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GOTerm-BP-FAT Nº
Genes

P-Valor Símbolo del gen

Regulación de la 
proliferación celular

28 1.73E-07 ITGAL, PTGS2, CXCL10, MARCKSL1, CSF1, 
EDN1, PML, ZBTB16, IL15, SLFN3, SLFN1, IL10, 
PTGES, BCL2, FGF1, LTB, RUNX3, AGPAT1, 
TRP53, ICOSL, FLT4, CD40, PRKCQ, CCND2, 
NR5A2, F2R, MED1, NANOGPD

Respuesta 
inmunológica

25 6.73E-07 CXCL11, CCL5, SBNO2, IFIH1, SP110, IL15, 
NFKB2, IL10, CLEC4E, TAP1, IL1B, BCL3, C2, 
LTB, MX2, TRP53, ICOSL, NLRP3, LAT2, H2-OA, 
CCR5, H2-OB, CCR2, OAS1B

Respuesta de defensa 24 1.04E-06 CCL5, CXCL11, CXCL10, IFIH1, PPP3R2, SP110, 
IL10, BCL2, TAP1, BCL3, IL1B, C2, THBS1, MX2, 
NFKBIZ, SELP, HCK, NLRP3, GGT5, CCR5, IFNB1, 
CCR2, BMP6, F2R

Respuesta a  hipoxia 8 7.52E-05 EDNRA, ATP1B1, ECE1, BCL2, EDN1, ARNT2, 
PML, ITPR1

Respuesta inflamatoria 14 7.69E-05 CXCL11, CCL5, CXCL10, NFKBIZ, SELP, NLRP3, 
GGT5, CCR5, CCR2, IL1B, C2, THBS1, BMP6, F2R

Respuesta a   daño 17 1.70E-04 CXCL11, CCL5, CXCL10, NFKBIZ, SELP, SYT7, 
NLRP3, TIMP3, GGT5, CCR5, BCL2, CCR2, IL1B, 
C2, THBS1, BMP6, F2R

Respuesta a  UV 6 2.32E-04 TRP53, ERCC8, FECH, BCL2, UBE4B, PML
Regulación positiva de 
la  actividad hidroxilasa

8 3.34E-04 TRP53, EDN1, PML, RGN, NLRP3, HIP1, F2R, 
THY1

Regulación del 
transporte iónico

7 4.86E-04 SLC8A1, TRPC4, BCL2, RCVRN, LTB, F2R, THY1

Morfogénesis de una
estrucutra ramificada 9 9.66E-04

EDNRA, FLT1, SFRP1, BCL2, CSF1, EDN1, PML, 
IL10, MED1

IFN-γγγγ
GW3965

ABCA1

SREBP-1
ABCG1

A

- + +
- ++

7.23

1.12

-0.00

-0.93

-3.44
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Presentación de antígeno de clase I
GW-Ctl IFN-Ctl GWIFN-Ctl

Psmb8 proteosome subunit, beta type 8 0,083 1,067 0,864
Psmb9 proteosome subunit, beta type 9 -0,455 1,596 1,634
Psmd10 proteosome 26S subunit, non-ATPase, 10 0,294 0,549 0,255
Psme2 proteasome 28 subunit, beta -0,173 1,163 1,101
Tap1 transporter 1, ATP-binding cassette, sub-family B -0,430 2,385 2,298
H2-K1 Histocompatibility 2, K1, K region -0,101 0,370 0,208
B2m beta-2 microglobulin -0,072 0,663 0,480
Tapbp TAP binding protein -0,061 0,316 0,256
Presentación de antígeno de clase II

GW-Ctl IFN-Ctl GWIFN-Ctl
H2-Aa histocompatibility 2, class II antigen A, alpha -0,087 0,625 0,465
H2-Ab1 histocompatibility 2, class II antigen A, beta 1 -0,251 1,039 0,702
H2-DMa histocompatibility 2, class II, locus DMa -0,360 1,854 1,656
H2-DMb1 histocompatibility 2, class II, locus Mb1 -0,300 1,618 1,454
H2-DMb2 histocompatibility 2, class II, locus Mb2 0,989 1,293 1,381
H2-Ea histocompatibility 2, class II antigen E alpha -0,126 1,021 0,729
H2-Eb1 histocompatibility 2, class II antigen E beta -0,212 0,818 0,551
CIIta class II transactivator -0,456 3,322 3,075
Cd74 CD74 antigen -0,142 0,533 0,404
Ctsb Cathepsin B 0,037 -0,328 -0,094
Ctsh cathepsin H -0,284 2,152 1,918
Ctsl cathepsin L -0,083 -0,474 -0,336
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Liver X Receptors Inhibit Macrophage Proliferation through
Downregulation of Cyclins D1 and B1 and Cyclin-Dependent
Kinases 2 and 4

Mónica Pascual-Garcı́a,* José M. Carbó,* Theresa León,* Jonathan Matalonga,*

Ruud Out,† Theo Van Berkel,† Maria-Rosa Sarrias,‡ Francisco Lozano,x,{

Antonio Celada,‖,# and Annabel F. Valledor*

Macrophages serve essential functions as regulators of immunity and homeostasis, and their proliferation contributes to patho-

genesis of certain disorders. In this report, we show that induction of macrophage proliferation by the growth factor M-CSF

is negatively modulated by agonists that activate the nuclear receptor liver X receptor (LXR), both in vitro and in vivo. Both iso-

forms LXR a and b are involved in the antiproliferative actions of LXR ligands in macrophages. In contrast, M-CSF does not

exert negative effects on LXR-mediated gene expression. Treatment with LXR agonists results in the accumulation of macro-

phages in the G0/G1 phase of the cell cycle without affecting ERK-1/2 phosphorylation. The use of small interfering RNA or

genetically modified mice revealed that, in contrast to other cellular models, functional expression of either the cyclin-dependent

kinase inhibitor p27KIP1 or the cholesterol transporters ATP-binding cassette A1 or ATP-binding cassette G1 was not required

for the antiproliferative effects of LXR agonists in macrophages. Western blot analysis revealed that protein expression of key

molecules that regulate progression through the cell cycle, such as cyclins D1 and B1 and cyclin-dependent kinases 2 and 4, was

downregulated upon LXR activation. These observations suggest a role for LXR agonists in limiting macrophage proliferative

responses associated to pathogenic disorders. The Journal of Immunology, 2011, 186: 000–000.

M
acrophages serve essential functions as regulators of
immunity and homeostasis (1). Macrophage activities
include the production of cytokines and other signaling

molecules that amplify acute inflammatory responses, Ag pre-
sentation and modulation of T cell responses, and the involvement

in cholesterol homeostasis (2). Regulation of macrophage pro-
liferation, differentiation, and survival is critical to the overall
control of the magnitude, duration, and characteristics of immune
and homeostatic responses (3). Among the growth factors that
influence myeloid differentiation, M-CSF acts specifically on bone
marrow precursors committed to the monocytic/macrophagic lin-
eage to promote their proliferation and differentiation (4). In ad-
dition, M-CSF prolongs macrophage survival and enhances their
functional activities in vitro (5, 6). Effects of M-CSF are mediated
through a type III tyrosine kinase receptor, which is encoded by
the proto-oncogene Fms. Binding of M-CSF induces dimerization
of this receptor and autophosphorylation of its cytoplasmic tyro-
sine residues (7, 8), which then associate with a large number of
proteins containing Src homology 2 domains that consequently
activate numerous signaling pathways. Among these pathways,
activation of the MEK/ERK cascade is required for macrophage
proliferation (9). At the level of transcription, M-CSF signaling
induces the expression of genes associated with progression
through the cell cycle, including immediate early genes such as
Myc and delayed early genes such as D-type cyclins (10). D-type
cyclins form complexes with cyclin-dependent kinases (CDK) 4
and 6, and their activity is crucial for the progression into the S
phase of the cell cycle (11). The expression of cyclin E is also
induced in response to M-CSF, although at later stages during G1.
Cyclin E interacts with CDK2 and helps maintain the retino-
blastoma protein in a hyperphosphorylated state during late G1-
to-S transition.
Nuclear receptors constitute a family of ligand-dependent

transcription factors that regulate diverse aspects of development
and homeostasis (12). Liver X receptors (LXRs) represent a subset
of the nuclear receptor superfamily that are regulated by oxidized
forms of cholesterol (oxysterols) and intermediate products of the
cholesterol biosynthetic pathway (13). Two LXR isoforms have
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been identified, LXR a (Nr1h3) and b (Nr1h2), encoded by dis-
tinct genes. To regulate positively gene expression, LXRs form
obligate heterodimers with retinoid X receptors and bind to their
target genes by recognizing specific LXR response elements (14).
At the physiological level, LXRs play important roles as inte-
grators of metabolic and inflammatory signaling (reviewed in Ref.
15). Upon activation by oxysterols, LXRs activate transcription of
genes involved in cholesterol and fatty acid homeostasis, such as
the cholesterol transporters ATP-binding cassette A1 (Abca1) and
ATP-binding cassette G1 (Abcg1) and the sterol response element
binding protein-1c (Srebp-1c). LXR activity also inhibits tran-
scriptional responses to activation of the TLR4 in macrophages by
antagonizing the actions of NF-kB (16) through a process in-
volving protein sumoylation (17). Moreover, LXR activation has
been shown to enhance macrophage survival during growth factor
deprivation and bacterial infection through the induction of an
apoptosis inhibitory protein secreted by macrophages (AIM/SP a)
(18, 19).
Recent findings have provided evidence that LXRs also regu-

late proliferation in several cellular models (20–22). Macrophage
proliferation plays an important role in the pathogenesis of a
number of diseases, including atherosclerosis (23). We therefore
investigated whether macrophage proliferation is regulated by the
LXR pathway. In this report, we show that LXR agonists inhibit
primary macrophage proliferation in response to the growth factor
M-CSF, both in vitro and in vivo, leading to accumulation of cells
in the G0/G1 phase of the cell cycle. The antiproliferative actions
of LXR agonists in macrophages were independent of functional
expression of p27KIP1 and the cholesterol transporters ABCA1 or
ABCG1. LXR activation resulted in decreased expression of
several proteins that mediate progression through the G1 phase or
entry into the S phase, such as cyclin D1 (CCND1), CDK2, and
CDK4, without affecting their mRNA levels. The expression of
cyclin B1 (CCNB1), which participates in mitotic progression, was
also downregulated. Our findings suggest a role for LXR agonists
in limiting macrophage proliferative responses in the context of
inflammation.

Materials and Methods
Reagents

Murine rM-CSF was purchased from R&D Systems (Minneapolis, MN).
Murine rIFN-g was obtained from Pierce Biotechnology (Rockford, IL).
T0901317 (T1317) was purchased from Cayman Europe (Tallinn, Estonia).
GW3965, 24, 25-epoxycholesterol, probucol, Con A, and LPS were pur-
chased from Sigma-Aldrich (St. Louis, MO). Murine rIL-3 was obtained
from PeproTech (Rocky Hill, NJ).

Cell culture and animal models

Bone marrow-derived macrophages (BMDMs) were obtained from 7-wk-
old C57BL/6 mice (Charles River Laboratories, Wilmington, MA) as de-
scribed (24). Bone marrow precursors were differentiated into macro-
phages in DMEM (PAA Laboratories, Pasching, Austria), supplemented
with 20% heat-inactivated FCS (PAA Laboratories) and 30% L-cell con-
ditioned medium (L-cell cm). Primary microglia were obtained from the
brain cortex of neonatal mice as described (25), with some modifications.
Briefly, cortical tissues were homogenized and incubated in tissue-culture
plates in the presence of DMEM/10% heat-inactivated FCS. Confluent
mixed glial cultures were subjected to mechanical detachment, and
microglia were selected by adherence to plastic flasks for 3 h. These
microglial populations were .95% pure as measured by FACS analysis
using FITC-conjugated anti-mouse F4/80 (eBioscience, San Diego, CA).

