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SUMMARY

Understanding metabolic pathways that regulate Th17 development is important to broaden 

therapeutic options for Th17-mediated autoimmunity. Here, we report a pivotal role of 

mitochondrial oxidative phosphorylation (OXPHOS) for lineage specification toward pathogenic 

Th17 differentiation. Th17 cells rapidly increase mitochondrial respiration during development, 

and this is necessary for metabolic reprogramming following T cell activation. Surprisingly, 

specific inhibition of mitochondrial ATP synthase ablates Th17 pathogenicity in a mouse model 

of autoimmunity by preventing Th17 pathogenic signature gene expression. Notably, cells 

activated under OXPHOS-inhibited Th17 conditions preferentially express Foxp3, rather than 

Th17 genes, and become suppressive Treg cells. Mechanistically, OXPHOS promotes the Th17 

pioneer transcription factor, BATF, and facilitates T cell receptor (TCR) and mTOR signaling. 

Correspondingly, overexpression of BATF rescues Th17 development when ATP synthase activity 

is restricted. Together, our data reveal a regulatory role of mitochondrial OXPHOS in dictating 

the fate decision between Th17 and Treg cells by supporting early molecular events necessary for 

Th17 commitment.
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In Brief

Shin et al. report that ATP-linked mitochondrial respiration controls the Th17 and Treg cell 

fate decision by supporting TCR signaling and Th17-associated molecular events. Inhibition of 

mitochondrial OXPHOS ablates Th17 pathogenicity in a mouse model of MS and results in 

generation of functionally suppressive Treg cells under Th17 conditions.

INTRODUCTION

Th17 cells comprise a subset of effector CD4 T cells that provides protection against 

extracellular pathogens (Patel and Kuchroo, 2015). However, abnormal function of 

Th17 cells mediates chronic inflammatory disorders, including multiple sclerosis (MS), 

inflammatory bowel disease (IBD), and rheumatoid arthritis (Gaffen et al., 2014; Ghoreschi 

et al., 2011). In contrast, Foxp3-expressing regulatory T cells (Treg cells) suppress 

inflammatory responses and act in a protective role in autoimmune disorders. Consistent 

with this, an imbalance in the ratio of Th17 and Treg cells is observed in patients with 

autoimmune disease (Kleinewietfeld and Hafler, 2013). To devise new therapeutic options 

for autoimmune inflammation, it is critical to understand the mechanism by which Th17 

cells obtain pathogenicity and how the Th17-Treg cell equilibrium is regulated.

Th17 development is initiated and specified with both T cell receptor (TCR) and cytokine 

signaling. A strong TCR signal drives activation of the pioneer transcription factors, basic 

leucine zipper transcription factor TF-like (BATF) and interferon-regulatory factor 4 (IRF4), 
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which are required to increase chromatin accessibility for the Th17 transcription factors 

(Ciofani et al., 2012; Schraml et al., 2009). Then, interleukin-6 (IL-6) signaling triggers 

signal transducer and activator of transcription 3 (STAT3) activation, which together with 

transforming growth factor β1 (TGF-β1) signaling induces the Th17-lineage-specifying 

transcription factor, RAR-related orphan receptor γt (RORγt) (Durant et al., 2010; Yang 

et al., 2007; Yosef et al., 2013). Finally, RORγt binds to the promoter regions of Th17 

signature cytokines, including Il17a and Il22 (Gaffen et al., 2014; Ivanov et al., 2006; 

O’Shea and Paul, 2010). Interestingly, both Th17 and Treg cell development share a similar 

signaling requirement mediated by TGF-β1, but differential STAT activation influences the 

bifurcation of Th17 (by STAT3) and Treg cells (by STAT5; O’Shea and Paul, 2010; Yang et 

al., 2011).

Recent studies demonstrate that distinct metabolic signatures are associated with specific 

immune cell fate and function (Buck et al., 2017; MacIver et al., 2013; Price et al., 

2018). Following TCR activation, T cells rapidly reprogram metabolic processes, including 

glycolysis and mitochondrial oxidative phosphorylation (OXPHOS) (Chang et al., 2013). 

Particularly, mitochondria-driven reactive oxygen species (ROS) (Sena et al., 2013) and 

one carbon metabolism support TCR signaling and nucleic acid synthesis for subsequent 

transition of quiescent naive T cells into a proliferative state (Ron-Harel et al., 2016; 

Weinberg et al., 2015). Once activated, T cells show unique metabolic properties that are 

specific to each T cell subset. In particular, Th17 cells heavily rely on mechanistic target 

of rapamycin (mTOR) signaling, glycolysis, glutamine metabolism, and fatty acid (FA) 

synthesis for their differentiation and pro-inflammatory function (Araujo et al., 2017; Berod 

et al., 2014; Delgoffe et al., 2009, 2011; Gerriets et al., 2015; Shi et al., 2011; Xu et al., 

2017). Therefore, deficiency in molecules involved in these pathways, such as Rheb, Rictor 
(mTOR; Delgoffe et al., 2009, 2011), Hif1a, Pdhk1 (glycolysis; Gerriets et al., 2015; Shi 

et al., 2011), Got1 (transamination; Xu et al., 2017), or Acc1 (FA synthesis; Berod et al., 

2014), profoundly compromises Th17 development. Although immunoregulatory effects of 

various metabolic processes on Th17 development have been intensively investigated, the 

precise contribution of mitochondrial OXPHOS to Th17 differentiation is still not defined.

Here, we show that ATP-linked mitochondrial respiration during Th17 differentiation is 

essential for upregulating glycolysis and TCA cycle as well as Th17-mediated CNS 

inflammation. Consequently, inhibition of mitochondrial OXPHOS under Th17-skewing 

conditions impairs differentiation of Th17 cells and results in a functionally suppressive 

regulatory T cell. Further analysis reveals that ATP synthase supports Th17 lineage 

commitment in a BATF-dependent manner by regulating TCR signaling. Finally, we 

show TCR-dependent BATF induction is partially governed by mTORC1 activation, which 

requires ATP-linked mitochondrial OXPHOS. Together, our data suggest a novel mechanism 

by which mitochondrial OXPHOS fine-tunes pathogenic Th17 and Treg cell fate decision.

