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Abstract

IL-17-producing CD4+ T helper 17 (Th17) cells are pathogenic in a range of human autoimmune diseases and corresponding
animal models. We now demonstrate that such T cells infiltrating the target organ during the induction of experimental
autoimmune encephalomyelitis (EAE) and experimental autoimmune uveoretinitis (EAU) specifically express NR4A2. Further,
we reveal a critical involvement of NR4A2 in Th17 cell functions and Th17 cell-driven autoimmune diseases. When NR4A2
expression was blocked with siRNA, full Th17 differentiation was prevented in vitro: although cells expressed the master
Th17 regulator, RORct, they expressed reduced levels of IL-23R and were unable to produce IL-17 and IL-21. Notably, Th17
differentiation in the absence of NR4A2 was restored by exogenous IL-21, indicating that NR4A2 controls full maturation of
Th17 cells via autocrine IL-21 signalling. Preventing NR4A2 expression in vivo by systemic treatment with NR4A2-specific
siRNA also reduced Th17 effector responses and furthermore protected mice from EAE induction. In addition, the lack of
disease was associated with a reduction in autocrine IL-21 production and IL-23R expression. Similar modulation of NR4A2
expression was also effective as an intervention, reversing established autoimmune responses and ameliorating clinical
disease symptoms. Thus, NR4A2 appears to control Th17 differentiation and so plays an essential role in the development of
Th17-mediated autoimmune disease. As NR4A2 is also upregulated during human autoimmune disease, targeting NR4A2
may provide a new therapeutic approach in treating autoimmune disease.
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Introduction

T helper (Th) cells responding to self-antigens generate

pathogenic inflammatory responses in target organs, leading to

local damage and so generate organ-specific autoimmune diseases.

It was previously thought that CD4+ interferon (IFN)-c-secreting

Th1 cells were critical in inducing autoimmune damage to the

central nervous system (CNS) in human multiple sclerosis (MS)

and its animal model, experimental autoimmune encephalomy-

elitis (EAE) [1]. However, the discovery of pathogenic IL-17-

secreting Th17 cells as a separate cell lineage opened the door to

new research directions towards understanding the development

of autoimmune inflammation [2–4]. It is now understood that

both Th1 and Th17 cells mediate autoimmune responses in

rodents [5–8] as well as in humans [9,10]. Regarding the

development of EAE, it has recently been proposed that the

major proportion of T cells producing inflammatory cytokines,

including IFN-c, may in fact be T cells that had previously

produced IL-17 [11]. Thus, manipulation of Th17 cells might

prove effective in controlling complex autoimmune disease

processes involving both Th1 and Th17 cells.

Naı̈ve CD4+ T cells differentiate into Th1 cells under the

influence of IL-12, whereas TGF-b in combination with IL-6 is

appreciated as the classical Th17-differentiating cytokine milieu

[12,13]. Recently, however, Th17 differentiation pathways that do

not depend on IL-6 or TGF-b have also been described [14–16].

In contrast, in vivo studies demonstrate that IL-23 plays a critical

role in promoting generation of Th17 cells. Indeed, Th17-

mediated autoimmune disease is greatly reduced or prevented in

the absence of IL-23 signalling [17,18].

NR4A2, also known as Nurr1, is an orphan nuclear receptor

[19–22], and its function in dopaminergic neuron signalling has

been widely known. Increasing evidence suggests the role of

NR4A2 in inflammatory responses during arthritis and psoriasis

[23,24], and NR4A2 may also serve as a regulatory element for

reducing immune-mediated tissue damage [25]. We have pre-

viously reported that NR4A2 is among the genes expressed by

circulating T cells that are highly upregulated in patients with

multiple sclerosis (MS) and that NR4A2 is also induced in T cells

during rodent EAE [26,27]. We also demonstrated that forced

NR4A2 expression enhanced non-specific production of Th1 and

Th17 cytokines although further confirmation was needed to

confirm the role of NR4A2 in T cell functions.

In this study, we firstly show that NR4A2 is strikingly

upregulated by IL-17-secreting Th17 cells infiltrating the target

organ of EAE and experimental autoimmune uveoretinitis (EAU),

the murine model of posterior uveitis. Using siRNA knockdown

techniques, we demonstrate that NR4A2 is dispensable for
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induction of the Th17 cell transcription factor RORct in T cells,

but is critically required for the in vitro generation of fully

functional Th17 cells capable of producing IL-17 and IL-21,

and expressing the IL-23 receptor (IL-23R). Notably, addition of

exogenous IL-21 was able to circumvent the requirement for

NR4A2 in Th17 differentiation, and restore the expression of IL-

23R and IL-17. Furthermore, NR4A2 knockdown in vivo by

injection of NR4A2 siRNA either before or after the onset of CNS

infiltration ameliorated EAE. Taken together, these data suggest

that T cell NR4A2 expression is a hallmark of Th17 cell-mediated

pathology and show for the first time that systemic injection of

a NR4A2-targeting drug may be a treatment option for Th17-cell

mediated diseases.

