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Macrophage activation is an essential cellular pro-

cess underlying innate immunity, enabling the

body to combat bacteria and other pathogens. In

addition to host defense, activated macrophages

play a central role in atherogenesis, autoimmunity,

and a variety of inflammatory diseases. As mem-

bers of the Nuclear Receptor Signaling Atlas

(NURSA) program, we employed quantitative real-

time PCR (qPCR) to provide a comprehensive as-

sessment of changes in expression of the 49 mem-

bers of the murine nuclear receptor superfamily. In

this study, we have identified a network of 28 nu-

clear receptors associated with the activation of

bone marrow-derived macrophages by lipopoly-

saccharide or the prototypic cytokine interferon �.

More than half of this network is deployed in three

intricate and highly scripted temporal phases that

are unique for each activator. Thus, early receptors

whose expression peaks within 4 h after lipopoly-

saccharide exposure, such as glucocorticoid re-

ceptor, peroxisome proliferator-activated receptor

�, and neuronal growth factor 1B, are found as late

rising markers of the interferon � cascade, occur-

ring 16 h or later. The discovery of precise serial

expression patterns reveals that macrophage ac-

tivation is the product of an underlying process

that impacts the genome within minutes and iden-

tifies a collection of new therapeutic targets for

controlling inflammation by disruption of presump-

tive regulatory cascades. (Molecular Endocrinol-

ogy 19: 2466–2477, 2005)

MACROPHAGES ARE THE major differentiated

cell type of the mononuclear phagocyte system

and serve as key effectors in antimicrobial defense,

atherogenesis, autoimmunity, and other inflammatory

diseases (1). By nature, they exist in a benign state but

are able to sense and respond to microbial products

and cytokines to mount an inflammatory response to

eliminate offending pathogens. Such stimuli arm the

macrophage by activating their capacity to phagocy-

tose, process, and present antigens, and elaborate
inflammatory mediators. Numerous extracellular in-
ducers of macrophage activation have been identified,
among the most studied of which are lipopolysaccha-
ride (LPS) and interferon � (IFN-�). The molecular na-
ture of activation, however, is largely not understood.
The goal of this work is to use the nuclear receptors as
a prototypic regulatory family to formulate a strategy
to address this problem.

LPS is a structurally heterogeneous material con-
tained within the cell wall of gram-negative bacteria
and is recognized by animals as a molecular corre-
late to infection. It binds to Toll-like receptor 4,
triggering multiple signaling cascades including
those mediated through the transcription factor nu-
clear factor (NF)-�B and the Janus N-terminal kinase
and p38 kinase pathways (2). LPS elicits multiple
macrophage pro- and antiinflammatory cytokines,
and the resulting effects may be protective or dele-
terious. Pretreatment of animals with LPS protects
against bacterial infection and animals with muta-
tions in the LPS receptor have enhanced pathogen
susceptibility (3–7), yet LPS is one of the main
causes of shock in sepsis. Hence, localized LPS
responses triggered by small inoculums of gram-
negative bacteria may be beneficial, but large doses
that trigger systemic effects may be fatal.
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IFN-� is a cytokine secreted by activated T cells and

natural killer cells. Binding to its cognate receptor re-

sults in the activation of Janus kinase-signal trans-

ducer and activator of transcription and other signal

transduction pathways involved in macrophage acti-

vation. IFN-�-induced signals alter macrophage func-

tions in immune surveillance, tumor suppression, and

antiproliferative and antimicrobial responses and elicit

a distinct set of inflammatory mediators (8).

Modification of gene expression is the mechanistic

foundation for stimulus-induced activation of macro-

phages (1). Members of the NF-�B, signal transducer

and activator of transcription, activator protein-1,

CCAAT enhancer-binding protein, and interferon reg-

ulatory factor families are well-described transcription

factors controlling macrophage gene expression.

Whereas the glucocorticoid receptor (GR) has long

been used as a potent antiinflammatory drug target, a

growing body of work has implicated other members

of the nuclear receptor superfamily, including the per-

oxisome proliferator-activated receptors (PPARs) and

liver X receptors (LXRs), in the transcriptional control

of macrophage lipid homeostasis and inflammation.

Given the importance of this limited number of nuclear

receptors in controlling macrophage function, we

sought to identify the full complement of nuclear re-

ceptors expressed within the macrophage lineage.

