
p70S6K1 in the TORC1 pathway is essential for the differentiation of 
Th17 Cells, but not Th1, Th2, or Treg cells in mice

Carl Y. Sasaki1, Gang Chen1, Rachel Munk1, Erez Eitan2, Jennifer Martindale1, Dan L. 
Longo1,*, and Paritosh Ghosh1,*

1Laboratory of Genetics, Intramural Research Program, National Institute on Aging, National 
Institutes of Health, Baltimore, MD, USA

2Laboratory of Neurosciences, Intramural Research Program, National Institute on Aging, 
National Institutes of Health, Baltimore, MD, USA

Abstract

The TORC1 pathway is necessary for ribosomal biogenesis and initiation of protein translation. 

Furthermore, the differentiation of Th1 and Th17 cells requires TORC1 activity. To investigate the 

role of the TORC1 pathway in the differentiation of Th1 and/or Th17 cells in more detail, we 

compared the differentiation capacity of naïve T cells from wild type and p70S6K1 knockout mice. 

Expression of many of the genes associated with Th17-cell differentiation, such as IL17a, IL17f, 
and IL-23R, were reduced in p70S6K1 knockout mice. In contrast, the development of Th1, Th2, 

and Treg cells was unaffected in the absence of p70S6K1. Furthermore, expression of the major 

transcription factor in Th17-cell differentiation, retinoic acid receptor-related orphan receptor 

gamma T, remained unchanged. However, the acetylation of histone 3 at the promoters of IL17a 
and IL17f was reduced in the absence of p70S6K1. In accordance with the in vitro data, the 

kinetics, but not the development, of EAE was affected with the loss of p70S6K1 expression. 

Collectively, our findings suggested that both in vitro and in vivo differentiation of Th17 cells 

were positively regulated by p70S6K1.
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Introduction

The differentiation of naïve T cells into various effector cells has been well described in 

numerous review articles [1, 2]. When this differentiation process is altered, pathological 

conditions may result. Hence the understanding of the factors involved in regulating the 
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differentiation of T cells is important. The role of cytokines in skewing the differentiation 

process during T-cell activation has been well documented. Depending on the cytokines 

present in the milieu, the activated T cells can differentiate into various effector or regulatory 

T cells. More recently, there have been reports indicating the environmental cues and the 

metabolic status of the T cells also play a critical role in determining the fate of the T-cell 

differentiation process [3]. It has been proposed that T-cell differentiation is coordinated by 

cytokine signaling and cellular metabolism [4].

The serine/threonine kinase mammalian target of rapamycin (mTOR) signaling pathway 

plays a pivotal role in regulating cellular metabolism and proliferation [5]. mTOR exists in 

two independent kinase complexes that can be distinguished based on their components; 

TORC1 and TORC2. The TORC1 pathway is acutely sensitive to rapamycin, uniquely 

consisting of mTOR associated with raptor, and has been shown to be activated during cell 

proliferation and growth. As a consequence of TORC1 signaling, p70S6K1/2 and 4E-BP1 

(eukaryotic translation initiation factor 4E-binding protein 1) are phosphorylated, which 

results in ribosome biogenesis and release from translation suppression, respectively. The 

activation of p70S6K1/2 results in the phosphorylation of the S6 ribosomal protein that is a 

core component of the ribosomal complex in protein translation. Since protein translation is 

important in the synthesis of cell components and effector molecules in T cells and other cell 

types, inhibitors of the TORC1 pathway, such as rapamycin, have been shown to block the 

activation of T cells [4].

Recent genetic ablation studies have further demonstrated that mTOR signaling is involved 

in T-cell differentiation (Supporting Information Fig. 1). In the absence of mTOR 

expression, the differentiation of T cells to the various effector T cells, such as Th1, Th2, 

and Th17 cells, is deficient [6]. However, an increase in the induction of regulatory T cells is 

observed. Subsequent studies have more specifically reported that the elimination of TORC1 

and TORC2 in T cells results in the inhibition of Th1 and Th17-cell, and Th2-cell 

differentiation, respectively [7]. Lee et al. [8], however, have described the inhibition of the 

Th1 and Th2-cell development in mice lacking rictor expression, which is essential for 

TORC2 signaling. Hence the exact role of TORC1 and TORC2 in T-cell differentiation 

remains unclear.

One of the results of TORC1 signaling is the phosphorylation and activation of p70S6K1. It is 

not known if p70S6K1 is responsible for Th1 or Th17-cell differentiation. Here, we report 

that the elimination of p70S6K1 expression resulted in a decrease in Th17-cell development 

in T cells grown under Th17-cell skewing conditions in vitro. The development of Th1 and 

Th2 cells and the induction of regulatory T cells were unaffected in the absence of p70S6K1. 