Materials and Methods

Animals and EAE/EAU Induction
Female C57BL/6J mice (CLEA Laboratory Animal Corp.,

Tokyo, Japan) aged 8–10 weeks were maintained in specific

pathogen–free conditions in accordance with institutional guide-

lines. This study and all protocols used were approval by the

Committee for Small Animal Research and Animal Welfare

(National Center of Neurology and Psychiatry). Procedures were

carried out under institutional guidelines and all efforts were made

to minimize animal suffering. For EAE induction, mice were

injected subcutaneously with 100 mg MOG35–55 peptide (synthe-

sized by Toray Research Center, Tokyo, Japan) and 1 mg heat-

killed mycobacterium tuberculosis H37RA emulsified in complete

Freund’s adjuvant (Difco, KS, USA). 200 ng Pertussis toxin (List

Biological Laboratories, USA) was injected intraperitoneally (i.p.)

on days 0 and 2 after immunization. EAE was clinically scored

daily (0, no clinical signs; 1, partial tail paralysis; 2, flaccid tail; 3,

partial hind limb paralysis; 4, total hind limb paralysis; 5, hind and

fore leg paralysis) [28]. EAU was induced as previously described

by immunization with 500 mg human interphotoreceptor binding

protein (IRBP)1–20 peptide (synthesized by Toray Research

Center) in CFA per mouse plus 1 mg Pertussis toxin [29]. EAU

disease severity was monitored by enumeration of the retinal-

infiltrating cell number as previously described [30]. Diabetes was

induced as previously described [31] by 5 daily i.p. doses of

40 mg/kg streptozotocin (STZ; Sigma, Tokyo, Japan) and the

urine glucose level was determined daily with Diastix (Bayer,

Tokyo, Japan).

siRNA Treatment
NR4A2-specifc siRNA (sense – GGACAGCAGUCCUC-

CAUUAAUU, anti-sense - UUAAUGGAGGACUGCUGUC-

CUU) and matching scrambled control sequence siRNA were

synthesized by Takara (Shiga, Japan) or Koken (Tokyo, Japan).

siRNA was transfected into cells using a mouse CD4 nucleofector

kit with an Amaxa electroporator (Lonza, Basel, Switzerland)

according to the manufacturer’s instructions. For systemic in vivo

administration, siRNA was stabilized in atelocollagen using an

AteloGene kit according to the manufacturer’s instructions

(Koken) and 10 mg siRNA per mouse was injected intravenously.

Cell Isolation and Purification
Single cell splenocyte and lymph node cell suspensions were

generated by mechanical disruption of tissues. CNS-infiltrating

lymphocytes were isolated from spinal cords and brains as

previously described [28]. Briefly, tissue was cut into small pieces

and digested for 40 minutes at 37uC in RPMI 1640 media

(Invitrogen, Tokyo, Japan) supplemented with 1.4 mg/ml Colla-

genase H and 100 mg/ml DNase I (Roche, Tokyo, Japan).

Resulting tissue homogenates were forced through a 70 mm cell

strainer and leukocytes were enriched using a discontinuous 37%/

70% percoll density gradient centrifugation (GE Healthcare Life

Sciences, Tokyo, Japan). Retinal-infiltrating cells and pancreatic-

infiltrating cells were isolated by enzymatic digestion as previously

described [32,33].

T cells were purified using a CD4 T cell MACS isolation kit

with an AutoMACS separator according to the manufacturer’s

instructions (Miltenyi Biotech, Bergisch Gladbach, Germany).

Where required, naı̈ve CD4+CD442CD252CD62Lhigh T cells

or memory CD4+CD44+CD252CD62Llow T cells were further

sorted using a FACS ARIA (BD Cytometry Systems, NJ, USA).

For sorting of live cytokine-secreting cells, cytokine secretion

assay kits (Miltenyi Biotech) were used according to the

manufacturer’s instructions. Briefly, cells were restimulated with

5 ng/ml PMA +500 ng/ml ionomycin (both Sigma-Aldrich,

Tokyo, Japan) and anti-IL-17 and anti-IFN-c capture antibodies

were added for the final 45 minutes of culture. Secondary

fluorochrome-conjugated antibodies were added to visualize

captured cytokines and cells were sorted using a FACS ARIA

flow cytometer.

Cell Culture
Culture media was DMEM supplemented with 10% FCS,

2 mM L-glutamine, 100 U/ml penicillin-streptomycin, and

50 mM 2-Mercaptoethanol (all Invitrogen). Where indicated, cells

were activated with 2 mg/ml immobilized CD3-specific mAb (2C-

11) and 1 mg/ml CD28-specific mAb (BD Pharmingen, Tokyo,

Japan). Polarizing conditions were as follows: Th1, +10 ng/ml IL-

12 (PeproTech, London, UK) and 10 mg/ml IL-4-specific mAb

(HB188); Th17, 3 ng/ml TGF-b (R & D Systems, Minneapolis,

USA), 20 ng/ml IL-6 (PeproTech), 20 ng/ml IL-23 (R & D

Systems), 10 mg/ml IFN-c-specific mAb, and 10 mg/ml IL-4-

specific mAb.