RESULTS

Th17 Cells Actively Utilize Mitochondrial OXPHOS to Fuel Optimal Cellular Metabolism

Mitochondrial OXPHOS generates ATP by utilizing the electrochemical gradient created by 

mitochondrial electron transport, and this pathway profoundly affects energy metabolism, 
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calcium homeostasis, and cellular redox balance (Weinberg et al., 2015). Hence, we 

reasoned that this fundamental process is critical for the biology of Th17 cells. Previous 

studies report that fully differentiated Th17 cells showed increased mitochondrial respiration 

in comparison to naive CD4 T cells (Franchi et al., 2017; Gerriets et al., 2015). However, 

it is unknown whether mitochondrial OXPHOS is induced during the process of Th17 

lineage commitment. We examined the kinetics of mitochondrial respiration during Th17 

development by analyzing the oxygen consumption rate (OCR) of CD4 T cells at various 

time points of Th17 differentiation: 0 h; 24 h; 48 h; and 72 h after stimulation. At all 

time points, CD4 T cells activated under Th17 differentiation conditions showed higher 

basal and maximal capacity in cellular bioenergetics, including an increased commitment 

to ATP synthesis in comparison to unstimulated naive CD4 T cells (Figures 1A and 1B). 

Notably, the basal OCR level was increased at 24 h, reached the maximal level at 48 h, 

and then decreased at 72 h, suggesting that mitochondrial OXPHOS could be required for 

critical early events during Th17 differentiation (Figures 1A and 1B). Moreover, Th17 cells 

exhibited a concordant increase in the extracellular acidification rate (ECAR), consistent 

with an increase in glycolysis, which also peaked at 48 h post-stimulation (Figure S1A). 

Together, these data show that Th17 cells vigorously exploit mitochondrial respiration in 

conjunction with increased glycolytic flux when undergoing lineage specification.

Considering that Th17 differentiation is accompanied by a robust increase of anabolic 

processes, we postulated that upregulation of mitochondrial OXPHOS is linked to the 

bioenergetic demands of Th17 development. The basal cellular OCR is a combination of 

ATP-linked (ATP-synthase-dependent) and non-ATP-linked (electron transport chain [ETC]-

dependent) respiration. Specifically, at all time points analyzed, 70%–80% of the basal 

OCR in developing Th17 cells can be attributed to ATP-linked respiration (Figure 1A). 

Therefore, we hypothesized that ATP synthase activity is required for the anabolic switch 

during Th17 lineage commitment. To test this, naive CD4 T cells were activated under Th17 

conditions in the presence of vehicle or the mitochondrial OXPHOS inhibitor, oligomycin. 

Oligomycin specifically inhibits the proton channel of ATP synthase in the ETC and results 

in inhibition of oxidative phosphorylation of ADP to ATP (Symersky et al., 2012). Although 

prolonged exposure to oligomycin can be toxic to the cells, a low concentration (2.5 ng/mL) 

of oligomycin allowed for greater than 90% viability during Th17 differentiation (Figure 

S1F). Importantly, treatment with this low concentration (2.5 ng/mL) of oligomycin was still 

sufficient to block the increase in the basal OCR and ATP-linked OCR observed at 24 h, 

48 h, and 72 h post-activation, reflecting effective suppression of mitochondrial OXPHOS 

(Figures 1B and S1B-S1D). Intriguingly, oligomycin treatment not only impacted OXPHOS 

but also resulted in a significant decrease in ECAR at 24 h (Figure S1E), suggesting that the 

initial increase of glycolysis and mitochondrial flux during Th17 differentiation are closely 

linked.

To understand the contribution of ATP synthase and mitochondrial OXPHOS to other 

metabolic and cellular processes in developing Th17 cells, we performed RNA sequencing 

of CD4 T cells activated under Th17 conditions in the presence of oligomycin or 

vehicle for 48 h. Consistent with our extracellular metabolic flux data, inhibition of ATP 

synthase during Th17 differentiation resulted in reduced expression of genes associated 

with mitochondrial function and glycolysis (Hk1, Hk2, Eno1, and Aldoa, for example). 
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Moreover, oligomycin treatment also caused significant decreases in the expression of 

hypoxia-induced factor (HIF) pathway (including Ldha and Hif1a) and TCA cycle genes 

(such as Idh1, Mdh1, Aco1, and Aco2) compared to vehicle-treated, control Th17 cells 

(Figure 1C).

In addition to the analysis of genes associated with various metabolic processes, we 

also performed pathway analysis of the RNA sequencing data to determine how else 

OXPHOS contributes to Th17 development. Among the top ten enriched pathways, 

cell-cycle-associated events were the most differentially regulated pathways by ATP 

synthase inhibition (Figure 1D). Consistent with this, treatment with oligomycin resulted 

in reduced proliferation of CD4 T cells during Th17 differentiation (Figure 1E). These 

overall alterations in central metabolic and cellular pathways with ATP synthase blockade 

demonstrate the critical role of mitochondrial OXPHOS in fueling metabolic requirements 

and proliferative capacity during Th17 differentiation.

Mitochondrial Respiration Is Required for the Induction of Th17 Pathogenicity

Th17 cell responses are associated with the induction of chronic inflammatory disorders, 

such as MS and IBD (Gaffen et al., 2014; Ghoreschi et al., 2011; Kleinewietfeld and Hafler, 

2013; Patel and Kuchroo, 2015). Importantly, Th17 pathogenicity is supported by high 

rates of cellular metabolism; therefore, genetic or chemical perturbation of glycolysis, FA 

oxidation, or glutamine metabolism prevents Th17-mediated autoimmune diseases (Araujo 

et al., 2017; Berod et al., 2014; Gerriets et al., 2015; Shi et al., 2011; Xu et al., 2017). Our 

previous data showed that Th17 cells rapidly increased their oxygen consumption during 

differentiation (Figure 1A), and this elevated mitochondrial respiration was required for 

other metabolic processes (Figure 1C). Intriguingly, these data implicate a possible role of 

mitochondrial OXPHOS in regulating the pathogenic potential of Th17 cells. To investigate 

this, we utilized a mouse model of MS, experimental autoimmune encephalomyelitis (EAE), 

in which Th17 cells mediate disease progression (Gaublomme et al., 2015; Ghoreschi et al., 

2010; Jain et al., 2016; Lee et al., 2012). Transgenic 2D2 CD4 T cells, which express a TCR 

specific for myelin oligodendrocyte glycoprotein (MOG), were differentiated with Th17-

polarizing cytokines in the presence of oligomycin or vehicle and subsequently transferred 

into Rag1-deficient recipient mice that were monitored daily for disease severity. Strikingly, 

inhibition of ATP synthase during Th17 differentiation significantly delayed the onset of 

disease and reduced disease severity (Figure 2A). Although ATP synthase was required for 

proliferation of cells during Th17 differentiation, both vehicle and oligomycin-treated cells 

showed a robust proliferation upon transfer and exhibited comparable number and frequency 

of Ki-67+ cells (Figures S1G and S1H). Thus, these data demonstrate that mitochondrial 

respiration is essential for Th17 cells to cause neuropathology.