L-cell cm was obtained from L929 cells grown in DMEM supplemented
with 10% heat-inactivated FCS. In some experiments, L-cell cmwas used as
a source of M-CSF. GM-CSF–containing medium was obtained from the
fibroblast cell line J558L cultured in DMEM supplemented with 10% heat-
inactivated FCS.

rAIMwas expressed in human embryonic kidney cells (HEK-293 EBNA),
as performed previously for human AIM/SP a (26). Briefly, mouse Aim

cDNAwas obtained by reverse transcription of mouse spleen total RNA and
subsequent PCR amplification with specific primers 39-GCCCGGCTAG-
CGGAGTCTCCAACCAAAGTG-59 and 39-CGCGCGGATCCTCACACA-
TCAAAGTCTG-59, which incorporate NheI and BamHI restriction sites,
respectively. The PCR products were cloned into the pCEP.Pu vector, a
kind gift from Drs. T Sasaki and R. Timpl (Max Planck Institute for Bio-
chemistry, Martinsried, Germany), and transfected into HEK-293-EBNA
cells. Aim-transfected cells were selected in DMEM/10% FCS containing
250 mg/ml G418 and 1 mg/ml puromycin (Sigma-Aldrich). rAIM expres-
sion was confirmed by Western blot analysis with specific Abs. Cell
transfectants expressing AIM or untransfected control cells were grown to
confluence and exchanged into serum-free medium. The medium was
collected twice every 72 h.

LXR-deficient mice (27, 28) in C57BL/6 background were kindly do-
nated by Dr. David Mangelsdorf (University of Texas Southwestern
Medical Center, Dallas, TX). p27KIP1-deficient mice, originally generated
by Dr. Jim Roberts (29), were kindly provided by Dr. Manuel Serrano
(Centro Nacional de Investigaciones Oncológicas, Madrid, Spain).
ABCG1-null mice were purchased from Deltagen (San Carlos, CA) (30).
ABCA1-deficient mice and apolipoprotein E (APOE)-deficient mice, ini-
tially obtained from The Jackson Laboratory (Bar Harbor, ME), were
kindly provided by Dr. Joan Carles Escolà-Gil (Institut de Recerca de
l’Hospital de la Santa Creu i Sant Pau, Barcelona, Spain).

All of the protocols requiring animal manipulation have been approved
by the ethical committee for experimentation with animals at Parc Cientı́fic
de Barcelona and Universitat de Barcelona.

Proliferation assay

Cell proliferation was measured as previously described (31), with minor
modifications. Quiescent macrophages were stimulated with rM-CSF for
24 h. [3H]thymidine (1 mCi/ml; ICN Pharmaceuticals, Costa Mesa, CA)
was added 6 h before the end of the experiment. The cells were fixed in
70% methanol, washed in 10% TCA, and lysed in 1% SDS/0.3 M NaOH.
Radioactivity was counted by liquid scintillation using a 1400 Tri-Carb
Packard counter (GMI, Minneapolis, MN). Each point was performed in
triplicate, and the results were expressed as the mean 6 SD. To assess
microglial proliferation, microglial populations were incubated with DMEM-
10% FCS and L-cell cm. [3H]thymidine incorporation was determined as
described above.

Alternatively, macrophages were incubated with L-cell cm and LXR
agonists for several periods of time (up to 96 h). The number of viable cells
was determined by trypan blue exclusion with a hemacytometer. Each point
was performed in triplicate, and the results were expressed as the mean 6
SD.

Analysis of DNA content by flow cytometry

Cells (106) were fixed in 70% ethanol, washed in PBS, and incubated in
PBS supplemented with 0.05% Triton X-100, 5 mg/ml propidium iodide,
and 0.5 mg/ml RNase A (Sigma-Aldrich) for 1 h. Propidium iodide
staining was measured using a Cytomics FC500 MPL flow cytometer
(Beckman Coulter, Fullerton, CA). Nuclei (12,000) were counted for each
histogram and cell cycle distributions, as well as the percentage of cells in
sub-G0/G1, were analyzed with the multicycle program (Phoenix Flow
Systems, San Diego, CA).

In vivo determination of macrophage proliferative responses

A model of in vivo peritonitis was induced in 6–8-wk-old mice (C57BL/6)
by i.p. injection of Con A (40 mg/animal in 1 ml PBS) (Sigma-Aldrich).
Three days later, in vivo macrophage proliferation was induced by i.p.
injection of 5% L-cell cm in 2 ml DMEM. LXR activation was induced by
i.p. injection of T1317 (10 mg/kg) both 18 h before and simultaneously to
the proliferating agent. Positive and negative control animals were ad-
ministered two injections of vehicle (DMSO in DMEM). The cells were
obtained by peritoneal lavage 24 h after the last i.p. injection. The cells
were fixed in 70% ethanol (in PBS) and subjected to propidium iodide
staining as described above. FITC-conjugated Abs against the macrophage
surface marker F4/80 were used to determine which of the populations
detected by forward scatter/side scatter analysis corresponded to macro-
phages. For each sample, the macrophage population was gated, and cell
cycle distributions were determined as described above. Statistical analysis
was performed using the Wilcoxon/Mann–Whitney U test.

RNA extraction and quantitative real-time PCR analysis

Total RNA was extracted using TRIzol (Invitrogen, San Diego, CA) as
recommended by the manufacturer. For cDNA synthesis, 1 mg RNA was
subjected to reverse transcription using M-MLV Reverse transcriptase
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FIGURE 1. LXR agonists inhibit macrophage proliferation in a dose-dependent manner. A, BMDMs (105 cells/well) were incubated without M-CSF for

24 h. The cells were treated with the LXR agonists T1317 and GW3965 at the indicated concentrations (8 h before the addition of M-CSF). Control cells

were treated with vehicle (DMSO). The cells were then incubated with murine rM-CSF (20 ng/ml) during 24 h. B, Cells at different days after the start of

differentiation were starved for 18 h in the presence of T1317 or vehicle (DMSO) and then stimulated with L-cell cm (15% v/v) for 24 h. Cells from day 5

of differentiation were preincubated with LXR agonists or vehicle (DMSO) before addition of 5% GM-CSF–containing medium (C) or recombinant murine

IL-3 (5 ng/ml) (D). E, Quiescent primary microglia (105 cells/well) were treated with L-cell cm (15% v/v) in the presence or absence of LXR agonists

T1317 or GW3965 (1 mM). [3H]thymidine was added during the last 6 h of treatment, and cell proliferation was measured in triplicate. **p , 0.01 versus

treatment with L-cell cm. F, Quiescent macrophages (5 3 104 cells/well) were treated with T1317 (1 mM) at different times before (2) or after (+) the

stimulation with rM-CSF (10 ng/ml). Positive control cells were incubated with rM-CSF in the presence of vehicle (DMSO). Starved cells were kept in

M-CSF–free medium throughout the experiment. In A–F, [3H]thymidine incorporation from triplicates was measured as an indication of cellular prolifera-

tion. *p , 0.05, **p , 0.01 versus treatment with the proliferating agent, #p , 0.01 versus starved cells. G, Quiescent macrophages were treated with

T1317 or vehicle for 10 h. The cells were then stimulated with rM-CSF during 24 h. Control cells (Starved) were kept in M-CSF–free medium during the
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RNase H Minus, Point Mutant, and oligo(dT)15 primer (Promega, Madi-
son, WI). Quantitative real-time PCR was performed using the Power
SYBR Green Reagent Kit (Applied Biosystems, Foster City, CA). Primers
were designed so that they recognized regions located in different exons
separated by large introns (Table I). We also included internal controls
(total RNA samples before reverse transcription) to verify that there was no
amplification derived from contaminating DNA. In some experiments, the
RNA samples were treated with RNAse-free DNAse (Takara, Shiga, Ja-
pan). Real-time monitoring of PCR amplification was performed using the
ABI Prism 7900 Sequence Detection System (Applied Biosystems). Data
were expressed as relative mRNA levels normalized to the expression
values of the gene coding for the ribosomal protein L14 or the rRNA 18S.

Protein extraction and Western blot analysis

Cells were washed twice in cold PBS and lysed in lysis solution (1% Triton
X-100, 10% glycerol, 50 mM HEPES [pH 7.5], 250 mM NaCl, protease
inhibitors, and 1 mM sodium orthovanadate). Cell lysates were separated by
SDS-PAGE and transferred to nitrocellulose membranes (Hybond-ECL; GE
Healthcare Europe, Munich, Germany). Membranes were blocked in 5%
milk in TBST. To study the phosphorylation of ERK-1/2, we used mAbs
anti-diphosphorylated ERK-1/2 (clone MAPK-YT; Sigma-Aldrich) and
anti-total ERK-2 Abs from Santa Cruz Biotechnology (Santa Cruz, CA).
Cyclin protein expression was measured with an anti-cyclin kit (Rockland,
Gilbertsville, PA). Abs against CDK2 and CDK4 were purchased from
Santa Cruz Biotechnology. To check for protein loading and transfer, we
used anti-mouse a-tubulin (Invitrogen) or anti–b-actin (Sigma-Aldrich).
The membranes were washed in TBST and incubated for 1 h with
peroxidase-conjugated secondary Abs (Jackson ImmunoResearch Europe,
Suffolk, U.K. and Sigma-Aldrich). ECL detection was performed (GE
Healthcare Europe Gmbh),and the membranes were exposed to x-ray films
(Kodak, Rochester, NY).

JNK activity assay

JNK activity was measured as described (32). Briefly, cells were lysed
with nuclear extract protocols and immunoprecipitated with protein A-
Sepharose and anti–JNK-1 Ab. After several washes, the reaction was per-
formed with 1 mg GST-C-JUN (1-169; MBL International, Woburn, MA)
as JNK substrate, 20 mM ATP, and 1 mCi g[32P]-ATP. The samples were
subjected to SDS-PAGE electrophoresis, and the gel was dried and ex-
posed to x-ray films.

Small interfering RNA

We used small interfering RNA (siRNA) technology to block the induction
of the cholesterol transporters Abcg1 and Abca1 (On Target Plus Smart
Pool; Dharmacon, Lafayette, CO) or the transcription factor Srebp-1c
(validated siMax siRNA NM_011480si.1; Eurofins MWG Operon). Con-
trol siRNAs were designed against luciferase (59-CGTACGCGGAA-
TACTTCGA-39) (purchased from Dharmacon). siRNAs were transfected
into macrophages by electroporation as described (33). Briefly, macro-
phages (4 3 106 cells in 400 ml DMEM) were mixed with 1.5 mM siRNA
in 4-mm gap cuvettes (BTX no. 640; Genotronics) and placed on ice for 15
min. Electroporation was carried out at 2300 mF, 300 V, 13 V (∼27 ms)
with an ECM 600 electroporator (BTX). The samples were placed on ice
for 20 min before reconstitution in DMEM/20% FCS/30% L-cell cm.
Subsequent assays were carried out 24 h after transfection. The effec-
tiveness of the siRNAs used in this study was checked by real-time PCR.