Assessment of Cell Function
Cytokine concentrations in supernatants were measured by

ELISA as follows: IL-17 using a mouse IL-17 DuoSet (R&D

Systems), IL-21 using an IL-21 MaxLegend kit (Biolegend, San

Diego, USA), and IFN-c using a mouse IFN-c ELISA antibody

pair (BD Biosciences). Other cytokines were assessed using

a FlowCytomix cytometric bead array (Bender MedSystems,

Vienna, Austria) according to the manufacturer’s instructions.

Proliferation was determined by incubation with [3H]-thymidine

(1 mCi/well) for the final 12 hours of culture and incorporation

of radioactivity was assessed with a b-1205 counter (Pharmacia

Biotech, Freiburg, Germany). For intracellular staining, cells

were restimulated with 5 ng/ml PMA +500 ng/ml ionomycin

(both Sigma-Aldrich) in the presence of Golgi Stop (BD

Biosciences) for 5 hours, before surface staining and fixing/

intracellular staining using a Foxp3 staining kit (eBioscience,

San Diego, CA, USA) according to the manufacturer’s

instructions. Antibodies were sourced from BioLegend (San

Diego, USA), except for anti-cytoplasmic IL-23R (Millipore,

Tokyo, Japan).

RNA Extraction and Quantitative RT-PCR
Total RNA was extracted from cell populations using an

RNeasy Mini Kit or FastLane kit (Qiagen, Maryland, USA)

according to the manufacturer’s instructions. cDNA was prepared

using a first-strand cDNA Kit (Takara). Quantitative real time

PCR was performed with a Light Cycler-FastStart DNA Master

SYBR Green I kit using a LightCycler instrument (Roche

Diagnostics, Tokyo, Japan) or with a Power SYBR green master

NR4A2 Controls Th17-Mediated Autoimmunity

PLOS ONE | www.plosone.org 2 February 2013 | Volume 8 | Issue 2 | e56595



mix using an ABI 7300 real time PCR instrument (Applied

Biosystems, Warrington, UK). Primers used were as follows:

GAPDH, forward AACGACCCCTTCATTGAC, reverse

TCCACATACTCAGCAC; RORct, forward

TGTCCTGGGCTACCCTACTG, reverse GTGCAGGAG-

TAGGCCACATT; t-bet, forward GCCAGGGAACCGCTTA-

TATG, reverse GACGATCATCTGGGTCACATTGT; IL-21,

forward TCATCATTGACCTCGTGGCCC, reverse ATCG-

TACTTCCACTTGCAATCCC; IL-23R, forward TCAGTGC-

TACAATCTTCAGAGGACAT, reverse GATGGCCAAGAA-

GACCATTCC; IL-17A, forward

ATCCCTCAAAGCTCAGCGTGTC, reverse

GGGTCTTCATTGCGGTGGAGAG; and Foxp3, forward

TTCTCACAACAAGGCCACTTG, reverse CCCAGGAAAGA-

CAGCAACCCT. Gene expression values were normalized to the

expression of the GAPDH housekeeping gene.

Statistical Analyses
Statistical significance of differences was tested using a Mann

Whitney U test unless otherwise stated. p,0.05 was considered

significant.

Results

Organ-specific Autoimmune Diseases EAE and EAU
Accompany NR4A2 Regulation in T cells

We previously reported T cell expression of NR4A2 during

EAE [27]. Here we tested whether or not NR4A2 over-

expression is common to T cells involved in autoimmune

diseases. We detected NR4A2 upregulation amongst T cells

during the development of EAE and EAU, a Th1/Th17-

mediated autoimmune disease of the retina: T cell expression of

NR4A2 was observed from the earliest stages of both EAE and

EAU in CD4+ T cell infiltrates in the target organ and, as well

as a later NR4A2 upregulation amongst circulating blood CD4+

T cells (Fig. 1A&B) after the peak of clinical disease (Fig.

S1A&B). Although T cells from secondary lymphoid tissue have

the potential to induce EAE or EAU when they are adoptively

transferred after being stimulated in vitro [34], no significant

NR4A2 expression was detected amongst lymph node or splenic

T cells at any time examined.

NR4A2 Expression is Associated with IL-17 Producing T
cells in EAE

We previously observed that forced expression of NR4A2 in T

cells could enhance production of both IL-17 and IFN-c [27].

However, since this observation was made under non-physiolog-

ical conditions, we attempted to verify if this finding had

physiological meaning in vivo. Using a cytokine secretion assay,

we separated populations of live CD4+ T cells from the blood and

CNS of EAE mice based on their production of IFN-c and IL-17

and measured the expression levels of NR4A2 in each population.

Strikingly, in the early phase of EAE, NR4A2 transcripts were

detected in those T cells that produced IL-17, either alone or in

combination with IFN-c (Fig. 1C), but not in those that produced

IFN-c alone or neither IFN-c nor IL-17. Similar findings were

observed in T cells isolated from the retina during the early stages

of EAU. NR4A2 expression by IL-17-secreting T cells in EAE was

detected first in the target organ then later in the blood

(Fig. 1D&E), which was concordant with the kinetics of NR4A2

expression in total lymphocytes (Fig. 1A).

