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Regulatory T (Treg) cells are important in maintaining self-tolerance and immune homeostasis. 

The Treg cell transcription factor Foxp3 works in concert with other co-regulatory molecules, 

including Eos, to determine the transcriptional signature and characteristic suppressive phenotype 

of Treg cells. Here, we report that the inflammatory cytokine IL-6 actively repressed Eos 

expression through the microRNA-17 (miR-17). miR-17 expression increased in Treg cells in the 

presence of IL-6, and its expression negatively correlated with that of Eos. Treg cell suppressive 

activity was diminished upon overexpression of miR-17 in vitro and in vivo, and RNAi of miR-17 

resulted in enhanced suppressive activity, which was mitigated upon co-expression of an Eos 

mutant lacking miR-17 target sites. Ectopic expression of miR-17 imparted effector T cell-like 

characteristics to Treg cells via the de-repression of effector cytokine genes. Thus, miR-17 

provides a potent layer of Treg cell control through targeting Eos and additional Foxp3 co-

regulators.

eTOC Blurp

T regulatory (Treg) cells play important roles in the resolution of inflammation. Pan and 

colleagues show that, in turn, inflammatory cues induce the expression of miR-17, which targets 

transcriptional co-regulators that act in concert with Foxp3 to diminish the suppressive activity of 

Treg cells.

 INTRODUCTION

Regulatory T (Treg) cells maintain self-tolerance and control the magnitude of both 

protective and pathologic immune responses (Kretschmer et al., 2008; Sakaguchi et al., 

2010; Tang and Bluestone, 2008; Vignali et al., 2008). Treg cells can either originate in the 

thymus or be induced from naïve T cells in the periphery. Both populations typically express 

the transcription factor Foxp3 that is indispensable for Treg cell development and function 

(O’Shea and Paul, 2010; Sakaguchi et al., 2013). Inactivating mutations of Foxp3 in humans 

and mice result in severe autoimmune pathology (Ziegler, 2006), demonstrating the 

importance of Foxp3+ Treg cells in immune control.

Treg cell plasticity or phenotypic instability is the subject of debate (Sakaguchi et al., 2013). 

The bulk of Foxp3 expressing Tregs are reported to retain Foxp3 expression during infection 

and Th1-mediated inflammation (Rubtsov et al., 2010). Additionally, Tregs that do lose 
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Foxp3 expression may regain it and their suppressive function– with phenotypic instability 

being chiefly seen among induced Tregs (Miyao et al., 2012). Other reports have shown that 

Foxp3 levels Treg cell functions can be disrupted by inflammatory cues (Floess et al., 2007; 

Fontenot et al., 2005; Zhou et al., 2009). Indeed cytokines such as IL-4, IL-6, and IL-21 

have been shown to bestow Foxp3+ T cells with Teff cell attributes in vitro (Tsuji et al., 

2009; Xu et al., 2007; Yang et al., 2008a). Treg cells can also be “reprogrammed” to take on 

Teff cell-like function while retaining Foxp3 expression (Sharma et al., 2013). Mechanisms 

of potential plasticity are, however, not well defined.

The importance of the inflammatory cytokine IL-6 in defining the Treg/Th17 cell balance 

has been established. The presence of this and other Stat3-signaling cytokines during T cell 

activation can divert developing Tregs cells towards a Th17 fate (Bettelli et al., 2006; 

Veldhoen et al., 2006; Yang et al., 2008a; Zhou et al., 2008a), it can also inhibit the ability of 

natural Treg cells to suppress T cell proliferation in vitro (Goodman et al., 2009; Shen and 

Goldstein, 2009). Although IL-6 mediated inhibition of Foxp3 expression (Gao et al., 2012; 

Lal et al., 2009; Yang et al., 2008b; Zheng et al., 2008) may account for some of this 

antagonism, it is possible that IL-6 may impact other molecules important for Treg cell 

suppressive function.

Foxp3 cooperates with a cadre of co-factors to shape the transcriptional landscape of Treg 

cells (Fu et al., 2012; Rudra et al., 2012). One such co-regulator, Eos, is essential for Foxp3-

mediated control of Treg cell gene expression (i.e. repression of effector T cell genes) and 

function (Pan et al., 2009). While Treg cells contain high amounts of Eos, only low levels 

are detected in Th17 cells (Quintana et al., 2012). Furthermore, a subset of ‘reprogrammed’ 

Treg cells appears prone to loss of Eos expression (Sharma et al., 2013). This suggests that 

Eos is tightly regulated in developing Treg cells as well as those undergoing conversion to an 

expanded or Teff cell-like phenotype. Other transcriptional regulators associated with Foxp3 

activity include IRF-4 (Zheng et al., 2009), Satb1 (Fu et al., 2012; Rudra et al., 2012), and 

GATA-1 (Fu et al., 2012). These molecules could share partially redundant co-repressor 

function that assures silencing of Teff cell genes in Foxp3+ Treg cells (Bettini et al., 2012; 

Darce et al., 2012; Fu et al., 2012). The mechanisms that regulate the expression of Eos and 

other co-regulators of Foxp3 activity in Treg cells are not well understood.