Twenty-eight receptors, several of which were not pre-

viously known to be expressed in the macrophage,

were identified, and their temporal patterns of expres-

sion suggest transcriptional cascades involving multi-

ple ligand-responsive receptors. This study provides a

wealth of information to be exploited in understanding

the dynamics of the activation process. Moreover, it

demonstrates the value of comprehensive expression

profiling of a regulatory gene family to provide hypoth-

esis-driven approaches for dissecting a complex bio-

logical process.

RESULTS AND DISCUSSION

Mouse primary bone marrow-derived macrophages
were exposed to media containing LPS or IFN-�, and
the resulting expression of inflammatory target genes
and the 49 nuclear receptors were assessed over a
24-h time course using a high-throughput qPCR plat-
form. RNA was isolated from cells harvested at 0, 0.5,
1, 2, 4, 8, 16, and 24 h after stimulation (Fig. 1) along
with a parallel set of control samples from nonstimu-
lated cells.

The Atlas of Macrophage Nuclear Receptors

Composite gene expression analysis of the superfam-
ily at all time points revealed the presence of 28 of the
49 known nuclear receptors in macrophages. These
include nine members of the endocrine receptor fam-
ily, which are activated by high-affinity hormonal lipids,
six adopted heterodimeric orphan receptors, which
are regulated by low-affinity dietary lipids, and 13 true
orphan receptors, including seven constitutive activa-
tors and six constitutive repressors (Fig. 2A) (9). Figure
2B shows a complete tabulation of the expressed and
nonexpressed receptors along with their classification
and nomenclature. Interestingly, primary bone mar-
row-derived (Fig. 2, A and B) and RAW 264.7 (data not
shown) macrophages express the identical set of 28
nuclear receptors, which suggest this collection may
serve as a molecular signature of the macrophage.
Indeed, analysis of 39 other tissues from the body
shows that this signature is unique (Bookout, A. L., M.
Downes, R. T. Yu, R. M. Evans, and D. J. Mangelsdorf,
unpublished data). LPS or IFN-� stimulation resulted in
dynamic and unanticipated patterns of receptor tran-
scription in bone marrow-derived macrophages. Pri-
mary macrophages were also exposed to fresh media
without LPS or IFN-� and assessed for changes in
nuclear receptor, cytokine, and chemokine expres-

Fig. 1. Experimental Design
Monocyte progenitors from C57BL6/J mice were obtained and differentiated into primary macrophages. Primary macrophages

were exposed to LPS or IFN-� and harvested at the indicated time points. Samples were processed and subjected to quantitative
PCR analysis.
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sion. In most cases, there were no changes in expres-
sion over the entire time period. Several transcript
profiles for stimulated primary bone marrow-derived
macrophages are discussed below, and the entire ex-
pressed data set is available in Supplemental Fig. 3
published as supplemental data on The Endocrine
Society’s Journals Online web site at http://mend.
endojournals.org and on the Nuclear Receptor Signal-
ing ATLAS (NURSA) web site at www.nursa.org.

The Macrophage Endocrine Receptor Family

As depicted in Fig. 2, nine of the 12 members of the
endocrine receptor family are expressed within the
macrophage, including the GR, mineralocorticoid re-
ceptor (MR), estrogen receptor � (ER�), progesterone
receptor (PR), vitamin D receptor (VDR), thyroid recep-
tors � and � (TR�,�), and retinoic acid receptors � and
� (RAR�,�).

Fig. 2. The Composition of Nuclear Receptors Expressed in Macrophages
A, Twenty-eight of 49 known nuclear receptors are expressed in the macrophage. These include nine endocrine receptors, six

