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Summary

Regulatory T (Treg) cells are vital for the maintenance of immune homeostasis, while their 

dysfunction constitutes a cardinal feature of autoimmunity. Under steady state conditions, 
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mitochondrial metabolism is critical for Treg function; however, the metabolic adaptations of 

Tregsduring autoimmunity are ill defined. Herein, we report that elevated mitochondrial oxidative 

stress and a robust DNA damage response (DDR) associated with cell death occur in Tregs in 

individuals with autoimmunity. In an experimental autoimmune encephalitis (EAE) mouse model 

of autoimmunity, we found a Treg dysfunction recapitulating the features of autoimmune Tregs 

with a prominent mtROS signature. Scavenging of mtROS in Tregs of EAE mice reversed the 

DDR and prevented Treg cell death, while attenuating the Th1 and Th17 autoimmune responses. 

These findings highlight an unrecognized role of mitochondrial oxidative stress in defining Treg 

cell fate during autoimmunity, which may facilitate the design of novel immunotherapies for 

diseases with disturbed immune tolerance.

Abstract
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Introduction

Regulatory T cell (Treg) deficiency caused by mutations in the Foxp3 gene, the exclusive 

transcription factor of the Treg cell lineage, results in the life-threatening immune 

dysfunction polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome, characterized by 

multi-organ autoimmune inflammation. Furthermore, Foxp3-depleted animals, which lack 

Treg cells from their periphery, succumb to systemic autoimmunity (Fontenot et al., 2003; 

Khattri et al., 2003; Sakaguchi et al., 1985). This connection between Treg cell function and 

disease indicates the vital role Treg cells have in the maintenance of self-tolerance and 

immune homeostasis (Bennett et al., 2001; Wildin et al., 2001). Consistently, Treg cell 

dysfunction is a common denominator in autoimmunity. To this end, reduced Treg cell 

numbers and compromised function have been demonstrated in a wide range of autoimmune 

diseases, including multiple sclerosis (MS), systemic lupus erythematosus (SLE), type 1 

diabetes (T1D), thyroiditis and inflammatory bowel disease (IBD) (Carbone et al., 2014; 

Dominguez-Villar and Hafler, 2018; Goschl et al., 2019; Grant et al., 2015; Long and 

Buckner, 2011; Viglietta et al., 2004). Nevertheless, experimental manipulation of Treg cells 

has profound effects on the incidence, onset and severity of autoimmune manifestations in 

animal models. As for the clinic, various trials are under way examining the feasibility and 

efficacy of Treg cell infusion or Treg cell expansion for the treatment of autoimmunity 

(NCT02691247, NCT02772679, NCT01988506) (Rosenzwajg et al., 2019). Hence, Treg 

cells have an enormous potential in controlling autoimmune reactions and the re-

establishment of self-tolerance, even if widely disturbed. However, despite the extensive 

phenotypic and functional characterization of Treg cells over the last decade, the molecular 

mechanisms that underpin the Treg cell dysfunction and contraction during the course of an 

autoimmune response remain elusive.

Among the many cellular and molecular processes involved in Treg cell fitness, their unique 

metabolic profile has recently gained much attention. Treg cells under steady state 

conditions or upon in vitro activation exhibit increased mitochondrial metabolism, with the 

mitochondrial respiratory chain being vital for their T cell-suppression capacity, stability and 

survival (Angelin et al., 2017; Galgani et al., 2016; Newton et al., 2016). However, whether 

autoimmune environments induce differential metabolic rewiring and the metabolic 

processes that dictate Treg cell survival and function during autoimmunity are completely 

unknown. Besides the acknowledged role in generation of ATP via oxidative 

phosphorylation (OXPHOS), mitochondria serve diverse activities in immune cells, vital for 

cell integrity, proliferation and growth. To this end, production of mitochondrial reactive 

oxygen species (mtROS), release of cytochrome c and mitochondrial DNA, as well as 

generation of metabolites can initiate signaling cascades affecting gene expression and cell 

activation, proliferation and differentiation (Mehta et al., 2017; Mills et al., 2017; Rambold 

and Pearce, 2018; Weinberg et al., 2015). Importantly, de-regulation of mitochondrial 

function increases intracellular oxidation and stress, perturbs the functional activities of 

organelles such as endoplasmic reticulum and lysosomes, induces autophagy and mediates 

cellular damage and death that could ultimately lead to disturbed homeostasis and 

pathologies (Mills et al., 2017; Rambold and Pearce, 2018). Therefore, the maintenance of 

mitochondrial network integrity and activity is indispensable for immune cell homeostasis 
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and function. Overall, delineating the molecular events that dictate the Treg cell metabolic 

aberrancies in autoimmune diseases represents an unmet clinical need, which holds promise 

for therapeutic manipulation.

Herein guided by transcriptomic analysis, we reveal a metabolic reprogramming of Treg 

cells in individuals with autoimmune diseases enriched in mitochondrial oxidative stress, a 

DNA damage response (DDR) and cell death. Then, using the mouse model of multiple 

sclerosis, we demonstrate compromised mitochondrial function in Foxp3+ Treg cells and an 

ensuing increase in mitochondrial oxidative stress, which results in an impaired lysosomal 

function that promotes a DDR and subsequently cell death. Importantly, scavenging of 

mtROS either chemically or through targeted expression of the antioxidant enzyme catalase 

to mitochondria of Foxp3+ Treg cells restrained the DDR, reduced apoptosis and diminished 

autoimmune responses. Collectively, our findings reveal a metabolic reprogramming of 

Foxp3+ Treg cells during autoimmunity, which is characterized by mitochondrial oxidative 

stress and dysfunctional lysosomes instructing a cell death program and thus a breakdown of 

self-tolerance.

Results

Treg cell metabolic reprogramming in individuals with autoimmune diseases

To investigate the metabolic requirements of Treg cells in autoimmune settings we first 

assessed CD4+CD25+CD127-Foxp3+ Treg cell frequencies in peripheral blood of 

individuals with multiple sclerosis (MS), rheumatoid arthritis (RA) and systemic lupus 

erythematosus (SLE) (Supplemental Table 1). In line with previous reports (Carbone et al., 

2014; Dominguez-Villar and Hafler, 2018; Viglietta et al., 2004), our findings demonstrated 

a marked reduction of Treg cell frequencies in all three autoimmune conditions compared to 

healthy individuals (Figure 1A). To dissect the molecular mechanisms underlying Treg cell 

reduction, isolated CD4+CD25+CD127- Treg cells (Figure S1A, Supplemental Table 1) were 

subjected to RNA sequencing. Treg cells from individuals with autoimmune diseases 

(designated hereafter as autoTregs) demonstrated extensive transcriptomic alterations 

compared to Treg cells from healthy individuals (Figure S1B). Interestingly, gene set 

enrichment analysis (GSEA), demonstrated a metabolic reprogramming of autoTregs in all 

groups of autoimmune diseases, highlighted by the presence of oxidative stress, DNA 

damage response (DDR), mitochondrial dysfunction and cell death related pathways 

(Figures 1B and S1C). Comparison of these gene sets among the three disease settings 

revealed 207 (13.3% overlap) common differentially expressed genes (DEGs) in autoTregs 

(Figure 1C), consisted of a prominent core fingerprint of 33 genes involved in cell death (i.e. 