Results
BMDMs represent an appropriate cell model for the study of the
molecular events that govern primary cell proliferation. In fact,
macrophages were central to the identification of D-type cyclins
and CDK4, and the first work showing that cell cycle proteins are
the targets for antiproliferative agents was performed in macro-
phages (34). To study the capability of LXR agonists to modulate
macrophage proliferation, we preincubated BMDMs with the syn-
thetic LXR agonists T1317 or GW3965 before the treatment with
the growth factor M-CSF (Fig. 1A). [3H]thymidine incorporation

during DNA synthesis was measured as an indication of pro-
liferation (31). In a dose-dependent manner, treatment with LXR
ligands inhibited [3H]thymidine incorporation in response to M-
CSF. The proliferative response of myeloid cells differentiating
in vitro in response to M-CSF can be readily detected after 1 d of
differentiation in vitro, with maximal levels of DNA synthesis be-
tween days 4 and 6 of in vitro differentiation (data not shown). In
all stages of differentiation, LXR activation led to inhibition of
cellular proliferation (Fig. 1B). Antiproliferative effects were also
observed in cells from day 5 of differentiation stimulated with the
cytokines GM-CSF or IL-3 in the presence of LXR ligands (Fig.
1C, 1D). Moreover, LXR agonists also inhibited proliferative
responses in primary microglia, specialized macrophages in the
CNS (Fig. 1E).
To understand the time requirements needed for LXR agonists to

affect macrophage proliferation, we treated macrophages with the
agonist T1317 at different times before and after the stimulation
with M-CSF (Fig. 1F). Maximal growth arrest was observed when
the cells were treated with the LXR agonist before the stimulation
with M-CSF. Simultaneous treatment with the LXR ligand and the
growth factor resulted in significant inhibition of proliferation.
Similar results were obtained when the LXR ligand was added 2 h
after the stimulation with M-CSF, whereas progressive loss of the
antiproliferative effects were observed when the agonist was sup-
plied at later time points. Cell cycle distribution studies showed
that treatment with T1317 resulted in accumulation of cells in the
G0/G1 phase, with inhibited transition to the S and G2/M phases
of the cell cycle (Fig. 1G).
To check whether LXR agonists exert antiproliferative actions

on macrophages in vivo, we used a murine model of peritonitis
induced by Con A. Macrophage proliferative responses were in-
duced by i.p. injection of 5% L-cell cm. Peritoneal cells were
stained with propidium iodide for flow cytometry analysis of
DNA content. Cell cycle analysis was performed for the cellular

entire length of the experiment. The DNA content was determined by flow cytometry after propidium iodide staining. Mean values6 SD of the percentage of

cells at each phase of the cell cycle were calculated from triplicates. *p , 0.05 versus starved cells, #p , 0.05, ##p , 0.01 versus M-CSF–treated cells.

Similar results were obtained in two (B–G) or three (A) independent experiments.

FIGURE 2. LXR activation inhibits macrophage proliferative responses

in vivo. Peritoneal cells were obtained from a model of Con A-elicited

peritonitis. After 3 d of Con A injection, 5% L-cell cm was injected as

a source of murine M-CSF. Control mice were injected with DMEM alone.

LXR activation was induced by two i.p. administrations of T1317 (10 mg/

kg each). Macrophage populations (expressing F4/80) were gated, and

their DNA content was determined by propidium iodide staining. The

percentage of S phase cells for each group of animals is shown (diamonds).

Mean values for each group are represented as horizontal bars. Control

animals, n = 7; animals treated with L-cell cm alone, n = 12; T1317 and L-

cell cm-treated mice, n = 10.
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population expressing the macrophage surface marker F4/80. An
increase of the percentage of cells within the S phase of the cell
cycle was observed as a response to in vivo injection of L-cell cm.
Importantly, treatment with T1317 significantly reduced the per-
centage of cells in S phase (Fig. 2).
We further analyzed the contribution of LXR isoforms to the

antiproliferative effects of LXR agonists in macrophages. BMDMs
from wild-type (wT), LXR a-deficient, LXR b-deficient, or LXR
a/b-deficient mice were incubated with LXR agonists and then
stimulated with M-CSF at different concentrations (Fig. 3A).
[3H]thymidine incorporation assays indicated that the inhibitory
effects of the LXR agonists were abolished in macrophages de-
ficient for both LXR a and b, but not in single knockout macro-
phages, which suggests that both isoforms contribute to the growth
arrest mediated by LXR agonists in these cells. These effects

were confirmed using cell-counting tests (Fig. 3B). We have pre-
viously described that immune cell activating factors, such as
LPS and IFN-g, result in macrophage growth arrest (35). In our
hands, such activating factors inhibited proliferation in both
wT and LXR-deficient macrophages (Fig. 3C), thus indicating
that macrophages deficient in LXRs have not lost the capability
to undergo growth arrest in response to proinflammatory signals.
We next evaluated whether signaling by M-CSF exerted re-

ciprocal negative effects on either expression of LXR isoforms or
the induction of LXR target genes (Fig. 4, Supplemental Fig. 1).
The expression of Lxr a and b, as well as of their heterodimeric
partners Rxr a and b, was indeed upregulated during the process
of macrophage differentiation in response to M-CSF (Fig. 4A,
Table I). No expression of Rxr g was detected in these cells (data
not shown). In differentiated macrophages, the presence of M-CSF

FIGURE 3. LXR a and b contribute to the antiproliferative effects of LXR agonists in macrophages. A, Quiescent wT, LXR a-deficient (Lxr a2/2), LXR

b-deficient (Lxr b2/2), and LXR a/b-deficient (Lxr a/b2/2) macrophages (43 104 cells/well) were incubated with T1317 or GW3965 (1 mM) during 18 h

and then stimulated with different concentrations of rM-CSF (24 h). [3H]thymidine incorporation was used as a measurement of cell proliferation. Mean

values from triplicates are represented. B, Cell counts were performed using wT (upper panel) and LXR-deficient (Lxr a/b2/2) (lower panel) macrophages.

The cells (105 cells/well) were grown in L-cell cm (30% v/v) during 4 d in the presence of either DMSO (control cells) or LXR agonists T1317, GW3965 (1

mM each), or 24,25-epoxycholesterol (epoxychol; 10 mM). Fresh agonists were added to the cells every day. Total cell counts were determined by trypan

blue exclusion at the indicated time intervals. Triplicates from each condition were used to determine the mean 6 SD. **p , 0.01 versus treatment with L-

cell cm. C, Quiescent wT and LXR-deficient (Lxr a/b2/2) macrophages (4 3 104 cells/well) were incubated with LPS (100 ng/ml), IFN-g (10 ng/ml), or

T1317 (1 mM) during 18 h and then stimulated with rM-CSF (10 ng/ml) for 24 h. Cell proliferation was measured by [3H]thymidine incorporation. *p ,
0.05, **p , 0.01 versus M-CSF treatment. The data are representative of two (B) or three (A, C) independent experiments.
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did not inhibit basal expression or the induction of LXR target
genes, including the cholesterol transporters Abca1 and Abcg1, the
transcription factor Srebp-1c, Apoe, and CII (Apoc2), and phos-
pholipid transfer protein (Pltp) (Fig. 4B). These results suggest
that M-CSF signaling does not reciprocally exert negative in-
terference on LXR activation.
Nuclear receptor activation has been shown to affect the activity

of members of the MAPK family (32, 36). Signaling through the
MAPKs ERK-1 and -2 is required for macrophage proliferation
in response to M-CSF (9, 24). For this reason, we tested whether
LXR agonists affect ERK activity during the macrophage response

to M-CSF. Treatment with the growth factor led to increased
phosphorylation of ERK-1/2 on both the cytoplasm and nucleus;
however, we did not observe decreased ERK activity in the
presence of LXR ligands (Fig. 5A). No inhibition of JNK activity
was detected either at the doses used in these experiments (Fig.
5B), which suggests that the mechanism of action that accounts
for LXR-mediated macrophage growth arrest is not related to
decreased activity of these early signaling cascades. These obser-
vations are in agreement with the capability of T1317 to still lead
to significant macrophage growth arrest even when it is supplied
2 h after the treatment with M-CSF (Fig. 1E). We also considered

FIGURE 4. M-CSF does not interfere with LXR activation or the basal expression of LXR target genes. A, Bone marrow cells were differentiated in vitro

in macrophage-differentiating media. The cells were obtained sequentially after each day of differentiation. The expression of Lxr and Rxr isoforms was

determined by quantitative real-time PCR. Gene expression values were normalized to the expression levels of 18S. Fold induction levels were calculated

using as a reference the levels of expression of each gene at day 0 (immediately after the extraction of the bone marrows). B, Starved differentiated wT

macrophages were incubated for 24 h in the presence or absence of rM-CSF (30 ng/ml) and then stimulated with T1317 (1 mM) or vehicle for 18 h. As

a negative control of LXR activation, starved LXR a/b-deficient macrophages were incubated with vehicle or T1317. The expression of LXR target genes

was evaluated by quantitative real-time PCR and normalized to the expression levels of L14. Fold induction values were calculated using the expression

levels of starved wT cells as a reference. The graphics show mean levels6 SEM from two (A) or three (B) independent experiments. *p, 0.05, **p, 0.01

versus cells from day 0 (A) or control cells without agonist (B). n.d., nondetectable levels.
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the possibility that regulation of the apoptosis inhibitory factor
AIM/SP a could, in an autocrine manner, play a role in mediating
the antiproliferative actions described in this study. AIM/SP a is
a member of the scavenger receptor cystein-rich superfamily that
is upregulated by LXR agonists in macrophages (18, 19). In
combination with TGF-b, AIM/SP a mediates growth inhibition
of B lymphocytes (37). We overexpressed murine AIM in human
embryonic kidney 293 cells and used the supernatants to assess
their effect on the proliferation of BMDMs. Control supernatants
were obtained from cells transfected with an empty vector. In
our hands, no inhibition in the proliferation rate of macrophages
was observed (Fig. 5C), although the supernatant containing
AIM did increase macrophage survival in response to growth
factor withdrawal, as indicated by the analysis of the percentage
of sub-G0/G1 nuclei by flow cytometry (Fig. 5D). These obser-
vations suggest that autocrine production of AIM is unlikely to
account for the LXR-mediated inhibition of macrophage pro-
liferation.
We further characterized changes in the expression of molecules

involved in the regulation of the cell cycle. The expression of
several cyclins and CDKs was upregulated by M-CSF, as analyzed
by Western blotting (Fig. 6A). Interestingly, LXR activation led to
decreased protein expression of CCND1 and -B1 and of CDK2
and -4 (Fig. 6A). We also observed inhibitory effects of the LXR
agonist on the mRNA expression of CcnB1 at prolonged times of
M-CSF treatment, but the mRNA expression of CcnD1, Cdk2, or
Cdk4 (Fig. 6B, Supplemental Fig. 1C) was not significantly
inhibited, which suggests that downregulation of these molecules
is not a general result of direct LXR-mediated transrepression of
their genes. Previous work described by other investigators in
vascular smooth muscle cells and prostate cancer cells suggested
a role for LXR in the regulation of the expression of S phase
kinase-associated protein 2 (SKP2) (21, 38), a protein involved in
cellular degradation of the cell cycle inhibitor p27KIP1 (39). In
our hands, we have not observed changes in the expression of
Skp2 mRNA levels in response to LXR activation in macrophages
(Fig. 6C, Supplemental Fig. 1D), and LXR agonists exerted
antiproliferative effects in p27KIP1-deficient macrophages (Fig.
6D), which suggests that the effects mediated by LXRs on mac-
rophage cyclin/CDK protein levels and proliferation are indepen-
dent of p27KIP1. Similar results were obtained in macrophages
deficient for p21WAF (Fig. 6E).