adopted orphan receptors that bind to low-affinity dietary lipids, and 13 orphan receptors, consisting of seven constitutive
activators and six constitutive repressors. Constituent receptors of each of these classes are listed. B, Tabular listing of nuclear
receptors expressed or nonexpressed in macrophages with their unified nomenclature system names listed in parentheses (77).
Receptors were deemed unexpressed if cycle threshold (Ct) values exceeded 35. HNF, Hepatocyte nuclear factor; SF, steroi-
dogenic factor; CAR, constitutive androstane receptor; FXR, farnesoid X receptor; PXR, pregnane X receptor; AR, androgen
receptor.
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The GR and MR are highly related and bind identical
DNA response elements. In addition, the MR binds to
both mineralocorticoids and glucocorticoids with high
affinity (10). Despite their proclivities for common li-
gands and DNA binding sites, MR and GR direct dis-
tinct, virtually complementary transcriptional pro-
grams. The precise mechanisms conferring their
specificity are unknown, although the conversion of
glucocorticoids to inactive metabolites by 11�-hy-
droxysteroid dehydrogenase enzyme 2 is suggested
as an important mechanism to inactivate intracellular
glucocorticoids in aldosterone target tissues (11). In-
terestingly, 11�-hydroxysteroid dehydrogenase en-
zyme 2 is not expressed in resting or stimulated mac-
rophages (data not shown). Given the absence of this
ligand-deactivating enzyme and the fact that glu-
cocorticoids are approximately 100-fold more con-
centrated than mineralocorticoids in the serum, it is
probable that circulating glucocorticoids activate the
MR in the macrophage. Upon LPS stimulation, GR and
MR are divergently regulated, because the GR is in-
duced by approximately 5-fold over baseline, whereas
the MR is reciprocally and dramatically suppressed
within 4 h (Fig. 3A). The function of MR in the macro-
phage is unknown, although mineralocorticoids have
been shown to increase macrophage oxidative stress
and recent studies suggest that the highly specific MR
antagonist eplerenone is antiinflammatory (12–15). By
contrast, GR and its agonists have an established
antiinflammatory role in the macrophage by virtue of
its ligand-dependent inhibition of Janus N-terminal ki-
nase, MAPK activation and the proinflammatory tran-
scription factor complexes activator protein-1 and
NF-�B (16–22). It is tempting to speculate that the
opposing regulation of GR and MR upon LPS stimu-
lation could represent a form of inflammatory modu-
lation during the first 24 h of macrophage activation.
Such effects could contribute to the phenomenon of
endotoxin tolerance, in which a primary challenge with

LPS results in insensitivity to a secondary exposure
(2). In contrast to LPS, IFN-� shows an approximately
4-fold induction of both GR and MR with no evident
attenuation (Fig. 3B). This leads to the interesting pos-
sibility that the antiinflammatory effects of glucocorti-
coids and mineralocorticoid antagonists may differ de-
pending upon the nature of the activating stimulus.

Estrogen and progesterone are well recognized for
their effects on reproductive tissues, whereas vitamin
D is known for its involvement in calcium and phos-
phorus metabolism. Interestingly, however, these
high-affinity nuclear receptor ligands, like glucocorti-
coids, modulate inflammation. The multiple sclerosis-
like experimental autoimmune encephalomyelitis
mouse model is attenuated by estrogen, and estrogen
and progesterone inhibit LPS and IFN-�-elicited in-
flammatory cytokines (23–29). Vitamin D likewise sup-
presses autoimmune diseases including autoimmune
encephalomyelitis, and the VDR is required to develop
experimental asthma (30–35). Consistent with other
reports, qPCR analysis identified ER�, PR, and VDR,
but not ER�, in macrophages (Fig. 2B) (23, 36–38).
Exposure to LPS decreases the expression of ER� and
PR by up to 70% and 85%, respectively, whereas
IFN-� treatment results in a 10-fold increase in ER�

and more than a 3-fold increase in PR transcript levels
(Fig. 3, A and B; and Supplemental Fig. 3). Alterna-
tively, LPS enhances the expression of VDR by nearly
6-fold at 24 h, and IFN-� stimulates VDR transcription
by more than 20-fold just 4 h after treatment (Fig. 3, A
and B). Again, these profiles lead to testable predic-
tions as to when activated macrophages may become
sensitive to vitamin D3, estrogenic, or progesterogenic
modulation.

TR� and TR� are important regulators of metabolic
rate and oxidative metabolism, but little is known
about their functions in macrophages, where both are
expressed (Fig. 2, A and B). Interestingly, TR� is dra-
matically induced by more than 10-fold with IFN-� but

Fig. 3. Stimulated Expression Profiles of Endocrine Nuclear Receptors
A, LPS induces the expression of GR and VDR but inhibits the expression of MR, ER�, and TR�. LPS does not alter TR� mRNA

levels. B, IFN-� enhances the expression of each of the aforementioned receptors. Basal expression at time zero (normalized to
36B4) was assigned an expression value of 100, and subsequent time points show expression relative to time zero. Error bars

represent SD.
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unaffected by LPS treatment (Fig. 3, A and B). In
contrast, TR� levels are suppressed to less than one
fourth its initial levels within 4 h of LPS exposure,
whereas it is induced by almost 5-fold with IFN-� (Fig.
3, A and B). Because IFN-� is known to induce the
macrophage respiratory burst in vitro (39), it is possible
that up-regulation of TRs could help to fuel enhanced
macrophage oxidative metabolism.