The EAE data suggest that mitochondrial function regulates expression of genes associated 

with Th17 pathogenicity (Gaublomme et al., 2015; Ghoreschi et al., 2010; Lee et al., 

2012). To interrogate this, we examined the RNA sequencing data from oligomycin and 

vehicle-treated Th17 cells for differential expression of previously described pathogenic and 

non-pathogenic gene sets. Most of the genes linked to the pathogenicity of Th17 cells, 

including Tgfb3, Il23r, Stat4, and Gpr65, were downregulated in cells from the oligomycin-
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treated condition, although the genes inversely correlated with Th17 pathogenicity, such as 

Socs3 and Il10ra, were elevated (Figures 2B and S2A). Together, these results establish 

a fundamental role for ATP-synthase-mediated mitochondrial respiration in transcriptional 

programming of Th17 pathogenicity.

Further examination of the RNA sequencing data showed that Il17a mRNA was significantly 

decreased when ATP synthase activity was blocked during Th17 generation. Therefore, 

we assessed protein expression of the Th17 signature molecules IL-17A and RORγt after 

differentiating naive CD4 T cells toward the Th17 lineage with oligomycin or vehicle. 

Consistent with the RNA sequencing data, CD4 T cells stimulated in the presence of 

oligomycin had significant reductions in the frequencies of IL-17A and RORγt-expressing 

cells (Figures 2C and 2D). This was not due to translational regulation by cellular 

metabolism, as mRNA expression profile was similar to protein expression patterns (Figure 

S3A).

Mitochondrial Respiration Determines the Lineage Specification of Pathogenic Th17 over 
Immunosuppressive Treg Cell Fate

TGF-β signaling is important for the induction of Th17 cells, but this cytokine also directs 

the differentiation of Treg cells. One key determinant that instructs the Th17/Treg cell fate 

decision is the IL-2/STAT5 pathway, which skews development in the favor of Treg cells at 

the expense of Th17 differentiation (Chen et al., 2003; Nakayamada et al., 2012; Veldhoen 

et al., 2006; Kitagawa and Sakaguchi, 2017; Yang et al., 2011). Interestingly, we detect 

increased levels of phosphorylated STAT5 in oligomycin-treated Th17 cells (Figure S4A), 

and RNA sequencing revealed genes associated with the STAT5 pathway are enriched in 

CD4 T cells activated under these conditions (Figure S4B). These data prompted us to next 

evaluate the expression of Foxp3 in CD4 T cells activated under Th17 conditions in the 

presence or absence of oligomycin. Surprisingly, blockade of ATP synthase during Th17 

differentiation resulted in the emergence of Foxp3+ CD4 T cells (Figures 2C, 2D, and S3A), 

and this outcome was also observed when the other OXPHOS inhibitors antimycin A and 

rotenone were included during Th17 differentiation (Figures S3B and S3C).

The Foxp3+ CD4 T cells that develop as a result of OXPHOS blockade during Th17 

differentiation exhibited various properties of induced Treg cells, including a transcriptional 

signature consistent with Treg cells as opposed to Th17 cells (Figure S2B). One hallmark 

of Foxp3+ Treg cells is the ability to inhibit T cell proliferation via an in vitro 
suppression assay. Using this assay, the Foxp3+ CD4 T cells derived from oligomycin-

treated Th17 cultures significantly inhibited proliferation of naive CD4 T cells (Figure 2E). 

Together, these data demonstrate that one function of mitochondrial OXPHOS during Th17 

differentiation is to limit the IL-2/STAT5 pathway and the induction of Foxp3+ CD4 T cells.

Mitochondrial OXPHOS Supports STAT3 Signaling during Th17 Differentiation

STAT3 activation via IL-6 signaling is a key fate-determining factor for Th17 differentiation 

and suppressing Treg cell induction. Activated STAT3 dimer binds to the promoter region 

of Rorc, which specifies Th17 lineage commitment, in addition to the Il17a, Il21, and 

Il22 promoter loci. Therefore, defects in STAT3 signaling ablate Th17 development 
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(Durant et al., 2010; Gaffen et al., 2014; Yang et al., 2007). As Th17 cells rely on 

mitochondrial OXPHOS for development and function, we examined whether mitochondrial 

respiration promotes STAT3 signaling. Consistent with previous reports (Chen et al., 

2006; Durant et al., 2010), vehicle-treated cells robustly induced STAT3 phosphorylation 

within 24 h after Th17 polarization. In contrast, inhibition of ATP synthase significantly 

dampened phosphorylation of STAT3 (Figure S4C). This suggests that mitochondrial 

respiration is essential for optimal STAT3 signaling. As a result, we tested whether 

forcing STAT3 activation in OXPHOS-suppressed conditions would rescue the phenotype 

by utilizing transgenic mice that express hyperactive STAT3 mutant proteins in T cells 

(STAT3Cstopfl/flCD4cre; referred as STAT3C+/+; Fogli et al., 2013). Surprisingly, sustained 

activation of STAT3 signaling was not sufficient to overcome the requirement for OXPHOS 

during Th17 specification; oligomycin treatment on STAT3C+/+ CD4 T cells still showed 

decreased IL-17A production and induction of Foxp3-expressing cells (Figure S4D). 

Together, these data reveal that, although mitochondrial OXPHOS is critical for STAT3 

activation during Th17 differentiation, it regulates additional processes in the cell that dictate 

Th17 lineage commitment.

OXPHOS Functions Early after TCR Stimulation to Regulate Th17 Differentiation in a BATF-
Dependent Manner

We show that mitochondrial respiration was rapidly increased at 24 h and peaked at 48 h 

during Th17 differentiation (Figure 1A); hence, we postulated that mitochondrial OXPHOS 

controls early molecular events after the TCR stimulation. To test this, naive CD4 T cells 

were activated with Th17-differentiating cytokines in the presence of vehicle or oligomycin 

for only the initial 24 h (Figure 3A). Interestingly, exposure to the OXPHOS inhibitor in 

the initial 24 h imprinted the fate decision toward Foxp3-expressing cells and resulted in 

a lower frequency of IL-17A-producing cells, indicating that mitochondrial OXPHOS is 

crucial early during Th17 development (Figure 3B).