MicroRNAs (miRNAs ) impact aspects of immunity, including the function, homeostasis 

and phenotypic stability of Treg cells (O’Connell et al., 2010). MiRNAs are short (~22 

nucleotide), non-coding RNAs produced via sequential processing of primary RNA 

polymerase II transcripts by the class III RNase enzymes Drosha and Dicer. MiRNAs act on 

target protein-encoding mRNAs through the RNA-induced silencing complex, marking them 

for translational repression or degradation (Stefani and Slack, 2008). Different miRNA 

clusters have been shown to be involved in the immune response (Hou et al., 2009; Li et al., 

2007; Xiao et al., 2008; Zhou et al., 2008b). Deletion of Dicer1 and Drosha in Treg cells 

results in autoimmunity similar to that seen in Scurfy (Foxp3 null) mice although Foxp3 

expression levels are not significantly changed (Chong et al., 2008; Liston et al., 2008). 

Several miRNAs contribute to Treg cell function and phenotypic stability. For instance, 

miR-146a promotes Treg-mediated control of Th1 responses (Lu et al., 2010); miR-10a 

prevents acquisition of a Th17-like phenotype by Treg cells (Takahashi et al., 2012); and 
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miR-155 supports Treg cell homeostasis and expansion (Lu et al., 2009) as well as their 

development (Kohlhaas et al., 2009).

The miR-17-92 miRNA cluster has been implicated in immune regulation and 

lymphomagenesis. The gene encoding this cluster is located on human chromosome 13q31, 

in a genomic region that is often amplified in lymphomas, and other cancers that also have 

high expression of the mature miRNAs of this locus (Ota et al., 2004; Tagawa and Seto, 

2005). The inflammatory cytokine IL-6 induces miR-17-92 expression (Brock et al., 2009), 

and ectopic expression of the miR-17-92 cluster in T cells causes autoimmunity in mice 

(Xiao et al., 2008).

Studies of miR-17-92 deficient mice have implicated these miRNAs in the regulation of Teff 

and Treg cell function. One study found that members of this cluster promote IFNγ 

production by Th1 cells while suppressing the differentiation of iTregs (Jiang et al., 2011). 

Another found that miR-17-92 deficient T cells were less pathogenic than wild type cells in 

a model of GVHD – being poor producers of IFNγ more inclined to become Th2 cells and 

suppressive iTreg cells (Wu et al., 2015). In contrast, another study found that the miR-17-92 

cluster supports natural Treg function by promoting expression of the anti-inflammatory 

cytokine IL-10 (de Kouchkovsky et al., 2013) suggesting that the miRNAs of this cluster 

may play complex and incompletely visualized roles in the biology of T cell subsets.

Here we report that IL-6 actively suppressed Eos mRNA and protein expression through 

miR-17. This targeting of Eos transcript and that of other Foxp3 co-regulators including 

Satb1 and IRF-4 resulted in decreased Treg cell suppressive function and the acquisition of 

Teff cell characteristics, including the production of effector cytokines.

 RESULTS

 T cell specific deletion of miR-17-92 enhanced Treg cell function

To assess the role of the miR-17-92 cluster in Treg cell function, we generated T cell-

specific miR-17-92 null (mir17-92−/−) mice by breeding mir17-92flox/flox mutants to CD4-

Cre+ transgenic mice. In agreement with a previous study using a T cell-restricted mir17-92 
deletion approach (Jiang et al., 2011), mir17-92−/− animals showed no obvious abnormalities 

in T cell subset distribution or indications of altered immune regulation at baseline. 

However, upon induction of experimental autoimmune encephalomyelitis (EAE), 

miR-17-92-deficient mice fared better than wild type (WT) littermates. While disease onset 

was not delayed in mir17-92−/− mice, they recovered extensively relative to WT mice 

(Figure 1A). In keeping with a more restrained immune response, mir17-92−/− mice 

harbored lower proportions of IL-17- and IFNγ-producing CD4+ T cells in their CNS during 

recovery compared to WT controls (Figures 1B and 1C). However, Foxp3+ CD4+ T cell 

frequencies in the CNS of WT and mir17-92−/− mice (Figures 1D and 1E) were comparable. 

In line with this, T cell miR-17-92 deficiency did not affect in vitro Treg cell induction or 

the generation of pathogenic Th17 cells (Figure 2A).

Without a major effect on the generation of Treg Teff cells, we suspected miR-17-92 might 

interfere with Treg cell function. Indeed, in vitro functional analysis of Treg cell suppression 
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revealed that Treg cells isolated from mice with Foxp3-driven miR-17-92 deficiency 

(Foxp3yfpCre+/mir17-92flox/flox) were more effective than WT controls at suppressing the 

proliferation of WT naïve T cells (Figure 2B). MiR-17-92 deficiency in responder cells did 

not alter this trend (Supplementary Figure S1A).

