
B
asic

1842 Ankita Saini et al. Eur. J. Immunol. 2016. 46: 1842–1853DOI: 10.1002/eji.201546229

Innate immunity

Research Article

Nuclear receptor expression atlas in BMDCs: Nr4a2
restricts immunogenicity of BMDCs and impedes EAE

Ankita Saini1, Sahil Mahajan1,2 and Pawan Gupta1

1 Institute of Microbial Technology, Council of Scientific and Industrial Research, Chandigarh
160036, India

2 Department of Orthopedics, Washington University School of Medicine, St. Louis, MO, USA

The nuclear receptor (NR) superfamily of transcription factors regulates various key
aspects of physiological processes; however, their role(s) in immune cells’ function are
just beginning to unravel. Although few NRs have been shown to be critical for dendritic
cell (DC) function, a lack of knowledge about their complete representation in DCs has
limited the ability to harness their full potential. Here, we performed a comprehensive NR
expression profiling and identified the key members of NR superfamily being expressed
in immature, immunogenic, and tolerogenic DCs. Comparative analysis revealed dis-
crete changes in the expression of various NRs among the studied DC subtypes, indicat-
ing a likely role in the modulation of DC functionality. Next, we characterized Nr4a2, a
member of orphan NR family, and found that it suppresses the activation of bone mar-
row derived dendritic cells triggered by LPS. Overexpression and knockdown of Nr4a2
demonstrated that Nr4a2 orchestrates the expression of immunoregulatory genes, hence
inducing a tolerogenic phenotype in bone marrow derived dendritic cells. Furthermore,
we also found that Nr4a2 provides protection from EAE by promoting an increase in Treg
cells, while limiting effector T cells. Our findings suggest a previously unidentified role
for Nr4a2 as a regulator of DC tolerogenicity and demonstrate its potential as therapeutic
target in DC-associated pathophysiologies.
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Introduction

Dendritic cells (DCs) are indispensable immune sentinels that
bridge the innate and adaptive immune responses. They have
been primarily looked upon as inducers of immunity-immunogenic
DCs; however, there is a growing body of evidence to support
another facet of their function in induction and maintenance of
tolerance-tolerogenic DCs. The phenotypic characteristics distin-
guishing these two functional DC phenotypes, immunogenic or
tolerogenic, have begun to unravel. The hallmarks of immuno-
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genic DCs include higher expression of the MHC class II and
costimulatory molecules, plus enhanced secretion of proinflam-
matory cytokines such as IL-12 and TNF-α [1]. Conversely, tolero-
genic DCs show lower expression of MHC class II and costimula-
tory molecules, while secreting cytokines such as IL-10 and TGF-β
[2–4]. This functional heterogeneity among DCs determines the
balance between effector T cells and Treg cells [5]. Dysregulation
of this balance can lead to a hampered immune response against
pathogens and tumors, as well as various autoimmune and chronic
inflammatory disorders. Immature DCs can be induced to gain
either immunogenic or tolerogenic phenotype depending upon the
extracellular milieu present: cytokines, ligands to different PRRs,
or various small molecules. Cytokines, such as TGF-β, TNF-α,
IL-10, and HGF [6–8]; ligands to different PRRs, such as LPS;
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as well as various small molecules, including cyclosporine, dex-
amethasone, 1,25-dihydroxyvitamin D3, prostaglandin E2, and
troglitazone, have all been shown to modulate the phenotype of
DCs [1, 9]. Interestingly, many of these modulators are known
to be able to exert their effects through the members of nuclear
receptor (NR) superfamily, which comprises 49 members in mice
and 48 in humans.

The NR superfamily comprises ligand-sensitive transcription
factors that regulate various metabolic, developmental, homeo-
static, and other physiological processes by modulating the expres-
sion of target genes [10, 11]. NRs have been classified into
three categories depending upon the nature of their ligands:
(i) endocrine NRs that mediate the effects of endocrine hor-
mones, (ii) orphan NRs whose regulatory ligands have not yet
been identified, and (iii) adopted orphan NRs that were origi-
nally identified as orphan NRs, but were subsequently found to
bind dietary lipids as their ligands [12, 13]. Unlike other tran-
scription factors, NRs are exceptionally promising therapeutic tar-
gets in biomedicine, because of their druggable potential. Conse-
quently, NRs have been exploited as molecular target proteins for
small molecules and biological drugs [14]. This valuable poten-
tial as drug targets and the fact that our current knowledge of
NRs in DC biology is rudimentary emphasize the need for further
identification and characterization of NR superfamily in function-
ally heterogeneous DCs. Furthermore, DC-based immune ther-
apies have been shown to be effective in various pathological
conditions. Hence, the expression and functional insights of NRs
in DCs could help to elucidate novel efficacious targets for DC
immunotherapy.