In addition, p70S6K1 did not alter the signaling pathways and transcription factors that are 

responsible for Th17-cell development. However, the acetylation of histone 3 in the 

regulatory sequences near the IL17 gene was reduced in T cells deficient in p70S6K1 

expression that suggested that p70S6K1 could block Th17-cell development by limiting 

chromatin accessibility. Taken together, p70S6K1 facilitates Th17-cell differentiation by 

promoting the expression of IL17 genes epigenetically.
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Results

Th17-cell differentiation is reduced in the absence of p70S6K1

Previous studies [6] have shown that the differentiation of naïve T cells to certain effector 

cells was dependent on mTOR signaling. In particular, the differentiation of Th1 and Th17 

effector cells were dependent on the TORC1 pathway. To investigate what role p70S6K1, a 

downstream component of the mTORC1 pathway, plays in T-cell differentiation, naïve T 

cells from p70S6K1 knockout mice were differentiated in vitro to the various effector T cells 

and were then compared with the in vitro differentiated T cells obtained from wild-type 

mice. In general, the activation of these cells did not significantly differ between the 

knockout mice and their wild-type counterpart (Supporting Information Fig. 2) indicating 

that p70S6K1 does not play a major role in T-cell activation and the generation of naïve T 

cells. However, when naïve T cells were activated in vitro under skewing conditions for 

various effector T cells, a reduction in Th17-cell differentiation was observed with T cells 

from p70S6K1 knockout mice, while no difference was observed between T cells from wild 

type and p70S6K1 knockout mice with regards to the differentiation of Th1, Th2, or Treg 

cells (Fig. 1A). In order to get the optimum differentiation for different subsets of T-helper 

cells, we used different lengths of time for different subsets of T-helper cells (6 or 7 days for 

Th1 and Th2 cells, and 3 days for Th17 and Treg cells). In Supporting Information Fig. 3, 

we analyzed the differentiation of Th1, Th2, and Th17 cells on Day 3, and we observed no 

difference in Th1 and Th2 cell differentiation between wild type and knockout cells, but the 

Th17-cell differentiation was reduced in knockout cells in comparison to wild type. In 

accordance with the intracellular cytokine staining results, a substantial reduction in the 

levels of IL17a transcript was observed in T cells from knockout mice compared to T cells 

from wild-type mice (Fig. 1B). Since mTOR is involved in cellular metabolism, we checked 

whether the difference in Th17 cell differentiation observed was due to the differential 

proliferation or survival of Th17 cells in knockout cells. As shown in Supplemental 

Information Fig. 4A, the viability (based on FVD dye exclusion) of in vitro differentiated T-

helper cells was similar between wild type and knockout cells (81.9 versus 78.6%, 

respectively). With respect to proliferation, we did not observe any proliferation of in vitro 

differentiated Th17 cells as measured by Ki67, whereas Th0 cells proliferate vigorously in 

the same culture conditions (Supporting Information Fig. 4B). This could be due to the 

antiproliferative effect of TGFβ present in the Th17-cell-skewing culture conditions. In 

general, there was no difference in the proliferation of CD4+ T cells from wild type and 

knockout mice (Supporting Information Fig. 2). Moreover, the status of the phospho-

p70S6K1 for all the in vitro differentiated T-helper subsets shown in Supporting Information 

Fig. 5 ruled out the possibility of preferential activation of p70S6K1 in Th17-cell subsets 

rendering these cells affected in knockout T cells. Collectively, these findings suggested that 

p70S6K1 may positively regulate the differentiation of Th17, but not Th1, Th2, or regulatory 

T cells.

In association with IL17a production, the expression of IL-23 receptor plays a major role in 

Th17-cell differentiation and function [9]. Furthermore, IL17f, highly homologous to IL17a 

and another member of the IL17 protein family, has both similar and distinct roles in the 

immune system [10]. To investigate if p70S6K1 affects the expression of the other cytokines 
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and receptors, we analyzed the expression of IL17f and IL-23R in Th17 cells from the wild 

type and knockout mice. As seen in Fig. 1C and D, the amount of both IL17f protein and 

transcript was decreased in T cells from p70S6K1 knockout mice that were differentiated 

under Th17-cell conditions. Similarly, a reduction of IL-23R transcripts was also observed in 

the induced Th17 cells from the knockout mice (Fig. 1E). These findings further support the 

role of p70S6K1 in Th17-cell differentiation under in vitro skewing conditions.

Absence of p70S6K1 does not affect the IL-6 signaling pathway

It has been well established that the role of the IL-6 signaling pathway is pivotal in the 

differentiation of Th17 cells. In particular, IL-6 treatment during T-cell activation results in 

the tyrosine phosphorylation of STAT3, which induces the expression of IL17 [11]. It has 

been reported that the inhibition of mTOR signaling by rapamycin resulted in a decrease in 

STAT3 phosphorylation [12]. To investigate if p70S6K1 contributes in activating the IL-6 

signaling pathway, we compared the levels of STAT3 phosphorylation in T cells from wild 

type and p70S6K1 knockout mice after IL-6 treatment. As seen in Supporting Information 

Fig. 6A, an increase in STAT3 phosphorylation was seen in T cells treated with IL-6 from 

both wild type and knockout mice indicating that p70S6K1 was not required for IL-6-

mediated STAT3 phosphorylation. We have also checked the phospho-STAT3 status after 

naïve CD4+ T cells were cultured for 24 h in Th17-cell skewing conditions followed by IL-6 

starvation for 1 h, and subsequent treatment with IL-6 for 1 h. As shown in Supporting 