One of the major molecular events that happens during the first 24 h of Th17 differentiation 

is re-shaping of the chromatin landscape by pioneer transcription factors to promote 

accessibility to Th17 lineage specification genes (Ciofani et al., 2012; Schraml et al., 2009; 

Yosef et al., 2013). As mitochondrial OXPHOS is required during the early phase of Th17 

development, we examined the expression of Th17 pioneer transcription factors, BATF and 

IRF4. Although Irf4 mRNA level was slightly increased in oligomycin-treated cells, both 

mRNA and protein expression of BATF were significantly decreased when ATP-synthase-

mediated respiration was inhibited (Figures 3C and 3D). Notably, the failure of BATF 

induction in oligomycin-treated cells correlated with the profound defect in expression of 

the signature Th17 transcription factor, RORγt (Figure 3D). Furthermore, comparison of 

previously published BATF-deficient (Batf−/−) Th17 microarray data (Schraml et al., 2009) 

with our RNA sequencing datasets indicated that genes downregulated in Batf−/− Th17 cells 

(denoted as wild-type [WT] up genes) were similarly decreased in oligomycin-treated Th17 

cells, such that the vehicle-treated Th17 cells showed a significant enrichment with BATF-

sensitive Th17 genes (Figure S2C). These data are consistent with a role for OXPHOS in 

regulating BATF expression during Th17 differentiation.
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Next, we examined whether forced expression of BATF could bypass the requirement 

for mitochondrial OXPHOS during Th17 commitment. To test this, CD4 T cells were 

retrovirally transduced to overexpress BATF during Th17 differentiation in the presence 

of oligomycin or vehicle. Strikingly, BATF overexpression was able to rescue the IL-17A 

production in Th17 cells cultured in the presence of oligomycin; however, it was not able 

to prevent the upregulation of Foxp3 in a portion of these cells (Figures 3E and S5A). 

Together, OXPHOS promotes Th17 differentiation by mediating BATF induction and, in 

turn, BATF-sensitive transcriptional changes.

ATP-Linked Mitochondrial Respiration Regulates BATF Induction Independent of Th17 
Cytokines

BATF expression is controlled and maintained by TCR signaling, as well as cytokine 

signaling (Iwata et al., 2017; Murphy et al., 2013; Xin et al., 2015). To distinguish 

between the requirement of OXPHOS for TCR and cytokine signaling to support BATF 

induction, we activated naive CD4 T cells under Th1 and Th2 conditions with or without 

concurrent oligomycin treatment. This experimental platform provides the same level of 

TCR stimulation to the CD4 T cells but alter the cytokine signals it perceives. Strikingly, 

inhibition of ATP synthase profoundly dampened BATF induction in both Th1 and Th2 

lineages similar to Th17 cells, although IRF4 expression was not severely altered (Figure 

4A). In particular, expression of the Th2 lineage defining transcription factor GATA3 

was also significantly impaired (Figure 4B), which is consistent with a critical role of 

BATF in Th2 development. These data suggest that mitochondrial OXPHOS regulates 

BATF expression independent of Th17-polarizing cytokine signaling and functions as a key 

regulator of BATF induction in other effector CD4 T cells subsets.

Mitochondrial Respiration Is Essential for TCR Signaling, which Mediates BATF Induction 
during Th17 Differentiation

TCR activation is a known factor that induces BATF expression, and the strength of 

TCR signaling affects the binding ability of BATF-IRF4 complexes to the target loci in 

Th2 cells (Ciofani et al., 2012; Iwata et al., 2017; Murphy et al., 2013; Schraml et al., 

2009; Yosef et al., 2013). In agreement with these reports, BATF induction during Th17 

differentiation was also highly dependent on the strength of TCR signaling, suggesting 

that TCR affinity is a key regulator of BATF expression in Th17 cells (Figures S5B and 

S5C). These data prompted us to examine whether mitochondrial OXPHOS supports BATF 

expression by controlling TCR signal strength. Using the Nr4a1-GFP (Nur77-GFP) reporter 

system, in which GFP expression is indicative of the TCR signal strength (Au-Yeung et al., 

2014; Moran et al., 2011), we assessed the kinetics of Nur77 induction during activation 

of naive CD4 T cells under Th17 conditions in the presence of vehicle or oligomycin. 

Intriguingly, oligomycin treatment profoundly impaired the induction of Nur77 at all time 

points, indicating an essential role of OXPHOS in defining the TCR signal strength (Figures 

4C and 4D). In addition, phosphorylation of ZAP70 was significantly reduced upon ATP 

synthase inhibition (Figure 4E). Importantly, Nur77 induction was closely linked to the 

BATF expression, as Nur77+ cells showed higher BATF expression in comparison to Nur77− 

cells (Figure 4F). These data together illustrate a pivotal role of mitochondrial respiration in 
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TCR signaling, which in turn is a crucial regulator of BATF induction and effector CD4 T 

cell fate.

Mitochondrial Respiration Fuels mTOR Signaling, which Is Required for an Optional 
Expression of BATF

Although it is clear that TCR engagement promotes expression of BATF, molecular 

mediators bridging TCR signaling and BATF expression are not known. TCR signaling 

activates the mTOR pathway, and the mTOR pathway is critical for Th17 development; 

hence, we hypothesized that mTOR complex 1 (mTORC1) is involved in TCR-dependent 

BATF expression. We find that phosphorylation of S6 subunit (pS6) and 4E-BP1 (p4E-BP1), 

molecules downstream of mTORC1, positively correlates with increased TCR strength 

during Th17 differentiation (Figures S5B and S5C), consistent with the previously known 

role of TCR signaling in mTOR activation. Furthermore, the pS6 levels are closely 

associated with Nur77 expression (Figure 5A), highlighting a possible role of mTORC1 

in TCR-dependent molecular events.

These findings led us to interrogate whether OXPHOS is also necessary for TCR-induced 

mTOR activation. In agreement with a severe defect in TCR signaling, oligomycin-treated 

cells showed an altered expression of genes involved in mTOR pathway (Figure 1D). More 

extensive analysis of these data demonstrated that molecules positively associated with 

mTOR signaling were downregulated in Th17 cells when ATP synthase was inhibited, 

whereas genes negatively associated with mTOR signaling were increased in these cells 

(Figure 5B). Moreover, the levels of pS6 and p4E-BP1 were significantly lower in CD4 

T cells polarized to Th17 cells with OXPHOS blockade (Figures 5C and 5D), indicating 

impaired activation of mTORC1.

To further elucidate the potential link between mTORC1 activation and BATF induction, we 

analyzed BATF levels in CD4 T cells differentiated under Th17 conditions that expressed 

pS6. At 24 h after activation, Th17 cell pS6 staining was bimodal and approximately 

80% of the pS6+ cells expressed BATF, although the pS6− cells showed significantly less 

BATF induction (~50%; Figure 5E). Finally, we tested whether activated mTOR signaling 

is necessary for BATF induction. CD4 T cells were treated with rapa mycin, a pan inhibitor 

of mTOR signaling, during Th17 differentiation. Strikingly, BATF levels were significantly 

reduced when mTOR was inhibited, indicating that the mTOR pathway is an important 

regulator of BATF expression. Of note, blockade ATP synthase activity and OXPHOS 

resulted in a more severe defect in BATF expression, implying additional regulatory 

mechanisms for BATF induction via OXPHOS (Figure 5F). Together, these data reveal 

that mitochondrial OXPHOS fuels Th17 differentiation by promoting a critical Th17 pioneer 

factor, BATF, and this regulation was associated with the requirement of mitochondrial 

function for optimal TOR and mTOR signaling.

