
REVIEW

Biological Roles of Liver X Receptors in Immune Cells

Mónica Pascual-Garcı́a • Annabel F. Valledor

Received: 2 November 2011 / Accepted: 16 March 2012 / Published online: 14 June 2012

� L. Hirszfeld Institute of Immunology and Experimental Therapy, Wroclaw, Poland 2012

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.
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Abbreviations

ABC ATP-binding cassette transporter

AIM Apoptosis inhibitory protein secreted by

macrophages

AP-1 Activating protein-1

Apo Apolipoprotein

Ccl Chemokine (C–C motif) ligand

CCR7 CC chemokine receptor-7

ChREBP Carbohydrate response element-binding

protein

CORO2A Coronin 2A

GPS2 G protein pathway suppressor 2

GR Glucocorticoid receptor

HDAC Histone deacetylase

HIV Human immunodeficiency virus

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
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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 receptor CD36.

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–C motif)

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-

ciency additionally resulted in decreased macrophage 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 of AIM are 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

Arch. Immunol. Ther. Exp. (2012) 60:235–249 243

123



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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