The Macrophage Adopted Orphan

Receptor Family

Members of the adopted orphan family heterodimerize
with retinoid X receptors (RXR), and function as sen-
sors for fatty acids (PPARs), oxysterols (LXRs), bile
acids (farnesoid X receptors), and xenobiotics (consti-
tutive androstane receptor and steroid and xenobiotic
receptor) (9). Together, they regulate diverse aspects
of lipid metabolism, storage, and transport. Notably,
members of the PPAR and LXR subfamilies have also
emerged as important regulators of inflammation. Six
of 12 members of the adopted orphan receptor family
are expressed within the macrophage, including
PPAR�1/2 and �, LXR� and �, and RXR� and � (Fig. 2,
A and B).

PPAR� mediates the insulin-sensitizing effects of
the thiazolidinedione class of drugs for diabetes mel-
litus and plays a critical role in adipocyte differentiation
and lipid storage. Its two receptor isoforms, PPAR�1
and PPAR�2, are expressed in the macrophage,
where they regulate cholesterol uptake and efflux (40,
41). Synthetic PPAR� agonists inhibit LPS and IFN-�-
elicited inflammatory mediators including TNF-�, IL-
1�, IL-6, matrix metalloproteinase-9, and inducible ni-

tric oxide synthase (iNOS), although some of these
effects may not be dependent upon PPAR� (42–45). In
macrophages exposed to LPS, PPAR�1 and PPAR�2
expression are dramatically suppressed within 2 h and
relative mRNA levels remain low for the duration of the
analysis, whereas IFN-� results in modest 1.5- to
3-fold inductions (Fig. 4, A and B; and Supplemental
Fig. 3). Thus, by 24 h there is an approximately 40-fold
difference in PPAR�1 or 30-fold difference in PPAR�2
transcript levels between IFN-�- and LPS-treated
cells. Based on these results, it is predicted, for in-
stance, that PPAR� agonists may have little impact on
the expression of PPAR� target genes after LPS stim-
ulation, due to low abundance of this receptor. Cor-
roborating this, the high-affinity PPAR� agonist ros-
iglitazone fails to induce the established macrophage
PPAR� targets ABCG1, CD36, and ADRP after 24 h of
LPS cotreatment (Supplemental Fig. 1) (45).

PPAR� regulates genes involved in fatty acid catab-
olism and thermogenesis in fat and skeletal muscle
and modulates inflammation in the skin and macro-
phage (46, 47). Treatment of macrophages with either
LPS or IFN-� results in approximately 4-fold induction
of PPAR� expression at 16–24 h after exposure (Fig. 4,
A and B). Unliganded PPAR� is thought to sequester
inflammatory suppressor proteins (47), so its contin-
ued expression supports a potential modulatory site
for both pathways even at late stages of activation.

LXRs are sterol-activated cholesterol sensors that
regulate a battery of genes involved in cholesterol
efflux, bile acid production, fatty acid synthesis, and
lipid transport. Both LXR� and LXR� are found in the
macrophage, where they drive cholesterol efflux
through their regulation of ATP binding cassette trans-

Fig. 4. Stimulated Expression Profiles of PPARs and LXRs
A, LPS enhances the expression of PPAR� and LXR� but inhibits PPAR� mRNA levels. LPS has minimal effects on LXR�

expression. B, IFN-� stimulates the expression of each of the PPAR and LXR isoforms expressed within the macrophage.
Basal expression at time zero (normalized to 36B4) was assigned an expression value of 100, and subsequent time points show
expression relative to time zero. Error bars represent SD.
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port proteins ABCA1 and ABCG1 (Fig. 2, A and B) (48).
Furthermore, LXR synthetic agonists inhibit LPS-in-
duced macrophage inflammatory signals including
iNOS and cyclooxygenase 2 (49). After exposure to
LPS, LXR� expression is induced by 10-fold at 16 h,
whereas LXR� levels are essentially unchanged (Fig.
4A). IFN-� treatment enhances LXR� expression by
approximately 8-fold and LXR� expression by over
3-fold at 16 h (Fig. 4B). Notably, the more dynamic
LXR�, but not LXR�, has been identified as an impor-
tant effector of innate antilisterial immunity, and LXR�

expression is likewise enhanced by listeria infection
(50). These results support the idea that LPS- and
IFN-�-induced pathways could, as with PPAR� li-
gands, be effectively targeted by LXR agonists (49).