Intriguingly, NR superfamily members peroxisome
proliferator-activated receptor gamma (Pparg; Nr1c3), vita-
min D receptor (Vdr; Nr1i1), Nr3c1 also known as glucocorticoid
receptor (GR), liver X receptor alpha (Lxra; Nr1h3), retinoic
acid receptor (Rara; Nr1b1), retinoid X receptor (Rxr; Nr2b),
Nr4a1, and Nr4a3 have not only been shown to be expressed
in DCs, but are also reported to have a pivotal role in regu-
lation of DC differentiation and/or function. Upon activation
of Nr3c1, Vdr, and Pparg with their ligands, DCs display a
tolerogenic phenotype including an impaired ability to acti-
vate autoreactive T cells [15–19]. Moreover, Vdr and Nr3c1
induce a tolerogenic phenotype in DCs, which can regu-
late immune tolerance by driving the generation of Treg
cells [16, 20]. On the contrary, Lxr, Rara, and Rxr induce
immunogenicity in DCs by enhancing NF-κB signaling [21–23].
Among the Nr4a subfamily of orphan NRs, which consists of
Nr4a1, Nr4a2, and Nr4a3, it has been suggested that Nr4a3
regulates apoptosis in DCs [24], while Nr4a1 might have a
role to play in its differentiation [25]. It is known that lig-
ation of TLRs with their respective ligands induces Nr4a2
expression in DCs and macrophages [26], and that Nr4a2
modulates T-cell responses during inflammatory responses.
Also, Nr4a2-mediated inhibition of proinflammatory signal-
ing in innate immune cells has recently been shown to be
protective in Parkinson’s disease and sepsis [26–28]. Despite
this, role of Nr4a2 in dictating DC phenotype and function

remains elusive and has currently not been addressed in DC
biology.

To delineate the expression pattern of all 49 NRs in func-
tionally diverse DCs: immature, immunogenic, and tolerogenic,
we performed PCR array. This analysis allowed us to identify
NRs that were mutually and differentially expressed in each of
these DC phenotypes. Further, we identified Nr4a2 as a regula-
tor of tolerance in DCs. We found that exogenous expression of
Nr4a2 suppressed LPS-induced maturation, drove expression of
cytokines and genes characteristic of tolerogenic phenotype in
bone marrow derived DCs (BMDCs). Conversely, knockdown of
Nr4a2 altered the expression of such genes in BMDCs. Addition-
ally, we found that adoptive transfer of BMDCs overexpressing
Nr4a2 in mice induced expansion of Treg cells, curbed the abun-
dance of T effector cells, and hence halted the progression of EAE
in these animals. Together, our data assign for the first time a
function to Nr4a2 in DCs as a critical regulator of their tolerogenic
function.

Results

In vitro polarization of immature BMDCs into
immunogenic and tolerogenic phenotypes

To examine the expression of NRs in functionally distinct
DC phenotypes, we took advantage of widely used in vitro
models for differentiation of immature BMDCs into immuno-
genic or tolerogenic DCs. Stimulation with ligands that bind
and activate PRRs, such as LPS, induce maturation of DCs
into an immunogenic phenotype, whereas in the presence of
TGF-β they differentiate into tolerogenic DCs [29–31]. Thus,
in order to generate immunogenic and tolerogenic DCs, we
treated immature BMDCs with LPS or TGF-β, respectively. As
anticipated, BMDCs treated with LPS showed upregulation of
maturation markers, whereas their expression remained unal-
tered upon TGF-β treatment (Fig. 1A). LPS-treated BMDCs
also efficiently stimulated the alloreactive T-cell proliferation
(Supporting Information Fig. 1). Furthermore, prior treatment
of BMDCs with TGF-β significantly inhibited the LPS-induced
increase of these functional markers (Fig. 1A). Similarly, pre-
treatment with TGF-β suppressed the LPS-induced secretion of
proinflammatory cytokines, IL-12p70 and TNF-α, while enhanc-
ing IL-10 secretion (Fig. 1B). NF-κB signaling serves as a criti-
cal mechanism for DC maturation and DC-mediated inflamma-
tory responses by upregulating the surface expression of cos-
timulatory and MHC class II molecules, as well as genera-
tion of proinflammatory cytokines [32]. In concordance, we
observed that LPS treatment led to the activation of NF-κB
pathway, whereas this activation was abrogated when BMDCs
were pretreated with TGF-β (Fig. 1C–E). Thus, TGF-β induces
a maturation resistant tolerogenic phenotype in DCs by inhi-
bition of the NF-κB pathway. Together, these data confirmed
the generation of functionally distinct phenotypes of DCs
in vitro.
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Figure 1. Differentiation of immature
BMDCs into immunogenic and tolero-
genic DCs. BMDCs were left untreated
(control), were treated with LPS or
TGF-β for 24 h, or were incubated with
TGF-β for 12 h followed by stimulation
with LPS (TGF-β + LPS) for either 24 h
(A and B) or 30 min (C–E). (A) FACS
analysis of surface expression of MHC
class II and costimulatory molecules
CD80, CD86, and CD40 (upper panels);
graphs indicating corresponding MFI
(lower panels). (B) ELISA of IL-12p70,
TNF-α, and IL-10 secretion. (C) Levels
of phosphorylated IKKα/β, IKKα, IKKβ,
IκBα, phosphorylated IκBα, and β-actin
in cytoplasmic extract were analyzed
using immunoblot analysis. (D) NF-κB
p65 levels in cytoplasmic (CE) and
nuclear extract (NE) were determined
by immunoblot analysis. β-Actin and
lamin B acted as loading controls for
CE and NE, respectively. (E) Confocal
microscopy of the localization of NF-κB
p65 in BMDCs. DAPI: DNA-binding dye;
DIC: differential interference contrast.
Scale bars, 10 μm. *p < 0.05 and **p <