NR4A2 Expression is not Detected in STZ-induced
Diabetes or following OVA Immunization

We next measured NR4A2 expression in T cells from

streptozotocin (STZ)-induced autoimmune diabetes [35], in which

autoimmune Th1 cells but not Th17 cells are thought to play

a pathogenic role [31]. Repeated administration of low-dose

streptozotocin (STZ) induced anti-pancreatic autoimmunity ac-

companied with clinical diabetes by day 10 (Fig. S1C). Consistent

with a previous report [35], splenocytes as well as pancreata-

infiltrating T cells produced raised levels of IFN-c, but not IL-17,

after in vitro stimulation (Fig. S1D). Unlike CNS-infiltrating T cells

in EAE, NR4A2 upregulation was not detected amongst

pancreata-infiltrating T cells (Fig. 1F). We also examined blood

T cells from these mice and detected no NR4A2 upregulation at

any time (Fig. S1E). Furthermore, we examined if NR4A2

upregulation might be induced by active immunization with any

antigen in CFA. However, immunization with OVA in CFA,

using the same protocol for inducing EAE with MOG peptide, did

not lead to NR4A2 upregulation.

NR4A2 Expression is Required for IL-17 Production by
RORct+ T cells

As NR4A2 expression appeared to be associated with IL-17-

secreting pathogenic T cells, we speculated that NR4A2 might

function in the process of Th17 cell differentiation. Using NR4A2-

specific siRNA, we investigated in vitro if CD4+ T cells differentiate

normally into Th1 or Th17 cells in the absence of NR4A2

regulation. Activation of T cells leads to a rapid and transient

upregulation of NR4A2 that could be prevented by transfection

with NR4A2 siRNA (Fig. S2A). When NR4A2 expression was

silenced in this manner, naı̈ve CD4+ T cells were able to

differentiate into IFN-c-producing cells (Fig. 2A&C), excluding

a requirement for NR4A2 in Th1 cell development. However,

blocking NR4A2 upregulation with siRNA greatly reduced Th17

differentiation driven by any concentrations of TGF-b, as assessed

by an absence of IL-17 production (Fig. 2B&C), instead there was

an increase in IFN-c-secreting T cells. We also noted that NR4A2

knockdown did not significantly reduce the proliferation of CD4+

T cells under any polarizing conditions tested (Fig. S2B),

indicating that NR4A2-specific siRNA is unlikely to prevent IL-

17 production by affecting cell survival. Intriguingly, despite the

lack of IL-17 production in the absence of NR4A2, T cells did

upregulate RORct, the hallmark transcription factor of Th17 cells,

to levels comparable to fully functional Th17 cells (Fig. 2D).

Lack of IL-17 in the Absence of NR4A2 does not Result
from the Action of Foxp3

A previous study has described a failure of RORct-expressing

Th17 cells to secrete IL-17 resulting from a direct inhibitory

interaction between RORct and the transcription factor Foxp3

[36]. To examine if a similar mechanism, involving Foxp3, is

applicable to interpreting our results, we measured the level of

Foxp3 expression during NR4A2 knockdown. NR4A2 siRNA did

not enhance but reduced Foxp3 expression in both Th17 (TGF-

b+IL-6) and regulatory T cell (TGF-b alone) differentiating

conditions (Fig. S3A). This finding is consistent with a recent

report on a role of NR4A2 for inducing Foxp3 in regulatory T

cells [37]. Furthermore, we tested if NR4A2 ablation by siRNA

treatment was still effective in preventing IL-17 production when

Foxp3 expression was blocked. To do this, we used Foxp3-specific

siRNA to prevent Foxp3 expression in T cells that also received

either control or NR4A2-specific siRNA. Foxp3 knockdown did

not restore IL-17 production in the absence of NR4A2 (Fig. S3B).

NR4A2 Controls Th17-Mediated Autoimmunity
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Thus, NR4A2 appears to be required for IL-17 production by

Th17 cells, and the underlying mechanism is independent of

RORct and Foxp3.

NR4A2 Controls the IL-21-initiated Phase of Th17
Differentiation

RORct expression is required for generation of fully functional

Th17 cells. However, when upregulation of NR4A2 is prevented,

Th17-polarized RORct+ T cells do not acquire the ability to

produce IL-17 (Fig. 2). A possible scenario is that RORct

regulation is an early event in Th17 differentiation [38], whereas

later induction of NR4A2 is critical for inducing signals that

promote IL-17 production. IL-21-deficient or IL-21R-deficient T

cells resemble NR4A2-deficient T cells in that they express

RORct but do not produce IL-17 under Th17 polarizing

condition [4,39]. Thus, we suspected that NR4A2 expression

might control IL-17 production via autocrine IL-21 signalling. IL-

21 is produced during early Th17 cell differentiation and then acts

in an autocrine manner to induce IL-23R upregulation by Th17

cells [38,40]; the subsequent action of IL-23 produced by myeloid

cells then enhances and stabilizes the Th17 cell phenotype via IL-

23R. To clarify the kinetics of these key molecules, we evaluated

the expression of IL-21, IL-23R, and IL-17 transcripts by RORct+

T cells during in vitro Th17 cell differentiation. IL-21 begins to be

produced before IL-23R is upregulated, which itself precedes IL-

17 expression (Fig. 3A). Interestingly, NR4A2 siRNA transfection

strongly inhibited the sequential regulation of IL-21, IL-23R, and

IL-17 RNA transcripts (Fig. 3A). We also confirmed the reduction

of IL-21 by NR4A2 siRNA treatment at the protein level (Fig. 3B).