Information Fig. 6B, there was no difference in the status of Stat3 phosphorylation (Tyr705) 

between wild type and p70S6K1 knockout T cells. In addition, Delgoffe et al. [6] have shown 

that the TORC1 pathway negatively regulates the expression of the suppressor of cytokine 

signaling 3 (SOCS3) gene in T cells. Since p70S6K1 is one of the downstream targets of the 

TORC1 signaling pathway, it was also possible that p70S6K1 may negatively regulate 

SOCS3 expression to block IL-6 signaling. As seen in Supporting Information Fig. 6C, the 

amount of SOCS3 transcripts in differentiated Th17 cells from wild type and knockout mice 

was similar. Taken together, these findings indicated that the IL-6 signaling pathway was not 

dependent on p70S6K1 expression. Hence the reduction of Th17-cell differentiation with 

naïve T cells from p70S6K1 knockout mice was not mediated by blocking the IL-6 signaling 

pathway.

p70S6K1 does not affect the expression of the transcription factor RORγT

In addition to the IL-6 signaling pathway, the transcription factor retinoic acid receptor-

related orphan receptor gamma T (RORγT) plays a major role in differentiating naïve T 

cells to the Th17 effector cells [13, 14]. It was possible that the absence of p70S6K1 could 

negatively affect the expression of RORγT. As seen in Fig. 2A (left panel, and Supporting 

Information Fig. 7), the levels of intracellular RORγT protein were not affected with the loss 

of p70S6K1 expression. Consistent with these results, the amount of RORγT mRNA 

transcript was not significantly different between T cells activated under Th17-cell skewing 

conditions from wild type and p70S6K1 knockout mice (Fig 2A, right panel). We also 

checked the status of other transcription factors that have been reported to be involved in 

Th17-cell differentiation [15, 16]. As shown in Supporting Information Fig. 8, we did not 

see any difference in the mRNA levels of Ahr, Batf, and Irf4 in in vitro differentiated Th17 

cells from wild type and knockout T cells. We were unable to detect any RORα message in 
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our experiment. Also the induction of the transcription factors T-bet and GATA3, which are 

responsible for Th1 and Th2 differentiation, respectively, was similar between wild type and 

knockout T cells (Fig. 2B). Hence, p70S6K1 does not play a significant role in the expression 

of the various transcription factors responsible for T-effector cell differentiation.

Access to the IL-17 promoter is reduced in the absence of p70S6K1

Several studies have shown that perturbations to the metabolic status of T cells during 

differentiation may epigenetically alter gene expression [17]. Furthermore, Wellen et al. [18] 

have shown that histone acetylation and gene expression were dependent on cellular 

metabolism. Since mTOR signaling affects cellular metabolism, it was plausible that the 

absence of p70S6K1 could have affected the gene expression epigenetically. To assess this 

possibility, we compared the status of histone 3 (H3) acetylation at the promoter of IL17 by 

chromatin immunoprecipitation (ChIP) assay using in vitro differentiated Th17 cells. As 

seen in Fig. 3, the level of acetylated H3 chromatin at the IL17a promoter was reduced in the 

p70S6K1 knockout T cells as compared to wild-type T cells under Th17-cell skewing 

conditions. These findings suggested that the chromatin near the IL17a promoter was 

inaccessible. It is possible that the differential H3 acetylation observed at the IL17 promoter 

of wild type and knockout T cells was due to the differences in the number of cells 

expressing IL17 between wild type and knockout cells. To establish the effect of p70S6K1-

deficiency on the epigenetic imprinting of the IL17 gene, we used flow cytometry analyses 

where we determined the MFI of the IL17+ cells and compared these values between wild 

type and knockout in vitro differentiated Th17 cells. As shown in Supporting Information 

Fig. 9 (right panel), MFI of IL17+ cells obtained from knockout CD4+ T cells was reduced 

in comparison to MFI obtained from wild-type cells. These data along with the reduction in 

the percentage of Th17 cells obtained from knockout T cells (left panel) suggested that the 

p70S6K1-deficiency affected the epigenetic imprinting of the IL17 gene. Wang et al. [19] 

have shown that the noncoding sequence 2 (CNS2), that is juxtaposed between the IL17a 
and IL17f promoters, plays a key role in coordinating the expression of both IL17a and 

IL17f genes. As seen with the IL17a promoter, the acetylation of H3 at both the CNS2 and 

IL17f promoter was decreased in the knockout T cells as compared to wild-type T cells 

under Th17-cell skewing conditions. In contrast, the acetylation of the IL4 promoter was 

unaffected in both wild type and knockout T cells under Th2-cell skewing conditions (Fig. 