Confirming that Treg cells lacking miR-17-92 are functionally enhanced in vivo, we induced 

EAE in mice specifically lacking this miRNA cluster in Foxp3+ T cells. As with CD4-driven 

deletion, these mice displayed less severe disease and milder inflammation than WT mice 

(Supplementary Figure S1B, C). These findings imply that in Treg cells, miR-17-92 

expression antagonizes suppressive function. In line with this, mir17-92−/− Tregs did express 

heightened levels of IL-10 message compared to WT-derived Treg cells (Figure 2C). The 

mechanism responsible for these effects however remained to be determined.

 Identification of Eos as a potential target of miR-17-92

The phenotype observed upon miR-17-92 over-expression in Treg cells resembled that 

observed upon silencing the Foxp3 co-factor Eos. Previously, we showed that silencing Eos 

expression perturbed Foxp3-mediated gene regulation and Treg cell suppressive function 

without impacting the expression of Foxp3 itself (Pan et al., 2009). Other important and 

possibly redundant molecular collaborators of Foxp3 have also been identified and 

characterized (Fu et al., 2012; Rudra et al., 2012).

The behavior of mir17-92−/− Treg cells suggests that suppression may be negatively 

regulated by the miRNAs of this cluster. To test this notion, we screened a panel of 

miR-17-92 miRNAs for the ability to bind the 3′UTR of the Eos, Irf4, Gata1, Lef1 and Satb1 
transcripts bioinformatically. We found miR-17, an individual mature miRNA of the 

miR-17-92 cluster, to be a likely Eos-targeting candidate (Supplementary Figure S2A). We 

also found that miR-17 could target expression of other co-regulatory factors including IRF4 

and Satb1 (Supplementary Figure S1B,C) suggesting that a miRNA of this cluster could 

potently undermine Treg cell function by antagonizing multiple factors necessary for Foxp3 

activity. These results were supported by the observation that Eos, IRF-4 and Satb1 levels 

were stunted in Treg cells from miR-17-92 transgenic mice activated in vitro compared to 

WT Treg cells (Supplementary Figure S2D, E, F).

 Regulation of Eos by miR-17 in response to IL-6

Results suggesting that members of the miR-17-92 cluster have a negative role in Treg cell 

function in vivo and in vitro encouraged further investigation of individual cluster 

constituents and their regulation in Treg cells. We focused on the role of miRNA in Eos 

regulation since this Foxp3 co-regulator has been shown to be important for Treg cell gene 

expression (Pan et al., 2009; Sharma et al., 2013). In vitro activation of Treg cells with anti-

CD3/CD28 antibodies decreased endogenous miR17 levels (Supplementary Figure S3A). 

This was concomitant with elevated Eos mRNA (Figure 3A), supporting that this miRNA 

cluster regulates Eos.

To verify that miR-17 was indeed the miRNA responsible for targeting Eos expression, a 

luciferase reporter assay was utilized. Here a reporter containing either the normal 3′UTR of 

Eos or a seeding region mutant (miR-17 and miR-92 sites) were constructed and co-

Yang et al. Page 5

Immunity. Author manuscript; available in PMC 2017 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transfected into 293T cells along with plasmids encoding the entire cluster; miR17-19a; 

miR20a-92a; miR17; or miR19a. While the mutant Eos 3′UTR was insensitive to inhibition 

regardless of co-expressed miRNAs, recipients of WT Eos 3′UTR and any miR construct 

containing miR17 (i.e., miR-17-92, miR-17-19a and miR-17) displayed significantly 

inhibited Eos 3′UTR luciferase activity. On the other hand, mock treated and miR19a 

recipients showed no reduction and miR20a-92a only slightly inhibited reporter activity 

(Figure 3B and 3C). These results identified miR-17 as the miRNA within miR-17-92 

responsible for targeting the Eos 3′UTR.

We further characterized the regulation of miR-17 in Treg cells and other T cell subsets. A 

cytokine reported to down-modulate both Treg cell lineage development and Treg cell 

suppressive activity is IL-6 (Lal et al., 2009; Yang et al., 2008b). IL-6, produced by antigen-

presenting cells (APCs) as a result of Toll-like receptor engagement, has been demonstrated 

to block the suppressive activity of Treg cells (Pasare and Medzhitov, 2003). Additionally, 

exposure to IL-6 was reported to induce IL-17 production and Foxp3 loss by Treg cells (Lal 

et al., 2009; Zhou et al., 2007). However, it is not well understood how IL-6 mitigates Treg 

cell function. We suspected that inflammatory cues such as IL-6 might undermine Treg cell 

function through the induction of miR-17.

To test this hypothesis and to obtain insights into the physiological role of miR-17, we 

stimulated Treg cells in the presence or absence of IL-6. Activation of Treg cells led to a 

decrease in miR-17 levels. However, in the presence of IL-6, the levels of miR-17 increased 

(Figure 4A). As previously seen, Eos expression was inversely related to miR-17 levels 

while increased IL-17 levels were also noted upon Treg cell activation in the presence of 

IL-6 (Figure 4B, C). IL-10 levels where not significantly affected by IL-6 treatment (Figure 

4D).