0.01 (Student’s t-test). Data in (A) and
(B) are shown as mean + SD and are
pooled from three independent exper-
iments or (C–E) are from single experi-
ment representative of three indepen-
dent experiments.

Expression profiling of NRs in immunogenic and
tolerogenic DCs

We next profiled the transcript levels of NRs in BMDCs exhibiting
immature, immunogenic, and tolerogenic phenotypes. We also
did similar analysis in BMDCs treated with TGF-β followed by LPS
treatment in anticipation of further identifying the NRs that might
govern the DC phenotype or function. The complete analysis of
all NRs revealed the presence of 39, of the 49 known murine
NRs, within the studied sets of DCs (Fig. 2A). These included 10
endocrine, 11 adopted orphan, and 18 orphan NRs (Supporting
Information Fig. 2). We also observed differential expression of
NRs among these DCs (Fig. 2B and Supporting Information Fig. 3).
We then followed a systematic approach to recognize the NRs that

might have functional role in DCs. We first focused on those NRs
that had significantly altered expression (twofold) compared to
immature DCs; these are depicted in the Venn diagram in Figure
2C as uniquely or commonly regulated. Among these, Pparg was
regulated only in immunogenic, Esr1 (Nr3a1), Nr2c2, and Thra
(Nr1a1) in tolerogenic DCs, and Rora (Nr1f1) in DCs treated with
TGF-β followed by LPS treatment. There were few NRs that were
regulated in immunogenic or tolerogenic DCs in common with
TGF-β plus LPS-treated DCs. We posited that such commonly regu-
lated NRs might represent the members acting as fine tuners or dic-
tating the polarization of DCs into either immunogenic or tolero-
genic phenotype. These include Esrra (Nr3b1), Nr3c1, Nr4a3, and
Ppard (Nr1c2) as commonly regulated NRs for immunogenic DCs
and DCs treated with TGF-β followed by LPS treatment, while
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Figure 2. Comprehensive expression analysis of NRs in BMDCs. (A) Of the 49 murine NRs, 39 are expressed in BMDCs. Transcripts with a Ct value
of 33 or more were considered not to be expressed. (B) Heat map of NRs with different fold expression in LPS-treated BMDCs (immunogenic DCs),
TGF-β-treated BMDCs (tolerogenic DCs), and BMDCs pretreated with TGF-β followed by LPS stimulation, relative to immature DCs. (C) Venn diagram
depicting exclusive and common NRs that were significantly up- or downregulated by at least twofold under different conditions. (D) Relative
expression of NRs, from (C) in immunogenic and tolerogenic DCs versus immature DCs (results are pooled and are mean of three independent
experiments). *p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s t-test).

Nr1d2, Nr2c1, and VDR as commonly regulated for tolerogenic
DCs and DCs treated with TGF-β followed by LPS treatment.

Interestingly, in a comparison of fold regulation between the
immunogenic and tolerogenic phenotypes (relative to immature
DCs), the expression of few NRs changed only during the dif-
ferentiation into one of the two DC phenotypes (the difference
was more than twofold between the two phenotypes), including
some members with almost equal expression (Fig. 2D). Nr3c1 and

Nr4a2 were induced only in immunogenic DCs, whereas Pparg was
downregulated with a relatively constant expression in tolerogenic
DCs. In contrast, VDR and Thra were downregulated in tolero-
genic DCs, but had no change in immunogenic DCs. Notably,
among these, Nr4a2 and Pparg exhibited a very high differen-
tial regulation between the two phenotypes. Furthermore, we also
speculated that to have a functional role in DCs, an NR does not
have to necessarily undergo an expression change. For example,
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Figure 3. Nr4a2 impairs the differentiation and
function of immunogenic DCs. (A) Immunoblot
analysis of Nr4a2 and β-actin in BMDCs
untreated, treated with LPS or TGF-β for 24 h,
treated with TGF-β for 12 h followed by stim-
ulation with LPS for 24 h. (B–D) BMDCs were
transduced with Ad-LacZ or Ad-Nr4a2, followed
by treatment or no treatment with LPS. (B)
MFI of MHC class II, CD80, CD86, and CD40 as
analyzed by FACS. (C–D) Cytokine production
in supernatants was determined by ELISA. (C)
IL-12p70 and TNF-α; (D) IL-10 concentration. *p
< 0.05 and **p < 0.01 (Student’s t-test). Data in
(A) are from single experiment representative
of three independent experiments, whereas (B–
D) are shown as mean + SD and are pooled from
three independent experiments.