3). Besides the H3 acetylation of IL17 promoter, the recruitment of RNA polymerase II to 

IL17a promoter was also decreased in knockout in comparison to wild-type T cells 

(Supporting Information Fig. 10). We have also tested the recruitments of Batf and Irf4 to 

IL17a and IL4 promoters. Based on our results (Supporting Information Fig. 11), we 

concluded that neither Batf nor Irf4 was recruited to IL17a promoters. The slight increase 

observed in the recruitment of Batf was not specific to IL17 promoter, since this increase 

was also observed not only in IL4 promoter but also in several other promoters tested 

(Supporting Information Fig. 11, and data not shown). Thus, these findings suggested that 

p70S6K1 may play a role in making the promoters of IL17a and IL17f, and the regulatory 

regions of CNS2, but not the IL4 promoter, accessible for transcription.
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Delayed development of EAE in p70S6K1 knockout mice

Th17 cells have been shown to play a major role in the development of experimental 

autoimmune encephalomyelitis in mice [20]. Based on our results, p70S6K1 plays a positive 

role in the differentiation of naïve T cells to Th17 cells in vitro. It was conceivable that the 

development of EAE in the p70S6K1 knockout mice would be decreased as compared to 

wild-type mice. Before we initiated the EAE experiment, we wanted to monitor the in vivo 

differentiation of myelin oligodendrocyte glycoprotein (MOG)-specific T cells in wild type 

and p70S6K1 knockout mice without inducing the pathology. For this purpose, both wild type 

and p70S6K1 knockout mice were immunized with MOG in CFA without administering 

pertussis toxin. Splenocytes from individual mice were harvested 10 days after 

immunization, and were cultured in the presence of MOG, IL-23, and anti-IFN-γ antibody 

for 3 days. These restimulated splenocytes were used to measure the MOG-reactive CD4+ T 

cells by determining the percentage of CD4+CD154+ T cells [21]. We also measured the 

percentage of CD4+ T cells that produced IL17, and the amount of IL17 production by 

CD4+ T cells was determined by measuring the MFI of CD4+IL17+ T cells. As shown in 

Fig. 4A and Supporting Information Fig. 12, although the percentage of MOG-reactive 

CD4+ T cells were the same in the wild type and knockout splenocytes (right panel), CD4+ 

T cells from the knockout splenocytes tended to produce less IL17 when compared to the 

wild type (middle panel). The percentage of CD4+ T cells that produced IL17 was 

comparable between wild type and knockout splenocytes (left panel). These in vivo 

differentiation results were different from the results obtained from the in vitro 

differentiation experiments in which the percentage of IL-17-producing cells was lower in 

knockout CD4+ T cells as compared with wild-type cells. This discrepancy could be due to 

the following reasons: first, differences in the mode of activation: polyclonal activation in 

the presence of Th17-cell-skewing conditions during in vitro differentiation versus antigen-

specific activation during in vivo differentiation; and second, the role of other cytokines (e.g. 

IL-2, IL-23, IL-21, etc.) during the differentiation process. As far as the in vivo 

differentiation is concerned, our data suggests that p70S6K1 may be involved in IL-17 

expression, but not in Th17-cell differentiation.

Next, to monitor the EAE development, both wild type and p70S6K1 knockout mice were 

immunized with MOG35–55 peptide in CFA, followed by administration of pertussis toxin, 

and the animals were observed for the development of EAE. As seen in Fig. 4B, the 

progression of EAE, based on the EAE clinical score, was slower in the p70S6K1 knockout 

mice as compared to the wild-type mice, but eventually both groups of mice developed the 

full-blown disease. These findings suggested that the absence of p70S6K1 expression resulted 

in a delay of EAE development but did not prevent or suppress EAE. It is possible that other 

factors, such as IFN-γ expression, contribute to the pathology of EAE independently of 

p70S6K1. Next, to investigate whether the difference in the development of EAE observed in 

knockout mice was cell intrinsic, we performed an adoptive transfer experiment. Both wild 

type and p70S6K1 knockout mice were immunized with MOG in CFA without administering 

pertussis toxin. Splenocytes from individual mice were harvested 10 days after 

immunization, and were cultured in the presence of MOG, IL-23, and anti-IFN-γ antibody 

for 3 days. These restimulated splenocytes were then injected intraperitoneally to naïve 

wild-type mice, and the animals were observed for the development of EAE. Wild-type mice 
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that received in vitro restimulated immunized splenocytes from knockout mice developed 

EAE slower than the mice that received in vitro restimulated immunized splenocytes from 

wild-type mice (data not shown). These data suggest that the cell intrinsic properties of 

knockout mice may be responsible for slower development of EAE. Collectively, these 

findings indicated that the in vivo differentiation of Th17 cells to MOG and the kinetics of 

progression of EAE were affected by the expression of p70S6K1.

Discussion

The consequence of TORC1 signaling is the activation of the p70S6K1 pathway and the 

inactivation of 4E-BP1, which results in ribosomal biogenesis and initiation of translation, 

respectively. Furthermore, it has been shown that the blocking the TORC1 signaling results 

in the inhibition of Th1 and Th17-cell development [7]. Here, we report the genetic 

inhibition of p70S6K1 expression resulted in the suppression of Th17-cell development. In 

contrast, the development of the other T-effector cells, such as Th1, Th2, and Treg cells was 

unaffected. The transcription factors and signaling pathways leading to Th17-cell 

differentiation were not dependent on p70S6K1. However, a decrease in chromatin 

accessibility to various promoters of the genes involved in Th17-cell differentiation was 

observed in the absence of p70S6K1. These findings indicated that p70S6K1 plays a pivotal 

role in the development of Th17 cells.