Recent findings indicated that upregulation of the cholesterol
transporter ABCG1 by LXR agonists limit the mitogen-driven
expansion of T lymphocytes (20). The authors hypothesized that
changes in the intracellular compartmentalization of sterols could
probably be sensed by components of the cell-cycle machinery. As
a consequence, conditions in which sterols are not readily avail-
able in a specific compartment could be interpreted by the cell as
a nonappropriate metabolic condition for cell division. We ana-
lyzed whether alterations in the expression of key molecules in-
volved in macrophage cholesterol homeostasis affected the
capability of LXR agonists to inhibit macrophage proliferation.
We used siRNA to downregulate the LXR-mediated induction of
Abcg1 (Supplemental Fig. 2A). However, we did not observe
changes in the capability of T1317 or GW3965 to inhibit mac-
rophage proliferation in response to M-CSF (Fig. 7A). The use of
macrophages derived from ABCG1-deficient mice confirmed
these results (Fig. 7B). Interestingly, ABCG1-deficient macro-
phages showed increased levels of proliferation in response to
M-CSF, but activation of the LXR pathway still led to significant
inhibition of macrophage proliferation in these cells. We also
tested the role of ABCA1 by using either macrophages deficient
for this protein (Fig. 7C) or siRNA technology (Fig. 7D, Sup-
plemental Fig. 2B). Similarly to ABCG1-deficient cells, macro-
phages with deficient expression of ABCA1 showed higher pro-
liferative rates, but LXR activation inhibited their proliferation.
To simultaneously inhibit the expression of both ABCA1 and
ABCG1 cholesterol transporters, we used siRNA against Abca1 in
ABCG1-deficient cells (Fig. 7D). Again, the capability of LXR
agonists to inhibit macrophage proliferation was not blocked,
and similar results were obtained when the ABCG1-deficient cells
were treated with the ABCA1 inhibitor probucol (Fig. 7E). Fi-
nally, interference with the expression of two other LXR target
genes with important roles in lipid homeostasis, namely Apoe (by
using APOE-deficient macrophages) (Fig. 7F) or Srebp-1c (via
siRNA technology) (Fig. 7G, Supplemental Fig. 2C), did not af-
fect the antiproliferative actions of LXR agonists in macrophages.
Taken together, our data suggest that macrophages have a higher
capability to proliferate in conditions that lead to reduced ABCA1
or ABCG1 expression, maybe due to intracellular cholesterol
accumulation or important changes in intracellular cholesterol
distribution. However, LXR agonists still have the capability to
inhibit macrophage proliferation in these settings, which suggests

Table I. Primers used for real time-PCR analysis

Gene Forward Primer Reverse Primer

18S 59-GTAACCCGTTGAACCCCATT-39 59-CCATCCAATCGGTAGTAGCG-39
Abca1 59-GCGAGGGCTCATCGACAT-39 59-GAAGCGGTTCTCCCCAAAC-39
Abcg1 59-TCACCCAGTTCTGCATCCTCTT-39 59-GCAGATGTGTCAGGACCGAGT-39
Apoc2 59-ACCTGTACCAGAAGACATACCC-39 59-GTAAAAATGCCTGCGTAAGTGC-39
Apoe 59-CTGACAGGATGCCTAGCCG-39 59-CGCAGGTAATCCCAGAAGC-39
Cdk2 59-AGTGGCTGCATCACAAGGA-39 59-CAAGCTCCGTCCATCTTCAT-39
Cdk4 59-TGGAGCGTTGGCTGTATCTTT-39 59-TGGAGGCAATCCAATGAGATC-39
Ccnb1 59-AAGGTGCCTGTGTGTGAACC-39 59-GTCAGCCCCATCATCTGCG-39
Ccnd1 59-GCGTACCCTGACACCAATCTC-39 59-CTCCTCTTCGCACTTCTGCTC-39
Hprt 59-ATCATTATGCCGAGGATTTGG-39 59-GCAAAGAACTTATAGCCCCC-39
L14 59-TCCCAGGCTGTTAACGCGGT-39 59-GCGCTGGCTGAATGCTCTG-39
Lxr a 59-CCTTCCTCAAGGACTTCAGTTACAA-39 59-CATGGCTCTGGAGAACTCAAAGAT-39
Lxr b 59-CATTGCGACTCCAGGACAAGA-39 59-CCCAGATCTCGGACAGCAAG-39
Pltp 59-CGCAAAGGGCCACTTTTACTA-39 59-GCCCCCATCATATAAGAACCAG-39
Skp2 59-AAACCTTTGTGGGTGCTCTG-39 59-TGGGTGATGGTGTTTGGTAA-39
Srebp-1c 59-AGGCCATCGACTACATCCG-39 59-ATCCATAGACACATCTGTGCCTC-39
Rxr a 59-TAGTCGCAGACATGGACACC-39 59-GTTGGAGAGTTGAGGGACGA-39
Rxr b 59-GCACAGAAACTCAGCCCATT-39 59-CATCCTCATGTCACGCATTT-39
Rxr g 59-GCCTGGGATTGGAAATATGA-39 59-ACACCGTAGTGCTTCCCTGA-39

Hprt, hypoxanthine guanine phosphoribosyl transferase.
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that the LXR pathway affects macrophage cyclin expression and
proliferation independently of the changes in cholesterol traffic-
king caused by the induction of ABCA1 or G1.

Discussion
The combination of anti-inflammatory and prosurvival effects
suggests that the LXR pathway may have evolved as a means to

potentiate the role of the macrophage in resolution of inflamma-
tion. In this work, we have shown that LXR agonists, in a dose-
dependent and LXR-specific manner, are capable of limiting the
expansion of macrophages and their progenitor cells in response
to M-CSF. Recent work demonstrated that activation of the LXR
pathway takes place after phagocytosis of apoptotic bodies (40),
and apoptotic uptake is known to inhibit the proliferation of mac-
rophages in response to M-CSF (41), which raises the question of
whether this effect is mediated through production of LXR
ligands.
LXR agonists have been demonstrated to exert antiprolifera-

tive actions in other cellular systems as well, including vascular
smooth muscle cells (21), prostate (38), and breast (22) cancer
cells, T lymphocytes (20), and pancreatic islet b cells (42). While
this work was under revision, Kim et al. (43) also demonstrated
antiproliferative effects of LXR agonists in several other cell lines,
including human THP-1 macrophages. Our results indicate that
both LXR a and b isoforms participate in the antiproliferative
actions of LXR agonists in macrophages. In the absence of both
isoforms, macrophages show an increased proliferative response
to M-CSF, and the inhibitory capability of synthetic LXR agonists
is abolished. Increased proliferation of glial cells has been also
observed in the brains of LXR a/b-deficient mice (44). These obser-
vations contrast with the specific requirement of LXR b for the
inhibition of mitogen- and Ag-driven expansion of T lymphocytes
mediated by oxysterols (20), which may be a consequence of LXR
b playing a more predominant role than LXR a in T cells.
The antiproliferative effects of the LXR pathway in BMDMs

correlate with inhibitory effects on the protein expression levels
of selected cyclins and CDKs. In particular, we have observed
reduced protein expression of CCND1 and -B1 and of CDK2 and
-4, although we cannot discard that other cyclins and CDKs not
tested in this study are also affected. Downregulation of CCND1,
CDK2, and CDK4 correlates with the fact that macrophages treated
with LXR agonists predominantly accumulate in the G1 phase of
the cell cycle. LXR activation only affected protein expression of
these molecules without downregulating their mRNA levels, which
suggests that, in contrast to the effects of LXR agonists on pro-
inflammatory gene expression, inhibition of CCND1, CDK2, and
CDK4 expression is not mediated by direct transrepression of the
genes encoding these proteins. Interestingly, expression of CCNB1,
which acts later during the cell cycle (45), was affected both at
the protein and mRNA levels. We cannot discard, though, that the
actions on CCNB1 expression are secondary effects resulting from
abnormal progression through the S phase of the cell cycle. LXR
activation leads to changes in cyclin expression in other cellular
models as well. For example, in vascular smooth muscle cells and
human breast cancer cells, CCNA and -D1 were affected (21, 22),
whereas changes in CCNE1 and -E2 were reported in T cells
(20). The reason why there is variability in the type of cyclins af-
fected by LXR agonists in different cellular systems has not been
determined. However, one point in common is that most of the
studies showed an arrest of cells within the G1 phase of the cell
cycle. Interestingly, some of the reports on the antiproliferative
actions of LXRs also showed stabilization of the cell cycle in-
hibitor p27KIP1, which was mediated through suppression of the
expression of SKP2, an F-box protein that targets p27KIP1 for
degradation (38, 46). However, our experiments using cells de-
rived from p27KIP1-deficient mice do not support a role for this
protein in limiting the proliferation of macrophages in response to
LXR ligands. In accordance with our observations, LXR agonists
inhibited the proliferation of specific human breast cancer cell
lines (22) and of IL-2–stimulated T cell blasts (47) without al-
tering the levels of p27KIP1. Moreover, most of the studies

FIGURE 5. LXR activation inhibits macrophage proliferation without

affecting ERK activation. A and B, Quiescent macrophages were incubated

with rM-CSF for different periods of time in the presence of either vehicle

or T1317. In A, ERK activation was determined by Western blotting using

anti-diphosphorylated ERK-1/2. Total ERK-2 was determined as a control.

In B, JNK activity was measured by an in vitro kinase assay using GST-

C-JUN as a substrate. The amount of b-actin was analyzed by Western

blotting as a control of total protein levels. Three independent experiments

were performed in A and B. C, Quiescent macrophages were treated for

18 h with control supernatant from HEK-293 EBNA cells or supernatant

containing rAIM and then stimulated with rM-CSF. The graphic shows

mean values of [3H]thymidine incorporation 6 SD calculated from trip-

licates. D, Macrophages were either starved (without M-CSF) or treated

with rM-CSF (20 ng/ml) for 36 h in the presence of control supernatant

from HEK-293 EBNA cells or supernatant containing rAIM. The per-

centage of dead cells with sub-G0/G1 DNA content was determined from

triplicates by flow cytometry. *p , 0.05, **p , 0.01.

8 LXR AGONISTS INHIBIT MACROPHAGE PROLIFERATION

 on M
arch 16, 2011

w
w

w
.jim

m
unol.org

D
ow

nloaded from
 



showing effects of LXR agonists on p27KIP1 protein levels are
based on experiments performed with high doses of these agonists
(up to 10 times superior to the maximal doses used in our ex-
perimental conditions) (42, 46), and no demonstration is included
of whether these effects are LXR specific or not.
Another main point of discussion is whether changes in cho-

lesterol redistribution play an antiproliferative role in macro-

phages. Bensinger et al. (20) elegantly showed that T cell prolif-
eration correlated with increased expression of the sulfotransfer-
ase SULT2B1, an enzyme that transfers sulfate groups to oxy-
sterols, thus inactivating them as LXR ligands and facilitating
their export from the cell. As a consequence, expression of the
LXR target genes Abca1 and Abcg1 was downregulated during
T cell proliferation. Based on the requirement of intracellular

FIGURE 6. The protein expression levels of CCND1 and -B1 and CDK2 and -4 are downregulated upon LXR activation. A, Quiescent macrophages were

incubated with rM-CSF (20 ng/ml) for the indicated periods of time in the presence or absence of T1317 (1 mM). The expression of several cyclins and

CDKs was assessed by Western blotting using specific Abs. Equivalent results were observed in four independent experiments. B, Real time-PCR analysis

of the mRNA levels of CcnD1 and -B1 and Cdk2 and -4. The relative expression levels of each gene were normalized to L14 expression levels and graphed

as fold induction 6 SEM from three independent experiments. C, Macrophages were prestimulated with GW3965 or vehicle and then treated with rM-

CSF (20 ng/ml) for 6 h. The graph shows mean fold induction levels of Skp2 mRNA expression 6 SEM from three independent experiments. In B and C,

*p , 0.01. D, LXR agonists inhibit macrophage proliferation in a p27KIP1-independent manner. Quiescent macrophages derived from wT or p27KIP1-

deficient mice (p27Kip12/2) were treated with rM-CSF (20 ng/ml) in the presence of T1317 (1 mM), GW3965 (1mM), or vehicle (DMSO). E, Macrophages

derived from wT or p21WAF-deficient mice (p21Waf2/2) were treated with rM-CSF (20 ng/ml) in the presence of T1317 (1 mM) or vehicle (DMSO). In D

and E, [3H]thymidine incorporation was used as a measurement of cell proliferation. Mean values 6 SD were calculated from two biological experiments

each performed in triplicate. *p , 0.01 versus M-CSF treatment.