Rxra (Nr2b1) induces immunogenicity in immature DCs [21, 22];
however, its expression did not change in any of the studied pop-
ulations of DCs. Together these data identified the expression pat-
tern of NR superfamily in functionally distinct DCs derived from
BM.

Nr4a2 modulates the function of immunogenic DCs

The greater differential modulation of Nr4a2, its unidentified role
in DCs, and its unique ability to function as a true orphan NR
prompted us to explore the role of Nr4a2 in DCs. Consistent with
the above-reported mRNA expression data, the Nr4a2 protein was

induced in immunogenic DCs (Fig. 3A). In order to elucidate the
functional role of Nr4a2 in DCs, we ectopically expressed Nr4a2 in
BMDCs by means of adenovirus (Supporting Information Fig. 4)
followed by activation with LPS. We then assessed its effect on
functional molecules known to be associated with the maturation
status of DCs. Interestingly, in the presence of LPS, BMDCs overex-
pressing Nr4a2 significantly lowered the expression of MHC class
II and costimulatory molecules, CD80, CD86, and CD40, com-
pared to LacZ overexpressing BMDCs (Fig. 3B). We also observed
significant inhibition of the proinflammatory cytokines, IL-12p70
and TNF-α, in Nr4a2 overexpressing LPS-stimulated BMDCs
than LacZ overexpressing LPS-stimulated BMDCs (Fig. 3C). Con-
versely, Nr4a2 overexpression led to a significant increase in the
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Figure 4. Nr4a2 imparts a regulatory program
in DCs. (A and B) RT-qPCR analysis for relative
expression of TGF-β in (A) BMDCs transduced
with Ad-LacZ or Ad-Nr4a2 and (B) BMDCs trans-
duced with adenovirus expressing shLacZ or
shNr4a2. (C–F) Expression of mRNA for mark-
ers of tolerogenic DCs in (C and E) cells from
(A), or (D and F) cells from (B). Target gene
expression was normalized to β-actin and is
presented as relative to control. (G and H) DQ-
OVA uptake was assessed in BMDCs trans-
duced with Ad-LacZ or Ad-Nr4a2, incubated
with or without LPS by (G) FACS and (H) con-
focal microscopy. DIC, differential interference
contrast. Scale bars, 5 μm. *p < 0.05 and **p <

0.01 (Student’s t-test). Data in (A–G) are shown
as mean + SD and are pooled from three inde-
pendent experiments, whereas (H) are from
single experiment representative of three inde-
pendent experiments.

production of the anti-inflammatory cytokine, IL-10 (Fig. 3D),
suggesting Nr4a2 might have a regulatory role in DCs. Thus,
Nr4a2 overexpression equips the cells with IL-12loTNF-αloIL-10hi

cytokine profile. Collectively, these results indicate that Nr4a2
alters the LPS-induced maturation of DCs and overrides the abil-
ity of LPS to induce an immunogenic phenotype while enhancing
the secretion of regulatory mediator, IL-10.

Nr4a2 imprints a regulatory program in DCs

We next performed more detailed studies by using both knock-
down and overexpression perturbations of Nr4a2 to further

characterize its role in DCs. IL-10 secretion, along with production
of TGF-β, substantially account for the tolerogenic capacity of DCs
[33, 34]. The above results showed that Nr4a2 induces IL-10 secre-
tion, so to further understand the immunoregulatory potential of
Nr4a2, we examined the levels of TGF-β mRNA. The expression
of TGF-β mRNA was considerably induced in BMDCs overexpress-
ing Nr4a2 as compared to LacZ overexpressing control BMDCs
(Fig. 4A). Inhibition of endogenous Nr4a2 via shRNA-mediated
knockdown (Supporting Information Fig. 5) resulted in lower
expression of mRNA of TGF-β (Fig. 4B). As Nr4a2 enhanced
both IL-10 and TGF-β expression, so we reasoned that it might
be imprinting tolerogenicity in BMDCs and further looked for
additional genes that help tolerogenic DCs to regulate immune
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response. We observed elevated levels of tolerogenic markers
glucocorticoid-induced leucine zipper protein 1 (Gilz1), Cox-
2, heme oxygenase 1 (HO1), immunoglobulin-like transcript 3
(ILT3), and retinal dehydrogenase 2 (Raldh2) in Nr4a2 overex-
pressing BMDCs, while shRNA-mediated knockdown of Nr4a2
led to their downregulation (Fig. 4C–F). We also investigated
the antigen uptake ability of BMDCs overexpressing Nr4a2 by
loading them with DQ OVA (DQ-OVA). An increased fluores-
cence was observed by flow cytometry analysis in Nr4a2 over-
expressing BMDCs, indicating an increased uptake and pro-
cessing of DQ-OVA by them (Fig. 4G). Furthermore, ectopic
expression of Nr4a2 also led to inhibition of LPS-induced
reduction in antigen uptake by BMDCs (Fig. 4G and H).
Thus, these findings suggested that Nr4a2 induces a tolero-
genic phenotype in DCs. Taken together, the differential
expression pattern of Nr4a2 and above results suggest that
it is induced in response to inflammatory signals, per-
forms a regulatory function in fine-tuning the immunogenic
capacity of DCs, potentiates their tolerogenic ability, and
thus may participate in limiting the inflammatory immune
response.