These data indicate that NR4A2 may be required for IL-21

production and thus in turn control Th17 differentiation.

Furthermore, the lack of NR4A2 also blocked c-maf upregulation

(Fig. 3C), a transcription factor reported to control IL-21

expression in Th17 development [41]. Finally, Th17 differentia-

tion yields normal IL-22 production in the absence of NR4A2

(Fig. 3D) and the generation of IL-22 has been shown to be related

to pathways downstream of RORct, but independent of c-maf, IL-

21, and IL-23 signalling [42]. To test the hypothesis that NR4A2 is

required for full Th17 differentiation due to its role in the c-maf/

IL-21/IL-23R pathway, we reintroduced this pathway by adding

exogenous IL-21 to cultures. Critically, the presence of exogenous

IL-21 restored IL-17 secretion by T cells stimulated under Th17

polarizing conditions despite the lack of NR4A2 (Fig. 4A).

Additionally, NR4A2-knocked down Th17 cells cultured with

IL-21 also expressed equivalent levels of IL-23R to the control

Th17 cells (Fig. 4B).

NR4A2 Controls the Severity of EAE
Next we tested if NR4A2 also controlled pathogenic Th17

responses in EAE. Administration of NR4A2-specific siRNA on

the day of EAE induction was effective at preventing NR4A2

expression by CNS-infiltrating T cells (Fig. S4A). Such systemic

blockade of NR4A2 suppressed the onset of clinical EAE (Fig. 5A),

accompanied by a reduced ability of CNS-infiltrating CD4+ T

Figure 1. Autoimmune induction of NR4A2 in CD4+ T cells is associated with IL-17-secreting T cells. EAE or EAU was induced in C57BL/6
mice by immunization with MOG35–55 or IRBP1–20 peptide in CFA, respectively. CD4+ T cells were purified from spleen, blood, or target organ (CNS or
retina) on the indicated days and RNA was isolated. A and B: NR4A2 expression was quantified by real time PCR relative to GAPDH for T cells from
EAE (A) or EAU (B). Timepoints correspond to a minimum of 5 animals and data are representative of 3 independent experiments. CD4+ T cells from
mice with EAE were restimulated with PMA/ionomycin for 3 hours and 4 populations of cytokine secreting cells (IL-17+IFN-c-, IL-17+IFN-c+, IL-17-IFN-
c+, and IL-17-IFN-c-) were sorted by flow cytometry using IFN-c and IL-17 cytokine secretion assay kits. C: NR4A2 expression by populations of
cytokine-secreting CD4+ T cells was quantified by real time PCR at day 15 post-EAE induction for lymph nodes (LN) and CNS-infiltrating cells (CNS),
and day 25 for blood T cells. D and E: NR4A2 expression by IL-17+IFN-c2 or IL-17+IFN-c+ CNS-infiltrating T cells (D) or blood T cells (E) was measured
by real time PCR at a range of timepoints. Data are representative of 2 independent experiments. F: Th1-mediated diabetes was induced in C57BL/6
mice by 5 daily low dose STZ treatments. Other groups of C57BL/6 mice were immunized with peptides in CFA plus PTX either OVA323–339 (OVA/CFA)
or MOG35–55 (MOG/CFA). On day 22, NR4A2 expression was assessed by real time PCR amongst CD4+ T cells from spleen and leukocytes isolated from
the relevant target organ (ND, OVA/CFA; CNS, EAE; pancreas, STZ). Timepoints correspond to a minimum of 5 animals and data are representative of 2
independent experiments.
doi:10.1371/journal.pone.0056595.g001
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Figure 2. NR4A2 knockdown prevents IL-17 secretion but not RORct upregulation. Naı̈ve CD4+ T cells were transfected by electroporation
with NR4A2-specific siRNA or scrambled control siRNA. Cells were then activated with 5 mg/ml plate-bound CD3-specific mAb and 0.5 mg/ml soluble
CD28-specific mAb. A: IFN-c production by cells activated in the presence or absence of 10 ng/ml IL-12 after 96 hours of culture. B: IL-17 production

NR4A2 Controls Th17-Mediated Autoimmunity

PLOS ONE | www.plosone.org 5 February 2013 | Volume 8 | Issue 2 | e56595



cells to secrete IL-17 but not IFN-c (Fig. 5B) when restimulated

with the immunizing peptide. NR4A2 siRNA treatment also led to

a lower proportion of T cells in the target organ that produced IL-

17 upon non-specific restimulation during early timepoints

(summarized in Fig. 5C; representative data, Fig. S4B). However,

we observed that the effect of NR4A2 siRNA is not persistent, and

the mice showed signs of late onset EAE after day 21 (Fig. 5A)

accompanied by an increase in the proportion of IL-17+ T cells in

the CNS (Fig. 5C). Since collagen-stabilized siRNA maintains its

suppressive activity in vivo for approximately three weeks [43], the

by cells activated in the presence of 20 ng/ml IL-6, 20 ng/ml IL-23, and TGF-b at a range of concentrations after 96 hours of culture. Significant
differences between control and NR4A2 siRNA-treatments were tested with a student’s t-test, *p,0.05. C: IL-17 and IFN-c intracellular cytokine
staining for transfected T cells (control siRNA, left plots; NR4A2 siRNA, right plots) cultured for 96 hours in the presence of 10 ng/ml IL-12 (Th1
conditions, top row plots) or 20 ng/ml IL-6, 20 ng/ml IL-23, and 3 ng/ml TGF-b (Th17 conditions, bottom row plots). D: RORct RNA expression as
measured by real time PCR by activated T cells cultured under Th17 polarizing conditions at a range of timepoints. Data are representative of 5
independent experiments.
doi:10.1371/journal.pone.0056595.g002