The Journal of Immunology 9
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cholesterol for mitosis (48), reduced expression of the cholesterol
transporter ABCG1 was proposed to affect the intracellular dis-
tribution of cholesterol and represent a strategy for T cells to
ensure adequate progression through the cell cycle. Independent
groups have indeed reported proliferative advantages in ABCG1
null lymphocytes (20, 49) and in human prostate cancer cells with
knockdown expression of ABCA1 (50). In our studies, macro-

phages with deficient expression of ABCA1 or ABCG1 did show
higher proliferation levels compared with control cells, which
supports the idea that increased availability of intracellular cho-
lesterol favors proliferative responses. However, M-CSF signaling
did not negatively interfere with basal or agonist-induced ex-
pression of LXR targets involved in macrophage lipid metabolism,
including ABCA1 and ABCG1, which suggests that macrophage

FIGURE 7. LXR agonists inhibit macrophage proliferation in the absence of functional ABCG1 or ABCA1 expression. Macrophages from different

sources (see below) were treated with rM-CSF (20 ng/ml) in the presence or absence of 1 mM T1317 or GW3965. Control cells were treated with vehicle

(DMSO). Proliferation was determined by [3H]thymidine incorporation. A, Macrophages were previously transfected with siRNA against Abcg1 (siAbcg1)

or luciferase (siGl3). Similar results were obtained in four independent experiments. B, Macrophages were obtained from wT or ABCG1-deficient mice

(Abcg12/2). C, Macrophages were obtained from wT or ABCA1-deficient mice (Abca12/2). D, Macrophages derived from wT or ABCG12/2 mice were

transfected with siRNA against Abca1 (siAbcaA1) or luciferase (siGl3). E, Macrophages from wT or Abcg12/2 mice were treated with rM-CSF in the

presence or absence of T1317 and/or probucol (20 mM). F, Macrophages were obtained from wT or Apoe2/2 mice. G, Macrophages were transfected with

siRNA against Srebp-1c (siSrebp-1c) or luciferase (siGl3). In B–G, similar results were obtained in duplicate experiments, each performed in triplicate. In

all proliferation tests, *p , 0.05, **p , 0.01 versus the corresponding M-CSF treatment.
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proliferation in response to M-CSF, in contrast to mitogen-driven
T cell expansion, does not require downregulation of LXR-de-
pendent pathways. In support of this observation, gene profiling
studies performed in human macrophages treated with M-CSF
revealed enrichment of gene expression programs involved in lipid
metabolism (51). Moreover, the antiproliferative effects of LXR
agonists on macrophage proliferation were not abolished in
macrophages with reduced expression of ABCA1 or ABCG1. The
complex nature of macrophage cholesterol homeostasis may help
explain these differences between macrophages and T cells. A re-
cent study comparing different cell lines proposed a close correla-
tion between LXR-mediated cell cycle arrest and lipogenic gene
expression and triacylglyceride accumulation (43). In our hands,
however, the use of siRNA to downregulate Srebp-1c expression did
not counteract the antiproliferative role of LXRs in macrophages,
in line with results obtained in human breast cancer cells (22).
Macrophage proliferation has been associated with the patho-

genesis of certain diseases. For example, proliferation of macro-
phage-derived foam cells is critical in the evolution of athero-
sclerotic lesions (52); in glomerulonephritic disease, macrophage
proliferation is largely associated to areas of severe renal damage
(53); and in the CNS, several pathological states lead to the
appearance of proliferating brain macrophages (54). Cytokines
present at inflammatory sites, such as M-CSF and GM-CSF, may
be responsible for these proliferative responses. We have shown in
this work that LXR activation inhibits macrophage proliferation
induced by these cytokines. Our observations in a model of peri-
tonitis in vivo strengthen the hypothesis that activation of LXRs
might provide a mechanism to limit macrophage proliferation
within inflammatory lesions and potentiate the role of these cells
in resolution of inflammation.
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Abstract Liver X receptors (LXRs) are members of the

nuclear receptor superfamily that are activated by specific

oxysterols. LXRs heterodimerize with retinoid X receptors

to regulate positively the expression of a variety of target

genes, many of which are involved in lipid and glucose

metabolism. In the last few years, new targets of LXR

activation have been identified with roles in the modulation

of immune responses. Moreover, LXRs mediate repression

of inflammatory pathways through mechanisms collec-

tively known as transrepression. Here, we revise recent

findings on the impact of LXR activation on immune

responses, with an emphasis on advances in the under-

standing of the molecular mechanisms that mediate these

effects.

Keywords LXR � Transrepression � Inflammation �
Gene expression
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IFN-c Interferon-gamma

Ig Immunoglobulin

IL Interleukin

IRF Interferon-regulatory factor

LDL Low-density lipoproteins

LPS Lipopolysaccharide

LXR Liver X receptor

LXRE LXR response element

Mertk c-mer tyrosine kinase

NCoR Nuclear receptor co-repressor

NF-jB Nuclear factor kappa B

NOS2 Nitric oxide synthase 2

PIAS Protein inhibitor of activated STAT

PPAR Peroxisome proliferator-activated receptor

RXR Retinoid X receptor

SMRT Silencing mediator of retinoic acid and

thyroid hormone receptors

SREBP-1c Sterol regulatory element-binding protein 1c

STAT-1 Signal transducer and activator of

transcription

SULT Sulfotransferase

SUMO Small ubiquitin-like modifier

Th Helper T cell

TLR Toll-like receptor

TNF-a Sumor necrosis factor alpha

VEGF Vascular endothelial growth factor
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inflammation through positive and negative regulation of

gene expression (Mangelsdorf et al. 1995). Liver X recep-

tors (LXRs) are members of the nuclear receptor

superfamily that are activated by specific oxidized forms of

cholesterol (oxysterols) and intermediate products of the

cholesterol biosynthetic pathway (Janowski et al. 1999;

Yang et al. 2006). Two LXR isoforms have been identified,

namely LXRa (NR1H3) and LXRb (NR1H2), encoded by

separate genes. LXRa is expressed in liver, adipose tissue,

kidney, intestine, spleen and macrophages, whereas LXRb
is ubiquitously distributed. By forming heterodimers

with retinoid X receptors (RXRs), LXRs bind to LXR

response elements (LXRE) that usually follow the consen-

sus sequence (G/T/A)G(G/T)T(C/T)Annnn(C/A/T)G(G/T)

(T/G)CA (Edwards et al. 2002) in the promoter or enhancer

elements of LXR target genes. Activation of LXR–RXR

heterodimers induces the expression of a variety of target

genes, many of which are involved in lipid and glucose

metabolism. In the last few years, new targets of LXR

activation have been identified with roles in the modulation

of immune responses. Moreover, LXRs have been shown to

mediate repression of inflammatory pathways through

mechanisms collectively known as transrepression. Toge-

ther, these observations position LXRs at the crossroads

between metabolism and immunity. In this review, we will

cover the impact of LXR activation on immune responses,

with an emphasis on recent advances in the understanding

of the molecular mechanisms that mediate these effects.

Roads to LXR Activation

Several natural oxidized forms of cholesterol (oxysterols)

have been shown to activate LXRs at physiological con-

centrations. These include 24(S),25-epoxycholesterol,

22(R)-, 24(S)-, 27-hydroxycholesterol and cholestenoic

acid (Forman et al. 1997; Janowski et al. 1996, 1999;

Lehmann et al. 1997; Song and Liao 2000). Likewise,

specific intermediaries in the cholesterol biosynthetic

pathway, such as desmosterol and zymosterol, are able to

bind and activate LXRs (Yang et al. 2006). In addition,

several compounds of plant origin, such as the plant sterol

b-sitosterol (Plat et al. 2005), acanthoic acid (Jayasuriya

et al. 2005) and selective acanthoic acid-related diterpenes

(Traves et al. 2007), or from bacterial origin, such as

the hexacyclic aromatic ketones (-)anthrabenzoxocinone

and (-)bischloroanthrabenzoxocinone from Streptomyces

sp. (Herath et al. 2005), have been also reported to activate

LXRs.

Although LXRs contain a lipophilic ligand binding

pocket (Williams et al. 2003), high doses of D-glucose and

D-glucose-6-phosphate have been shown to bind to and

activate LXRs (Mitro et al. 2007). These studies, however,

did not establish how glucose and its derivatives bound to

these nuclear receptors. More recent studies demonstrated

that LXRs were not required for the in vivo glucose-

induced expression of several genes with central roles in

glucose homeostasis (Denechaud et al. 2008), thus sug-

gesting that further work is required to clarify the

physiological relevance of LXR activation by glucose.

Apart from natural products, several synthetic or semi-

synthetic compounds have been developed that show

agonistic properties toward LXRs, as, for example, acetyl

podocarpic acid anhydride that has been developed as a

semi-synthetic agonist derived from extracts of the may-

apple (Singh et al. 2005). Among all the compounds

developed so far that show high affinity for LXRs, two

nonsteroidal synthetic agonists, namely TO901317

(Schultz et al. 2000) and GW3965 (Collins et al. 2002),

have been most widely used for in vitro and in vivo studies

dissecting the roles of LXRs in cell biology and physiol-

ogy. These compounds, though, do not discriminate

between the two LXR isoforms, a and b. Based on the

interest of developing isoform-specific agonists, recent

studies have identified compounds that bind more selec-

tively to one of the two isoforms. For example,

n-acylthiadiazolines and certain quinoline sulfones have

been shown to activate LXRb with selectivity over LXRa
(Molteni et al. 2007; Ullrich et al. 2010). Moreover, as

discussed in the following section, there is an interest for

developing LXR ligands that enhance only specific func-

tions of the LXR pathway. The identification of two novel

LXR agonists with such properties, namely WAY-252623

and N,N-dimethyl-3b-hydroxy-cholenamide, has been

recently reported (Kratzer et al. 2009; Quinet et al. 2009).

In physiological situations, LXRs can be activated when

oxysterols are generated from accumulated cholesterol.

Indeed, administration of a high cholesterol diet to mice

leads to LXR activation (Peet et al. 1998). Modified low-

density lipoproteins (LDL), such as acetylated or oxidized

LDL is a source of LXR agonists as demonstrated in in

vitro studies (Laffitte et al. 2001). During the course of

infection and/or inflammation, there is the possibility that

cholesterol from phagocytosed biomembranes or other

sources, especially under highly oxidative conditions, may

be converted into LXR-activating oxysterols. There is

evidence, in fact, that the LXRa target gene Sp-a/AIM is

induced during infection with Listeria monocytogenes in an

LXR-dependent manner (Joseph et al. 2004). Likewise,

prolonged infection with Mycobacterium tuberculosis also

resulted in increased expression of several LXR target

genes (Korf et al. 2009). These observations support the

idea that endogenous LXR ligands are generated during the

immune response to intracellular bacterial infection.

Moreover, studies exploring the role of LXRs in macro-

phages actively involved in phagocytosis of apoptotic
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thymocytes demonstrate that several LXR target genes

are induced as a consequence of extensive phagocytosis

(A-Gonzalez et al. 2009), although the exact nature of the

ligands that mediate these effects remains elusive.

General Roles of LXRs in Regulation of Metabolic

Functions

During the last decade, LXRs have been shown to be

crucial mediators of cholesterol homeostasis in different

tissues. For example, activation of LXRs leads to a marked

increase in the expression of several sterol transporters

from the ATP-binding cassette (ABC) family with impor-

tant functions in reverse cholesterol transport (ABCA1 and

ABCG1) (Repa et al. 2000b; Venkateswaran et al. 2000),

sterol excretion into bile and feces and limiting sterol

absorption in the intestine (ABCG5 and ABCG8) (Baldán

et al. 2009; Lee et al. 2001; Lu et al. 2001; Repa et al.