Kurebayashi et al. [22] have shown that the PI3K-AKT-mTOR-S6K1 pathway is involved in 

the differentiation of Th17 cells. Specifically, they have shown that the introduction of the 

constitutively active p70S6K1 could restore Th17-cell differentiation of T cells that were 

treated with the mTOR inhibitor rapamycin. The activation of p70S6K1 resulted in an 

increase in Egr2 expression, which has been reported to block the expression of Gfi1 [23]. 

Gfi1 blocks the activity of RORγT, a major regulator of Th17-cell development [24]. We 

have also investigated whether the absence of p70S6K1 could result in a decrease of Egr2 

levels which would increase Gfi1 to block Th17-cells. However, we did not detect any 

difference in either Egr2 or Gfi1 transcripts between wild type and p70S6K1 knockout T cells 

under Th17 skewing conditions (Supporting Information Fig. 13). It is possible that the 

expression of the constitutively active p70S6K1 could have different effects than the ablation 

of p70S6K1 as in our findings.

The cellular metabolic status in T cells has been recently reported to dramatically change 

during activation, and agents that alter metabolism affect T-cell activation [25]. It has been 

reported by Magnuson et al. [26] that the TORC1 complex senses the cellular milieu and 

that TORC1-S6K1 regulates cellular function. In addition, mice in which the p70S6K1 gene 

has been disrupted, are resistant to insulin-induced diabetes [27] although normal levels of 

glucose are detected. It was later shown by Veilleux et al. [28] that the transport of glucose 

was inhibited when the expression of p70S6K1 was suppressed. Moreover, the transport of 

glucose for glycolysis during T-cell differentiation was required for the T-effectors Th1, Th2, 

and Th17 cells [29]. Furthermore, it has been reported that glucose metabolism 

epigenetically affects gene expression by modulating histone acetylation. Based on these 

findings, the inhibition of T-cell differentiation in our p70S6K1 knockout mice could be due 

to the suppression of glycolysis. However, we did not observe any inhibition in the 
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differentiation of either Th1 or Th2 cells in our knockout mice. In accordance, the blockage 

of chromatin accessibility in the p70S6K1 knockout T cells was only seen in the promoters of 

the genes associated with Th17-cell differentiation. Since the differentiation of either Th1 or 

Th2 cells was not affected, this suggested that the suppression of Th17-cell differentiation 

may not be attributed to the lack of glycolysis.

p70S6K1 is one of many factors that are responsible for ribosomal formation [30]. Several 

studies have shown that perturbations to the process of ribosomal and polysome formation 

results in the inhibition of protein translation [31, 32]. Although only Th17-cell was 

affected, it is possible that the genetic removal of p70S6K1 reduced protein translation in T-

cell differentiation. We compared the polysomal profile of the IL17a mRNA transcripts in 

activated T cells from wild type and p70S6K1 knockout mice which were differentiated under 

Th17-cell conditions, and did not observe any differences (Supporting Information Fig. 14). 

In accordance, the data in Fig. 1A indicated that p70S6K1 affects the transcription, but not 

the translation, of IL17a. Hence, the reduction in IL17 expression with the elimination of 

p70S6K1 expression was not due to either a change in IL17 translation, polysome formation 

or protein homeostasis.

It has been shown that Th1 and Th17 cells contribute to the development of EAE [33]. 

Furthermore, Delgoffe et al. [7] reported that the TORC1 pathway is required for the in vitro 

differentiation of Th1 and Th17 cells and the establishment of EAE. We demonstrated that 

the absence of p70S6K1 expression resulted in a delay in the progression, but not the 

development, of EAE. This could be due to the fact that T cells from p70S6K1 knockout mice 

produced reduced levels of IL17 while producing comparable levels of IFN-γ in comparison 

to their wild-type littermates. Thus reduced levels of IL-17 in the presence of IFN-γ slowed 

down the progression of EAE. Since the blockage of the TORC1 pathway inhibits both 

p70S6K1 and 4E-BP signaling, it is conceivable that both signals are required for the 

generation of encephalitis. This could explain our observation that the progression of EAE 

was slower when the expression of p70S6K1 was blocked. It remains to be investigated if 4E-

BP plays a role in the development of EAE.

Hence, we have demonstrated that the in vitro differentiation of Th17 cells, but not the other 

T effector cells, was dependent on p70S6K1. In the absence of p70S6K1, acetylation of 

histone 3 within the promoters of genes that are associated with Th17-cell development was 

blocked. Moreover, the progression of EAE was slower without p70S6K1 expression. Taken 

together, these findings indicated that p70S6K1 positively regulated Th17-cell differentiation 

and development of EAE. It is not clear how p70S6K1 promotes the histone acetylation of 

Th17-associated genes.