TP53, H2AFx, FASLG), metabolism (i.e. TMEM102, ATP13A2, PTGS1) and Treg-

mediated immune-related processes (i.e. CXCR2, IRF7, TNFRSF1A) (Figure 1C). These 

results indicate a robust metabolic reprogramming in Treg cells from individuals with 

autoimmune diseases, enriched in signatures associated with mitochondrial dysfunction and 

oxidative stress-induced cell death.
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Treg cells during autoimmunity display impaired mitochondrial function and enhanced 
accumulation of damaged mitochondria

To illuminate the cellular processes dictating Treg metabolic reprogramming in 

autoimmunity we employed the experimental autoimmune encephalitis (EAE) mouse model, 

a well-characterized animal model that resembles human MS, and analyzed the Treg cell 

metabolic properties through assessment of oxygen consumption rate (OCR), as an indicator 

of mitochondrial oxidative phosphorylation (OXPHOS) status. Thus, CD4+Foxp3+ (Tregs) 

were isolated from the draining lymph nodes (dLNs) of Mog35-55/CFA-immunized Foxp3-
gfp KI mice before disease onset (pre-diseased) and subsequently subjected to Seahorse flux 

analysis. Treg cells from pre-diseased mice exhibited increased OCR compared to Treg cells 

isolated from non-immunized, naïve animals (Figure 2A). Notably, despite the enhanced 

OCR, Treg cells exhibited reduced ATP levels, at the pre-disease stage and during 

established disease, compared to naïve Treg cells (Figure 2B). The suppressive function of 

Treg cells is highly dependent on mitochondrial metabolism, with extensive engagement of 

the mitochondrial respiratory chain (Field et al., 2020; Fu et al., 2019; Newton et al., 2016; 

Weinberg et al., 2019). Thus, we sought to assess Treg cell mitochondrial function in the 

course of autoimmune responses. To this end, pre-diseased Treg cells demonstrated reduced 

mitochondrial membrane potential as assessed by TMRE and JC-1 (Figures 2C and S2A), 

accompanied by decreased expression of cytochrome c, one of the main proteins that control 

redox signaling in mitochondrial oxidative phosphorylation (OXPHOS) (Figure 2D), while 

mitochondrial mass and mitochondrial DNA (mtDNA) content were markedly increased 

compared to naïve Treg cells (Figures 2E and S2B) or to pre-diseased non Foxp3 CD4+ T 

cells (Figure S2C). Electron microscopy confirmed the enhanced accumulation of damaged 

mitochondria with severely aberrant mitochondrial morphology, impaired cristae 

organization, and loss of mitochondrial electron density in pre-diseased Treg cells (Figure 

2F), consistent with mitochondrial dysfunction. In support, GSEA analysis demonstrated 

that Treg cells from individuals with MS were enriched in “mitochondrial depolarization”, 

with BOK, ABCD1, ALOX12, IFI6, ATP5IF1 being among the top enriched genes and 

“mitochondrial outer membrane permeabilization involved in apoptotic signaling pathway”, 

with TMEM102, TP53, GZMB, HSPA1A, CHCHD10 being among the top enriched genes 

(Figures 2G-H). Overall, these findings indicate that in autoimmunity-associated Treg cells 

are characterized by compromised mitochondrial function and increased accumulation of 

damaged mitochondria.

Mitochondrial oxidative stress is a hallmark of Treg cells in autoimmune responses

It is well established that diminished mitochondrial function can result in elevated 

mitochondrial reactive oxygen species (mtROS) production (Sena and Chandel, 2012). 

Importantly, increased mtROS production was evident in Treg cells of pre-diseased and 

diseased animals (Figure 3A) along with significantly enhanced DNA oxidation, based on 8-

Oxo-2’-deoxyguanosine (8-OHdG) expression (Figure 3B) compared to naïve Treg cells or 

pre-diseased non Foxp3 CD4 T cells (Figure S2D). Of interest, 8-OHdG foci co-localized 

with the translocase of outer membrane 20 (TOM20) (Figure 3B), indicating a 

mitochondrial-oriented oxidative stress response, mirroring the Treg cell transcriptomic 

analysis from individuals with autoimmune diseases (Figures 1B, C and S1C). In addition, 

the activity of the mitochondrial antioxidant enzymes manganese superoxide dismutase 
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(Mn-SOD) and catalase, which play an essential role in mtROS scavenging (Sies and Jones, 

2020), was significantly lower in pre-diseased compared to naïve Treg cells (Figure 3C). 

Notably, GSEA analysis of human Treg cells demonstrated an enriched expression of 

transcripts related to “response to oxidative stress” in individuals with MS, with SOD2, 

TP53, MT-CO1, ATP13A2, MT-NDs being among the top enriched genes (Figure 3D). 

These results suggest that compromised mitochondrial function promotes Treg cell 

mitochondrial oxidative stress during autoimmune responses.

Impaired lysosomal function and defective mitophagy occurs in autoimmune Treg cells

Mitophagy is essential for removal of damaged mitochondria and maintenance of cellular 

homeostasis (Galluzzi et al., 2017), while persistent mtROS impairs lysosomal function 

(Baixauli et al., 2015; Demers-Lamarche et al., 2016), which might compromise mitophagy 

pathway. Thus, we asked whether mitophagy is functional in Treg cells during the 

autoimmune response. Upon mitochondria depolarization, ubiquitination of the outer 

membrane and recruitment of mitophagy receptors take place to deliver damaged 

mitochondria to autophagolysosomes for degradation (Galluzzi et al., 2017; Gkirtzimanaki 

et al., 2018; Heo et al., 2015; Zachari et al., 2019). Our data show increased expression of 

mitophagy receptors such as optineurin (Optn) and ubiquinated TANK-binding kinase 1 

(TBK1) proteins together with the repeat domain phosphoinositide-interacting protein 2 

(Wipi2) in pre-diseased Treg cells (Figure 4A and S3A). Autophagosome formation is 

initiated upon downregulation of AKT/mTOR pathway (Martina et al., 2012). To this end, 

the levels of phosphorylated AKT, the mammalian target of rapamycin (mTOR), signaling 

components S6 and eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) 

(Figure 4B) were significantly decreased in Treg cells from pre-diseased mice compared to 

naïve Treg cells, suggesting a proper formation of autophagosome, which was also evident 

by the increased expression of the autophagosomal protein LC3 (Figure 4C). In support, 

electron microscopy analysis of Treg cells showed enhanced formation of double membrane 

structures around destroyed mitochondria (Figure S3B). The final step of mitophagy 

involves delivery of damaged mitochondria to autophagolysosomes for degradation 

(Klionsky et al., 2016; Ponpuak et al., 2010). Immunofluorescence microscopy revealed 

increased co-localization of TOM20 with lysosomal-associated membrane protein 1 

(Lamp-1) and phospho serine 65 ubiquitin (pser65-Ub) in Treg cells from pre-diseased or 

diseased compared to naïve animals (Figure S3C), indicating that damaged mitochondria are 

efficiently delivered to lysosomes. Surprisingly, expression of the adaptor protein 

SQSTM1/p62 that targets ubiquitinated proteins for lysosomal degradation (Klionsky et al., 

2016; Pankiv et al., 2007; Ponpuak et al., 2010) was markedly increased in pre-diseased 

compared to naïve Treg cells (Figure 4C). This was not attributed to p62 transcription 

(Figure S3D), thus suggesting an aberrant lysosomal function in pre-diseased and diseased 

Treg cells. Investigation of the autoimmune Treg lysosomal function, measuring lysosomal 

pH using LysoSensor Green (DND-189), a specific lysosomal pH-sensitive probe that 

accumulates in acidic organelles and its fluorescence increases upon protonation, indicated 

increased pH in lysosomes of Treg cells isolated from pre-diseased or diseased mice 

compared to naïve animals (Figure 4D) or to pre-diseased non Foxp3 CD4+ T cells (Figure 

S3E). In line with this, lysosomal protease Cathepsin D (cathD) activity and the expression 

of Rab7 GTPase, known to regulate intracellular membrane trafficking of endosomal/
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lysosomal compartments (Wang et al., 2011), were significantly decreased in pre-diseased or 

diseased compared to naïve Treg cells (Figure 4E). In addition, expression of the 

transcription factor EB (TFEB), the master regulator of lysosomal biogenesis (Baixauli et 

al., 2015), was significantly increased in pre-diseased Treg cells, indicating the presence of 

compensatory mechanisms operating during lysosomal dysfunction (Figure 4F). 

Collectively, our findings suggest an impaired mitophagy clearance due to lysosomal 

dysfunction in Treg cells occurs during autoimmunity.