The Orphan Nuclear Receptor Family

As shown in Fig. 2B, 13 of 25 members of the orphan
nuclear receptor family are expressed in macro-
phages. These include both constitutive activators
[neuronal growth factor 1B (NGFIB), neuron-derived
orphan A receptor (NOR) 1, nuclear receptor-related
(NURR) 1, estrogen-related receptor (ERR) 1, RAR-
related orphan receptor (ROR) �/�, and germ cell nu-
clear factor] and constitutive repressors [chicken
ovalbumin upstream promoter-transcription factor
(COUP-TF) 3, orphan receptor encoded on the non-
coding strand of the thyroid receptor-� and -�, small
heterodimeric partner, TR2, and TR4] that bind DNA
either as monomers, homodimers, or RXR het-
erodimers. Despite such significant representation,
their functions within the macrophage are virtually
unknown.

Among the orphan receptors expressed in macro-
phages, the NR4A subgroup including NGFIB,
NURR1, and NOR1 (Fig. 2, A and B) shows an unusual

nested expression pattern. The crystal structure or
NURR1 reveals no ligand binding pocket, indicating
that its constitutive activity, if modulated, would be
through a second message signaling pathway (51).
These receptors mediate immediate-early responses
to numerous stimuli acting at the cell surface, bind to
diverse promoter elements as monomers, ho-
modimers, or as heterodimers (except NOR1) with
RXR, and may be antagonized by glucocorticoids at
certain promoters (52). Activation of NGFIB has been
reported to promote apoptosis in a caspase-indepen-
dent manner in macrophages, to interact with Bcl-2
during translocation to mitochondria, and to mediate
negative selection of T cells and other cells during
development. Additionally, NGFIB opposes the proin-
flammatory signaling molecule NF�B in Jurkat cells
and TNF-�-mediated apoptosis in mouse embryonic
fibroblasts (53–56). In response to extracellular sig-
nals, NR4A receptors may function as molecular
switches between transcriptional programs of activa-
tion, differentiation, or self-destruction via dynamic
interactions with NF�B and glucocorticoid signaling
(57, 58). An unexpected expression cascade was dis-
covered in LPS-treated macrophages, initiated by a
15-fold induction of NGFIB within 1 h. This is followed
by an approximate 1000-fold induction of NOR1 in 2–4
h, during which NGFIB returns to basal levels. A final
wave of induction is seen with Nurr1 rising 24-fold by
16 h, during which Nor1 returns to its initial levels (Fig.
5A). This sequential pattern of expression is consistent
with a transcriptional cascade, although such a pos-
sibility remains speculative (59). Consistent with this
serial regulation hypothesis, an isoform of Nurr1 can
down-regulate the transcriptional activity of NGFIB,
which could complement the transcriptional silencing
of NGFIB expression observed after 4 h of exposure to

Fig. 5. Stimulated Expression Profiles of the NR4A Subgroup and ERR1
A, LPS stimulation induces robust and transient expression of NGF1B, NOR1, NURR1, and ERR1. B, IFN-� stimulation causes

modest stimulation of NGF1B, NOR1, NURR1, and ERR1 transcription. Basal expression at time zero (normalized to 36B4) was
assigned an expression value of 100, and subsequent time points show expression relative to time zero. Error bars represent SD.
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LPS (Fig. 5A) (60). In contrast, IFN-� treatment en-
hances the expression of all of the NR4A receptors in
a parallel rather than sequential manner with transcrip-
tion peaking 2- to 8-fold at 16–24 h after exposure (Fig.
5B).

ERR1 is a constitutively active orphan receptor and
is suggested to be a primary effector of the tissue-
specific coactivator PGC-1 and its transcriptional pro-
gram to drive oxidative phosphorylation and mito-
chondrial biogenesis (61, 62). Consistent with a
previous report, we identified ERR1 expression in
macrophages, where its function is unknown (Fig. 2, A
and B) (63). Interestingly, LPS induced ERR1 expres-
sion more than 8-fold at 8 h after exposure, followed
by a decline of levels to 2-fold above baseline at 24 h
(Fig. 5A). IFN-� likewise enhanced ERR1 expression,
with peak levels up more than 4-fold at 16 h after
treatment (Fig. 5B). If indeed ERR1 proves to have a
role in macrophage inflammatory responses, it too
could be a pharmacological target. Although no ago-
nist for this receptor has been identified, multiple an-
tagonists including diethylstilbestrol and the organic
pesticides toxaphene and chlordane have been de-
scribed, suggesting that therapeutic modulation of
ERR1 could be possible (64, 65). It is also noteworthy
that ERR1 joins a panel of receptors identified in these
studies, including TR�, TR�, and PPAR� that are each
involved in oxidative metabolism and are expressed in
macrophages, in which the role for oxidative metabo-
lism remains poorly understood.