Materials and methods

Animals

p70S6K1 knockout mice were generated by replacing exons 8–12 with a neo cassette flanked 

by loxP. These mice were then bred with a cre mouse to remove the neo cassette. These mice 

were generated by the Gene Targeting & Transgenic Facility in the University of 

Connecticut Health Center. A range of 8–10–week-old female mice were used for the 
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differentiation experiments. All the mice used in the experiments were littermates generated 

by breeding heterozygous mice.

Antibodies and cytokines

Information regarding the antibodies and cytokines is listed in Table 1.

In vitro T-cell differentiation

Naïve CD4+T cells were differentiated in vitro based on the following protocol described by 

An et al. [34]. Briefly, naive CD4+T cells were enriched from murine splenocytes by 

negative selection for CD3/CD4 and then positive selection for CD62 ligand (Miltenyi 

Biotec Inc. San Diego, CA). The enriched T cells were then activated by plate-bound anti-

CD3 and anti-CD28 (5 μg/mL each) under the following skewing conditions: for Th1, IL-12 

(10 ng/mL), and anti-IL4 (10 μg/mL); for Th2, IL-4 (10 ng/mL) and anti-IFN-γ (10 μg/mL); 

for Th17, IL-6 (10 ng/mL), TGF-β (5 ng/mL), anti-IL4 (10 μg/mL), and anti-IFN-γ (10 μg/

mL); for Treg cells, TGF-β (5 ng/mL), anti-IL-4 (10 μg/mL), and anti-IFN-γ (10 μg/mL). T 

cells were cultured under Th17-cell and Treg-cell skewing conditions for 3 days whereas 

Th1 and Th2 cells were cultured for an additional 3 or 4 days with IL-2 (10 ng/mL), 

respectively.

Intracellular staining by flow cytometry

Following in vitro differentiation, T cells were stimulated with PMA and ionomycin for 4 h, 

the last 2 h in the presence of monensin. Stimulated T cells were stained with the following 

antibodies CD4 (FITC), IL-17a (PE), IL-17f (PE), FOXP3 (PE), IL-4 (APC), RORγT 

(APC), and IFNγ (APC) using the BD Cytofix/Cytoperm fixation/permeablilization 

solution kit (BD Bioscience) as described by the manufacturer. Data were obtained by flow 

cytometry Canto II (BD Bioscience) and analyzed by FACS DIVA (BD Bioscience) or 

FlowJo software (Tree Star).

Gene expression analysis (RT-PCR)

Total RNA from differentiated cells was collected using the RNeasy Mini Kit (Qiagen) and 

used to generate complementary DNA with the VILO superscript kit (Invitrogen). The 

cDNA was then analyzed by quantitative PCR (BioRad) to measure transcript levels with the 

primers described in the supplemental material section.

Immunoblot

Cells were lysed with RIPA buffer and the proteins in the lysates were separated via SDS 

PAGE and transferred to a PVDF membrane. Proteins were visualized by enhanced 

chemifluorescence kit (GE Healthcare) and the Typhoon 9410 scanner (GE Health-care). 

Quantitation of the protein band density was done with the ImageQuant TL software (GE 

Healthcare).

ChIP analysis

Acetylated histone 3 (H3) was measured by chromatin immunoprecipitation as previously 

described [35] with the following exceptions. Sheared chromatins from differentiated T cells 
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were incubated with antibodies against either normal rabbit IgG or acetylated histone 3 

overnight. Immune complexes were precipitated with Protein A/G agarose beads and washed 

twice with chromatin immunoprecipitation buffer. The beads were boiled and the captured 

DNA was precipitated with Chelex beads. The immunoprecipitated chromatin was used in 

quantitative PCR with the primers described in Table 2. The relative level of histone 3 

acetylation at the indicated gene promoter was expressed as a S/N that was calculated as 

2^(Ctnormal Ig − Ctanti-acetylated histone 3).

Experimental autoimmune encephalomyelitis

EAE was induced in 10+ week-old female mice using EAE Induction kit from Hooke 

Laboratories (Lawrence, MA) according to the manufacturer’s protocol. Mice were scored 

on a scale of 0–4: 0—no clinical sign; 1—limp/flaccid tail; 2—limp tail and moderate hind 

limb weakness; 3—limp tail and complete hind limb paralysis; and 4—moribund state. To 

determine the in vivo differentiation of MOG-specific T cells, we followed the protocol 

described by Hooke Laboratories. In brief, both wild type and p70S6K1 knockout mice (7 

mice/group) were immunized with MOG in CFA without administering pertussis toxin. 