Incomplete mitophagy aggravates Treg cell mtROS and promotes apoptotic cell death

Lysosomal malfunction exacerbates mitochondrial oxidative stress (Jinn et al., 2017; Yu et 

al., 2018), which in turn initiates a DDR (Corrado and Campello, 2016) (Gkikas et al., 2018; 

Guerra-Castellano et al., 2018) that impacts cell fate. We therefore assessed the DDR in 

naïve and pre-diseased Treg cells and observed a marked increase in the levels of 

phosphorylated Ataxia-telangiectasia mutated (ATM), a protein kinase involved in the 

regulation of the cellular response to DNA double-strand breaks (DSBs) (Shiloh and Ziv, 

2013), in pre-diseased Treg cells compared to naïve ones (Figure 5A) or to pre-diseased non 

Foxp3 CD4+ T cells (Figures S4A). However, there was no difference in the number of 

accumulated phosphorylated Ataxia telangiectasia and Rad3 related (ATR) protein foci 

(Figure 5B), which represents the response to persistent single-stranded DNA. Moreover, 

pre-diseased Treg cells displayed increased accumulation of p53-binding protein 1 (p53BP1) 

foci (Figure 5C), a central adapter of the DDR (Cuella-Martin et al., 2016); hence, 

suggesting the presence of double-strand DNA breaks. Importantly, pre-diseased and 

diseased Treg cells demonstrated elevated levels of phospho(Ser139)-histone γH2AX 

(phospho-γH2AX), a hallmark protein denoting double-strand DNA breaks (Figure 5D), 

together with abundance of caspase-3 (Figure 5D) and displayed at least two-fold higher 

programmed cell death compared to naïve Treg cells (Figure S4A) or to pre-diseased non 

Foxp3 CD4+ T cells (Figure S4C), and decreased frequencies (Figure S4D). In accordance, 

GSEA analysis of human Treg cells, demonstrated an enriched expression of transcripts 

related to “DNA double strand break response” in individuals with MS, with TP53, H2AFX, 

TP53BP1, CHK2 being among the top enriched genes (Figure 5E). Collectively, these 

findings demonstrate that Treg cells exhibit an enhanced DDR, culminating in increased cell 

death during the course of an autoimmune response.

To mechanistically link the lysosomal-mediated mitophagy defects with the increased 

oxidative stress and DDR in pre-diseased Tregs we specifically ablated mitophagy in Treg 

cells by crossing mice carrying a loxP-flanked Atg5 allele (Atg5 fl/fl) (Hara et al., 2006), an 

essential gene for autophagosome formation, with mice expressing a YFP-Cre fusion from 

the Foxp3 locus (Foxp3 Cre) (Rubtsov et al., 2008), to generate Foxp3 Cre Atg5 fl/fl (denoted 

as Atg5ΔFoxp3) mice. In previous reports Atg5ΔFoxp3 mice succumbed at 10-12 weeks of age 

due to fatal autoimmunity (Wei et al., 2016); however, the molecular mechanism underlying 

the Treg cell defects remained elusive. Flow cytometric analysis revealed significantly 

higher cell death in Foxp3+ Treg cell compartment of Atg5ΔFoxp3 mice (Figures 6A and 

S5A), accompanied by enhanced DNA damage and caspase 3 expression (Figure 6B). 

Notably, mitophagy-deficient Treg cells, but not non-Treg CD4+ T cells, were characterized 

by excessive mtROS (Figures 6C, D) suggesting a vicious cycle via which mitophagy 
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defects fuel the mitochondria oxidative stress response. This was further supported upon 

lysosomal inhibition of in vitro activated Treg cells treated with ammonium chloride, which 

increases the pH in intracellular vacuoles. This treatment markedly induced mtROS (Figure 

6E), increased DNA breaks and caspase 3 expression (Figure 6F), followed by Treg 

apoptotic cell death (Figure S5B) and impaired Treg cell suppressive activity (Figure 6G). 

Taken together, these findings suggest that impaired lysosomal function increases 

mitochondrial oxidative stress and reduces survival of Treg cells.

Scavenging of mtROS inhibits Treg cell death and ameliorates autoimmunity

To address the role of mitochondrial oxidative stress in the induction of Treg cell death, we 

treated activated Treg cells with carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a 

mitochondrial uncoupler, and MitoTEMPO, a mitochondria-specific superoxide scavenger. 

Scavenging of mtROS following mitochondrial depolarization resulted in inhibition of Treg 

cell death in vitro (Figure S6A). In addition, in vivo treatment of pre-diseased animals with 

mitoTEMPO reduced mtROS production (Figure S6B) and diminished Treg cell DNA 

damage and apoptosis (Figures 7A and S6C). This was associated with restoration of 

lysosomal function as evidenced by the increased p62 degradation, reduced lysosomal pH 

and elevated CathD and Rab7 protein expression (Figures 7B and S6D-E). Notably, 

therapeutic mtROS scavenging significantly attenuated the clinical score of EAE (Figure 

7C) and alleviated the mononuclear cell infiltration into the spinal cords (Figure 7C). These 

results were accompanied by reduced CD4+ T cell frequencies (Figure S6F), dampened Th1 

(IFNγ) and Th17 (IL-17) cell infiltration (Figure 7D) and increased Treg cell accumulation 

into spinal cords of MitoTEMPO-treated mice (Figure 6E). In support, scavenging of 

mtROS (Figure S6G) in young Mog35-55/CFA-immunized Atg5AFoxp3 mice (denoted 

hereafter as pre-diseased/MT Atg5ΔFoxp3), restrained the DDR (Figure S6H) and lowered 

the Treg cell death (Figure S6I), thereby suppressing the autoimmune responses as indicated 

by the reduced antigenspecific IFNγ and IL-17 cytokine levels in supernatants of 

autoantigen re-stimulated dLN cells (Figure 7E).

To provide direct evidence for the mitochondrial oxidative stress-mediated Treg cell DDR 

and death, the antioxidant enzyme catalase (CAT) was over-expressed and specifically 

targeted to mitochondria (mCAT) of Treg cells. In particular, mice that harbor a 

mitochondrial-targeted human CAT gene (Dai et al., 2009), directed by the human 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoter/enhancer regions in a BAC 

transgene (containing a loxP-flanked STOP cassette that prevents transcription of the 

downstream mCAT gene) were crossed with Foxp3cre mice to generate mCATFoxp3 animals. 

Notably, pre-diseased Treg cells in mCATFoxp3 mice had lower mitochondrial DNA 

oxidization, compared to Foxp3cre littermates (Figure 7F) confirming that mCAT 

overexpression in Treg cells was sufficient to restrain mitochondrial oxidative stress in an 

autoimmune setting. Importantly, Treg cell specific scavenging of mtROS led to a marked 

decrease of the DDR, as evident by the accumulation of pH2Ax foci (Figure 7G), and the 

lower Treg cell death (Figure 7H). Additionally, mCATFoxp3 mice exhibited a marked 

reduction of IFNγ and IL-17 levels in recall assays of dLN cells isolated from autoimmune 

mice (Figure 7I). Together, these findings reveal that mitochondrial oxidative stress dictates 
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the Treg cell fate in the course of an autoimmune response and scavenging of mtROS 

maintains the Treg cell fitness, which is essential for prevention of autoimmunity.

Discussion

Treg cells are instrumental in the maintenance of self-tolerance, while their dysfunction 

leads to the development of autoimmune diseases. In steady state, Treg cells exhibit a unique 

metabolic profile, relying mostly on mitochondria metabolism to meet their energy 

demands, characterized by high levels of fatty acid oxidation and low to modest glycolysis, 

with mitochondrial respiratory chain being vital for their T cell-suppressive capacity, 

stability and survival (Galgani et al., 2016; He et al., 2017; Newton et al., 2016). Our data 

reveal that in the course of an autoimmune response, Treg cells exhibit an elevated 

mitochondrial oxidative stress response that results in attenuation of lysosomal function, 

induction of a DDR and ultimately culminating in cell death. Of interest, Treg cells isolated 

from the periphery of individuals with autoimmune diseases demonstrated an intense 

metabolic reprogramming recapitulating the aforementioned findings.