DCs overexpressing Nr4a2 impede the progression of
EAE

To evaluate the regulatory effects of Nr4a2 overexpressing BMDCs
in vivo, we used the EAE mouse model of multiple sclerosis. EAE
was induced in mice by subcutaneous immunization with emulsi-
fied myelin oligodendrocyte glycoprotein (MOG) peptide, and the
disease progression was monitored. We injected BMDCs overex-
pressing LacZ or Nr4a2 intravenously, before and 24 h after MOG
immunization. The mice receiving Nr4a2 overexpressing BMDCs
showed less clinical severity of EAE progression when compared
with mice receiving LacZ overexpressing BMDCs (Fig. 5A). Fur-
thermore, histological analysis showed less pronounced infiltra-
tion of inflammatory cells in the spinal cord sections from mice
administered with Nr4a2 overexpressing BMDCs, than those from
mice administered with LacZ overexpressing BMDCs (Fig. 5B).
Thus, BMDCs overexpressing Nr4a2 have a tolerogenic pheno-
type by virtue of which they are able to induce tolerance in the
EAE mice model and prevent its development. Tolerogenic DCs
regulate tolerance, in part, by promoting the expansion of Treg
cells and/or attenuating TH1/TH17 responses [33, 35, 36] that
contribute to the pathogenesis of several inflammatory disorders,
including EAE [37–39]. To determine if Nr4a2-induced tolero-
genic DCs regulate the expansion of Treg cells, we isolated cells
from spleen and looked at the percentage of Treg cells by analyzing
the Foxp3 expression using FACS. Intracellular staining showed a
higher frequency of Foxp3+CD4+ T cells in spleen, concomitant
with a lowered frequency of IFN-γ+ and IL-17+ CD4+ T cells in
spleen and CNS of mice receiving Nr4a2 overexpressing BMDCs
than mice receiving LacZ overexpressing BMDCs (Fig. 5C–E). Col-
lectively, these data indicate that Nr4a2-driven differentiation of

tolerogenic DCs prevents the progression of EAE by promoting the
expansion of Treg cells and curtailing effector T cells.

Discussion

DCs orchestrate T-cell response to maintain a balance between
protective immunity and tolerance, through triggering the differ-
entiation of näıve T cells into different subsets. The functional
heterogeneity of DCs is the key element that shapes the T-cell
response [5, 36]. Any disruption of this functional heterogene-
ity results in a dysregulated T-cell immune response, leading to
various pathophysiological conditions such as autoimmunity and
cancer. Activation of few NR members has been shown to decide
the fate of the DC phenotype [9, 15–25]; however, a comprehen-
sive study to identify the full set of NRs expressed in functional
phenotypes of DCs has never been delineated before. Our study
has extended the knowledge of NRs in DC functional heterogene-
ity. We revealed that a total of 39 NRs are expressed in BMDCs and
that transcript levels of these NRs vary dependent on the immuno-
genic and tolerogenic phenotype. Furthermore, we identified an
essential role for Nr4a2 in fine-tuning the tolerogenic function of
DCs. Nr4a2 helped BMDCs to acquire a distinctive regulatory pro-
file and prevented the autoimmune neuroinflammation through
a mechanism involving population expansion of Treg cells. Thus,
the induced expression of Nr4a2 in immunogenic DCs may help
it in limiting the inflammatory immune response by imprinting a
distinctive regulatory profile in DCs.