2002; Yu et al. 2003). In general, LXRs also induce the

expression of other molecules that participate in lipoprotein

homeostasis (reviewed by Ricote et al. 2004). In addition to

promoting reverse cholesterol transport, LXRs also reduce

cellular uptake of cholesterol by inducing the expression of

inducible degrader of the LDL receptor (Idol), an E3

ubiquitin ligase that targets several members of the LDL

receptor family for degradation (Zelcer et al. 2009).

Therefore, LXRs are considered as ‘‘sterol sensors’’ that

coordinately regulate the expression of key molecules

involved in sterol storage, efflux and elimination. LXR

agonists have indeed shown therapeutic effectiveness in

murine experimental models of atherosclerosis (Joseph

et al. 2002; Terasaka et al. 2003).

Liver X receptors also participate in the regulation of

genes involved in glucose metabolism, such as glucokinase

in the liver and the insulin-sensitive glucose transporter 4

in adipose tissue (Laffitte et al. 2003). Consistent with

these observations, LXR agonists have shown significant

insulin-sensitizing effects in murine models of diet-induced

obesity and insulin resistance (Commerford et al. 2007).

In addition to their role in sterol and glucose homeo-

stasis, LXRs promote lipogenesis through the induction of

sterol regulatory element-binding protein 1c (SREBP-1c)

(Repa et al. 2000a) and carbohydrate response element-

binding protein (ChREBP) (Cha and Repa 2007). Both

SREBP-1c and ChREBP are transcription factors that

control the expression of molecules integral to fatty acid

biosynthesis and esterification, and mice treated with pan-

LXR agonists suffer a marked increase in plasma triglyc-

eride levels (Schultz et al. 2000), which limit the potential

therapeutic advantages of these agonists as anti-athero-

genic or insulin-sensitizing drugs. Based on the fact that

LXRa is more abundantly expressed than LXRb in the

liver and accounts for most of the lipogenic effects of LXR

agonists in this organ, alternative strategies try to identify

compounds with higher selectivity for LXRb over LXRa
to skip the hepatic lipogenic properties of general LXR

agonists (Molteni et al. 2007; Ullrich et al. 2010). Also,

two novel LXR agonists, WAY-252623 and N,N-dimethyl-

3b-hydroxy-cholenamide, have been shown to reduce ath-

erosclerotic lesion progression without inducing the

expression of SREBP1c or activating hepatic lipogenesis,

although the mechanisms involved in these selective

actions have not been described (Kratzer et al. 2009;

Quinet et al. 2009).

LXRs as Negative Regulators of Inflammation

Apart from their role in the control of metabolism, LXRs

also exert crucial functions in the regulation of immune

responses. LXR agonists downregulate the expression of

selective inflammatory genes through a process known as

transrepression, which is also used by other nuclear

receptors to interfere with inflammatory signaling path-

ways. In general, transrepression is considered to involve

nuclear receptor interaction with additional proteins bound

to promoter regions, rather than direct interaction with

DNA (reviewed by Glass and Ogawa 2006). In the last few

years, several groups have described anti-inflammatory

actions of LXR agonists in different mouse models of

inflammatory disease (Table 1).

In macrophages, LXR agonists are able to transrepress

inflammatory pathways engaged by lipopolysaccharide

(LPS) (via Toll-like receptor 4, TLR4), interleukin (IL)-1b,
tumor necrosis factor (TNF)-a, polyinosinic:polycytidylic
acid (via TLR3 activation) or interferon (IFN)-c (Ghisletti

et al. 2007; Joseph et al. 2003; Lee et al. 2009). LXR-

mediated transrepression does not affect all the genes

induced by these pathways. For example, the LXR agonist

GW3965 repressed several genes induced by LPS,

including nitric oxide synthase 2 (NOS2), IL-6 and IL-1b,
but not TNF-a (Ghisletti et al. 2007; Joseph et al. 2003;

Ogawa et al. 2005). Several LXR agonists, including

GW3965, were reported, however, to inhibit the induction

of TNF-a by IFN-c in astrocytes (Lee et al. 2009). In bone

marrow-derived mast cells, LXR activation by

25-hydroxycholesterol or TO901317 mediated repression

of IL-6 production upon engagement of the high-affinity

receptor for immunoglobulin (Ig)E (Nunomura et al. 2010).

In dendritic cells, LXR agonists interfered with the LPS-

induced expression of IL-12 and fascin, an actin-bundling

protein involved in actin polymerization in mature den-

dritic cells that form an immunological synapse with T

lymphocytes. As a consequence, the ability of mature

dendritic cells to activate T lymphocytes was impaired.
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Interestingly, the inhibitory effects of LXR agonists were

not observed when dendritic cells were activated through

the CD40 ligand (Geyeregger et al. 2007).

The mechanisms underlying these promoter, stimulus

and perhaps cell type-specific effects are still subject of

study. Initial studies in murine macrophages described that

LXR-mediated transrepression of the LPS pathway tar-

geted nuclear factor (NF)-jB signaling, but not activating

protein (AP)-1 (Joseph et al. 2003). This effect contrasted

with the actions mediated by some other members of the

nuclear receptor superfamily, such as the glucocorticoid

receptor (GR), which interfered with both NF-jB and AP-1

to downregulate a broad range of inflammatory genes

(Galon et al. 2002), or the all-trans-retinoic acid receptor,

which repressed AP-1 regulated genes by altering the

composition of fos- and jun-related proteins within the AP-

1 heterodimer (Benkoussa et al. 2002).

In the absence of proinflammatory stimuli, several

inflammatory genes are actively repressed by a co-repres-

sor complex that acts on their promoters (Lee et al. 2000;

Ogawa et al. 2004). Induction of transcription of these

genes in response to a pro-inflammatory signal requires an

initial de-repression step in which the co-repressor com-

plex is removed from the gene promoter and at least some

of its components are subjected to ubiquitylation and pro-

teasome-dependent degradation (Hoberg et al. 2004).

Nuclear receptor co-repressor (NCoR) and silencing

mediator of retinoic acid and thyroid hormone receptors

(SMRT) were initially identified as co-repressor proteins

involved in the process by which several nuclear receptors

actively repress the expression of their own target genes in

the absence of an agonistic ligand (Chen and Evans 1995;

Hörlein et al. 1995). Later on, NCoR and SMRT were also

shown to be part of the co-repressor complexes that

mediate basal repression of pro-inflammatory genes in the

absence of the pro-inflammatory stimulus (Lee et al. 2000;

Ogawa et al. 2004). Interestingly, interference with the

release of co-repressor proteins from inflammatory gene

promoters has been reported as the mechanism how several

nuclear receptors, including LXRs and peroxisome prolif-

erator-activated receptors (PPARs), inhibit the expression

of LPS-induced genes in macrophages (Ghisletti et al.

2007; Pascual et al. 2005). The expression of functional

NCoR is required for nearly all the repressive effects of

LXR on LPS target genes. For a subset of these genes,

SMRT was also necessary to establish a stable co-repressor

complex (Ghisletti et al. 2007, 2009). LXR-mediated

inhibition of the acute phase response in the liver is also

based on prevention of co-repressor complex removal from

inflammatory gene promoters (Venteclef et al. 2010). In

contrast, NCoR knockdown in astrocytes did not affect

LXR-mediated transpression of IFN-c induced genes (Lee

et al. 2009), which suggests that either SMRT can replace

the absence of NCoR or a different mechanism indepen-

dent of retention of these co-repressor complexes mediates

the repressive effects of LXR agonists in that system. In

fact, interaction with co-repressor complexes is not a pre-

requisite for the inhibition of inflammatory gene expression

by all nuclear receptors. As an example, several models for

GR-mediated transrepression have been proposed which

interfere with selective NF-jB-dependent genes in a co-

repressor-independent manner (reviewed by Glass and

Ogawa 2006).

Studies on the mechanisms involved in nuclear receptor

action led to the discovery of the association between

nuclear receptors and members of the small ubiquitin-like

modifier (SUMO) family (Poukka et al. 2000; Tian et al.

2002). SUMOylation is a reversible post-translational

modification consisting in the conjugation of a SUMO to a

substrate protein. In mammals, there are three members in

the SUMO family, namely SUMO-1, -2 and -3, which can

be conjugated to target proteins. SUMOylation requires

first the activation of a SUMO by a heterodimeric SUMO-1

activating enzyme (E1 enzyme), which cleaves a C-ter-

minal peptide from SUMO in an ATP-dependent manner.

Then, activated SUMO is temporarily transferred to a

conjugating enzyme (E2 enzyme), generally ubiquitin

carrier protein 9, which subsequently mediates the conju-

gation to the target protein in cooperation with SUMO E3

ligases (reviewed by Treuter and Venteclef 2011). Mem-

bers of the protein inhibitor of activated STAT (PIAS)

family are the most characteristic SUMO E3 ligases

(Palvimo 2007), although other proteins including histone

deacetylase (HDAC)2 and HDAC4/5 can also act as E3

ligases (reviewed by Treuter and Venteclef 2011). In

general, nuclear receptor SUMOylation is associated with

transcriptional repression. However, SUMOylation of ret-

inoid-related orphan receptor-alpha is an exception, as it

potentiates transcriptional activation (Hwang et al. 2009).

Liver X receptor-mediated transrepression has been

reported as a SUMO-dependent process. In murine mac-

rophages, GW3965-activated LXRs underwent

SUMOylation, which prevented the clearance of co-

repressor complexes from the promoter of specific

inflammatory genes (Ghisletti et al. 2007). The proteins

implicated in LXR SUMOylation seem to vary between

cell types and perhaps the inflammatory environment. In

macrophages stimulated with LPS, GW3965-activated

LXRb was SUMOylated by SUMO-2/3 in a process that

involved HDAC4 as the E3 ligase (Ghisletti et al. 2007).

More recent studies in astrocytes stimulated with IFN-c
proposed the use of different SUMOylation mechanisms

for LXRa and b in response to LXR ligands: LXRa being

SUMOylated by SUMO2/3 using HDAC4 as the E3 ligase,

and LXRb being SUMOylated by SUMO1, with PIAS1

acting as the E3 ligase (Fig. 1). PIAS1 has been also
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implicated in PPAR-c SUMOylation (Pascual et al. 2005).

SUMOylated LXRs formed a complex with STAT1 in

astrocytes resulting in inhibited recruitment of STAT1 to

the interferon-regulatory factor (IRF)-1 promoter, without

affecting STAT1 phosphorylation or its nuclear transloca-

tion (Lee et al. 2009). An independent report, however, did

observe reduced levels of IFN-c-induced STAT1 serine and
tyrosine phosphorylation in human THP-1 macrophages in

response to 22 (R)-hydroxycholesterol (Li et al. 2011).

Two proteins previously identified within co-repressor

complexes have been recently shown to directly interact

with SUMOylated LXRs. In the liver, transrepression of

the acute phase response by GW3965 was selectively

mediated by LXRb. In the presence of GW3965, LXRb
underwent SUMOylation by SUMO-2/3 and was recruited

to a co-repressor complex on the C-reactive protein and

haptoglobin gene promoters through the interaction with G

protein pathway suppressor (GPS)2 (Fig. 2) (Venteclef

et al. 2010). Interestingly, the interaction between LXR and

GPS2 may also play an important role in LXR-mediated

transactivation, as it facilitated recruitment of GW3965-

activated LXR to at least an ABCG1-specific promoter/

enhancer unit and subsequent histone demethylation of that

genomic region. GPS2 was capable of binding both LXRa

STAT1

P HDAC4

SUMO2/3

LXRα
STAT1

P PIAS1

SUMO1

LXRβ

+GW3965+GW3965

IFN-γ
signaling

STAT1

P

STAT1

P

IRF-1 promoter

Fig. 1 Model that describes parallel mechanisms used by LXRa and

b to inhibit IFN-c-induced expression of IRF-1. Activation of

astrocytes with IFN-c leads to STAT-1 recruitment to the IRF-1

promoter. In the presence of the LXR agonist GW3965, LXRa
becomes SUMOylated by SUMO2/3 using HDAC4 as an E3 ligase,

whereas LXRb is SUMOylated by SUMO1, with PIAS1 acting as an

E3 ligase. SUMOylated LXRs form a complex with STAT1 resulting

in inhibited recruitment of STAT1 to the IRF-1 promoter (Lee et al.