Accumulating evidence proposes mitochondrial dynamics to imprint on Treg cell fate and 

raises the possibility that defective mitochondrial function could be the driving force for 

Treg cell defects during autoimmunity. In support of this notion, ablation of mitochondrial 

respiratory chain complex III in Foxp3+ Treg cells led to fatal autoimmunity similar to the 

phenotype of scurfy mice (Weinberg et al., 2019). Further, Treg cells from mice deficient in 

mitochondrial ND6 gene, which impairs the complex I of the electron transport chain, lost 

their suppressive capacity in vitro (Angelin et al., 2017). In addition, specific ablation of the 

metabolic sensor LKB1 in Treg cells resulted in impaired OXPHOS, diminished ATP levels, 

compromised numbers of Treg cells and development of autoimmunity (He et al., 2017; 

Yang et al., 2017). Moreover, mitochondrial transcription factor A (Tfam), essential for 

mitochondrial respiration, mitochondrial DNA, transcription and packaging, has been 

recently shown to be essential for Treg cell maintenance in non-lymphoid tissues in the 

steady state and in tumors (Fu et al., 2019). In a similar fashion, fatty acid binding protein 5 

(FABP5) (Field et al., 2020) and CD36 (Wang et al., 2020) expression by Treg cells were 

required for maintenance of their mitochondrial fitness and suppressive function in the 

tumor microenvironment. Our results extend those findings and demonstrate that 

mitochondrial dysfunction is a hallmark of Treg cells in an autoimmune environment with 

diminished intracellular ATP levels, decreased mitochondrial membrane potential, 

dampened cytochrome c expression and increased mtROS production, all hallmarks of the 

mitochondrial oxidative stress response.

Damaged mitochondria are cleared through mitophagy, a specialized form of autophagy, 

targeting mitochondria to lysosomes for degradation (Galluzzi et al., 2017; Xu et al., 2019). 

Malfunctioning mitochondria have been implicated in various abnormalities of the immune 

system. Specifically, accumulation of damaged mitochondria, due to defects in mitophagy, 

triggers increased mtROS production, elevated cytoplasmic calcium levels, and intracellular 

debris, such as mtDNA release to the cytosol, which can all act as danger signals for the 

immune system (Corrado and Campello, 2016; Guerra-Castellano et al., 2018; Zhang et al., 

2014; Zhou et al., 2011). In line with this, we recently demonstrated that monocytes from 
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individuals with systemic lupus erythematosus, exhibited an impaired mitophagic 

degradation leading to mtDNA accumulation, which instructs inflammatory cascade 

(Gkirtzimanaki et al., 2018). Although, the role of autophagy in homeostasis and function of 

Treg cells in the steady state is established (Wei et al., 2016), whether autophagy and 

mitophagy pathways are deregulated in Treg cells during autoimmune responses remain 

elusive. Our results address these needs and demonstrate that both mitophagy and 

autophagosome formation initiate normally in autoimmune Treg cells whereas lysosomal 

degradation is defective impairing therefore completion of mitophagy.

A crosstalk between mitochondria and lysosomes is well established, with lysosomal 

dysfunctions to induce mitochondria defects and vice versa. To this end, deletion of the 

mitochondrial protein AIF, OPA1, or PINK1, as well as chemical inhibition of the electron 

transport chain, impaired lysosomal activity, a process dependent on ROS (Demers-

Lamarche et al., 2016). Moreover, deletion of mitochondrial transcription factor A (Tfam) in 

CD4+ T lymphocytes, impaired lysosome function, disrupted autophagy and enhanced p62 

accumulation, promoting inflammatory responses (Baixauli et al., 2015). On the other hand, 

lysosomal dysfunction is also capable of inducing mitochondria defects and metabolic de-

regulation. In this line, deletion of TRAF3IP3 specifically in Treg cells restricted mTORC1 

signaling by recruiting the serine-threonine phosphatase catalytic subunit (PP2Ac) to 

lysosomes, leading to impaired Treg cell function and exacerbation of inflammatory 

disorders (Yu et al., 2018). Silencing ATP13A2, a gene encoding lysosomal P-type ATPs, 

induces mitochondrial fragmentation (Ramonet et al., 2012), increased mitochondrial mass, 

associated with defective mitochondria (Gusdon et al., 2012) as well as reduced 

mitochondrial respiratory rate and membrane potential (Grunewald et al., 2012). Depletion 

of the lysosomal K+ channel TMEM175 (Jinn et al., 2017) in SHSY5Y cells reduced 

lysosomal degradation impairing mitochondrial respiration and ATP production. Likewise, 

mutation of GBA, the gene encoding the lysosomal enzyme glucosylceramidase beta/β-

glucocerebrosidase, triggered mitochondrial dysfunction by blocking mitophagy (Li et al., 

2013). In this line, our results reveal a ying-yang effect between mitochondria and lysosomal 

function imprinted by mtROS in Treg cells during autoimmunity. Specifically, mitophagy-

deficient autoimmune Treg cells exhibited increased mtROS, an enhanced DDR and cell 

death, while mtROS scavenging restored lysosomal degradation and inhibited Treg cell 

death. In support, in a recent paper, autophagy defects increased mtROS in CD4+ T cells 

from young individuals, a process linked to Th17-mediated inflammation (Bharath, 2020). 

The precise mechanisms and mediators influencing this ying-yang effect in Treg cells during 

autoimmunity remain to be investigated. A possible scenario could be a defect of the 

mitochondrial antioxidant defense in Treg cells. Indeed, our results showed decreased 

expression of manganese superoxide dismutase (Mn-SOD) and catalase in autoimmune Treg 

cells, which holds true for autoTregs from individuals with autoimmune diseases (MS). 

Another possibility might be deficiencies in lysosomal enzymes as depicted in individuals 

developing lysosomal storage disorders that are prone to developing autoimmune diseases 

(Rigante et al., 2017). In support, pathway analysis revealed lysosomal genes to be 

differentially expressed in Treg cells from individuals with autoimmune diseases (i.e. in MS: 

LAMP3, LAMP5, ATP13A2, VPS33B, BLOC1S2, GLMP, HPS4, LAMTOR1, LAMTOR2, 

LAMTOR5, ACP2, RILP, in SLE: LAMTOR2, LAMP5, ACP2, BLOC1S3, GLMP, 
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LAMP3, ATP13A2 and in RA: ATP13A2, CTNS, LAMTOR2, LAMP5, RILP, GLMP). 

Taking into consideration that many susceptibility genes are shared across multiple 

autoimmune disorders, the Treg cell aberrancies described here could be a cell-intrinsic 

phenomenon, which influences the predisposition to autoimmunity. Alternatively, common 

autoimmune inflammatory mediators could instruct the Treg cell defects leading to cell 

death and disturbance of self-tolerance. Future studies should address these important issues 

to shed light into the pathogenesis of autoimmune diseases.

The therapeutic potential of ex-vivo expanded autologous Treg cells either alone 

(NCT02691247) or in combination with IL-2 administration (NCT02772679) is evaluated in 

individuals with T1D. In addition, administration of low doses of IL-2 promoting the 

induction of Tregs was found beneficial in several autoimmune diseases including RA, SLE, 

psoriasis and Crohn’s disease (Rosenzwajg et al., 2019) and a respective clinical trial 

(NCT01988506) in 14 autoimmune and auto-inflammatory diseases is expected to launch 

results in 2021. Our results shed light to a previously unrecognized mechanism of Treg 

dysfunction during autoimmunity, highlighting mitochondrial oxidative stress as important 

determinant of Treg cell fate. Thus, the design of novel therapies using mitochondria-

specific anti-oxidants arises as a promising road to treat autoimmune diseases (Mendiola et 

al., 2020). Indeed, preclinical studies using mtROS scavengers yielded promising results 

(Lehmann et al., 1994; Mao et al., 2013; Stanislaus et al., 2005), while antioxidant 

compounds such as mitoQ are currently in clinical trial for MS (mitoQ for MS fatigue 

NCT03166800). Overall, understanding the mechanisms of Treg defects in the course of an 

autoimmune response may pave the way for novel therapeutic interventions not only in 

autoimmunity but also in other inflammatory settings characterized by disturbed peripheral 

tolerance.