This phenotype was reminiscent of that seen upon Eos silencing (Pan et al., 2009), which de-

represses Teff cell cytokine genes in Treg cells. In line with this, activation of isolated nTreg 

cells with IL-6 led to the up-regulation of IL-17. However, in Treg cells lacking miR-17-92 

expression, this uncharacteristic production of the proinflammatory cytokine was prevented 

(Supplementary Figure S3B). Additionally, IL-6 also regulated miR-17 in activated naïve T 

cells. Here we treated naïve T cells with TGFβ alone or in combination with IL-6. In the 

latter, miR-17 expression was higher (Figure 4E). Furthermore, Eos protein expression was 

consistently lower in naïve CD4+ T cells upon IL-6 and TGFβ treatment compared to TGFβ 

treatment alone (Figure 4F).

In keeping with these observations, during EAE WT Treg cells progressively increased 

miR-17 levels while losing Eos mRNA. In contrast, Treg cells recovered from mir17-92−/− 

mice displayed high and sustained levels of Eos during EAE (Figure 4G). These findings 

suggest that the intense inflammation of EAE dampens Eos expression by inducing miR-17. 

Also, they suggest that preventing this could enhance the in vivo performance of Treg cells 

by stabilizing Eos expression. Since IL-6 is an inflammatory cytokine capable of inducing 

miR-17, and the beneficial effects of neutralizing this cytokine during EAE have been 

demonstrated (Gijbels et al., 1995), we tested whether this could also alter miR-17 and Eos 

expression in vivo. Indeed, antibody-mediated blockade of IL-6 during EAE effectively 
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negated expression of miR-17 in WT Treg cells and preserved Eos mRNA levels to a degree 

seen in mir17-92−/− Treg cells (Figure 4G, H).

Exploring how IL-6 induces miR-17, we examined the upstream promoter region of the 

miR-17-92 for binding sites for downstream mediators of IL-6 signaling. STAT3 has been 

reported to interact with the mir17-92 promoter (Brock et al., 2009). However, while we did 

not find a canonical STAT3 binding site, a conserved, putative site for another IL-6/STAT3–

activated factor, HIF-1α was (Supplementary Figure S4A; Supplementary Figure S4B). 

Chromatin immunoprecipitation (ChIP) analysis confirmed that HIF-1α indeed binds the 

mir17-92 promoter (Supplementary Figure S4C). Supporting the notion that HIF-1 induces 

expression of miR-17, levels of the miRNA were lower in IL-6/TCR activated Treg cells 

from T cell-specific HIF-1α deficient mice than they were in Treg cells from control mice 

(Figure 4I). In addition, stimulation of WT Treg cells in a hypoxic chamber to stabilize 

HIF-1 levels increased miR-17 expression by these cells (Figure 4J). These data demonstrate 

that IL-6 augments miR-17 expression through HIF-1.

 Forced expression of miR-17 antagonized Treg cells suppressive activity in vitro

We found that miR-17-92 negatively affected Treg cell function, and particularly miR-17 

was chiefly responsible for targeting the Eos transcript. In order to characterize the impact of 

modulating miR-17 on Treg cell function, an in vitro suppression assay was performed. Treg 

cells transduced with either a miR-17 expression construct or a control vector were co-

cultured with CFSE-labeled naïve CD45.1+ CD4+ cells and irradiated APC and were 

activated. The suppressive capacity of Treg cells ectopically expressing miR-17 (confirmed 

in Supplementary Figure S5A) was significantly reduced compared to empty vector controls 

(Figure 5A). Conversely, antisense silencing of miR-17 (“miRZip17”; Supplementary Figure 

S5B) improved the ability of Tregs to stymie responder cell proliferation beyond that of 

controls (Figure 5B). As expected, miR-17 over-expression and silencing were confirmed to 

reduce and enhance Eos protein levels, respectively, in Treg cells relative to empty vector 

controls (Supplementary Figure S5C). These complimentary findings suggest that miR-17 

antagonizes the suppressive function of Treg cells.

Since both IL-6 and HIF-1 have been shown to negatively impact the generation of Foxp3+ 

Treg cells from naïve CD4+ precursors (Dang et al., 2011; Zhou et al., 2008a), we suspected 

that miR-17 induction – an event closely tied to this pathway – can suppress de novo 
supplementation of the iTreg cell pool as well as the function of established Treg cells. 

Therefore, we studied the effects of miR-17 during the in vitro induction of Treg cells by 

TGFβ and IL-2 (iTreg cell differentiation). Here, over-expression of miR-17 in naïve CD4+ 

cells, as before, was achieved by lentiviral transduction prior to iTreg cells skewing. As with 

miR-17-92 modulation in established Treg cells, miR-17 over-expression did not alter Foxp3 

expression, which was similarly induced in both groups. However, miR-17 over-expression 

did increase the frequency of IFNγ producing cells in both the Foxp3+ and Foxp3- 

populations in these cultures compared to empty vector treatment (Figure 5D). Similar 

trends were seen at the transcript level for IFNγ (Figure 5E) and, as expected, ectopic 

expression of miR-17 significantly decreased Eos mRNA in iTreg cells (Figure 5F). 
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Together, these findings demonstrate that miR-17 can destabilize the suppressive functions 

and gene expression of established and differentiating Treg cells.

 miR-17 modulated the suppressive activity of Treg cells in vivo

Our in vitro findings that miR-17 negatively impacted Treg cell function prompted us to 

examine the in vivo role of miR-17 in a Treg cell-dependent colitis model. In this model, 

transfer of naïve CD4+CD25–CD62LHigh T cells induces progressive colitis into Rag2−/− 

mice. The co-transfer of CD4+CD25+ Treg cells, however, is sufficient to prevent disease. 