LPS and IFN-� Induce Distinct but Overlapping

Inflammatory Changes

To further explore the nature of macrophage activation
and to validate our LPS and IFN-� stimulations, we
assessed the temporal expression of macrophage in-
flammatory mediators elicited by either agent. Mono-
cyte chemoattractant protein-1 (MCP-1) binds to che-
mokine receptors and recruits monocytes to areas of

inflammation (66–68), whereas iNOS catalyzes the for-
mation of nitric oxide, an oxidative mediator capable
of destroying microbes or damaging host tissues. Pre-
vious reports demonstrate that both MCP-1 and iNOS
are induced with either LPS or IFN-� (45, 69, 70). In
primary macrophages stimulated with LPS, MCP-1
transcription is induced within 1 h, peaks at more than
70 times prestimulated levels within 2 h, and dimin-
ishes to nearly basal levels at 24 h (Fig. 6A). In con-
trast, IFN-� exposure causes a more graded induction
of MCP-1, peaking at 8 h and only partially attenuating
at 24 h (Fig. 6B). iNOS expression increases a remark-
able 3500-fold over its basal levels 8 h after LPS
stimulation and is similarly induced by nearly 800-fold
after IFN-� exposure (Fig. 6, A and B). Macrophage
inflammatory protein-2 (MIP-2) is a macrophage-de-
rived, proinflammatory chemokine involved in neutro-
phil chemotaxis to sites of injury or inflammation. Con-
sistent with other studies, LPS and IFN-� differentially
regulate MIP-2 expression; it is enhanced almost 100-
fold by LPS but suppressed to 20% of its basal levels
by IFN-� (Fig. 6, A and B) (71, 72). The proinflammatory
cytokines IL-1�, IL-6, and TNF� are critical mediators
of the acute phase response, and each is potently
induced after LPS treatment (2). IL-6 transcript rises an
astounding 90,000-fold within 4 h after exposure to
LPS, yet shows an equally precipitous fall in expres-
sion over the next 4–8 h (Fig. 6A). Inductions of TNF�

and IL-1� message are more sustained, peaking 12-
fold at 2 h and over 6000-fold at 8 h, respectively, after
LPS exposure but remaining elevated for the duration
of the experiment. IFN-� triggers a similar, albeit more
modest induction profile for IL-6 with a peak expres-
sion of approximately 70-fold over baseline occurring
8 h after treatment (Fig. 6B). In contrast, TNF� levels
are relatively unaffected and IL-1� levels are tran-
siently suppressed by IFN-� treatment (Fig. 6B). These
data represent a selected fraction of the changes in
gene expression attendant with macrophage activa-
tion but fortify the concept that macrophage activation

Fig. 6. LPS and IFN-� Variably Alter the Expression of Inflammatory Mediators
A, LPS induces the expression of IL-1�, IL-6, iNOS, MCP-1, MIP2, and TNF�. B, IFN-� enhances transcription of IL-6, iNOS,

and MCP-1 but suppresses MIP-2 and IL-1� and has minimal effects on TNF�. Basal expression at time zero (normalized to 36B4)
was assigned an expression value of 100, and subsequent time points show expression relative to time zero. Error bars represent SD.
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encompasses a quantifiable and temporally dynamic
process.

Conclusion

We have determined the entire complement of nuclear
receptors associated with macrophage activation by
LPS and IFN-�. Using quantitative PCR, we have iden-
tified 28 nuclear receptors that appear to participate in
a process that is more dynamic and complex than
previously presumed. One of the most unusual fea-
tures of our analysis is the ephemeral expression of so
many receptors (such as ER�, ERR1, NGF1�, NOR1,
NURR1, PPAR�, TR�, and VDR) whose expression
appears to demarcate steps on the way to macro-
phage activation (Fig. 7). Minimally, this serial expres-
sion pattern reveals that macrophage activation is the
product of an underlying process that impacts the
genome within minutes and progresses through a con-
tinuum for the next 24 h. In the various expression
profiles presented here, it is evident that LPS and
IFN-� elicit similar yet distinct or in some cases op-
posing cytokine and nuclear receptor transcriptional
responses. This is particularly interesting given the
mutual capacity of IFN-� or LPS to prime macrophage
responses to the other signal (73–76).