Limitations of study

The mechanistic findings of our study were obtained in a mouse model of induced 

autoimmunity. It will be of interest to examine whether similar metabolic aberrancies 

operate in Treg cells in spontaneous autoimmune models. Furthermore, an unanswered 

question is which are the upstream mechanisms that drive Treg dysfunction during 

autoimmunity. It would be of interest to delineate whether the metabolic defects in Treg cells 

are cell-intrinsic and may contribute to susceptibility of autoimmunity or whether influences 

of the autoimmune inflammatory environment imprint on Treg cells to engage the 

mitochondrial oxidative stress response.

Star Methods

Resource Availability

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Panayotis Verginis 

(pverginis@bioacademy.gr)

Materials Availability—The mouse line generated in this study (mCatFoxp3 mice) is 

available from the lead contact upon request.
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Experimental Model and Subject Details

Human subjects—Peripheral blood samples were obtained from individuals diagnosed 

with autoimmune diseases or healthy (n = 14) individuals. Subjects with RA (n = 9) were 

diagnosed according to the 1987 American College of Rheumatology (ACR) criteria (Arnett 

et al., 1988). Individuals with SLE (n = 8) met the 1999 American College of Rheumatology 

revised criteria (Aringer et al., 2019). Subjects with Relapsing Remitting MS (RRMS, n = 

11) were diagnosed based on the revised McDonald criteria (Thompson et al., 2018). At the 

time of sampling all individuals with SLE had moderate to severe disease activity (SLEDAI 

> 7), subjects with RA had moderate disease activity (DAS > 4.2) according to the disease 

activity score based on the 28 joint counts (Prevoo et al., 1995), while subjects with MS 

were all active or highly active. Subjects with autoimmune diseases and healthy individuals 

were recruited through the Rheumatology and Clinical Immunology Department, 4th 

Clinical Pathology, Attikon University Hospital (Athens, Greece) and the Neurological 

Clinic of Athens Naval Hospital. The Clinical Research Ethics Board of all hospitals 

approved this study. Informed consent was obtained from all individuals prior to sample 

collection. All subjects were emitted treatment for at least 24h prior to blood drawing. 

Clinical and demographic characteristics are summarized in Supplemental Table 1.

Animal Studies—All mice used were in C57BL/6 background. C57BL/6J, Rag1–/– and 

mCAT mice were obtained from the Jackson Laboratory. Foxp3-gfp KI (Fontenot et al., 

2005) and Foxp3YFP/cre (Rubtsov et al., 2008) mice were provided by Alexander Rudensky 

(Department of Immunology, Memorial Sloan-Kettering Cancer Center, New York, New 

York, USA). Atg5ΔFoxp3 mice were generated by crossing Alg5fl/fl mice (Hara et al., 2006) 

(kindly given from Dr. Noboru Mizushima (RIKEN, Saitama prefecture, Japan) and 

Foxp3YFP mCATFoxp3 mice were generated by crossing mCAT mice and Foxp3YFP/cre Mice 

were housed 6 per cage in a temperature (21-23°C) and humidity controlled colony room, 

maintained on a 12hr light/dark cycle (07:00 to 19:00 light on), with standard food (4RF21, 

Mucedola Srl, Italy) and water provided ad libitum and environmental enrichments. All mice 

in the animal facility were screened regularly by using a health-monitoring program, in 

accordance to the Federation of European Laboratory Animal Science Association 

(FELASA) and were free of pathogens (Mahler Convenor et al., 2014). During all 

experiments mice were daily monitored. All mice used in the experiments were female 8-10 

weeks old and each experiment was repeated three times. The total number of mice analyzed 

for each experiment is detailed in the figure legends. Littermates of the same genotype were 

randomly allocated to experimental groups. All procedures were in accordance to 

institutional guidelines and were approved by the Directorate of Agriculture and Veterinary 

Policy, Region of Attika, Greece (Athens, Greece, protocol 1474).

Method Details

Human cell isolation from peripheral blood—Heparinized blood (20ml) was 

collected from healthy subjects and individuals with autoimmune diseases. PBMCs were 

isolated on Histopaque-1077 (Sigma) density gradient. Briefly, blood was diluted 1:1 with 

PBS and carefully layered over Histopaque medium. Tubes were centrifuged at 1800 rpm for 

30 min with no brake at room temperature. PBMCs layer was collected and cells were 

washed with PBS.
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In vivo immunization protocol—Mice were immunized by subcutaneous (s.c) injections 

at the base of the tail, with 100 μg Mog35-55 (Genemed synthesis) emulsified (1:1) in 

complete Freund’s adjuvant (CFA, Sigma Aldrich) and sacrificed 9d post-injection, inguinal 

LNs were isolated. For EAE induction mice were immunized with 200 μg Mog35-55 

emulsified (1:1) in IFA, plus 4 μg/ml Mycobacterium (BD Difco™). Emulsion was injected 

s.c over three sites (i.e. 50 μl per site): one along the midline of the back between the 

shoulders, and two on either side of the midline on the lower back. Additionally, mice 

received intraperitoneally (i.p.) 300 ng pertussis toxin (Sigma Aldrich), on day 0 and day 2. 

Mice were monitored daily for clinical signs of disease as described (Alissafi et al., 2017; 

Alissafi et al., 2015). Mice were sacrificed when the disease scored 4 and their cervical LNs 

and spinal cord were isolated. For scavenging of mitochondrial ROS mice received i.p. 

injections of 30 μg mitoTEMPO (Sigma-Aldrich) every other day.

Flow cytometry and cell sorting—For analysis and isolation of Treg cells, single-cell 

suspensions from human peripheral blood mononuclear cells (PBMCs) or mouse dLNs and 

spinal cord were stained with conjugated antibodies against mouse: CD4, CD25, GITR, 

cytochrome c, pH2A.x (ser139), 7AAD (Biolegend), pAkt (S473), pS6 (S235/236), p4E-

BP1 (T36/T45), phospho ATM (ser1981) TMRE, Mitosox, Mitotracker Red CMX ROS, 

Lysosensor (Molecular Probes) and JC-1 (1:100, eBiosciences), and against human: CD4, 

CD25, CD127 (Biolegend). For Foxp3 intracellular staining, cells were fixed and stained 

using the Foxp3 Staining Set (eBioscience) according to the manufacturer’s instructions. For 

intracellular cytokine staining, dLN cells were incubated with 50 ng/ml PMA (Sigma-

Aldrich), 2 μg/ml ionomycin (Sigma-Aldrich), and Golgi plug (1/1000; Becton Dickinson 

Biosciences) for 6 hours at 37°C, and stained for IFN-γ and IL-17 (Biolegend) using the BD 

Cytofix/Cytoperm Plus Fixation/Permeabilization kit (Becton Dickinson Biosciences). For 

caspases staining, FITC-VAD-FMK (eBioscience) in complete medium was incubated with 

the cell suspensions for 1 h at 37C and 5% CO2, washed, and stained for the extracellular 

markers, according to the vendors instructions. For intracellular phospho protein staining, 

cells were permeabilized with the intracellular Fixation & Permeabilization buffer set 

(eBioscience) according to the manufacturer’s instructions and stained with antibody against 

phospho proteins. For isolation of Foxp3+ Treg cells, spleen and LNs isolated from 

Foxp3gfp.KI mice, were enriched for CD4+ T cells (Miltenyi microbeads). CD4+ Foxp3+ or 

Foxp3- cells were sorted on a FACS ARIA III (BD Biosciences). Cells were sorted on a 

FACS ARIA III (BD Biosciences) and the BD FACSDIVA v8.0.1 software (BD 

Biosciences). Cell purity was above 95%. Analysis was performed with FlowJo software.

ATP Detection Assay—Cells were sorted and 1x105 cells/well were plated in a 96well-

plate. ATP was measured according to the manufacturer instructions (ATPlite Luminescence 

Assay System, Perkin Elmer).