These protective Treg cells were found to progressively repress miR-17 levels throughout 

the course of the experiment – a trend coinciding with effective suppression of colon 

inflammation (Supplementary Figure S6A). This and our in vitro findings suggest that 

robust expression of miR-17 should impair the ability of Treg cells to prevent colitis.

As expected, control Treg cells effectively prevented disease development and weight loss. 

However, ectopic expression of miR-17 in Treg cells abolished protection. The ability of 

these defective Treg cells to control colitis was mostly restored by co-transduction with a 

miR-17-resistant Eos construct (Figure 6A). This trend was also seen at the level of colon 

pathology. MiR-17 replete Treg cells, unlike their control counterparts, failed to prevent 

robust colon infiltration and pathology. Treg cells carrying both Eos and miR-17 suppressed 

the accumulation of leukocytes and immunopathology similar to controls (Figure 6B, C). 

miR-17 over-expressing Treg cells also saw increased CD4+ Teff cell infiltration of the colon 

resembling mice receiving no Treg cells. Meanwhile empty vector and Eos/miR-17 carrying 

Treg cells equally blocked Teff cell accumulation (Figure 6D, blue bars). Treg cells numbers 

in the lamina propria (LP) were not affected by miR-17 or Eos over-expression (Figure 6D, 

red bars). However, cytokine staining revealed that excess miR-17 allowed greater IL-17- 

and IFNγ-producing Teff cell frequencies in recipient mice. Treg cells receiving either empty 

vector or co-delivery of miR-17 and Eos constructs effectively controlled the pathologic T 

cells response (Figures 6E–H). A similar trend was observed upon staining for IL-17 in Teff 

cells recovered from the LP (Figure 6I, J).

Not only were miR-17 over-expressing Treg cells unable to restrain the activation of 

colitogenic Teff cells, they also expressed the Teff cell cytokine IFNγ. In contrast, little-to-

no IFNγ mRNA was detected in control Treg cells (Supplementary Figure S6B). 

Collectively, these findings suggest that modulation of miR-17 expression in Treg cell can 

drastically alter their in vivo function.

 DISCUSSION

Post-transcriptional regulation of gene expression by microRNAs is important for the control 

of numerous cellular events. Processes critical for the activation and control of the immune 

system are no exception. Particularly, this mode of regulation is crucial for controlling Treg 

cell differentiation and function (Liston et al., 2008). In the present study we identified a 

miRNA, miR-17 that negatively regulated the suppressive function of Treg cells by targeting 

expression of Foxp3’s transcriptional co-regulators such as Eos, IRF-4 and Satb1 that shape 

the transcriptional landscape responsible for the Treg cell phenotype (Fu et al., 2012).
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The miR-17-92 cluster has been previously reported as important for Th1 differentiation 

(Jiang et al., 2011). This study found that miR-17-92 deficient naïve CD4+ T cells are less 

efficient at Th1 differentiation in vitro displaying lower levels of IFNγ and T-bet. Over-

expression of individual miRNA cluster constituents revealed that miR-19b alone could 

enhance IFNγ in differentiating Th1 cells suggesting that Th1 differentiation is promoted by 

cluster members other than miR-17. In vivo, these authors also found that antigen specific 

CD4+ T cells transduced with miR-19b significantly increased IFNγ-production while 

miR-17 over-expression resulted in only modest increases (Jiang et al., 2011). While the 

expedient recovery of mir17-92−/− in our EAE experiments could reflect deficient Th1 

responses, the modest impact of miR-17 on Th1 differentiation and the similar behavior of 

mice specifically lacking miR-17-92 in Treg cells suggests that a large part of this phenotype 

can be attributed to altered Treg cell function.

Jiang et al. also found that deletion of miR-17-92 enhances in vitro Foxp3 up-regulation 

during iTreg cell skewing of naïve CD4+ T cells particularly when TGFβ levels are low 

(Jiang et al., 2011). In our study, however, we failed to see a significant contribution of 

miR-17-92 or miR-17 alone to the generation of iTreg cell; this could reflect subtle 

differences in our in vitro differentiation approaches (i.e. stimuli and TGFβ levels). 

Compatible with our observations, as well as those of Jiang et al., is the finding that miR-17 

(specifically miR-17-5p) is expressed in the T cells of multiple sclerosis patients, 

implicating this miRNA in human autoimmunity (Lindberg et al., 2010).

Recently, de Kouchkovsky et al. reported that the miR-17-92 cluster positively contributes to 

Treg cell function. They found that in the absence of the microRNA cluster, Treg cells are 

capable of proliferation, trafficking, and enforcing immune homeostasis at baseline. 