Splenocytes from individual mice were harvested 10 days after immunization, and were 

cultured in the presence of MOG (20 μg/mL), IL-23 (20 ng/mL), and anti-IFN-γ antibody 

(10 μg/mL) for 3 days. In vitro cultured splenocytes were used for flow cytometry analyses 

to determine the production of IL17 by CD4+ T cells. To determine the intracellular staining 

for IL17, we stimulated in vitro cultured splenocytes with PMA/ionomycin for 4 h with last 

2 h with monensin, and the amount of IL17 production by CD4+ T cells was determined by 

measuring the MFI of CD4+IL17+ T cells. To determine the levels of cell surface CD154 

expression, same in vitro cultured splenocytes were incubated overnight with monensin 

according to the protocol described by Chattopadhyay et al. [21].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Role of p70S6K1 in in vitro differentiation of Th1, Th2, Th17, and Treg cells. (A) Naive 

splenic CD4+T cells (CD4+CD62L+) from WT and p70S6K1 KO mice were activated by 

plate-bound anti-CD3 and anti-CD28 (5 μg/mL each) under either Th1, Th2, Th17, or Treg 

skewing conditions. In vitro-differentiated T cells were stimulated with PMA and ionomycin 

for 4 h with last 2 h in the presence of monensin. Stimulated T cells were stained with the 

following antibodies: for Th1 cells, IFN-γ; for Th2 cells, IL-4; for Th17 cells, IL-17a; and 

for Treg cells, Foxp3. Data were obtained by FACS Canto II and analyzed by FACS DIVA. 

The numbers in the boxes indicate the percentages of antibody-stained cells relative to the 

total number of cells. Summary of three independent experiments for individual protein is 

shown (right). (B) RT-PCR analysis for IL-17a expression was done on complementary 

DNA from in vitro-differentiated Th17 cells. These experiments were normalized to a 

housekeeping gene (either β actin or GAPDH). Then the normalized results were compared 

to Th0 cells to determine the fold change. (C) Flow cytometry and (D) RT-PCR analyses for 

IL17f were done using in vitro-generated Th17 cells. The amount of IL-17f mRNA 

expression in WT and KO Th17 cells were normalized first to β actin, and then the 

normalized values were compared to wild type to determine the ratio. (E) RT-PCR analysis 

of IL-23 receptor (IL23R) levels was done using in vitro-differentiated Th17 cells. The 

amount of IL-23R mRNA expression in WT and KO Th17 cells were normalized first to β 
actin, and then the normalized values were compared to Th0 to determine the fold change. 

(B–D) Data are shown as mean + SEM from three independent experiments with total nine 

samples per group. **p < 0.05, Student’s t-test.
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Figure 2. 
Effect of p70S6K1 on the status of transcription factors involved in the differentiation of Th1, 

Th2, and Th17 cells. Naive splenic CD4+ T cells (CD4+CD62L+) from WT and p70S6K1 KO 

mice were activated by plate-bound anti-CD3 and anti-CD28 under either Th1, Th2, or Th17 

skewing conditions. (A) Flow cytometry and RT-PCR analyses were performed for retinoic 

acid receptor-related orphan receptor gamma T (RORγT) using in vitro-differentiated Th17 

cells. Following in vitro differentiation, Th17 cells were stimulated with PMA and 

ionomycin for 4 h, last 2 h with monensin. Stimulated cells were either stained with 

antibodies against CD4 and RORγT and analyzed by flow cytometry (left), or used for total 

RNA isolation (right). The cDNA was then analyzed by quantitative PCR to measure 

RORγT transcript levels (right). These experiments were first normalized to a housekeeping 

gene (either β actin or GAPDH). Then the normalized results were compared to wild-type 

Th17 cells to determine the fold change. (B) RT-PCR analyses of T-bet (left) and GATA3 

(right) levels were done using in vitro-differentiated Th1 and Th2 cells, respectively. The 

amount of T-bet and GATA3 mRNA expression in WT and KO differentiated cells were 

normalized first to β actin, and then the normalized values were compared to wild type to 

determine the fold change. All data shown as mean + SEM from two independent 

experiments with total six samples per group.
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Figure 3. 
Effect of p70S6K1 on the level of histone 3 acetylation of Th17-associated gene promoters. 

Chromatin immunoprecipitation (ChIP) analyses using in vitro-differentiated Th0, Th2, and 

Th17 cells obtained from either WT or KO mice were conducted for acetylated histone H3. 

Sheared chromatins from differentiated T cells were incubated with antibodies against either 

normal rabbit IgG or acetylated histone 3 overnight. Immune complexes were precipitated 

with Protein A/G agarose beads and washed twice with chromatin immunoprecipitation 

buffer. The beads were boiled and the captured DNA was precipitated with Chelex beads. 

The immunoprecipitated chromatin was used in quantitative PCR with the primers described 

in Table 2. The relative level of histone 3 acetylation at the indicated gene promoter 

expressed as a Signal/Noise Ratio was calculated as 2^(Ctnormal Ig − Ctanti-acetylated histone 3). 

Data shown as mean + SEM pooled from two independent experiments with total eight 

samples per group.
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Figure 4. 
Role of p70S6K1 in in vivo differentiation of MOG-specific Th17 cells and the onset of EAE. 