Measurement of Oxygen Consumption Rate (OCR) by Seahorse analysis—dLN 

cells were stained with anti-GITR-APC, anti-CD25-PE and anti-CD4-PB and Treg cells 

were sorted as CD4+ CD25+ GITR+. After sorting cells were kept on ice until plating into 

96-well Seahorse plates, which were previously coated with CellTAK according to 

manufacturer’s instructions. 100,000 cells were plated in 50μl XF Seahorse medium 
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(Agilent, Santa Clara, CA, USA) (pH 7.4) supplemented with 2mM glutamine, 10mM 

glucose and 2mM sodium pyruvate. Plates were centrifuged at 200g without break and cells 

were then incubated for 30 min at 37°C without CO2. Afterwards, 130μl of the same XF 

medium was added to each well. OCR was measured at basal conditions and after sequential 

stimulation of the cells by 1μm Oligomycin, 1μM FCCP and 0.5μM Rotenone/Antimycin 

(all included in the Mitostress kit, Agilent, Waldbronn, Germany) in a Seahorse XFe96 

Analyzer (Agilent) using the Wave Software (Agilent).

Quantitative PCR analysis—Cells were lysed in Buffer RA1 (Macherey-Nagel) and 

RNA was extracted using a NucleoSpin® RNA isolation kit according to the manufacturer’s 

instructions. First-strand cDNA synthesis was performed using PrimeScript reverse 

transcriptase (Takara). qPCR was carried out using the Kapa Sybr® Fast Universal kit (Kapa 

Biosystems). Relative expression of target genes was calculated by comparing them to the 

expression of the housekeeping gene Hprt.

RNA sequencing pipeline: Total RNA was extracted as described by manufacturer 

(NucleoSpin® RNA XS) and mRNA libraries were generated using the Illumina TruSeq 

Sample Preparation kit v2. Single-end 75-bp or 100-bp mRNA sequencing was performed 

on Illumina NextSeq 500. Raw fastq sequencing reads were aligned against the human 

reference genome sequence (GRCh38/hg38) using the STAR aligner v2.6 (Dobin et al., 

2013), discarding all non-uniquely aligned reads. Gene quantification was performed using 

HTSeq (Anders et al., 2015) with the “union” mode counting reads matching exons of the 

genocde v.29 annotation.

Further processing was performed with the R Bioconductor package edgeR v.3.26.8 

(Robinson et al., 2010). Reads were normalized for intra- and inter-sample variances using 

the functions “calcNormFactors” and “estimateDisp”. Differential gene expression analysis 

was performed with the functions “glmQLFit” and “glmQLFTest”, reporting p-value, false-

discovery rate (FDR) and log2 fold-changes between any possible pair-wise comparison and 

gene in R (Team, 2018). Genes with p-value ≤ 0.05 and fold change|FC| > 1.5 were 

considered statistically significantly differentially expressed (DEGs). Heatmaps were created 

in R with an in-house developed script which is based on ggplot package.

Enrichment analysis:  Pathway and gene ontology (GO) enrichment analysis was 

performed using Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005) in order 

to reveal enriched signatures in our gene sets based on the Molecular Signatures Database 

(MSigDB) v7.0. Gene sets were ranked by taking the -log10 transform of the p-value 

multiplied by the FC. Significantly upregulated genes were at the top and significantly 

downregulated genes were at the bottom of the ranked list. GSEA pre-ranked analysis was 

then performed using the default settings. Enrichment was considered significant by the 

GSEA software for FDR (q-value) < 0.25.

Histological Analysis and Immunofluorescence—H&E sections of spinal cord were 

performed as described (Alissafi et al., 2017; Alissafi et al., 2015). For autophagy 

immunofluorescence (Alissafi et al., 2017; Alissafi et al., 2018), Treg cells were seeded in 

coverslips pretreated with poly lysine, fixed with 4% PFA for 15 min in room temperature 
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(RT) followed by 10 min of fixation with ice cold methanol in -20° C, washed twice with 

PBS and ice cold methanol. Cells were permeabilized by using 0.1% saponin (Sigma-

Aldrich) and stained with mouse anti-LC3 antibody (1:20, nanoTools), rat anti-Lamp-1 

(1:400, Santa Cruz Biotechnology) and rabbit anti-p62 (1:500, MBL). For mitophagy, 

lysosomal function and DNA damage immunofluorescence cells were seeded in coverslips 

pretreated with poly lysine, fixed with 4% PFA for 15 min in room temperature followed by 

10 min of fixation with ice cold methanol in -20° C, washed twice with PBS and ice cold 

methanol. Cells were permeabilized by using 0.5% Triton-X-100 (Sigma-Aldrigh) for 5 min 

in RT and stained with rabbit anti-phospho-ubiquitin (Ser65) (1:200, Millipore) and mouse 

anti-Tom20 (1:100, Calbiochem) or mouse anti-WIPI2 (1:200, Biorad), rabbit anti-pTBK 

(ser172) (1:50, Cell Signaling Technologies), mouse anti-mono and poly UB (1:100, Enzo), 

rabbit anti-Optineurin (1:100 C-terminal, Cayman), or mouse anti-Rab7 (1:2000, Abcam), 

and goat anti-cathepsin D (1:100, Santa Cruz), or mouse anti-phospho-Histone H2A.X 

(ser139)(1:200, Millipore) and rabbit anti-Caspase-3 (1:150, Cell Signaling Technologies), 

or mouse anti 8-OHDG DNA/RNA damage antibody (1:50, Novus Biologicals) and rabbit 

anti-Tom20 (1:200, CST), or rabbit phospho ATR (1:100, GeneTex), or rabbit p53BP1 

(1:200, Novus Biologicals) or rabbit TFEB (1:100 Thermo Fischer Scientific), followed by 

incubation with Alexa fluor® 555 anti-mouse IgG (1:500, Molecular Probes), Alexa fluor® 

647 anti-rabbit IgG (1:200, Molecular Probes), Alexa fluor® 488 anti-rat IgG (1:250, 

Molecular Probes). For visualization of the nuclei Dapi (Sigma-Aldrich) was used. Samples 

were coverslipped with moviol and visualized using inverted confocal live cell imaging 

system Leica SP5. Puncta/cell were calculated using a macro developed in Fiji software. 

Colocalization of puncta was calculated using cross-correlation analysis with velocity 

software (Costes et al., 2004).

In vitro assays—1x106 sorted CD4+Foxp3gfp+ Treg cells were labeled with the division-

tracking dye CellTrace violet (CTV, Invitrogen) according to the manufacturer’s protocol, 

then co-cultured with beads coated with monoclonal antibody (mAb) to the invariant 

signaling protein CD3 plus mAb to CD28, at a ratio of 1 bead per 4 cells (Invitrogen), in the 

presence of IL-2 (5.000 U/ml) and treated either with 2.5 μM CCCP (Tocris Bioscience) or 

with Dimethyl Sulfoxide (DMSO) control. After 96 h, cells were stained (7-AAD) and 

subjected to FACS. For lysosomal inhibition 2x105 sorted CD4+Foxp3gfp+ Treg cells were 

plated in 96-well round-bottom plates and cultured with beads coated with monoclonal 

antibody (mAb) to the invariant signaling protein CD3 plus mAb to CD28, at a ratio of 1 

bead per 4 cells (Invitrogen) and IL-2 (5.000 U/ml) in the presence or absence of the 

lysososmal inhibitor ammonium chloride (NH4Cl, 15 mM, Sigma-Aldrich) for 24 hours. For 

Treg suppression assay with lysosomal inhibition, 2x105 CD4+Foxp3gfp+ Treg cells were 

plated in 96-well round-bottom plates and cultured with 300 U/ml IL-2 in the presence or 

absence of 15 mM ammonium chloride for 20 hrs. Tregs were then collected, washed and 

cultured with 105 CD4+Foxp3- CTV labelled responder T cells in the presence of beads 

coated with monoclonal antibody (mAb) to the invariant signaling protein CD3 plus mAb to 

CD28 for 96h (ratio responderT/Treg/beads 4/1/2). For dLN cells restimulation, 2x105 cells 

were cultured in 96 round bottom plates in the presence or absence of 30 μg/ml Mog35-55 

peptide. Supernatants were collected 48hrs and IFNγ or IL-17 was measured using ELISA 

kits (R&D Biosystems) according to the manufacturer’s instructions. For all experiments, 
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cells were cultured in RPMI-1640 supplemented with 100 U/ml penicillin and streptomycin, 

10% heat inactivated fetal bovine serum (FBS) (all Gibco) and 50 μM 2-Mercaptoethanol 

(sigma).