It is well established that in response to various conditioning
factors present in the microenvironment in vivo, immature DCs
can either give rise to immunogenic or tolerogenic DCs. Here, we
employed BMDCs, and using environments resembling inflamma-
tory and immunosuppressive archetypes, we differentiated them
into immunogenic and tolerogenic phenotypes that were then sub-
jected for evaluating transcript levels of NR superfamily using PCR
array analysis. Activation of Pparg has been reported to negatively
control the immunogenicity of DCs [15] and consistent with its
modulatory effects, we found that its expression was uniquely
downregulated in immunogenic DCs. Published studies suggest
an anti-inflammatory role of Esr1 and Nr2c2 in macrophages by
polarizing them toward an alternative M2 subtype [40–42]. In
addition to Thra, which also has a proposed function in modu-
lating immune response [43], the expression of Esr1 and Nr2c2
was also altered discretely in tolerogenic DCs only. However, so
far they remain unaddressed in DCs, but it is conceivable from
our data that they might also be regulating DC functionality. Sim-
ilar analysis of NRs in BMDCs treated with TGF-β followed by
LPS treatment further revealed some members of NR superfam-
ily that were commonly regulated between different studied DC
populations. Given that of these Vdr, Nr3c1, Nr4a1, Nr4a3, and
Nr1h3, already have a reported role in DCs [16–20, 23–25], we
speculate that other commonly regulated NRs might also be hav-
ing a plausible function in DCs. Another category of NRs included
those members that were constitutively expressed in immature,
immunogenic, and tolerogenic DCs. Although their expression
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Figure 5. Administration of BMDCs with
ectopic expression of Nr4a2 suppresses EAE in
mice by promoting Treg cells. WT mice were
injected intravenously with BMDCs, trans-
duced with either Ad-LacZ or Ad-Nr4a2, on
day −1 and 1 of immunization and EAE was
actively induced in these mice. (A) The dis-
ease score of EAE was monitored for 28 days.
Arrows indicate time of DC administration.
DPI: days post immunization. (B) Histopatho-
logical analysis of H&E-stained spinal cords
with pathological score. Scale bars, 50 μm.
(C) Density plots and frequencies (right graph)
of splenic Foxp3+CD4+ T cells in each group
(at day 16 post immunization), numbers in red
adjacent to outlined area indicate percent of
Foxp3+CD4+ T cells. (D and E) Cells isolated
from CNS and spleen on day 16 after EAE induc-
tion were stimulated with PMA and ionomycin
in the presence of brefeldin A. FACS analysis
of percent IFN-γ+ and IL-17+ CD4+ T cells in
(D) CNS and (E) spleen in each group. *p < 0.05
and **p < 0.01 (Student’s t-test). Data in (A),
(D), and (E) are shown as mean + SD and are
pooled from three independent experiments
with six or more mice per group, whereas (B)
and (C) are from single experiment represen-
tative of three independent experiments, with
six or more mice per group.

levels did not appear to alter, investigating their role in DCs might
be revealing, for example, Rxra from this category has been pro-
posed to enhance the immunogenicity of DCs [21, 22]. Many of
these NRs have endogenous lipids as their functional ligands and
it is increasingly appreciated that alteration in repertoires of such
lipids also contributes toward NR-mediated effects on cell fate
decisions and function [9]. Thus, it is possible that even the con-
stitutively expressed NRs might have a distinctive effect on DCs
and requires further investigation. Therefore, although expression
patterns of some NRs may give clues about their functional role,
caution should be taken and detailed studies must be performed
to determine their likely functions in DCs.

Surprisingly, none of the members of orphan NR family has
been studied in DCs yet. Therefore, the interesting expression
pattern of Nr4a subfamily, especially Nr4a2, intrigued us to fur-

ther explore the functional role of Nr4a2 in DCs. To best of our
knowledge, role of Nr4a2 in DCs has not been examined till
date and remains elusive. Although the expression of Nr4a2 has
been reported in DCs and its progenitors [44, 45], the modula-
tory effects of Nr4a2 during DC differentiation or function have
not yet been elucidated. Besides the well-established function of
Nr4a2 in the development of the nervous system, it has recently
been rediscovered as an important regulator of immune system.
Its expression in immune cells is enhanced in response to various
inflammatory stimuli and other factors [26, 46]. Nr4a2 can regu-
late various genes by trans-repressing other proteins such as NF-
κB, as well as mediating its effects by directly binding to response
elements in target genes and altering their expression [46]. There
is a growing body of evidence to support the importance of Nr4a2
as an inflammation dampener and immune regulator. In T cells,
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Foxp3 has been shown to be a direct target for Nr4a2; thereby,
inducing the expansion of Treg cells [47]. Its anti-inflammatory
role has also been highlighted in other cell types such as microglia
and astrocytes [46]. Furthermore, Nr4a2 has been recently shown
to restrain the inflammatory response by skewing the macrophage
plasticity in favor of an alternative M2 phenotype [26]. Our results
further support this immunoregulatory role of Nr4a2 in DCs as
well.

Various inflammatory stimuli initiate a distinct gene expression
program in DCs, which enable the maturation of DCs into immuno-
genic subtype. Although several modules that negatively regulate
this activation process, such as modulation of NF-κB essential mod-
ulator (NEMO) ubiquitination by Rhbdd3 protein [48], have also
been identified to be induced during intermediate or later stages,
the knowledge of such regulatory mechanisms in DCs remains
rudimentary. Negative regulation by such modules has a critical
role in controlling the systemic inflammatory responses and pre-
venting autoimmune disorders. We found that Nr4a2 was induced
in immunogenic DCs and its ectopic expression led to the suppres-
sion of LPS-triggered maturation of BMDCs. The possible explana-
tion of this could be the known NF-κB trans-repression phenom-
ena of Nr4a2; however, details of the mechanism require further
investigations. Furthermore, Nr4a2 enhanced the expression of
anti-inflammatory cytokines, IL-10 and TGF-β, and switched on a
gene program characteristic of tolerogenic phenotype of DCs, but
whether this was a result of direct or indirect gene regulation by
Nr4a2 remains to be explored. Several mechanisms, including pro-
duction of immunoregulatory factors and induction of Treg cells,
have been proposed to explain how DCs induce tolerance [33, 36].
In our study, we observed that tolerogenic DCs having ectopic
expression of Nr4a2 were able to mediate tolerance in vivo, and
halted the progression of EAE by promoting Treg cells population
while decreasing the abundance of TH1 and TH17 effector T cells.
However, we do not exclude the possibility of other mechanisms
present for induction of such tolerance. In summary, our findings
shed new light on the importance of NRs in modulating DC biology
and identified that Nr4a2 serves as a critical regulator of immune
tolerance in DCs. This functional relationship of NRs and DCs
can be further explored, and exploited for innovative therapeutic
interventions for autoimmune or other inflammatory diseases and
cancer.