However, in this study, miR-17-92 deficient Treg cells are deficient in IL-10 production (de 

Kouchkovsky et al., 2013). While we also did not see baseline defects in the absence of 

miR-17-92, we found that the cluster, and particularly miR-17, adversely affected Treg cell 

function by targeting Eos. The apparent incongruity may stem from unique traits of the 

conditional deletion mice used to uncover the effects of miR-17-92 deficiency. Further study 

of the factors governing expression of individual miR-17-92 cluster members and their 

paralog counterparts may yield additional insights into their potentially varied contributions 

to Treg cell biology.

IL-6 is crucial for Th17 differentiation but antagonizes Treg cells. In vitro, IL-6 is a key 

factor in the balance between Foxp3+ Treg and Th17 cells, inhibiting TGF-β-induced 

generation of Treg cells and promoting Th17 cell differentiation (Bettelli et al., 2006; Zhou 

et al., 2007). Our data showed that Treg cell activation reduces miR-17 levels while IL-6 

enhances them. The resultant decrease in Eos level is likely responsible for some of the 

effects of IL-6 on Treg cell function while additional mechanisms may impact Foxp3 

expression.

In general, TCR activation can enhance the ability of Treg cells to curtail immune activation. 

Therefore, the increased level of Eos mRNA seen after activation (Figure 3A) is compatible 

with our previous findings that Eos is important for the execution of Foxp3-mediated gene 

regulation (Pan et al., 2009). Eos expression has also been associated with a stable 
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suppressive Treg cell phenotype (Sharma et al., 2013). Additionally, the importance of Eos 

in establishing the Treg cell gene expression profile and phenotype was also highlighted in a 

study identifying it as a member of a crucial quintet of Foxp3 transcriptional collaborator. In 

this study, however, modulating individual co-regulators did not substantially disrupt Foxp3-

mediated gene regulation, suggesting redundancies in their function. However, when 

multiple members of the quintet were modified, patterns of Treg cell gene expression were 

disrupted (Fu et al., 2012).

While Foxp3 co-factors may be redundant and therefore compensate for the deficiencies of 

each other, our present findings suggest that, under certain conditions, this may not be 

possible. For instance, since multiple co-regulators are sensitive to regulation by miR-17, 

conditions leading to robust expression of this miRNA are expected to dampen expression of 

multiple Foxp3 co-regulators. Moreover, in our studies we found that Eos expression levels 

were higher than other members of Fu et al.’s quintet. This could suggest that a hierarchy of 

importance may exist (at least under certain conditions) within the Foxp3 co-regulator pool.

Certain miRNAs such as miR-155 and miR-146a contribute Treg cells and immune control 

(Lu et al., 2010; Lu et al., 2009), and microRNAs in general are absolutely needed for stable 

Treg cell function (Liston et al., 2008). Our study adds another wrinkle to the relationship 

between miRNAs and Treg cells. Specifically, we demonstrated a level of control over Treg 

cells that hinges upon the important co-regulators of Foxp3. With a growing number of 

documented Foxp3-interacting and collaborating molecules being brought to light, 

characterizing the factors governing their expression, including miRNAs, will expand the list 

of immunoregulatory junctions that may be exploited by novel immunotherapeutic 

interventions.

 EXPERIMENTAL PROCEDURES

 Animals

All mice were housed under pathogen-free conditions in the animal facility of Johns 

Hopkins Animal Resource Center. All animal experiments were performed in specific-

pathogen-free, Helicobacter-free facilities following national, state and institutional 

guidelines.

 T cell culture

Naive T cells were purified using a FACS Aria sorter prior to stimulation with anti-CD3/

CD28 antibodies in a 24-well plate (1 and 4 mg/well, respectively; Biolegend) for 3–7 days. 

Th17-skewing conditions consisted of IMDM media supplemented with 5% FBS, 20 ng/ml 

IL-6, 2.5 ng/ml TGFβ (Peprotech), and 10 μg/ml neutralizing antibodies against IFN-γ, IL-4, 

and IL-12 (Biolegend). For hypoxia experiments, cells were cultured in a GasPak Plus 

anaerobic chamber (1% O2) for 24 hr cycles interrupted by normoxic rest.

 EAE induction

Six- to eight-week-old, sex-matched WT and mir17-92−/− littermates were injected s.c in the 

rear flank with 100 μg MOG35–55 peptide (2HNMEVGWYRSPFSRVVHLYRNGK-COOH) 
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in complete Freund’s adjuvant (Sigma) on day 0, and 250 ng pertussis toxin (List 

Biological) was injected i.p on day 0 and day 1 post-induction. Mice were monitored and 

disease severity was scored daily.