DISCUSSION

Cellular metabolism regulates T cell development and function through transcriptional, 

translational, and epigenetic mechanisms (Berod et al., 2014; Chang et al., 2013; Chisolm 

et al., 2017; Delgoffe et al., 2009; Gerriets et al., 2015; Xu et al., 2017). Here, we show 
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that mitochondrial OXPHOS directs lineage commitment of pathogenic Th17 cells and 

suppresses Treg cells by orchestrating distinct cellular and molecular events. It supports 

metabolic reprogramming through glycolysis, the HIF pathway, and TCA cycle, which 

further impacts cell proliferation. Moreover, mitochondrial OXPHOS is essential for early 

molecular events associated with Th17 development, including STAT3 activation and 

BATF induction. In this study, we have used oligomycin as a selective inhibitor of the 

mitochondrial ATP synthase activity. It is unlikely that the effects we observe are due 

to bioenergetic impairment of the cells, because processes requiring ATP, such as protein 

phosphorylation, gene transcription, and protein synthesis, are not globally inhibited.

Strikingly, the OXPHOS-mediated Th17 lineage decision was made early following T 

cell activation in a BATF-dependent manner. Previous publications demonstrated that 

BATF expression is rapidly induced after TCR stimulation, and quality of TCR signaling 

determines binding affinity of BATF and IRF4 heterodimers to the target regulatory loci 

(Iwata et al., 2017; Murphy et al., 2013; Schraml et al., 2009). Intriguingly, we find 

that inhibition of ATP synthase regulates key TCR signals, Nur77 induction, and Zap70 

phosphorylation. This may represent a mechanism by which mitochondrial OXPHOS 

directs BATF expression and early transcriptional programming required for Th17 lineage 

commitment. Furthermore, mitochondrial metabolism may regulate the availability of 

important intermediates that serve as epigenetic co-factors or regulators, as it is known that 

cellular metabolism influences histone modification and chromatin remodeling in T cells 

(Cameron et al., 2016; Chisolm et al., 2017; Xu et al., 2017). Still, we do show a direct 

connection between mTORC1 activation and BATF expression; hence, it is possible that 

OXPHOS regulates BATF induction via control of the mTOR pathway. It will be necessary 

to dissect how mitochondrial respiration selectively fuels Th17-specific events and what 

mediators contribute to this process.

Recent studies showed that lineage-committed Th17 cells require mitochondrial OXPHOS 

for synthesis of effector molecules, including IL-17A and IL-21, in vivo and induction of 

the pathogenic Th17 signature (Franchi et al., 2017; Kaufmann et al., 2019). These findings, 

together with our data, suggest that mitochondrial respiration plays distinct but consistently 

supportive roles in Th17 biology during different developmental phases and environmental 

contexts. Notably, ATP-linked OXPHOS mediates BATF induction in other subsets of T 

cells, such as Th1 and Th2 cells. It will be of interest to investigate whether OXPHOS is also 

necessary for their protective and pathogenic functions.

Our data show that the inhibition of mitochondrial ATP synthase during Th17 differentiation 

biases the fate decision toward functionally suppressive Treg cell development by driving 

a robust induction of STAT5 signaling. This contrasts with the known phenotype 

of conventional Treg cells, which heavily rely on mitochondrial energy metabolism 

for their function and transcriptional programming (Angelin et al., 2017; Gerriets et 

al., 2015). It is possible that Treg cells generated with OXPHOS inhibition under 

Th17 conditions may exhibit distinct functional and transcriptional characteristics from 

classical Treg cells. This could reflect a mechanism of the abnormal generation of 

Treg cells under a pro-inflammatory environment, such as in the context of the tumor 

microenvironment. Interestingly, Batf−/− CD4 T cells also preferentially express Foxp3 
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under Th17 differentiation conditions (Schraml et al., 2009). However, BATF overexpression 

did not suppress the development of Foxp3+ Treg cells under oligomycin-treated Th17 

conditions. These data suggest that mitochondrial OXPHOS supports pathogenic Th17 

differentiation through a BATF-dependent mechanism, but the lineage decision favoring 

Treg cells with ATP synthase blockade may be ascribed to a BATF-independent mechanism.

Certain metabolic sensors are known to regulate the Th17/Treg cell balance, including 

HIF-1α and mTOR (Delgoffe et al., 2009, 2011; Dang et al., 2011; Shi et al., 2011). 

In the absence of mTORC1 or HIF-1α, Th17 induction is corrupted and Foxp3+ cells 

develop, mirroring the phenotype we observe when mitochondrial OXPHOS is inhibited 

during Th17 differentiation. Interestingly, we find that both mTORC1 activation (pS6 levels) 

and Hif1a mRNA expression are impaired in oligomycin-treated Th17 cultures. As stated 

earlier, one potential mechanism by which OXPHOS facilitates Th17 differentiation is by 

governing mTORC1 activation and subsequent BATF induction. HIF-1α is induced by 

STAT3 signaling and functions in Th17 cells by directly interacting in a complex with 

RORγt at the Il17a promoter (Dang et al., 2011), events downstream of OXPHOS-regulated 

BATF induction. Nevertheless, it remains to be determined whether and how these pathways 

intersect to promote Th17 development.

In summary, we show that mitochondrial OXPHOS is essential for pathogenic Th17 

development; inhibition of OXPHOS during Th17 differentiation was sufficient to ablate 

Th17-mediated autoimmune pathology in mice. Also, our study demonstrates the profound 

regulatory roles of mitochondrial metabolism in shaping molecular events during Th17 

lineage commitment, such as pioneer factor induction, TCR signaling, and mTOR activation. 

Our study highlights the possibility that manipulating cellular metabolism, and specifically 

mitochondrial OXPHOS, may provide a new promising therapeutic intervention for 

modulating the balance between pathogenic Th17 and Treg cells in chronic autoimmune 

disorders.

STAR★METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

All unique/stable reagents generated in this study are available from the Lead Contact with 

a completed Materials Transfer Agreement. Further information and requests for resources 

and reagents should be directed to and will be fulfilled by the Lead Contact, Laurie E. 

Harrington (lharring@uab.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C57BL/6J (B6), B6.129S7-Rag1tm1Mom/J (Rag1−/−), B6. Tg(Tcra2D2,Tcrb2D2)1Kuch/J 

(2D2), B6.129(Cg)-Foxp3tm3(DTR/GFP)Ayr/J (Foxp3-GFP), and B6.SJL-Ptprca Pepcb/BoyJ 

(CD45.1) mice were purchased from the Jackson Laboratory and bred at the University 

of Alabama at Birmingham. Both B6 and B6.Ifng/Thy1.1 knock-in mice (Harrington et 

al., 2008) were used as wild-type (WT) control. STAT3Cstopfl/flCD4cre mice and Nr4a1-

GFP mice were described previously (Fogli et al., 2013; Moran et al., 2011). Both male 

and female mice were used for this study. All animals were bred and maintained under 
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specific pathogen-free conditions at the University of Alabama at Birmingham according to 

Institutional Animal Care and Use Committee (IACUC) regulations.

