and IL-13. Th cells from Foxp3-TFAMΔ mice also express more IFN-γ, 

TNFα, IL-4, IL-5, IL-13, and IL-17 in different organs and tissues (Fu et al., 2019). 

Importantly, while Foxp3-TFAMΔ mice experience weight loss and exhibit a 

systemic autoimmunity phenotype starting from 4 to 6 weeks of age, CD4-TFAMΔ 

mice exhibit a milder or no phenotype until 10 weeks of age (Desdín-Micó et al., 

2020; Fu et al., 2019). Therefore, deletion of TFAM in Th cells appears to delay 

the expected severe phenotype observed when this transcription factor is 

genetically ablated exclusively in Tregs. Taken together, the results presented in 

this paper, as well as those from the Mittelbrunn and Zhou groups (Desdín-Micó 

et al., 2020; Fu et al., 2019), suggest that shorter-term inhibition of mitochondrial 

translation primarily impairs Th cell function and ameliorates autoimmunity. 

However, a longer-term inhibition ultimately appears to compromise Treg 

functionality. Animal models lacking TFAM specifically in Th cell subsets, while 

retaining TFAM-competent Tregs (and vice-versa), will be necessary to 

understand how inhibition of ETC biosynthesis individually affects Th cells and 

Tregs. Furthermore, they would help to understand the pharmacological window 

and dose where mitochondrial translation inhibition-mediated 

immunosuppression overcomes systemic inflammation due to impaired Treg 

function. 

While my results may suggest repurposing RAbos as immunomodulatory drugs, 

this might be a double-edged sword given a potential negative impact on gut flora 

(Hagan et al., 2019; Pamer, 2016). Also, widespread usage of Linezolid in an 

autoimmune setting might speed up the dissemination of bacterial strains 

resistant to this reserve antibiotic. Antibiotics that are not routinely used in human 

medicine, such as Thiamphenicol, could be further explored as 

immunomodulators. Importantly, Args display poor antibacterial and antifungal 

properties and are not currently used as antibiotics in the clinic (Sasse et al., 

2002). Furthermore, inhibition of mEF-G1 by Arg C blocked mitochondrial 

translation in Th17 cells at concentrations 4–5 orders of magnitude lower than 

Linezolid. Even though we lacked the means to develop a good in vivo 

administration method for Arg C, we propose that further steps should be taken 

to adapt current or more potent mitochondrial translation inhibitors for therapeutic 

use. To encourage such efforts, we investigated the role of mEF-G1 in Th17 cell 
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function in a T cell-specific Gfm1−/− mouse strain. Tamoxifen-mediated deletion 

validated that mEF-G1 is necessary for T cells to maintain their effector function. 

Moreover, deleting Gfm1 in CD4+ cells at the onset period of EAE induction 

protected against disease symptoms and provided strong evidence that this 

pathway is necessary for T cell-mediated pathogenicity. In conclusion, our results 

provide evidence to consider inhibition of mitochondrial translation as a method 

to halt pathological Th cell responses. Additionally, we identify mEF-G1 as a 

promising target to control this cellular process and achieve immunomodulation 

and highlight the ability of RAbos to alter host cell functions.  
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OUTLOOK 

While my work has revealed some scientifically and medically relevant findings 

of RAbos and how they can affect T cell function, several other questions are now 

brought to light by it. One obvious one which could not be addressed within the 

scope of this thesis would be if other immune cell types are also inhibited by 

Linezolid/Arg C. Another pertinent question would be regarding the clinical 

applications of antibiotics as immunosuppressive drugs. It will be interesting to 

understand if and how the mitochondrial translation pathway can be reliably 

inhibited in humans to ameliorate autoimmune diseases. On the other side of the 

coin, it will be equally important to study if bacterial and fungal infections can be 

facilitated by a dampened T cell response in humans being given Linezolid for 

unrelated reasons. I have started to study how the administration of Linezolid 

impacted the T cell-mediated immune response towards a fungal pathogen: C. 

albicans. However, I could not follow through with this line of research due to the 

lack of permission/grant to perform the necessary experiments in the laboratory 

at the time, which would not be obtainable in a feasible amount of time. 

Nevertheless, this is a line of research that is planned to be actively pursued in 

the new location of Prof. Sparwasser’s laboratory.  