2009)

NCoR

TBL1
TBLR1

HDAC3

LPS 
signaling

Proteasomal 
degradation

Coro2A

SUMO2/3

NCoR

TBL1
TBLR1

HDAC3

Proteasomal 
degradation

GPS2

SUMO2/3

LLX Rβ LX Rα/β

CRP, Haptoglobin promoters NOS2 promoter

Acute phase 
response 
cytokines 

Liver Acute Phase 
Response

Macrophages

Fig. 2 Models that describe the mechanisms used by LXRs to inhibit

transcriptional responses to LPS in different cell types. In the absence

of proinflammatory stimuli, co-repressor complexes, typically con-

taining NCoR or SMRT, transducin (beta)-like 1 X-linked (TBL1)

and TBL1-related protein 1 (TBLR1), bind to inflammatory gene

promoters to keep their basal expression in a repressed state. In

response to LPS stimulation, key components within co-repressor

complexes are subject to proteasomal degradation, thus releasing

repression from inflammatory gene promoters. In the liver (left side),
transrepression of the LPS-induced acute phase response by GW3965

is selectively mediated by LXRb. SUMOylation of LXRb by SUMO-

2/3 in response to GW3965 activation results in recruitment of LXRb
to a co-repressor complex on the Crp and Haptoglobin gene

promoters through the interaction with GPS2, thus preventing

co-repressor complex removal from those promoters (Venteclef

et al. 2010). In macrophages (right side), LXR mediated transrepres-

sion of the Nos2 promoter involved conjugation of LXRb to SUMO2/

3 and the interaction of SUMOylated LXRb with CORO2A rather

than GPS2, preventing actin recruitment and NCoR turnover on the

Nos2 gene promoter (Huang et al. 2011)
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and LXRb, most probably through a surface that is distinct

from the co-activator-interaction motif in the LXR

molecule (Jakobsson et al. 2009). In macrophages, LXR-

mediated transrepression involved interaction of SUMOy-

lated LXRs with coronin 2A (CORO2A) rather than GPS2.

CORO2A is an actin-binding protein that contains a con-

served SUMO2/3-interaction motif and is expressed mainly

in the nucleus at least in primary macrophages (Huang

et al. 2011). CORO2A localized on several NCoR-depen-

dent promoters in resting macrophages and participated in

TLR-induced NCoR turnover from the Nos2 promoter

through the interaction with oligomeric nuclear actin,

although the exact role of actin in this process remains

enigmatic. The model proposed by Huang et al. (2011)

suggests that SUMOylated LXRs bind to the SUMO2/3-

interaction motif in CORO2A, thus putatively preventing

actin recruitment and NCoR turnover on the Nos2 promoter

(Fig. 2).

Interestingly, serine phosphorylation of LXRs by signals

that activate calcium/calmodulin-dependent protein kinase

IIc, such as the TLR1/TLR2 ligand Pam3CSK, resulted in

the loss of the LXR-mediated transrepression potential.

Such a phosphorylation step occurred on serine 427 and led

to LXRb deSUMOylation by sentrin/SUMO-specific pro-

tease 3 and its subsequent release from CORO2A (Huang

et al. 2011). These observations raise the possibility that

signal-induced negative regulation of LXR-mediated

transrepression may contribute to chronic inflammatory

processes.

Molecular modeling suggests that the ligand binding

domain of human LXRb contains a putative SUMO

acceptor lysine in close proximity to the area used for

heterodimerization with RXR (Treuter and Venteclef

2011). The requirement of LXR–RXR heterodimerization

has been well established for LXR-mediated transactiva-

tion (Willy et al. 1995). However, whether or not this

heterodimerization is required for LXR-mediated transre-

pression remains uncertain. So far, no reports demonstrate

RXR recruitment to LXR-transrepressed loci. In fact,

Treuter and Venteclef (2011) observed no recruitment of

RXR to SUMO-dependent loci, whereas RXR was recrui-

ted in an LXR-dependent manner to classical positively

regulated LXR/RXR target genes (Wagner et al. 2003).

Based on the model proposed by Jakobsson et al. (2009),

GPS2 binds LXRs probably once they have formed het-

erodimers with RXR on the LXRE of the ABCG1

promoter, which raises the question of whether a complex

between GPS2 and the LXR–RXR heterodimer is also

necessary for the transrepressive effects described for the

GPS2–LXR axis. More studies focused on the role of RXR

heterodimerization will be necessary to clarify these issues.

Apart from LXR-mediated transrepression, indirect

effects of LXRs also contribute to relevant negative effects

on immune responses. As an example, activation of LXRs

by TO901317 reduced secreted IgE in activated B lym-

phocytes, without affecting IgE class switch recombination

or its transcription. LXR activation resulted in reduced

phosphorylation of c-Jun N-terminal kinase 2 and increased

membrane expression of CD23, the low-affinity receptor

for IgE, which helps reduce IgE secretion as a negative

feedback loop (Heine et al. 2009).

LXRs Regulate Positively the Expression of Genes

with Specific Roles in Immune Responses

Based on the anti-inflammatory actions of LXR agonists,

one could predict that LXR activation would impact on the

capability of immune cells to establish an aggressive

response against pathogens. In fact, LXR-deficient mice

have been shown to be markedly resistant to systemic

infection with Leishmania chagasi/infantum. Primary

macrophages derived from mice lacking LXRs generated

higher levels of nitric oxide and IL-1b and were able to kill

parasites in the presence of IFN-c more efficiently than

wild-type macrophages (Bruhn et al. 2010). However, in

other models of infection, LXR deficiency leads to opposite

effects. For example, LXR-deficient mice were more sus-

ceptible to infection by M. tuberculosis, in correlation with

the fact that these mice were not capable of mounting an

effective early neutrophilic airway response to infection

and helper T cell (Th)1 and Th17 responses were abrogated

in the lungs of these animals (Korf et al. 2009). Likewise,

mice deficient in LXRs were more susceptible to infection

by the intracellular bacteria L. monocytogenes and recon-

stitution of irradiated wild-type mice with bone marrows

from LXR-deficient mice conferred susceptibility toward

these bacteria (Joseph et al. 2004). These observations

suggest that the LXR pathway exerts complex regulatory

actions on immune responses that extend beyond transre-

pression of proinflammatory responses and may lead to

different outcomes depending on the invading pathogen.

Liver X receptor agonists have been shown to regulate

positively the expression of the anti-inflammatory enzyme

arginase II (Marathe et al. 2006). Arginase activity cata-

lyzes the conversion of L-arginine into L-ornithine and urea,

which are precursors for the synthesis of polyamines and

collagen. The consumption of L-arginine for polyamine

production results in decreased availability of this amino

acid for nitric oxide synthesis mediated by NOS2, although

arginase activity may also inhibit nitric oxide production

by several other means, including repression of the trans-

lation and stability of the NOS2 protein, uncoupling or

inhibition of NOS activity by end products of arginase

activity, and sensitization of NOS to the endogenous

inhibitor asymmetric dimethyl-L-arginine (Durante et al.
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2007). Based on these effects, LXR agonists have the

potential to interfere with nitric oxide production both by

inhibiting NOS2 expression and upregulating arginase II

expression and therefore indirectly affecting NOS activity.

These effects may especially compromise macrophage

responses during infections by Leishmania, as the pathogen

can benefit both from reduced nitric oxide production and

from polyamines derived from arginase activity (Kropf

et al. 2005), although Bruhn et al. (2010) were not able to

correlate changes in arginase expression with resistance to

L. chagasi/infantum in LXR-deficient mice. Recently, LXR

agonists have been also shown to exert indirect positive

regulation of arginase I expression via upregulation of

IRF-8 (Pourcet et al. 2011). In those studies, IRF-8 was

identified as a direct target of LXRa in Raw264.7 macro-

phages that overexpress human LXRa. IRF-8 is a

transcription factor whose expression is restricted to

immune cells and it plays important roles in regulation of

gene expression in response to type I and II IFNs (Kanno

et al. 2005). The model proposed by Pourcet et al.

described the association of IRF-8 with the transcription

factor PU.1 on a composite element in the promoter region

of the arginase I gene. Occupancy of this element by

IRF-8/PU.1 was increased by the LXR agonist TO901317,

consistent with the induction of IRF-8 expression in

response to LXR activation (Pourcet et al. 2011). It would

be interesting to know whether the LXRa/IRF-8/PU.1 axis

exerts other regulatory effects on additional genes.

Several intracellular pathogens, e.g., Chlamydia pneu-

moniae and M. tuberculosis, have developed mechanisms

to convert host macrophages into foam cells (lipid-laden

macrophages). Somehow, these pathogens meet nutritional

advantages by residing within cells that accumulate lipids

(Cao et al. 2007; Peyron et al. 2008). As an example, Raw

264.7 macrophages infected with C. pneumoniae became

foam cells with increased contents of cholesteryl esters

when co-cultured in the presence of LDL (Cao et al. 2007),

in line with the idea that infections with C. pneumoniae

accelerate atherosclerosis (Moazed et al. 1999). The pro-

cess by which certain pathogens convert macrophages into

foam cells is not completely understood. C. pneumoniae-

induced acceleration of atherosclerosis in apoE-deficient

mice was further enhanced in animals deficient in both

apoE and LXRa (Naiki et al. 2008), suggesting that inter-

ference with LXR-induced mechanisms for cholesterol

efflux may provide a strategy for pathogen-induced lipid

accumulation. Interestingly, infection by other microor-

ganisms, such as Escherichia coli or RNA virus influenza

A, blocked the induction of LXR target genes, including

ABCA1, ABCG1 and apoE, in macrophages. Activation of

TLR3 and TLR4 by microbial ligands also mimicked these

effects via activation of IRF-3, leading to downregulation

of cholesterol efflux from macrophages (Castrillo et al.

2003), which suggests that pathogenic pathways signaling

via IRF-3 have the capability to interfere with LXR-med-

iated cholesterol homeostasis. Conversely, independent

groups have shown that treatment with the LXR agonist

GW3965 leads to reduction of foam cell formation during

infection by C. pneumoniae (Cao et al. 2007; Chen et al.

2008), which probably occurs by virtue of the upregulation

of ABCA1 and other molecules with key roles in choles-

terol efflux.

Several years ago, LXR activation was shown to promote

macrophage survival during infection by several bacteria,

including L. monocytogenes (Joseph et al. 2004), Bacillus

anthracis, E. coli and Salmonella typhimurium and in

response to several forms of cellular stress, such as growth

factor deprivation (Valledor et al. 2004). These effects cor-

related with downregulated expression of several members of

the caspase family and other pro-apoptotic factors (Valledor

et al. 2004) and with induction of an apoptosis inhibitory

protein secreted by macrophages (AIM; also known as Sp-a)
(Joseph et al. 2004; Valledor et al. 2004), which was shown to

be a specific target of LXRa (Joseph et al. 2004). Induction of
AIM was also attributed a role in prevention of macrophage

apoptosis within atherosclerotic lesions (Arai et al. 2005),

although the mechanism used by AIM to promote macro-

phage survival to date remains elusive.

Macrophage-secreted AIM has been recently shown to be

endocytosed into adipocytes via the scavenger receptorCD36.