Materials and methods

Mice

C57BL/6 and BALB/c mice were housed and bred in a pathogen-
free animal facility at the Institute of Microbial Technology, India.
All animal experiments were performed in compliance with pro-
cedures approved by the Institutional Animal Ethics Committee
of the Institute of Microbial Technology, and were in accordance
with the guidelines from the National Regulatory Guideline issued
by the Committee for the Purpose of Supervision of Experiments

on Animals (no. 55/1999/CPCSEA), Ministry of Environment and
Forest, Government of India.

BMDC cultures

For the generation of BMDCs, BM cells were collected from the
femur and tibia of C57BL/6 male mice and treated with RBC
lysis buffer. The precursors were cultured in ultra-low attach-
ment plates (Corning Costar) in RPMI-1640 medium (Gibco)
supplemented with 10% new born calf serum (Gibco), 1%
Penicillin-Streptomycin (Pen Strep; Gibco), 10 ng/mL of GM-CSF
(eBioscience), and 10 ng/mL of IL-4 (eBioscience) for 7 days. The
nonadherent cells were harvested on day 7 and used for experi-
ments. The expression analysis of CD11c by FACS exhibited �90%
purity. In some experiments, BMDCs were treated with LPS (1
μg/mL), TGF-β (20 ng/mL), or TGF-β (20 ng/mL) followed by
LPS (1 μg/mL) stimulation as indicated.

In vitro T-cell proliferation assay

The CD4+ T cells were obtained from spleens of BALB/c mice by
negative enrichment (558131; BD Biosciences) and labeled with
1 μM CFSE (Santa Cruz). BMDCs treated with LPS (1 μg/mL),
TGF-β (20 ng/mL), or left untreated for 24 h were then cocultured
with CFSE-labeled allogeneic T cells at a ratio of 1:10 (DC:T cell).
After 96 h, T-cell proliferation was assessed by flow cytometry as
CFSE dilution.

PCR array

Total RNA was isolated from cells using an RNeasy Mini Kit (Qia-
gen). One microgram of total RNA was immediately subjected
to reverse transcription using an RT2 First Strand Kit (Qiagen).
RT-qPCR was performed using RT² SYBR Green ROX qPCR Mas-
termix (Qiagen) and the expression of 49 murine NRs was mon-
itored by a customized RT2 Profile PCR Array (SA Bioscience)
according to the manufacturer’s protocol. Data analysis was done
using a RT2 Profiler PCR Array Data Analysis version 3.5. The rel-
ative fold expression was calculated by the software using 2−��Ct

method. The mean fold regulation provided by the software was
then plotted and the statistical significance was also indicated.
The PCR array plates also had several controls as their integral QC
part. Only those data that successfully passed the QC were used
for analysis. The standard statistical test used by the software for
data analysis was Student’s t-test.

Flow cytometry

Cells were incubated for 30 min at 4°C with fluorochrome-
conjugated anti-CD11c (553801 and 550261; BD Bioscience),
anti-CD115 (135505; BioLegend), anti-MHC class II (562823;
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BD Biosciences, 107615; BioLegend), anti-CD80 (553769; BD
Biosciences), anti-CD86 (558703; BD Biosciences), anti-CD40
(17-0401; eBioscience), or anti-CD4 (553651; BD Biosciences)
for staining of surface markers. Intracellular staining with
anti-Foxp3 (51-5773; eBioscience) was performed using an eBio-
science Foxp3/Transcription Factor Buffer Set according to the
manufacturer’s protocol. For intracellular staining of cytokines,
cells derived from spleen and CNS were stimulated with PMA
(30 ng/mL) and ionomycin (1 μM) in the presence of brefeldin
A (10 μg/mL) for 5 h. The cells were then harvested and
surface stained with anti-CD4, followed by staining with anti-
IFN-γ (505808; BioLegend) and anti-IL-17 (45-7177-82; eBio-
science) using Intracellular Fixation and Permeabilization Buffer
Set (88-8824-00; eBioscience) as per manufacturer’s instructions.
Samples were acquired on BD Accuri C6 cytometer (BD Bio-
sciences), and the data were analyzed using FlowJo software (Tree
Star, Inc.).