Measurement of mitochondrial anti-oxidant enzymes activity—For measurement 

of mitochondrial catalase and MnSOD activity, 5x106 CD4+Foxp3+ Treg cells were sorted 

from dLNs and pooled from 5 Foxp3 gfp mice. Cells were centrifuged at 1800 rpm for 20 

min at 4°C and pellet was homognized with sonication (3 rounds of 3s, 5s, 10s, 0.25 

amplitude) in 300 ul PBS. Cell homogenates were then centrifuged at 1500 x g for 15 min at 

4°C. Supernatants were then collected and centrifuged at 10.000 x g for 15 min at 4°C. 

Pellets containing the mitochondrial fraction were resuspended in 50 ul PBS. To determine 

MnSOD (SOD2) activity samples were treated with 2 mM potassium cyanide. MnSOD 

activity was measured in fresh samples utilizibg the Superoxide Dismutase (SOD) 

Colorimetric Activity Kit (Invitrogen) following the manufacturers instructions. For 

measurement of mitochondrial catalase activity, the colorimetric catalase activity kit (abcam) 

was used following the manufacturers instructions.

Electron Microscopy—For conventional electron microscopy, the cells were pelleted at 

800g for 5min. Pellets were fixed with 3% paraformaldehyde – 2% glutaraldehyde made up 

in 0.1M Phosphate Buffer (PB) for 1h at RT. After subsequent buffer washes, pellets were 

embedded in 4% low-melting agarose in 0.1M PB. Following solidification small cubes 

were cut and post-fixed with 1% osmium tetroxide for 1h on ice. After washing with buffer, 

the samples were dehydrated in a graded ethanol series, and embedded in Epon/Araldite 

resin mixture. Ultrathin sections (65nm) were cut with a Diatome diamond knife at a 

thickness of 65nm on a Leica EM UC7 ultramicrotome (Leica Microsystems, Vienna, 

Austria), were then mounted onto 300 mesh copper grids and stained with uranyl acetate and 

lead citrate. Sections were examined with a Philips 420 transmission electron microscope 

and photographed with a Megaview G2 CCD camera.

Quantification and Statistical Analysis

Statistical analysis was performed using unpaired Student’s t-test or One way ANOVA using 

Tukey post test in GraphPad Prism v5 software. Data are presented as means ± S.E.M. P 
value < 0.05 was considered as indicative of statistical significance. All P values and n are 

reported in the figure legends. The investigators were not blinded to the identities of the 

samples. Compared samples were collected and analyzed under the same conditions. 

G*power analysis was performed (with 90% power and 0.001 type 1 error) to calculate the 

appropriate sample size. No data were excluded. All data showed normal distribution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Treg cells isolated from the peripheral blood of individuals with autoimmune diseases 
are metabolically reprogrammed
(A) Frequencies of CD4+CD127-CD25+Foxp3+ Treg cells from the peripheral blood of 

healthy individuals (n = 14) and individuals with autoimmunity: MS (n = 11), SLE (n = 8), 

RA (n = 9). Results are expressed as mean ± SEM. Statistical significance was obtained by 

one-way ANOVA. ***P = 0.0008, *P = 0.0242, *P = 0.0196.

(B) Heatmaps of enriched gene sets found during GSEA analysis of healthy vs autoimmune 

Treg cell samples. Genes from similar enriched processes were pooled and depicted in a 

single heatmap.

(C) Venn diagram showing the overlap among significant DEGs of Healthy vs MS, Healthy 

vs RA and Healthy vs SLE comparisons. A signature of 33 selected genes involved in cell 

death, metabolism and immune related responses is depicted. See also Figure S1 and 

Supplemental Table 1.
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Figure 2. Treg cells during autoimmune responses experience an impaired mitochondrial 
function.
(A)Seahorse analysis of oxygen consumption rate (OCR) in CD4+CD25+GITR+ Treg cells 

isolated from dLNs (inguinal) of naïve or immunized mice 9 d following s.c. 

Mog35-55/CFA injection. For B-F CD4+Foxp3+ Treg cells were isolated from dLNs 

(inguinal for pre-diseased or cervical for diseased) of naïve, pre-diseased or EAE induced 

with disease activity score > 3.5, Foxp3gfp.KI mice.

(B)Intracellular ATP values are depicted for naïve (n = 6), pre-diseased (n = 6) and diseased 

(n = 5) Foxp3+ Treg cells (****P < 0.0001).
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(C) Mitochondrial membrane potential measured by flow cytometry using TMRE. Mean 

fluorescence intensity (MFI) of TMRE is depicted for naïve (n = 9), pre-diseased (n = 10) 

and diseased Treg cells (n = 8) (*P = 0.0423, *P = 0.05).

(D) MFI of cytochrome c in naïve or pre-diseased Treg cells. One representative experiment 

of two is depicted (n = 4 mice per group, *P = 0.0492).

(E) Representative immunofluorescence confocal microscopy images for Mitotracker (red) 

and DAPI (blue) and Mitotracker puncta/cell, (n = 5 mice per group, *P = 0.0111).

(F) Representative images of Foxp3+ Treg cells using transmission electron microscopy are 

depicted.

(G) Treg cells were isolated as CD4+CD127-CD25+ cells from peripheral blood of healthy 

individuals (n = 14) and subjects with MS (n = 11). GSEA plot showing the enrichment of 

“GO Mitochondrial depolarization” (NES 1.42, FDR 0.23) gene set. The top enriched genes 

are listed to the right of each plot.

Results are presented as mean ± SEM. Statistical significance was obtained by One-way 

ANOVA or unpaired Student’s t-test. See also Figure S2
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Figure 3. Mitochondrial oxidative stress is a hallmark of Treg cells in autoimmune environments.
For A-C CD4+Foxp3+ Treg cells were isolated from dLNs (inguinal for pre-diseased or 

cervical for diseased) of naïve, pre-diseased or EAE induced with disease activity score > 

3.5 Foxp3gfp.KI mice.

(A) Mean Fluorescence Intenstity (MFI) of mtROS production measured by flow cytometry 

using mitosox Red in naïve (n = 13), pre-diseased (n = 9) and diseased Treg cells (n = 5) (*P 
= 0.0191, **P = 0.0075).

(B) Immunofluorescence confocal microscopy for 8-OHDG (red), TOM20 (green) and 

DAPI (blue) in isolated Treg cells. Representative fields (10 μm scale bar) from three 

independent experiments are depicted. Pearson correlation analysis for co-localization 

efficiency is depicted (***P < 0.0001).

(C) SOD2 (**P = 0.0069) and mCAT (*P = 0.0336) enzyme activity measured in isolated 

mitochondria from naïve (n = 4) or pre-diseased Treg cells (n = 3). Each sample was pooled 

from n = 4 - 5 mice.

(D) Treg cells were isolated as CD4+CD127-CD25+ cells from peripheral blood of healthy 

individuals (n = 14) and subjects with MS (n = 11). GSEA plot showing the enrichment of 

“GO Response to Oxidative Stress” (NES 1.43, FDR 0.23) gene set is depicted. The top 

enriched genes are listed to the right of each plot.

Results are expressed as mean ± SEM. Statistical significance was obtained by unpaired 

Student’s t- test (C) or One-way ANOVA (A, B).
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Figure 4. Treg cells exhibit incomplete mitophagy during autoimmune responses.
CD4 Foxp3 Treg cells were isolated from dLNs of naïve, pre-diseased or diseased 

Foxp3gfpKI mice.

(A) Immunofluorescence confocal microscopy for Optn (red), Wipi2 (green) and DAPI 

(blue) (10 pm scale bar). Fields from one representative experiment of three are depicted. 

Optn (***P < 0.0001) and Wipi2 (*** P < 0.0001) puncta/cell are depicted.

(B) MFI of p-Akt (**P = 0.0032), p-4EBP1 (*P = 0.0487) and p-S6 (***P = 0.0005) (n = 4 

mice per group).