METHOD DETAILS

In vitro Th17 differentiation—Naive CD4 T cells from WT, STAT3C+/+, Foxp3-GFP, 

Nur77-GFP, and CD45.1 mice were isolated by FACS sorting as described previously (Yeh 

et al., 2011) or by magnetic bead enrichment using the mouse naive CD4 isolation kit 

(Stem Cell Technology) according to the manufacturer’s protocol. Naive CD4 T cells were 

stimulated in R10 media (RPMI 1640 with 10% FCS, 2 mM L-glutamine, 100 IU/ml 

penicillin, 100 μg/ml streptomycin, 1 × nonessential amino acids, 1 μM sodium pyruvate, 

and 50 μM β-mercaptoethanol) with plate-bound 10 μg/ml anti-CD3ε (BioXCell, clone 

145C-11) and soluble 1 μg/ml anti-CD28 (eBioscience, clone 37.51), 20 ng/ml rmIL-6 

(Biolegend), 2.5 ng/ml rhTGFβ1 (Peprotech), 10 ng/ml rmIL-23 (Biolegend), 10 μg/ml 

anti-IL-4 (BioXCell, 11B11), and 10 μg/ml anti-IFNγ (BioXCell, XMG1.2) for indicated 

amount of time. The following inhibitors were used in this study:

2.5 ng/ml oligomycin (Sigma-Aldrich),

250 nM antimycin A and 250 nM rotenone (Agilent technologies),

50 nM rapamycin (LC Laboratories).

EAE induction—Naive CD4 T cells from 2D2 mice were differentiated under Th17 

conditions in the presence of vehicle or 2.5 ng/ml oligomycin for 5 days, and 1x106 CD4 

T cells were transferred into age- and sex- matched Rag1−/− mice. Recipient mice were 

injected with 200 ng of pertussis toxin (List Biological Laboratories) intraperitoneally on 

day 0 and day 2. Disease was monitored daily by the following criteria: 0, no disease; 1, tail 

paralysis; 2, hind limb paresis; 2.5, one hind limb paralysis; 3, both hind limbs paralysis; 4, 

forelimbs paralysis; 5, moribund.

Retroviral transduction—The open reading frame of mouse Batf was amplified and 

sub-cloned into the retroviral vector MSCV-IRES-hNGFR plasmid. Retrovirus containing 

sequence encoding Batf was produced in Plat-E cells by cotransfection with retroviral 

vectors and helper plasmids. Naive CD4 T cells were activated in Th17 conditioned media 

with vehicle or oligomycin for 24h, and transduced with virus containing medium with 

polybrene (6 μg/ml) following centrifugation for 2h at 2000rpm. After centrifugation, cells 

were incubated at 37°C for 1h, and then the medium was replaced with Th17 conditioned 

media with vehicle or oligomycin. Cells were cultured for 2-3 additional days.

Flow cytometry analysis—Cell surface and intracellular staining was performed 

following PMA and ionomycin stimulation as described previously (Yeh et al., 2011). A 

viability dye (Life Technologies, Aqua) was applied to exclude dead cells. Intracellular 

staining for IL-17A, RORγt, Foxp3, and BATF was performed using the Foxp3 

Permeabilization/Fixation kit (eBioscience). To determine the phosphorylation of STAT3, 

STAT5, and S6, cells were fixed with 4% paraformaldehyde for 15 min at room temperature 

and permeablized with 100% methanol at −20°C for 30 min prior to the intracellular 
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staining. Samples were acquired using LSRII flow cytometer (BD Biosciences) and data was 

analyzed with FlowJo version 10 (Tree Star).

RNA purification, RNA sequencing, and analysis—For RNA sequencing, total RNA 

was isolated from in vitro cultured CD4 T cells at 48h using the RNeasy Plus Mini 

Kit (QIAGEN) according to the manufacturer’s protocols and submitted to GENEWIZ 

(South Plainfield, NJ). Total RNA was sequenced on Illumina HiSeq 2500 (1x50 base 

pair, single-read) and aligned to the mouse mm10 reference genome using TopHat. The 

gene expression values (FPKM) were calculated with Cufflinks and significant changes 

in transcript expression were determined with Cuffdiff. RNA sequencing data have been 

submitted to the Gene Expression Omnibus (GEO) Repository (GSE115282).

For gene set enrichment analysis (GSEA), RNA sequencing data was pre-ranked according 

to an adjusted p value and the sign of differential expression. The gene sets from the 

hallmark gene sets (H) of the Molecular Signatures Database (MSigDB) were used for 

computing enrichment. The normalized enrichment score (NES), nominal p value, and false 

detection rate (FDR) q-value were assessed using GSEA software from Broad Institute by 

running in pre-ranked list mode with 1,000 permutations. The significant genes obtained by 

q value < 0.05 were visualized as heatmaps using Gitools software version 2.3.1.

cDNA synthesis and real-time PCR—cDNA synthesis and real-time PCR was 

described previously (Yeh et al., 2011). Relative gene expression was calculated according 

to the ΔΔ threshold cycle (Ct) method by utilizing β2-microglobulin as a housekeeping gene.

In vitro suppression assay—Naive CD4 T cells from Foxp3-GFP mice were cultured 

in Th17 polarizing conditions in the presence of oligomycin. After 72h of culture, GFP+ 

(Foxp3+) CD4+ T cells were FACS sorted. FACS sorted cells were co-cultured with 

proliferation dye (eFluor 450 proliferation dye, eBioscience) labeled CD45.1 naive CD4 

at a 1:1 ratio with plate-bound anti-CD3ε and anti-CD28 in R10. Dilution of proliferation 

dye was assessed at 72h by flow cytometry.

Seahorse extracellular flux analysis—To determine oxygen consumption rate (OCR) 

and extracellular acidification rate (ECAR), CD4 T cells cultured under Th17 conditions 

for 0h (naive CD4 T cells), 24h, 48h, and 72h were harvested, resuspended in XF-DMEM 

medium (pH 7.4, 37°C), and plated at 2x105 cells/well on Cell-Tak (Corning) pre-coated 

extracellular flux (XF) 96-well assay plate. The OCR and ECAR were assessed using the 

Seahorse XFe96 analyzer (Agilent) by simultaneous assessment upon 1 μg/ml oligomycin, 

1.5 μM FCCP, 10 μg/ml antimycin A, and 120 mM 2DG. Basal OCR was calculated by 

the difference between OCRinitial and OCRantimycinA. ATP-liked OCR was determined by 

the difference between OCRinitial and OCRoligomycin. Basal ECAR was measured by the 

difference between ECARinitial and ECAR2DG (Hill et al., 2012).