 Isolation of lamina propria leukocytes (LPL) and FACS analysis

Mice (pooled from 4–6 mice per group) were euthanized and the colons excised and placed 

in ice-cold PBS. After extensive washing of the colonic lumen with PBS, colons were 

minced into 0.3–0.5 cm pieces, and incubated in HBSS containing 10% FCS and 5 mM 

EDTA. Remaining tissue was digested (Liberase, DNaseI) at 37ºC for 1 h, and the LPL were 

recovered by gradient centrifugation, washed, and stained for surface and intracellular 

markers. Flow cytometric analysis was performed on FACSCalibur (BD Bioscience) and 

data was analyzed using Flow Jo software (Tree Star Inc.).

 In vitro proliferation/suppression assays of Treg cell function

Sorted CD45.1+CD4+CD25− CD62Lhi Naïve T cells were incubated with 2.5 μM CFSE for 

7 minutes at 37°C, and excess dye was washed away. So rted CD45.2+ CD4+CD25+Treg 

cells were cultured alone or in titrated numbers with 2x 104 CFSE-labeled Naïve T cells 

stimulated with anti-CD3/CD28 Dynabeads at 2:1 cells to beads ratio. After 4 days, 

CD45.1+ CD4+ responder cells were analyzed for CFSE dilution.

 Reporter Assay

The luciferase reporter gene assay reagents were obtained from Promega, and the assay was 

performed per manufacturer’s instructions.

 Real-time RT-PCR

RNA was isolated by a miniRNA extraction kit (QIAGEN). The cDNA archival kit (Applied 

Biosystem) was used per the manufacturer’s instruction. Triplicate reactions were run using 

an ABI Prism 7500. mRNA levels were determined by comparative CT method and 

normalized to b-actin or 18s rRNA expression

 microRNA Real time PCR

To measure mature miRNA, cDNA was synthesized using the Taqman MicroRNA RT Kit, 

and qRT-PCR was performed using the MicroRNA Taqman assay. U6 snRNA was used as 

internal control to normalize miRNA.

 Statistical Analysis

An unpaired Student’s t test was used to determine significance (*p < 0.05).

 Supplementary Material

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

• miR-17 targets Eos and other Foxp3 co-regulators via 3′UTR 

recognition

• IL-6 drives miR-17 transcription in Treg cells via HIF-1α. Treg cells 

lacking miR-17 exhibit increased suppressive function in vitro and in 
vivo

• miR-17 overexpression in Treg cells exacerbates pathology in a murine 

colitis model
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Figure 1. CD4+ T cell specific miR-17-92 deletion mice more effectively control experimental 
autoimmune encephalomyelitis (EAE)
(A) Wild type (WT) mice and those of a CD4+ specific miR-17-92 deletion strain 

(mir17-92Flox/Flox/CD4-Cre+, or “mir17-92−/−“) were injected s.c. with 100 μg MOG 35–55 

in CFA and 250ng Pertussis Toxin i.p. Disease severity was scored daily. Mean scores for 

WT mice and mir17-92−/− mice over time are represented (±SEM; p < 0.05, n = 7–10 per 

group). Shown are combined results of 3 individual experiments. (B and C) On day 45, 

CNS-infiltrating T cells were recovered and stained for IL-17, IFNγ. The mean percentage 

of CNS IL-17+CD4+ T cells on day 45 was determined. (D and E) CNS-infiltrating T cells 

were isolated on day 45 and the percentage of CD4+ T cells that were Foxp3+ was 

determined. C and E present the mean (± SEM; *p < 0.05) of at least 3 experiments, while B 

and D are representative analyses.
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Figure 2. miR-17-92 deficiency does not impact Foxp3 induction, but enhances Treg cell 
suppressive function
(A) In vitro of differentiation of naïve (CD62LhiCD25−CD4+) T cells from WT and 

mir17-92−/− mice into Th17 and iTreg cell lineages. (B) Analysis of the in vitro function of 

Treg cells from WT and mir17-92−/− littermates. Treg cells were mixed with CFSE labeled 

Naïve T lymphocytes from CD45.1+ C57BL/6 mice for three days. CD45.1+ T cells were 

analyzed for CFSE dilution. (C) The effect of miR-17-92 deficiency on IL-10 expression by 

Treg cells. mRNA from FACS purified Treg cells was used to generate cDNA for qRT-PCR 

analysis of IL-10 transcript. Data are representative of 3 independent experiments.
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Figure 3. Identification of miR-17 as an Eos 3′UTR targeting miRNA
(A) Expression of Eos mRNA in Treg cells after stimulation. CD4+ Foxp3GFP+ Treg cells 

were isolated by FACS and incubated with anti-CD3/CD28 antibodies for the indicated 

times and Eos mRNA levels were determined by RT-PCR. (B) The psBZN - iCHECK2 

reporter vector (Bozeman, Montana, USA) shown was used to assess the ability of miRNAs 

to target the Eos 3′UTR. (C) Luciferase reporters containing the WT Eos 3′UTR or mutant 

Eos 3′ (MU). miR-17-92, miR-17-19a, and miR-17 were screen for inhibition of Eos 3′UTR 

luciferase activity relative to mock treatment. Rluc =Renilla luciferase; Luc = firefly 

luciferase; and pA =polyadenylation signal. The pcDNA3 vector was used to transiently 

express miRNAs. Eos 3′ MU contained mutations at miR-17 and miR-92 sites and served as 

a negative control for miRNA inhibition.
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Figure 4. IL-6 mediates miR-17 up-regulation through HIF-1α

(A–D) Expression of miR-17, Eos mRNA, IL-17a, and IL-10 mRNA in Treg cells. CD4+ 

Foxp3GFP+ cells were stimulated with plate-bound anti-CD3/CD28 in the presence or 

absence of 20ng/ml IL-6 for 24h. mRNA levels were assessed. Expression of miR17, Eos 

and IL-10 without stimulation was set to 1. (E) qRT-PCR analysis of miR-17 in T cells. 