Figure 3. Absence of NR4A2 is associated with a lack of IL-21 production by Th17 cells. Naı̈ve CD4+ T cells were transfected by
electroporation with NR4A2-specific siRNA or scrambled control siRNA and were activated with 5 mg/ml plate-bound CD3-specific mAb and 0.5 mg/
ml soluble CD28-specific mAb in the presence of 20 ng/ml IL-6, 20 ng/ml IL-23, and 3 ng/ml TGF-b. A: RNA levels of IL-21, IL-23R, and IL-17 were
quantified by real time PCR at the indicated timepoints following activation. Data are representative of 3 independent experiments. B: IL-21
supernatant concentration was measured by ELISA at 96 hours. Data are representative of 3 independent experiments. *p,0.05. C: RNA expression
of c-maf quantified by real time PCR. D: RNA expression of IL-22 quantified by real time PCR. Data are representative of 2 independent experiments.
doi:10.1371/journal.pone.0056595.g003
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later onset of EAE may reflect the reduced potency of the siRNA.

We then tested the effect of injection of NR4A2 siRNA at a later

timepoint. Interestingly, when the NR4A2 siRNA was given on

day 10 post-EAE induction, clinical EAE was greatly reduced, and

unlike treatment at day 0, no increase in disease was observed after

day 20 (Fig. 5D). These results indicate that NR4A2 targeting

Figure 4. Exogenous IL-21 restores IL-17 production in the absence of NR4A2. Naı̈ve CD4+ T cells were transfected by electroporation with
NR4A2-specific siRNA or scrambled control siRNA and were activated with 5 mg/ml plate-bound CD3-specific mAb and 0. 5 mg/ml soluble CD28-
specific mAb in the presence of 20 ng/ml IL-6, 20 ng/ml IL-23, and 3 ng/ml TGF-b. To some wells, recombinant IL-21 was added as indicated. A: IL-17
was measured in the supernatants of control or NR4A2 siRNA-treated T cells by ELISA after 96 hours of culture under Th17 polarizing conditions in the
presence or absence of IL-21 at the indicated concentrations. *p,0.05. Data are representative of 3 independent experiments. B: IL-23R expression
was assessed by intracellular flow cytometric staining after 96 hours of culture under Th17 polarizing conditions in the presence (right plots) or
absence (left plots) of 100 pg/ml recombinant IL-21 for control siRNA-treated T cells (top) and NR4A2 siRNA-treated T cells (bottom row). Data are
representative of 2 independent experiments.
doi:10.1371/journal.pone.0056595.g004
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siRNA is not only preventative, but also therapeutic against the

development of EAE. Furthermore, the CNS-infiltrating T cells

also showed reduced expression of IL-21 and IL-23R (Fig. 5E&F),

reminiscent of the in vitro blocking of NR4A2 during Th17 cell

differentiation. Based on these data, we suggest that NR4A2 is

a key factor for Th17 differentiation in vivo during the initiation of

autoimmune responses via its control of IL-21 and IL-23R

expression.

Discussion

In this study, we demonstrate that the orphan nuclear receptor

NR4A2 is highly expressed by IL-17-secreting T cells infiltrating

the target organ of EAE and EAU. When upregulation of NR4A2

was prevented in vitro, Th17-polarizing T cells expressing RORct

did not further differentiate into mature Th17 cell capable of

producing IL-21 and IL-17. This inhibition of Th17 cell

differentiation was associated with disruption of autocrine IL-21

signalling. In vitro analysis showed that adding exogenous IL-21

restored the ability of the NR4A2 knocked-down Th17 cells to

express IL-23R and produce IL-17. Furthermore, in vivo injection

of NR4A2 siRNA prevented the development of EAE by

specifically inhibiting Th17 cell production of IL-17, but not

affecting Th1 cells. Based on these findings, we propose that

NR4A2 has direct effects on T cell pathogenicity or plays a critical

role in continuous new Th17 differentiation and thus it

orchestrates effector functions of Th17 cells in mediating

autoimmune diseases.

Reagents that dampen the function of Th17 cells are of practical

interest in clinical settings. Indeed, an IL-17A-specific antibody

was efficacious in clinical trials of human psoriasis, uveitis, and

rheumatoid arthritis [44]. Although the effects of IL-17 blockade

on EAE appear to be only modest [45,46], clinical trials are

currently in progress to test IL-17A-specific antibody treatment in

MS patients. As Th17 cells probably generate a range of

proinflammatory cytokines, it is debatable how effective a therapy

targeting a single cytokine may prove. NR4A2 appears to control

various molecules regulated by IL-21 signalling and therefore

a drug targeting NR4A2 may prove more effective than an

antibody against a single cytokine.