Confocal microscopy

For immunofluorescence, cells were fixed with 4% paraformalde-
hyde in PBS, followed by permeabilization with 0.1% v/v Triton
X-100 for 30 min. After incubation for 30 min with 5% w/v bovine
serum albumin (BSA), anti-NF-κB p65 was added for 2 h at room
temperature. Samples were washed, subsequently stained with
FITC-conjugated secondary antibody for 1 h, and then DAPI was
added to stain the nuclei. The fluorescent images of the stained
cells were acquired using an A1R Nikon confocal microscope, and
were analyzed using NIS-Elements (Nikon).

ELISA

Cell culture supernatants were collected and assayed for levels
of IL-10, IL-12p70, and TNF-α, using ELISA kits (BD Biosciences)
according to the manufacturer’s protocol.

Immunoblot analysis

The whole cell lysates, nuclear or cytosolic extracts were
prepared and protein concentration was estimated using the
Bio-Rad Protein Assay reagent (Bio-Rad Laboratories). Equal
amounts of proteins were resolved on 10% SDS-PAGE gels,
transferred to polyvinylidene difluoride membranes (Immobilon-
P, Millipore), and then blocked for 1 h with 5% skim milk
or BSA. Afterwards, membranes were probed with anti-Nr4a2
(sc-990; Santa Cruz), anti-IκBα (4814; Cell Signaling), anti-
phospho-IκBα (2859; Cell Signaling), anti-phospho-IKKα/β (2697;
Cell Signaling), anti-IKKα (2682; Cell Signaling), anti-IKKβ

(2678; Cell Signaling), anti-NF-κB p65 (4764; Cell Signaling),
anti-lamin (sc-6217; Santa Cruz), or anti-β-actin (sc-47778,
Santa Cruz), followed by HRP-conjugated secondary antibod-
ies. Luminata Forte Western HRP substrate (Millipore) was

used to detect the proteins on the polyvinylidene difluoride
membrane.

Production and transduction of adenovirus

Recombinant adenoviral particles expressing murine Nr4a2
(Ad-Nr4a2), LacZ (Ad-LacZ), short hairpin RNA (shRNA) specific
for murine Nr4a2, or shRNA for LacZ were produced as described
earlier [26]. For adenoviral transductions, BMDCs were trans-
duced with viral particles on day 7 of their culture in RPMI-1640
medium supplemented with 10% newborn calf serum and 1% Pen
Strep. After 24 h, the adenovirus was removed and fresh media
was added to the cells. The transduced cells were then further incu-
bated for another 24 h (for adenovirus-mediated overexpression)
or 48 h (for knockdown), and were then used for experimental
assays. In some experiments, transduced BMDCs were stimulated
with LPS for the last 24 h.

DQ-OVA uptake assay

Cells were initially incubated with 10 μg/mL of DQ-OVA (Molec-
ular Probes) for 1 h at either 4°C or 37°C, extensively washed
with ice-cold PBS, and analyzed by confocal microscopy or flow
cytometry. For flow cytometry analysis, the DQ-Ova uptake was
assessed by subtracting the MFI of cells incubated at 37°C with
that of 4°C for each sample.

Quantitative real-time PCR

Total RNA was isolated using an RNeasy Mini Kit (Qiagen) and
1 μg was reverse transcribed to cDNA with the Verso cDNA kit
(Thermo Scientific). Real-time PCR (RT-qPCR) was performed
using the SYBR Green method (DyNAmo ColorFlash SYBR Green
qPCR Kit, Thermo Scientific). Expression of target genes was nor-
malized to the expression of β-actin, and relative gene expression
was calculated by setting the normalized expression of target gene
in control to 1.

In vivo experiments

EAE was induced in C57BL/6 female mice by subcutaneous immu-
nization with 100 μg of MOG peptide (residues 35–55) emulsified
in CFA (day 0). On day 0 and 2, pertussis toxin (200 ng) was
given intraperitoneally. For adoptive transfer, 1 × 106 BMDCs
transduced with either Ad-LacZ or Ad-Nr4a2 were injected intra-
venously in the tail vein on day −1 and day 1 of immunization
with MOG. Animals were observed for 28 days for clinical signs
of EAE using the following scale: 0, no clinical signs; 1, limp
tail; 2, complete loss of tail tonicity; 3, partial hind limb paral-
ysis; 4, complete hind limb paralysis; and 5, forelimb paralysis.
For histopathological analysis, the spinal cords were stained with
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H&E. The H&E-stained spinal cord sections were then evaluated
for inflammation and scored as follows: 0, no evidence of inflam-
mation; 1, few inflammatory cells; 2, scattered small foci of cellular
inflammation; 3, organized perivascular cuffing multiple isolated
foci of cellular infiltration; 4, increased severity of perivascular
cuffing, multiple confluent foci of inflammation; and 5, foci of
necrosis and/or neutrophilic infiltration.

Statistical analysis

Statistical significance of data was determined by using two-tailed
Student’s t-test. p-Value of < 0.05 was considered significant.
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