Alissafi et al. Page 27

Cell Metab. Author manuscript; available in PMC 2021 October 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(C) Immunofluorescence confocal microscopy for LC3 (red), Lamp-1 (green), p62 (silver 

white) and DAPI (blue) (10 pm scale bar). Fields from one representative experiment of 

three are shown. LC3 (***P < 0.0001), Lamp-1 (**P = 0.0032, ***P = 0.0002, ***P < 

0.0001) and p62 (**P = 0.0020, **P = 0.0026, ***P < 0.0001) puncta/cell are depicted.

(D) MFI of Lysosensor Green DND (n = 5 mice per group, *P = 0.0166, *P = 0.0290).

(E) Rab7 (**P = 0.0021, ***P < 0.0001) and CathD (**P = 0.0086, ***P = 0.0005) puncta/

cell are depicted.

(F) Immunofluorescence confocal microscopy for TFEB (red), Lamp-1 (green) and DAPI 

(blue) (10 pm scale bar). Fields from one representative experiment of three are depicted. 

TFEB (**P = 0.011) puncta/cell are depicted. Results are expressed as mean ± SEM. 

Statistical significance was obtained by One-way ANOVA or unpaired Student’s t-test. See 

also Figure S3.
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Figure 5. Increased DDR and cell death are Treg cell checkpoints in autoimmunity.
For A-D Treg cells were isolated from Foxp3gfp.KI mice.

(A) MFI of pATM (**P = 0.0021), (n = 4 mice per group). One representative experiment of 

three is depicted.

(B) Immunofluorescence confocal microscopy for pATR (green) and dapi (blue) (10 pm 

scale bar) (n = 4 mice per group). Fields from one representative experiment of two are 

depicted. pATR puncta/cell are depicted.

(C) Immunofluorescence confocal microscopy for p53BP1 (green) and dapi (blue) (10 μm 

scale bar) (n = 4 mice per group). Fields from one representative experiment of two are 

depicted. p53BP1 puncta/cell (***P < 0.0001).

(D) Immunofluorescence confocal microscopy for pH2Ax (red), caspase 3 (green) and DAPI 

(blue). Representative fields from three independent experiments (10 μm scale bar). Caspase 

3 (***P < 0.0001) and pH2AX (***P < 0.0001) puncta/cell are depicted.

(E) Treg cells were isolated as CD4+CD127-CD25+ cells from peripheral blood of healthy 

individuals (n = 14) and subjects with MS (n = 11). GSEA plot showing the enrichment of 

“GO DNA double strand break response” (NES 1.78, FDR < 0.005) gene set is depicted. 

The top enriched genes are listed to the right of the plot.

Results are expressed as mean ± SEM. Statistical significance was obtained by One-way 

ANOVA or unpaired Student’s t-test. See also Figure S4.
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Figure 6. Defective lysosomal function and mitophagy in Treg cells enhance mitochondrial 
oxidative stress and DDR, promoting cell death.
For A-D Treg cells were isolated from peripheral LNs or spleen (when indicated) of naïve 

Foxp3Cre or Atg5AFoxp3 n = 3 mice per group. One representative experiment of three is 

depicted.

(A) Flow cytometric analysis and frequencies of 7AAD+CD4+Foxp3+ Treg cells (*P = 

0.0132).

(B) pH2Ax (*** P < 0.0001) and caspase 3 (***P < 0.0001) puncta/cell.

(C) MFI of Mitosox (*P = 0.0191).

(D) MFI of Mitosox gated on CD4+Foxp3- T cells or CD4+Foxp3+ Treg cells is depicted. 

For E-G CD4+Foxp3+ Treg cells isolated from LNs of naïve Foxp3gfp K\ mice were in vitro 
activated with aCD3/aCD28 beads and IL-2 in the presence or absence of ammonium 

chloride for 16 hrs.

(E) MFI of Mitosox in control (n = 6) or ammonium chloride treated activated Treg cells (n 
= 5) (***P = 0.0007). One representative experiment of three is depicted.

(F) pH2Ax (***P < 0.0001) and caspase 3 (***P < 0.0001) puncta/cell.

(G) CD4+Foxp3+ Treg cells isolated from LNs of naïve Foxp3gp.KI mice were in vitro 
cultured with IL-2 in the presence or absence of ammonium chloride for 16 hrs. Treg cells 

were then washed and co-cultured with cell trace violet (CTV) labeled CD4+Foxp3- 

responder T cells in the presence of aCD3/aCD28 beads. Suppressive activity of Treg cells 
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was measured 96h later. Flow cytometric analysis of CTV dilution and CD25 expression. 

Division index of CD4+Foxp3- cells (n = 6 mice per group ***P < 0.0001) is depicted.

Results are presented as mean ± SEM. Statistical significance was obtained by unpaired 

Student’s t-test. See also Figure S5.
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Figure 7. Scavenging of mtROS in Treg cells attenuates the DDR response, reverses Treg cell 
death and ameliorates Th1 and Th17 autoimmune responses.
For A-D CD4+Foxp3+ Treg cells were isolated from dLNs of naïve or pre-diseased 

Foxp3gfp.KI mice treated with or without MT.

(A) Caspase-3 and pH2AX (***P < 0.0001) puncta/cell measured by immunofluorescence 

confocal microscopy, in Treg cells isolated from dLNs of untreated (n = 4) or MT treated (n 
= 4) pre-diseased mice. One representative experiment of three.
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(B) Lamp-1 (*P = 0.0223, ***P < 0.0001), p62 (**P = 0.0029, ***P < 0.0001), Rab7 (**P = 

0.0017, ***P = 0.0005, ***P < 0.0001) and CathD (***P < 0.0001) puncta/cell measured by 

IF are depicted (n = 4 mice per group). One representative experiment of three.

(C) Mean clinical score (*P = 0.0152, *P = 0.0160) and EAE severity (*P = 0.0160) from 

diseased mice treated with (n = 6) or without MT (n = 4). Representative H&E sections and 

score from spinal cords of control diseased (clinical score 4) and diseased mice treated with 

mitotempo (clinical score 1.5) at 14d post immunization (p.i.) (n = 8 mice per group, ***P = 

0.0004). One representative experiment of two is depicted.

(D) Flow cytometric analysis and frequencies of CD4+IL-17+ Th17 cells (*P = 0.0456) and 

CD4+IFNγ+ Th1 cells (*P = 0.0151) in spinal cords of diseased (clinical score 4) and 

diseased mice treated with MT (clinical score 1.5) at 14d post-immunization (p.i.). One 

representative experiment on two is depicted.

(E) dLN cells were isolated from (7-9 weeks old) Mog35-55/CFA immunized Atg5AFoxp3 

(denoted as pre-diseased Atg5AFoxp3) mice treated or not with MT, 9d p.i. (n = 8 mice per 

group) and cultured in the presence or absence of Mog35-55 peptide for 48hrs. IFNγ (**P = 

0.036) and IL-17 (*P = 0.0101) measured by ELISA in the supernatants.

For F-I CD4+Foxp3+ Treg cells were isolated from dLNs of Mog35-55/CFA immunized 

mCATFoxp3 mice, over-expressing the antioxidant enzyme mCAT in their Treg cell 

compartment, 9d p.i. (n = 4 mice per group). One representative experiment of two is 

depicted.

(F) Immunofluorescence confocal microscopy for 8-OHDG (red), TOM20 (green) and 

DAPI (blue). Representative fields (10 μm scale bar). Pearson correlation analysis for 

colocalization efficiency of 8-OHDG and TOM20 (****p < 0.0001).

(G) Immunofluorescence confocal microscopy for pH2Ax (red), caspase 3 (green) and 

DAPI (blue). pH2AX (***P < 0.0001) puncta/cell.

(H) Frequency of 7AAD+CD4+Foxp3+ Treg cells (*P = 0.0452).

(I) dLN cells were isolated and cultured in the presence or absence of Mog35-55 peptide for 

48hrs. IFNγ (**P = 0.0041) and IL-17 (*P = 0.0163) measured by ELISA in the 

supernatants (n = 6 mice per group).

Results are presented as mean ± SEM. Statistical significance was obtained by One-way 

ANOVA or unpaired Student’s t-test. See also Figure S6.
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