Within adipocytes, AIM bound to and inhibited the activity of

cytosolic fatty acid synthase, therefore reducing the size of

lipid droplets and stimulating the efflux of free fatty acids and

glycerol from adipocytes (Kurokawa et al. 2010). In particu-

lar, palmitic and stearic acids released upon AIM-dependent

adipocyte lipolysis were able to engage TLR4 signaling and

stimulate the production of the chemokines monocyte che-

moattractant protein-1, -2 and -3, and chemokine (C–Cmotif)

ligand 5 (Ccl5)/Rantes in adipocytes. Chemokines released by

adipocytes are important for monocyte/macrophage recruit-

ment to adipose tissue. Possibly for this reason, mice deficient

in AIM showed reduced obesity-associated infiltration of

inflammatory macrophages and production of inflammatory

cytokines in the adipose tissue (Kurokawa et al. 2011).

However, these studies did not evaluate whether AIM defi-

ciencyadditionally resulted indecreasedmacrophage survival

in the adipose tissue. The pro-inflammatory actions of AIM

contrast with the general role of LXRs as negative regulators

of inflammation. It would be interesting to know whether the

lipolysis-mediated proinflammatory activities ofAIMare also

observed under conditions that simultaneously stimulate

LXR-mediated transrepression.

Liver X receptor a can be phosphorylated at serine 198

by casein kinase II. Phosphorylation of LXRa on this site

seems to exert repressive effects on AIM expression, as

overexpression of LXRa with a mutation at serine 198
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resulted in increased induction of AIM in response to the

LXR agonist TO901317. These effects were specific

toward selective LXR targets, also including lipoprotein

lipase, but not ABCA-1 and SREBP-1c (Torra et al. 2008).

Whether this selective modulation of target genes also

occurs in vivo deserves to be uncovered in the future.

Recent studies have highlighted a role for the LXR

pathway in the positive regulation of phagocytosis of

apoptotic cells. Several years ago, ABCA1 was reported to

participate in the regulation of phagocytosis. ABCA1

expression favored engulfment by inducing local modifi-

cations of the membrane composition in phospholipids

(Hamon et al. 2000), which can determine lateral mobility

or clustering of receptors at intercellular contact sites and

the recruitment of dynamin to forming phagosomes.

Recently, c-mer tyrosine kinase (Mertk) has been also

shown to be a direct target for LXR (A-Gonzalez et al.

2009). Mertk is a member of the Axl/Mer/Tyro3 receptor

tyrosine kinase family that also participates in macrophage-

mediated engulfment and clearance of apoptotic cells.

Mertk functions as a receptor for Gas6, a protein that binds

to phosphatidylserine exposed as an ‘‘eat-me’’ signal in the

external side of the plasma membrane of dying cells (Scott

et al. 2001). As mentioned earlier in this review, phago-

cytosis of apoptotic cells resulted in LXR activation

(A-Gonzalez et al. 2009). Therefore, apoptotic cells are

able to promote their own clearance by providing a

mechanism to activate LXR and induce Mertk and ABCA1

in phagocytic cells. ABCA1 may also play an extra role in

this process by facilitating the efflux of excess cholesterol

derived from extensive phagocytosis of dead cells. Inter-

estingly, functional expression of LXRs was required for

inhibition of the expression of several proinflammatory

mediators and for transcriptional induction of the deacti-

vating cytokines tissue growth factor b and IL-10 in

macrophages that had engulfed apoptotic cells. These

observations suggest that the LXR pathway serves an

important role also in macrophage deactivation in response

to phagocytosis of apoptotic cells. In fact, animals deficient

in LXRs exhibited both a defect in phagocytosis of apop-

totic cells and a breakdown in self-tolerance with

development of autoantibodies against nuclear proteins and

double-stranded DNA and development of autoimmune

glomerulonephritis (A-Gonzalez et al. 2009). In line with

these observations, administration of GW3965 ameliorated

the progression of autoimmune disease in a murine model

of systemic lupus erythematosus (A-Gonzalez et al. 2009).

Macrophages also exert an important angiogenic activity

in the context of wound healing, chronic inflammation and

cancer. Vascular endothelial growth factor (VEGF), a

cytokine produced by macrophages that promotes angio-

genesis and vasculogenesis, was shown several years ago

to be a direct target of positive transcriptional regulation by

LXRs. Induction of VEGF expression by LXR agonists

was independent of the activation of hypoxia-inducible

factor-1a (Walczak et al. 2004). These observations sug-

gested a putative role for LXRs in the regulation of

angiogenesis.

In dendritic cells, LXR agonists have been shown to

increase the expression of CC chemokine receptor-7

(CCR7) (Feig et al. 2010), which is a receptor for the

chemokines Ccl19 and Ccl21 (Ricart et al. 2011). In ath-

erosclerotic apoE-deficient mice, treatment with the LXR

agonist TO901317 resulted in a CCR7-dependent decrease

in CD68? cells (putatively macrophages and dendritic

cells) within atherosclerotic plaques, indicative of athero-

sclerosis regression. In apoE-deficient mice transplanted

with aortic arches from apoE-deficient mice with a bone

marrow deficiency of either LXRa or LXRb, the expres-

sion of CCR7, the emigration of CD68? cells and the

regression of atherosclerotic plaques were reduced. The

CCR7 gene promoter was indeed shown to contain a

functional LXRE. These observations suggest that LXRs

potentiate CCR7-mediated monocyte-derived cell egress

during atherosclerosis regression in mice (Feig et al. 2010).

These observations contrast, however, with results obtained

in other animal models. In particular, tumors have been

shown to produce putative LXR agonists that inhibit the

expression of CCR7 in dendritic cells and therefore inter-

fere with CCR7-mediated dendritic cell migration to

secondary lymphoid organs (Villablanca et al. 2010).

Interestingly, tumors expressing the enzyme sulfotransfer-

ase (SULT)1B1b, an enzyme that transfers sulfate groups

to oxysterols leading to their inactivation as LXR agonists,

were not able to inhibit dendritic cell migration to tumor-

draining lymph nodes. Moreover, inflammatory responses

developed more efficiently within these tumors. These

observations suggest that inhibition of CCR7 by LXR

agonists that are generated by tumor cells represents a

strategy for immunoescaping (Villablanca et al. 2010).

Inhibition of the migration of dendritic cells by LXR

agonists was also reported in the context of infection by

human immunodeficiency virus (HIV). Migration of HIV-

1-carrying dendritic cells from the mucosa to draining

lymph nodes contributes to virus dissemination toward

CD4? T lymphocytes, a process known as trans-infection,

which is enhanced by simultaneous TLR-induced matura-

tion of dendritic cells. In the model studied by Hanley et al.

(2010), LXR agonists interfered with dendritic cell matu-

ration and their production of proinflammatory cytokines.

LXR agonists prevented TLR-upregulation of CCR7,

which correlated with decreased dendritic cell migration

in response to the chemokine Ccl21. In addition to

these observations, LXR activation inhibited the capture of

HIV-1 by dendritic cells. Intracellular cholesterol has been

shown to be required for the capture of HIV-1 by dendritic
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cells. The inhibitory effects of LXR agonists on HIV

capture were based on increased ABCA1-mediated cho-

lesterol efflux in those cells (Hanley et al. 2010). In

contrast to the inhibitory role of LXR agonists on dendritic

cell maturation, administration of LXR agonists resulted in

increased expression of maturation markers, such as CD80

and CD86, in human monocyte-derived dendritic cells. In

mature dendritic cells, LXR activation augmented the

production of inflammatory cytokines, including IL-12,

TNF-a, IL-6 and IL-8, and increased the capacity of these

cells to activate CD4? T cell proliferation upon stimulation

with TLR4 or TLR3 ligands, with prolonged NF-jB sig-

naling observed under these conditions (Töröcsik et al.

2010). Molecular studies aimed at identifying the mecha-

nisms involved in LXR-mediated regulation of dendritic

cell biology may help clarify the discrepancies between

activating and repressing effects of LXR agonists on this

cell type (e.g., on CCR7 expression) in different experi-

mental models.

LXRs as Regulators of Immune Cell Proliferation

Several groups have reported the capability of LXR ago-

nists to exert anti-proliferative actions in a number of cell

types (Blaschke et al. 2004; Chuu et al. 2007; Meng et al.

2009; Vedin et al. 2009), including T lymphocytes and

macrophages (Bensinger et al. 2008; Geyeregger et al.

2009; Kim et al. 2010; Pascual-Garcı́a et al. 2011). In T

lymphocytes, LXR agonists inhibited mitogen- and anti-

gen-driven proliferation through a pathway involving

functional expression of ABCG1, which suggests that

reduction of cellular cholesterol contents due to increased

cholesterol efflux represents a mechanism for the LXR-

mediated anti-proliferative effects in these cells. Indeed,

these studies revealed that the LXR pathway was nega-

tively regulated during T cell proliferation. T cell

expansion in response to anti-CD3 antibodies correlated

with enhanced expression of the LXR ligand-inactivating

enzyme SULT2B1. As a consequence, reduced expression

of the LXR target genes ABCA1 and ABCG1 was

observed in proliferating T cells. Simultaneously to these

effects, the SREBP-2 pathway for cholesterol synthesis

was upregulated. Reduced expression of ABCG1 was

proposed to affect the intracellular distribution of choles-

terol and represent a strategy for T cells to ensure adequate

progression through the cell cycle. Conversely, lympho-

cytes deficient in LXR showed higher levels of

proliferation during antigen-driven responses (Bensinger

et al. 2008). The ability of LXR agonists to limit the

expansion of T cell populations reveals, therefore, the

capability of the LXR pathway to interfere with the onset

of adaptive immune responses.

Liver X receptor agonists also inhibited the proliferation of

macrophages in an in vivo model of concanavalin A-induced

peritonitis. In vitro experiments revealed that the anti-prolif-

erative actions of LXR agonists in primary bone marrow-

derived macrophages were independent of functional

expression of ABCG1, ABCA1 or apoE (Pascual-Garcı́a et al.

2011), which, in comparison with the observations obtained

from T cells, suggests that different mechanisms account for

the anti-proliferative effects of LXR agonists in distinct cell

types. In macrophages, LXR activation resulted in changes in

the protein expression of several members of the cyclin and

cyclin-dependent kinase family. LXR activation did not lead

to a reduction in the expression of S-phase kinase-associated

protein 2, a molecule involved in ubiquitin-mediated degra-

dation of the cell cycle negative regulator p27Kip1 (Carrano

et al. 1999), in contrast to what had been observed in some

other cellular systems (Blaschke et al. 2004; Chuu et al. 2007).

In the same line of evidence, expression of p27Kip1 was not

required for the LXR anti-proliferative effects in macrophages

(Pascual-Garcı́a et al. 2011). More work will have to be

developed to know whether distinct anti-proliferative mech-

anisms reported in different cell types derive from common

originating effects.

Future Perspectives

In the last decade, the identification of positive and nega-

tive effects of LXR agonists on target genes with key roles

in the immune response has opened the door to the con-

sideration of pharmacological strategies based on LXR

activation for treating disorders highly dependent on

inflammatory or other type of immune responses. Based on

the identification of binding sites through recent genome-

wide profiling studies (Boergesen et al. 2012), novel genes

regulated by LXRs are expected to be reported in the

subsequent years, which will help understand global effects

in the organism mediated by these nuclear receptors.

Development of agonists or combined treatments that

selectively mediate the transrepressing or transactivating

actions of LXRs may be of interest to impede human

disease. The roles of posttranscriptional modifications of

LXRs deserve further attention in this context. As descri-

bed early in this review, several natural compounds from

bacterial or plant origin have been shown to exert LXR

agonistic activity. In vivo studies directed at the under-

standing of the impact of such agonists on positive/

negative regulation of LXR-dependent gene expression

will help define whether the development of preventive

strategies based on the use of natural agonists through the

diet may help reduce the incidence of long-term chronic

diseases with either an inflammatory or an autoimmunity

component.
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