 

While preliminary, I have also tested Linezolid in another autoimmunity mouse 

model mediated by Th17 cells, the IMQ-induced skin psoriasis model. This model 

relies on the daily application of IMQ on mouse skin, which then induces 

keratinocyte hyperproliferation, through an IL-17-dependent mechanism. 

Phenotypically, the progression of the disease can be tracked by changes in skin 

thickness, redness, and scaliness over time. Since this was done as part of lab 

rotation interchange, the results presented are only preliminary and lack 

adequate confirmation. Initially, I screened both Thiamphenicol and Linezolid, 

using Ampicillin as a control for the antibiotic activity of the compounds. Both 

mitochondrial translation inhibitors were similarly protective in the first assay (Fig. 

O1 a), limiting the increase in skin thickness caused by IMQ application. I then 

decided to repeat the experiment, focusing more closely on Linezolid. For that, I 

replaced Ampicillin with Vancomycin as its antibiotic spectrum of activity more 

closely mimics that of Linezolid. Again, I have observed that Linezolid-treated 
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mice present skin with less scaling and less redness (Fig. O2 a), and overall the 

increase in skin thickness is lower when compared to both IMQ and Vancomycin-

treated mice (Fig. O2 b). These promising results will be followed up by me and/or 

others after the conclusion of my doctoral degree. 

 

From a less medically orientated point-of-view, the mechanistic link between 

antibiotic mediated decreases in the NAD+/NADH ratio of T cells is still elusive. I 

believe that it will be necessary to look at NAD+-sensitive cellular processes that 

can affect transcriptional processes and see if they are implicated in T cell 

cytokine production. One example would be the acetylation of Rorγt, which is 

carried out by the NAD-dependent deacetylate Sirt1, increasing the activity of this 

transcription factor in Th17 cells (Lim et al., 2015). Another possibility would be 

transcriptional regulators like CTBP1 regulating the gene expression in response 

to a drop in NAD+. Little is known regarding CTBP1 in T cells, but it could also 

represent a molecular mediator of the phenotype observed herein. While I could 

not explore these mechanistic hypotheses in due time, I hope that my research 

can promote research in this direction. 

Importantly, I have not dwelled into the cellular consequences of an inhibited 

mitochondrial translation machinery, and how they differ between different 

antibiotics. Mitochondrial protein synthesis is a complex, multi-step process that 

can be interrupted at different stages and by interfering with different regions of 

the mitoribosomes or enzymes that associate with it. Based on my data and that 

of others, I currently believe that not all manners of inhibition of mitochondrial 

translation are the same. For example, Linezolid and Arg C treatment were 

tolerated by the cells at doses orders of magnitude higher than those necessary 

to achieve cytokine inhibition. Tigecycline, however, resulted in cellular toxicity 

before achieving full inhibition of cytokine production. This would suggest that 

Tigecycline-mediated inhibition of mitochondrial translation elicits a different type 

of stress in the cell that occurs in parallel to (but is independent) of the loss of 

ETC integrity. Further, Tigecycline collapses the mitochondrial membrane 

potential in different cell types (Hu and Guo, 2019; Skrtic et al., 2011; Tan et al., 

2017b; Wang et al., 2019); in Arg C-treated cells, the mitochondrial membrane 

potential is maintained. Actinonin stalls the mitoribosomes and triggers an anti-

proliferative response before the loss of respiration (Richter et al., 2013); 
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strikingly, this “rescue response” is ablated when the mitoribosomes are 

concomitantly inhibited by chloramphenicol (Richter et al., 2013). Our 

collaborators (Moita et al.), who published a related manuscript on how perturbing 

mitochondrial translation with doxycycline (a molecule related to tigecycline) 

leads to a positive outcome in a mouse model of sepsis (Colaço et al., 2021), 

also observe a very acute effect (24 h after administration of the antibiotic) that 

does not require full depletion of mtDNA-encoded subunits. Based on these 

findings, in the future it will be important to look at mitochondrial translation not 

as a simple on/off switch that enables/disables ETC assembly, but rather as a 

dynamic multi-step process that may lead to different outcomes and cellular 

stress responses depending on how it is disturbed. 
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