How can one try to determine whether these chang-
ing patterns of gene expression are important? This is
a key question and one that has been addressed in
other systems, such as Drosophila differentiation,
where it is clear that a self-governing transcriptional
cascade produces a unique output, namely the ante-
rior-posterior axis. In this example, a key component
in the process is defined by the time and location when
a gene product reaches its maximum concentration.
By analogy, our ability to accurately quantify changes
in nuclear receptor mRNA offers a level of analysis not
amenable through standard DNA microarray technol-
ogy. One feature from the study is the striking respon-
siveness of certain receptors such as the NR4A sub-
group and ERR1 or PPAR� and VDR, which show
dramatic inductions after LPS or IFN-� treatment, re-
spectively, indicating rapid effects at the promoters of
these genes (Fig. 7). A search for common upstream
response elements would identify the potential trig-
gers of each activation step. A second feature is the
impressive decline of receptor mRNA levels, indicating
likely repression of the receptor genes themselves,
coupled with extremely short mRNA half-lives. This
raises the question as to the existence of decay se-
quences that direct these processes and raises a par-
allel question as to the half-lives of the encoded pro-
teins. Even without this knowledge, we can presume
that peak protein levels of a specific receptor will be at
least roughly guided by its peak mRNA concentration,
and protein immunoblot analysis of selected receptors
after stimulation, including GR and ERR1, fortify this
contention (Supplemental Fig. 2). Juxtaposition of dif-
ferent receptor expression patterns after LPS or IFN-�

treatment (Fig. 7) supports the concept of a combina-

torial regulatory code comprised of a succession of
transcriptional activators and repressors that trace
back to the zero time point of the experiment. Broadly,
nuclear receptor expression changes are early, inter-
mediate, or late markers of macrophage activation
(Fig. 7). This triphasic classification predicts potential
cooperative effects of ligand combinations in inhibiting
inflammatory responses. Some receptors in these
temporal cascades are expected to be key in propel-
ling the cell through the process of activation, whereas
others may play a more cryptic role in this process.
This former group could be particularly important for
effecting functional properties associated with macro-
phage activation such as MCP-1, iNOS, MIP2, IL-1,
IL-6, and TNF� expression. Furthermore, the use of
knockout or knockdown approaches such as RNA
interference could be valuable in determining the ex-
tent to which intermediary or ephemerally expressed
receptors contribute to downstream expression cas-
cades and activation events.

Little is known about transcriptional programs con-
trolled by nuclear receptors within the macrophage.
Their regulation is made more complex by interactions
with corepressors or coactivators and their allosteric
modification by ligands. Further work to define the
constellation of coregulators and endogenous macro-
phage ligands is already underway. Surprisingly, 18
receptors described in this study respond to known
ligands, expanding the macrophage as a potential reg-
ulatory target. Coupled with elucidation of the com-
plete atlas of macrophage nuclear receptors shown
here, further studies promise to functionally dissect
the inflammatory response and may highlight new
therapeutic approaches to infectious or inflammatory
diseases.

MATERIALS AND METHODS

Derivation of Differentiated Bone Marrow Macrophages

Marrow was flushed from the femur and tibia of wild-type
male C57Bl6/J animals (The Jackson Laboratory, Bar Harbor,
ME), purified through a Ficoll-Paque gradient (Amersham
Biosciences, Arlington Heights, IL), and cultured in DMEM
containing 20% endotoxin-reduced fetal bovine serum
(Sigma, St. Louis, MO) and 30% L929 conditioned medium
for 5 d.

LPS and IFN-� Stimulations

Differentiated macrophages were counted and replated 12 h
before stimulation using 4 � 106 cells per 6-cm plate and
incubated in macrophage serum-free (MSF) media (Invitro-
gen, Carlsbad, CA). For time course studies, MSF media were
replaced at the initiation of the experiment with fresh MSF
media (for time point of zero and control cells) or fresh MSF
containing Escherichia coli 026:B6-derived LPS 1 �g/ml
(Sigma) or mouse IFN-� 2 ng/ml (BD Pharmingen, San Diego,
CA). Cells were maintained at 37 C in a 7% CO2 incubator
over the experimental time course.
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Fig. 7. Macrophage Nuclear Receptor Expression Cascades
A, LPS exposure results in rapid, sequential, and transient expression cascades of nuclear receptors. These can be divided into