(A) Wild type and p70S6K1 knockout mice were immunized with MOG in complete 

Freund’s adjuvant (CFA) without administering pertussis toxin. Splenocytes from individual 

mice were harvested 10 days after immunization, and were cultured in the presence of MOG 

(20 μg/mL), IL-23 (20 ng/mL), and anti-IFN-γ antibody (10 μg/mL) for 3 days. These 

cultured splenocytes were stimulated with PMA/ionomycin for 4 h with last 2 h with 

monensin, and the percentage of CD4+ T cells produced IL-17 (left) was determined. The 

amount of IL-17 produced by CD4+ T cells (middle) was determined by measuring the MFI 

of CD4+IL17+ T cells. To measure the MOG-reactive CD4+ T cells (right), splenocytes were 

cultured overnight with monensin to determine the percentage of CD4+CD154+ T cells. p 
value was determined with Mann–Whitney test. (B) EAE was induced in WT and KO mice 

(10 mice/group) by immunizing with MOG35–55 peptide in CFA, followed by administration 

of pertussis toxin, and the animals were observed for disease progression (clinical score). 

Each symbol represents an individual animal and bars represent means. The differences in 

the neurological score along the disease progression were analyzed by two-way ANOVA 

followed by the Bonferroni post-hoc test. *p < 0.01.
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Table 1

Antibodies and chemicals

ANTIBODY COMPANY CATALOG #

Activation/differentiation antibodies

 Anti-IFN-γ BD Bioscience 554408

 Anti-IL4 BD Bioscience 554432

 Anti-CD3 BD Bioscience 553057

 Anti-CD28 BD Bioscience 553294

Cytokines

 Recombinant TGFβ R&D Systems 240-B

 Recombinant IL-4 R&D Systems 404-ML

 Recombinant IL-12 R&D Systems 419-ML

 Recombinant IL-6 R&D Systems 406-ML

 Recombinant IL-2 Roche 23-6019

Flow cytometry antibodies

 Anti-CD4-FITC eBioscience 11-0041

 Anti-IL17F-PE eBioscience 12-7471

 Anti-Foxp3-PE eBioscience 12-5773

 Anti-IL4-APC eBioscience 17-7041

 Anti-IFNγAPC BD Bioscience 554413

 Anti-RORγ (T) eBioscience 17-6988

 Anti-IL17A-PE eBioscience 12-7177

Chromatin Immunoprecipitation

 anti-acetylated H3 Mab Millipore 17-615

Western blot

 anti-Phospho STAT3 (Y705) Santa Cruz sc-8059

 anti-Total STAT3 Cell Signaling 9139

Chemicals

 Phorbol-12-myristate-13-acetate Calbiochem 524400

 Ionomycin Sigma I9657
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Table 2

Primers primers for ChIP assays

Primers for ChIP assays

CNS2 [11] ATGGGCCTCTCTTTCCACTGATG GGAATTTGTGGTGGAAGGGAGTG

IL17p [11] GCCTTTGTGATTGTTTCTTGCAG CCTTGCCCAAAGAAACCTCTC

IL17Fp [11] GGGAATCAAAGGGGACCCTAA AAAGCAGAACCCACACGCAGAG

IL4p [36] CTCATTTTCCCTTGGTTTCAGC GATTTTTGTCGCATCCGTGG

Primers for RT-qPCR

RORγT [14] CCGCTGAGAGGGCTTCAC TGCAGGAGTAGGCCACATTACA

IL17a [14] CTCCAGAAGGCCCTCAGACTAC AGCTTTCCCTCCGCATTGACACAG

IL17f [14] CTGTTGATGTTGGGACTTGCC TCACAGTGTTATCCTCCAGG

IL23R [14] GCCAAGAGAACCATTCCCGA TCAGTGCTACAATCTTCAGAGGACA

GAPDH [14] AGTATGACTCCACTCACGGCAA TCTCGCTCCTGGAAGATGGT

Gfi1 TTGGAGCTCTGACTGAAGGC GGCAAAAGATTCCACCAGAA

Socs3 AACTTGCTGTGGGTGACCAT AAGGCCGGAGATTTCGCT

Egr2 CAGAGATGGGAGCGAAGCTA TTGACCAGATGAACGGAGTG

IL4 CGAGCTCACTCTCTGTGGTG TGAACGAGGTCACAGGAGAA

Ifnγ GTCACCATCCTTTTGCCAGT GCTTTGCAGCTCTTCCTCAT

Foxp3 CCAGGGAGCCAGCTCTACTCT CCAAAAGGTTGCTGTCTTTCCT

Tbx21 ACCAGAACGCAGAGATCACTCA CAAAGTTCTCCCGGAATCCTT

Gata3 GAACCGGCCCCTTATCAAG CAGGATGTCCCTGCTCTCCTT

Irf4 CAAAGCACAGAGTCACCTGG TGCAAGCTCTTTGACACACA

Ahr CTCCTTCTTGCAAATCCTGC GGCCAAGAGCTTCTTTGATG

Batf GCGTTCTGTTTCTCCAGGTC AGAGAGAAGAATCGCATCGC

Source of the primer sequences are listed in the references in parentheses. The remaining primers were derived from “qPrimer Depot” [37].
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