We previously described that forced expression of NR4A2 in

resting T cells led to a modest increase in IFN-c production

following nonspecific stimulation and suggested that NR4A2

might be involved in both Th1 and Th17 cell responses [27]. In

contrast, we here reveal that only Th17 cells were found to express

NR4A2 in the lesions of EAE, implying that NR4A2 plays a more

important role in Th17 cells than in Th1 cells during autoimmune

inflammation. However, it is not surprising to see a reduced IFN-c
production in NR4A2 knocked-down T cells in vitro (Fig. 2A), since

IL-21 has potentials to modulate IFN-c production under

particular conditions [47]. An unexpected report was that the

absence of NR4A2 led to increased expression of IFN-c [37]. The

authors argued that the increased production of IFN-c was due to

reduced activity of Foxp3+ regulatory T cells that are also

dependent on NR4A2 [37]. However, this report does not

contradict with our results, because in our in vitro experiments,

we have explicitly removed regulatory T cells from the starting cell

populations.

In agreement with previous studies [17,48], our results showed

that autocrine IL-21 production would promote IL-23R expres-

sion and subsequent production of IL-17 during Th17 cell

Figure 5. Systemic administration of NR4A2-specific siRNA reduces EAE severity. siRNA, either NR4A2-specific or control, was stabilized in
a collagen matrix and administered i.v. to groups of C57BL/6 mice at the time of EAE induction. EAE was scored clinically (A) and at day 15 post-EAE
induction, production of IL-17 and IFN-c by CNS-infiltrating leukocytes restimulated with 20 mg/ml MOG peptide for 96 hours were assessed by ELISA
(B). CNS-infiltrating T cells were also assessed for IL-17 production at a range of timepoints by intracellular flow cytometry (C). Data are representative
of 3 independent experiments. Control or NR4A2-specific siRNA was applied to MOG-immunized mice at day 10 post-disease induction and disease
was scored clinically (D). Timepoints correspond to a minimum of 5 animals and data are representative of 2 independent experiments. IL-21 and IL-
23R expressions amongst CNS-infiltrating T cells were measured by real time PCR (E&F). Data are representative of 2 independent experiments.
Clinical scores in panels A) and D) were tested with a two-way ANOVA test. *p,0.01, **p,0.001.
doi:10.1371/journal.pone.0056595.g005
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differentiation. When NR4A2 upregulation was blocked by siRNA

treatment, the production of IL-17 was greatly reduced, although

RORct expression was maintained, but exogenously added IL-21

restored IL-17 and IL-23R expression. Furthermore, NR4A2 also

appeared to be required for the induction of the transcription

factor that controls IL-21 secretion following Th17 differentiation,

c-maf [41]. Moreover, lack of NR4A2 had little effect on RORct

expression, implying that this transcription factor is not associated

with an IL-21-related pathway. It is interesting that IL-22

production is also maintained in the absence of NR4A2, despite

the lack of IL-23R, suggesting that this cytokine could be produced

via IL-23-independent pathways. TGF-b signals usually inhibit IL-

22 production [16], however it is conceivable that these inhibitory

signals are ineffective without NR4A2, thus allowing IL-22

secretion in the absence of increased IL-23R expression. Thus,

NR4A2 modulation of Th17 cells may be limited to a role in the c-

maf/IL-21 pathway, which ultimately controls IL-23R regulation

and subsequent signalling. Given the critical role of IL-23 during

pathogenic Th17 cell differentiation [16], the ability of NR4A2

siRNA to affect IL-23R expression by inhibiting IL-21 production

cannot be ignored. It has been shown that IL-21 can drive Th17

differentiation [49] and thus enhance the initiation phase of EAE

[50]. Therefore, the NR4A2-IL-21 pathway is particularly in-

teresting as a therapeutic target. On the other hand, although

a report claims that IL-21 is essential for Th17 differentiation [39],

other reports showed Th17 differentiation in the absence of IL-21,

albeit at a reduced level [14], and IL-17 production and EAE

induction were not entirely blocked without IL-21 autocrine

signals [51,52]. The discrepancy regarding the role of IL-21 in

Th17 cell induction remains to be fully understood and it is

possible that absence of IL-21 signalling in gene knockout mice

may be compensated by an alternative cytokine signalling

pathway. However, our data may be explained by direct effects

of NR4A2 on IL-23R upregulation as well as on the c-maf/IL-21

pathway.

In conclusion, our findings highlight the application of siRNA

in vivo to modulate immunologic pathways that generate patho-

genic autoimmune responses. Furthermore, our discovery of the

key role of NR4A2 signalling in Th17 differentiation and our

identification of the involvement of NR4A2 in generating

autoimmune response in vivo suggest a new target for intervention

in Th17-mediated autoimmune disease. This view is supported by

our direct demonstration that manipulation of NR4A2 expression

by siRNA treatment in established disease ameliorated clinical

symptoms. Thus, future therapies targeting NR4A2 may prove

highly effective in treating particular autoimmune diseases.