Naïve T cells were activated in the presence of TGFβ and IL-6, or TGFβ alone or media for 

48h. Expression without TFGβ and IL-6 was set to 1. (F) Western blot analysis of Eos levels 

in T cells. Naive T cells were activated as above in the presence of TGFβ or TGFβ and IL-6 

for the indicated times. Collected cells were subjected to SDS-PAGE, and Western blot with 

the indicated antibodies. Shown is a representative blot from at least 3 independent 

experiments. (G, H) miR-17 and Eos mRNA expression were measured during the course of 

EAE. Foxp3GFP+ Treg cells were isolated from WT and mir17-92−/− mice crossed to a 

Foxp3GFP reporter background at the pre-initiation, peak, and recovery phase of disease, 

and RT-PCR was carried out to measure miR17 and Eos levels. A cohort of mice from either 

group received anti-IL-6 blocking antibodies. Treg cells were recovered by FACS during the 

recovery phase of EAE and Eos and miR-17 mRNA was measured. (I) miR-17 expression in 

Treg cells from WT or CD4-specific HIF-1α null (HIF-1Flox/Flox/CD4-Cre+; HIF-1KO) 

mice. Treg cells isolated from WT or HIF-1 KO mice were activated with anti-CD3/CD28 

for 24h. (J) Expression of miR-17 in T cells stimulated with IL-6 under normoxia and 

hypoxia. Treg cells were isolated and activated at atmospheric oxygen levels (normoxia) or 

at 2% oxygen (hypoxia) for 24h. For A–E, G–J miR17, Eos and Il-10 expression in each 

group was determined by RT-PCR.
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Figure 5. miR-17 modulates Treg cell suppressive activity
(A) The effect of miR-17 overexpression on the in vitro function of Treg cells was explored 

by transducing them with either a bicistronic retrovirus expressing miR-17 or the GFP-

containing empty vector (EV) prior to co-culture with CFSE labeled CD4+ naïve T cells 

from CD45.1+ mice at the indicated ratios in the presence of anti-CD3/CD28 beads for 4 

days. CD45.1+ T cells were analyzed by flow cytometry for CFSE dilution (blue line = 

Tnaive only; red line= Treg cells and Tnaive). (B) The in vitro suppressive capacities of Treg 

cells transduced with either the antisense construct, miRZip17 or a control vector were 

determined as in (A). (C–F) The impact of miR-17 on Foxp3 induction and pro-

inflammatory cytokine expression by iTreg cells. Naïve T cells from WT mice were 

transduced as in (A), followed by in vitro Treg skewing for 72h. Intracellular levels of Foxp3 

(C) or Foxp3 and IFNγ were determined by flow cytometry after restimulation with PMA 

and ionomycin (D). Data are representative of 4 independent experiments. (E, F) qRT-PCR 

analysis of IFNγ and Eos mRNA in Treg cells from (C). Shown are mean +/− SEM from 

three independent experiments.
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Figure 6. Effects of miR-17 overexpression on Treg cell function in vivo
(A) Percentage weight loss induced in Rag2−/− mice injected i.v. with naïve CD4+ T cells 

alone (no Treg cells) or these cells and CD45.1+Treg cells co-transduced with a bicistronic 

retroviral miR-17 expression construct, Treg cells carrying empty vector or Treg cells co-

transduced with Eos and miR-17 expression constructs. 8–10 mice were used in each group, 

and the means ± SD of 3 independent experiments are shown. (B) Representative 

photomicrography of the distal colon of Rag2−/− mice after adoptive transfers described 

above. 8 weeks post-transfer, colons were harvested and processed for standard H/E staining 

and histological analysis. (C) H/E slides were scored in a blinded fashion and colon 

pathology was scored. Shown are the mean scores for each treatment group +/− SD from at 

least 3 independent experiments. (D) Colon infiltration by CD4+ T cells during colitis. 

Lamina propria-infiltrating leukocytes were recovered and the absolute number of original 

naïve T cells and congenically distinct Treg cells were determined and are represented as the 

mean +/− SEM. (E to J) Pro-inflammatory cytokine production by naïve T cells co-

transferred with the indicated Treg cells. Intracellular IL-17 or IFNγ levels in naive CD4+ 

(CD45.2+) cells from the (E,F) spleen, (G,H) mesenteric LNs, and (I,J) lamina propria of 

recipient mice were observed after re-stimulation of the recovered cells. Panels F, H, and J 

present the mean (± SEM) of three trials, while E, G, and I are representative dot plots.
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