QUANTIFICATION AND STATISTICAL ANALYSIS

Unpaired t test was used to calculate statistical significance for individual groups. The ratio 

paired t test was performed to analyze statistical significance of real-time PCR data. To 

compare the average of three or more groups, One-way ANOVA with Tukey’s multiple 
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comparisons test was used. Two-way ANOVA with Tukey’s multiple comparison test was 

performed to compare the mean differences between oligomycin and vehicle treated group at 

multiple time points. *p < 0.05; **p < 0.01; ***p < 0.001. All statistical analyses (excluding 

RNaseq, described above) were performed using Prism 6.0c software (GraphPad).

DATA AND CODE AVAILABILITY

The accession number for the RNA sequencing datasets reported in this paper is 

GSE115282.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• CD4 T cells rapidly increase mitochondrial respiration during Th17 

differentiation

• OXPHOS is essential for Th17 cell pathogenicity in a mouse model of MS

• Mitochondrial respiration shapes the Th17 and Treg cell fate decision

• OXPHOS facilitates TCR and mTOR signaling, which in turn support BATF 

induction
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Figure 1. Th17 Cells Increase Mitochondrial OXPHOS during Differentiation, which Promotes 
Metabolic Reprogramming
(A and B) Naive CD4 T cells were activated under Th17 conditions in the presence of 

vehicle (A) oroligomycin (B), and the OCR was measured at the indicated time points (4–7 

independent experiments).

(C and D) RNA sequencing was performed on naive CD4 T cells activated under Th17 

conditions in the presence of vehicle or oligomycin for 48 h.

(C) Heatmaps illustrate the relative expression of genes in the different groups, oligo, 

oligomycin; veh, vehicle.

(D) Pathways enriched in vehicle-treated cells using the hallmark gene sets in Molecular 

Signature Database (MSigDB) are shown with statistical significance.

(E) Proliferation of naive CD4 T cells cultured under Th17 conditions in the presence of 

vehicle or oligomycin. Representative histogram overlay shows the proliferation of live CD4 

T cells on day 5, and frequency of cells in each division is quantitated (3 independent 

experiments).

Graphs show the average ± SD; (A) two-way ANOVA; (B) unpaired t test *p< 0.05, **p< 

0.01 (comparison between vehicle- and oligomycin-treated group at indicated time point), 

#p < 0.05 (comparison between naive and vehicle-treated group at indicated time point); (E) 

two-way ANOVA *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Mitochondrial OXPHOS Controls the Fate Decision between Pathogenic Th17 and 
Treg Cell Development
(A) 2D2 CD4 T cells were differentiated under Th17-polarizing conditions in the presence 

of vehicle or oligomycin for 5 days and transferred into Rag1−/− recipients. Disease 

symptoms were monitored daily (n = 9; 2 independent experiments).

(B) Heatmap illustrates relative expression of RNA sequencing data of genes associated with 

Th17 cells.

(C and D) Naive CD4 T cells were activated under Th17 conditions in the presence of 

vehicle or oligomycin for 72 h. Representative plots are gated on live CD4 T cells (C) 

and graphs (D) show the expression of IL-17A, Foxp3, and RORγt (representative of 12 

independent experiments).

(E) Foxp3+ (GFP+) CD4 T cells were isolated after Th17 differentiation in the presence of 

oligomycin and co-cultured with proliferation dye labeled CD45.1+ WT naive CD4 T cells 

at a 1:1 ratio. Representative plots show proliferation of CD45.1+ WT CD4 T cells on day 3 

(3 independent experiments).

Graphs show the average ± SEM (A) or SD (D and E); (A and E) two-way ANOVA; (D) 

unpaired t test *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Mitochondrial OXPHOS Regulates Th17 Differentiation by Promoting BATF 
Expression
(A and B) Naive CD4 T cells were activated under Th17 conditions in the presence 

of vehicle or oligomycin for 24 h. Cells were then washed and cultured with Th17-

differentiating cytokines for an additional 48 h. (A) Experimental design. (B) Frequency 

of IL-17A+ and Foxp3+ live CD4 T cells was determined by flow cytometry (4 independent 

experiments).

(C and D) Naive CD4 T cells were activated under Th17 conditions in the presence of 

vehicle or oligomycin for 24 h; (C) relative mRNA expression of Batf and Irf4 and (D) 

BATF and RORγt protein expression are shown (3 to 4 independent experiments).

(E) Vehicle- or oligomycin-treated activated CD4 T cells were retrovirally transduced with 

hNGFR-BATF overexpressing vector (OE) or hNGFR-empty vector (EV) at 24 h. The 

expression of IL-17A+ and RORγt+ cells (gated on CD4+ hNGFR+ T cells) were analyzed 

on days 3 to 4 (4 independent experiments).

Graphs show the average ± SD; (B) unpaired t test; (C) ratio-paired t test; (E) one-way 

ANOVA *p < 0.05, **p < 0.01, ns, not significant.
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Figure 4. ATP-Linked OXPHOS Controls BATF Induction by Regulating TCR Signaling
(A and B) Naive CD4 T cells were differentiated under Th1 or Th2 polarizing conditions in 

the presence of vehicle or oligomycin for 24 h, and expression of (A) BATF, IRF4, and (B) 

GATA3 was determined by flow cytometry (4 to 5 independent experiments).

(C and D) Naive CD4 T cells from Nur77/GFP spleens were activated under Th17 

conditions in the presence of vehicle or oligomycin for indicated period of time.

(C) Graph shows the expression of Nur77/GFP. (D) Representative plots are gated on live 

CD4 T cells (representative of 3 independent experiments).

(E) Naive CD4 T cells were activated under Th17 conditions with vehicle or 

oligomycin. Representative histogram overlay shows the phosphorylation of ZAP70 at 24 

h (representative of 5 independent experiments).

(F) Naive CD4 T cells from Nur77/GFP reporter spleens were stimulated with Th17 

cytokines for 6 h. BATF expression in GFP+ and GFP− cells were determined by flow 

cytometry (3 independent experiments).

Graphs show the average ± SD; (A and C) two-way ANOVA; (B, E and F) unpaired t test *p 

< 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. mTORC1 Activation during Th17 Differentiation Requires OXPHOS and Supports 
BATF Induction
(A) Naive CD4 T cells from Nur77/GFP mice were activated under Th17 conditions in 

the presence of vehicle or oligomycin for 1 h. Phosphorylation of S6 is measured by flow 

cytometry (representative of 3 independent experiments).

(B) Relative expression of indicated genes derived from RNA sequencing is shown (vehicle 

Th17 versus oligomycin Th17). (C–F) Naive CD4 T cells were activated under Th17 

conditions in the presence of vehicle or the indicated inhibitor for 24 h. Phosphorylation 

of (C) S6 and (D) 4E-BP1 were analyzed.