early altered genes (expression peaking within 4 h) including NGFI�, NOR1, GR, PPAR�, and ReVerb�, intermediate markers
(expression peaking within 16 h) including LXR�, PPAR�, Nurr1, COUP-TF3, and RAR�, and late altered genes (expression
peaking or still increasing at 24 h) such as VDR, ROR�, RXR�, and RXR�. The inflammatory markers IL-1�, IL-6, iNOS, MIP2, and
MCP1 are variably induced by LPS between 0 and 24 h. B, IFN-� stimulation induces distinct cascades of nuclear receptor
expression. Early markers including PPAR�, VDR, PR, RAR�, and ROR� have peak expressions within 4 h. Intermediate markers
are induced within 16 h, including ERR1, GR, Nor1, TR�, COUP-TF3, Nurr1, and LXR�. Other receptor expression peaks occur
at or later than 24 h after stimulation, including NGFI�, ER�, PPAR�1, MR, TR�, and small heterodimer partner (SHP), functioning
as late markers. Inflammatory mediators including IL-6, iNOS, and MCP-1 are induced by IFN-�, whereas MIP-2 is suppressed and
IL-1� levels vacillate. The maximum expression detected over the entire experimental time course for each indicated receptor
(normalized to 36B4) was assigned an expression value of 100. Relative expression at all time points of the experimental time course
are depicted.
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qPCR Procedures

All treatments were performed in triplicate. For time course
studies, cells were harvested at each of the indicated time
points of 0, 0.5, 1, 2, 4, 8, 16, and 24 h. For ligand treatment
studies (Supplemental Fig. 1), cells were exposed to LPS 1
�g/ml with or without rosiglitazone 1 �M in DMSO or DMSO
vehicle control solution. Upon harvesting, media were aspi-
rated and cells were lysed using 1 ml of Trizol reagent (In-
vitrogen). Total RNA was extracted from Trizol. First-strand
cDNA was synthesized with 1 �g of purified RNA using Su-
perScript II and Random Primers (Invitrogen). Samples were
subsequently treated with ribonuclease H (Invitrogen). A 384-
well microtiter dish format was used for qPCRs with SYBR
green (Sigma), and final reaction volumes were 10 �l. High-
throughput processing was achieved using a semiautomated
Beckman (Fullerton, CA) liquid handler, an ABI Prism 7900HT
(Applied Biosystems, Foster City, CA), and sequence detec-
tion system software. For each biological sample, qPCRs
were performed in quadruplicate and expression was nor-
malized to 36B4 expression. Bar graphs represent the aver-
aged relative expression of the triplicate biological samples
and the SD, assigning the initial time point a relative expres-
sion of 100% for each indicated transcript.

Primer sequences for all nuclear receptors and inflamma-
tory markers assessed in this study are available on the
NURSA web site at www.nursa.org.

Immunoblot Protein Analysis

Bone marrow-derived macrophages were stimulated with
LPS (as above), and total cell lysates were obtained at each
of the indicated time points by adding 1 ml of sample buffer
[62.5 mM Tris-HCl (pH 6.8), 2% sodium dodecyl sulfate, 10%
glycerol, 50 mM dithiothreitol, 0.01% bromophenol blue, and
protease inhibitors (Roche, Indianapolis, IN)]. Samples were
separated on 10% SDS-PAGE gel and transferred to nitro-
cellulose (GE Osmonics, Minnetonka, MN). After confirming
equal protein loading and transfer by staining with Ponceau
S, blots were incubated in blocking solution (0.1% Tween in
PBS) for 1 h. Blots were incubated for 1 h at 25 C with either
GR primary antibody (MA1-510; Affinity BioReagents
(Golden, CO)) diluted 1:500 or estrogen-related receptor �
antibody (gift of Dr. Vincent Giguere, McGill University, Mon-
treal, Quebec, Canada) 1:8000. Blots were washed three
times in 0.1% Tween in PBS, incubated in secondary anti-
body conjugated to horseradish peroxidase, rewashed in
0.1% Tween in PBS, placed in ECL substrate (SuperSignal;
Pierce, Rockford, IL), and exposed to film. Films were
scanned and band densities were assessed using NIH Im-
ageJ analysis software (Supplemental Fig. 2). The complete
data set is available in Supplemental Fig. 3 and on the
NURSA web site at http://www.nursa.org.

Experimental Animals

All animal experimentation described in this work was con-
ducted in accordance with a Salk Institute approved Institu-
tional Animal Use and Care Committee protocol.
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