Supporting Information

Figure S1 EAE or EAU was induced in C57BL/6 mice by
immunization with MOG35–55 or IRBP1–20 peptide in
CFA. EAE was scored clinically (A). CD4+ T cells were purified

from the retina on the indicated days, and EAU disease severity

was evaluated by flow cytometric enumeration of ocular infiltrates

for EAU (B). Timepoints correspond to a minimum of 5 animals

and data are representative of 3 independent experiments. A

group of C57BL/6 mice received a low dose of STZ daily for 5

days. Clinical diabetes was tested by measurement of urine glucose

level, with diabetes confirmed by consecutive urine glucose result

of greater than $300 mg/dl (C). Plot C shows percentage

diabetes. Other groups of C57BL/6 mice were immunized with

peptides in CFA plus PTX either OVA323–339 (OVA/CFA) or

MOG35–55 (MOG/CFA). On day 22, splenocytes and leukocytes

isolated from the relevant target organ (ND, OVA/CFA; CNS,

EAE; pancreas, STZ) were restimulated with 20 mg/ml of the

immunizing peptide, or with soluble anti-CD3 (for STZ); after 96

hours, IL-17 and IFN-c were measured in supernatants by ELISA

(D). NR4A2 expression by blood T cells was also measured at

a range of timepoints (E). Timepoints correspond to a minimum of

5 animals and data are representative of 2 independent

experiments.

(TIF)

Figure S2 Naı̈ve CD4+ T cells were transfected by
electroporation with NR4A2-specific siRNA or scram-
bled control siRNA. Cells were then activated with 5 mg/ml

plate-bound CD3-specific mAb and 0.5 mg/ml soluble CD28-

specific mAb in the presence of 20 ng/ml IL-6, 20 ng/ml IL-23,

and 3 ng/ml TGF-b. NR4A2 expression was assessed at a range

of timepoints by RT PCR (A). Data are representative of 5

independent experiments. Cell proliferation of transfected cells

following anti-CD3/anti-CD28 stimulation in the presence of Th1

(+10 ng/ml IL-12), Th17 (+20 ng/ml IL-6, 20 ng/ml IL-23, and

3 ng/ml TGF-b), or in the absence of polarizing cytokines was

measured at 96 hours by the incorporation of 3H-thymidine. Data

are representative of 2 independent experiments.

(TIF)

Figure S3 Naı̈ve CD4+ T cells transfected by electro-
poration with NR4A2-specific siRNA or scrambled
control siRNA were activated with plate-bound CD3-
specific mAb and soluble CD28-specific mAb in the
presence of 10 mg/ml IFN-c-specific and IL-4-specific
mAb, with either 20 ng/ml IL-6, 2 ng/ml TGF-b (IL-6+
TGF-b) or with 10 ng/ml TGF-b (TGF-b). Foxp3 expression

at 96 hours as measured by real time PCR is shown in plot A. Data

shown represent averages of 4 independent experiments. Naı̈ve

CD4+ T cells were transfected by electroporation with 2 siRNAs:

either Foxp3-specific siRNA or relevant scrambled control siRNA

and with either NR4A2-specific siRNA or relevant scrambled

control siRNA. This yielded 4 cell types: 1) Foxp3 control/NR4A2

control (C/C); 2) Foxp3 control/NR4A2 siRNA (C/N); 3) Foxp3

siRNA/NR4A2 control (F/C); and 4) Foxp3 siRNA/NR4A2

siRNA (F/N). Cells were then activated with plate-bound CD3-

specific mAb and soluble CD28-specific mAb in the presence of

10 mg/ml IFN-c-specific and IL-4-specific mAb with either

20 ng/ml IL-6, 2 ng/ml TGF-b (IL-6+ TGF-b) or with 10 ng/

ml TGF-b (TGF-b). Plot B shows IL-17 production from each of 4

siRNA-treated cell types at 96 hours as measured by ELISA. Data

are representative of 2 independent experiments. siRNA, either

NR4A2-specific or control, was stabilized in a collagen matrix and

administered i.v. to groups of C57BL/6 mice at the time of EAE

induction. At the indicated timepoints, CNS-infiltrating T cells

were FACS-sorted and NR4A2 expression was assessed by RT

PCR (A). CNS-infiltrating leukocytes from day 15 post-EAE

induction from control or NR4A2 siRNA-treated mice were

restimulated with PMA/ionomycin for 5 hours, and IL-17 and

IFN-c production were visualized by intracellular flow cytometric

staining (B). Data are representative of 3 independent experiments

(TIF)

Figure S4 siRNA, either NR4A2-specific or control, was
stabilized in a collagen matrix and administered i.v. to
groups of C57BL/6 mice at the time of EAE induction. At

the indicated timepoints, CNS-infiltrating T cells were FACS-

sorted and NR4A2 expression was assessed by RT PCR (A). CNS-

infiltrating leukocytes from day 15 post-EAE induction from

control or NR4A2 siRNA-treated mice were restimulated with

PMA/ionomycin for 5 hours, and IL-17 and IFN-c production
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were visualized by intracellular flow cytometric staining (B). Data

are representative of 3 independent experiments.

(TIF)
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