(E and F) BATF expression was analyzed in (E and F) vehicle- or (F) inhibitor-treated cells 

(6–9 independent experiments).

Graphs show the average ± SD; (A, C, D, and E) unpaired t test; (F) one-way ANOVA *p < 

0.05, **p < 0.01, ***p < 0.001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-mouse CD4 PerCP-Cy5.5 (clone RM4-5) eBioscience Cat# 45-0042-82

anti-mouse CD4 PE-Cy7 (clone RM4-5) eBioscience Cat# 25-0042-82

anti-mouse CD4 APC (clone RM4-5) eBioscience Cat# 17-0042-82

anti-mouse CD4 APC780 (clone RM4-5) eBioscience Cat# 47-0042-82

anti-mouse CD3ε PE-Cy7 (clone 145-2C11) eBioscience Cat# 25-0031-82

anti-mouse CD45.1 APC (clone A20) eBioscience Cat# 17-0453-82

anti-mouse CD45.2 PE (clone 104) eBioscience Cat# 14-0454-82

anti-human NGFR APC (clone ME20.4) Biolegend Cat# 345107

anti-mouse IL-17A PE (clone TC11-18H10) BD Biosciences Cat# 559502

anti-mouse IL-17A eFluor 450 (clone eBio17B7) eBioscience Cat# 48-7177-82

anti-mouse RORγt PerCP e710 (clone B2D) eBioscience Cat# 46-6981-82

anti-mouse RORγt APC (clone B2D) eBioscience Cat# 17-6981-82

anti-mouse Foxp3 FITC (clone FJK-16 s) eBioscience Cat# 11-5773-82

anti-mouse Foxp3 eFluor 450 (clone FJK-16 s) eBioscience Cat# 48-5773-82

anti-mouse BATF PE (clone D7C5) Cell Signaling Technology Cat# 27120S

anti-mouse IRF4 FITC (clone 3E4) eBioscience Cat# 11-9858-82

anti-GATA3 PE (clone TWAJ) eBioscience Cat# 12-9966-42

anti-pSTAT3 (pY705) PE (clone 4/p-STAT3) BD Biosciences Cat# 612569

anti-pSTAT5 (pY694) Alexa Fluor 647 (clone 47/Stat5) BD Biosciences Cat# 612599

anti-pS6 ribosomal protein (pS235/236) Pacific Blue (clone 
D57.2.2E)

Cell Signaling Technology Cat# 8520S

anti-p4E-BP (pT37/46) Alexa Fluor 647 (clone 236B4) Cell Signaling Technology Cat# 5123S

anti-pZAP70 (pY319)/Syk(pY352) PE (clone 65E4) Cell Signaling Technology Cat# 14791S

anti-CD3ε (clone 145C-11) BioXCell Cat# BE0001-1

anti-CD28 (clone 37.51) eBioscience Cat# 14-0281-82

anti-IL-4 (clone 11B11) BioXCell Cat# BE0045

anti-IFNγ (clone XMG1.2) BioXCell Cat# BE0055

Chemicals, Peptides, and Recombinant Proteins

Recombinant mouse IL-6 Biolegend Cat# 575706

Recombinant mouse IL-23 Biolegend Cat# 589006

Recombinant human TGFβ1 Peprotech Cat# 100-21

Pertussis toxin List Biological Laboratories Cat# 181

eBioscience Cell Proliferation Dye eFluor 450 eBioscience Cat# 65-0842-85

Oligomycin from Streptomyces diastatochromogenes Sigma-Aldrich Cat# O4876

Antimycin A Agilent Cat# 103015-100

Rotenone Agilent Cat# 103015-100

Rapamycin LC Laboratories Cat# R-5000

Critical Commercial Assays

Seahorse XF Cell Mito Stress Test Kit Agilent Cat# 103015-100
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REAGENT or RESOURCE SOURCE IDENTIFIER

Foxp3/Transcription Factor Staining Buffer Set eBioscience Cat# 00-5523-00

EasySep Mouse Naive CD4+ T Cell Isolation Kit Stem Cell Technologies Cat# 19765

RNeasy Plus Mini Kit QIAGEN Cat# 74134

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Life Technologies Cat# L34966

Deposited Data

RNA sequencing This paper GSE115282

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory Cat# 000664

Mouse: B6.129S7-Rag1tm1Mom/J (Rag1−/−) The Jackson Laboratory Cat# 002216

Mouse: B6. Tg(Tcra2D2,Tcrb2D2)1Kuch/J (2D2) The Jackson Laboratory Cat# 006912

Mouse: B6.129(Cg)-Foxp3tm3(DTR/GFP)Ayr/J (Foxp3-GFP) The Jackson Laboratory Cat# 016958

Mouse: B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) The Jackson Laboratory Cat# 002014

Mouse: STAT3Cstopfl/flCD4cre (Fogli et al., 2013) N/A

Mouse: Nr4a1-GFP (Moran et al., 2011) N/A

Oligonucleotides

Il17a forward CTCCAGAAGGCCCTCAGACTAC (Yeh et al., 2011) N/A

Il17a reverse GGGTCTTCATTGCGGTGG (Yeh et al., 2011) N/A

Rorc forward CCGCTGAGAGGGCTTCAC (Yeh et al., 2011) N/A

Rorc reverse TGCAGGAGTAGGCCACATTACA (Yeh et al., 2011) N/A

Foxp3 forward TTCATGCATCAGCTCTCCAC (Yeh et al., 2011) N/A

Foxp3 reverse CTGGACACCCATTCCAGACT (Yeh et al., 2011) N/A

Batf forward CTCCTCCCCCTGGCAAAC This paper N/A

Batf reverse GGGCAGCGATGCGATTCT This paper N/A

Irf4 forward GAAGCCTTGGCGCTCTCA This paper N/A

Irf4 reverse CACGAGGATGTCCCGGTAAT This paper N/A

Software and Algorithms

FlowJo 10 Tree Star https://www.flowjo.com

Seahorse Wave Agilent https://www.agilent.com

GraphPad Prism 8 GraphPad Software https://www.graphpad.com

TopHat PennState Galaxy; (Kim et 
al., 2013)

Ver 2.1.0

Cufflinks PennState Galaxy; (Trapnell 
et al., 2010)

Ver 2.2.1.0

Cuffdiff PennState Galaxy; (Trapnell 
et al., 2010)

Ver 2.2.1.3

GSEA MIT Broad Institute; 
(Liberzon et al., 2015; 
Subramanian et al., 2005)

http://software.broadinstitute.org/gsea

Gitools (Perez-Llamas and Lopez-
Bigas, 2011)

Ver 2.3.1

Other

BD FACSAria Sorter BD Biosciences N/A

BD LSR II BD Biosciences N/A

Seahorse XFe96 Analyzers Agilent N/A
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