
Activation of Liver X Receptor Induces Macrophage
Interleukin-5 Expression*

Received for publication, July 20, 2012, and in revised form, October 31, 2012 Published, JBC Papers in Press, November 13, 2012, DOI 10.1074/jbc.M112.403394

Yuanli Chen‡§, Yajun Duan‡§1,2, Yanhua Kang‡§, Xiaoxiao Yang‡§, Meixiu Jiang‡§, Ling Zhang‡§, Guangliang Li‡§,
Zhinan Yin‡§, Wenquan Hu‡§, Pengzhi Dong‡§, Xiaoju Li‡§, David P. Hajjar¶, and Jihong Han‡§1,3

From the ‡State Key Laboratory of Medicinal Chemical Biology and the §College of Life Sciences, Nankai University, Tianjin 300071,
China and the ¶Weill Medical College, Cornell University, New York, New York 10067

Background:LXR inhibits the development of atherosclerosis. It remains unknownwhether LXR regulates IL-5 expression,
an atheroprotective cytokine, in macrophages.
Results: LXR inducesmacrophage IL-5 expression in an LXRE-dependentmanner. It also induces IL-5 expression in aortic root
area of LDLR�/� mice.
Conclusion:Macrophage IL-5 is a target gene for LXR activation.
Significance: The increased IL-5 expression can be related to LXR-induced anti-atherosclerosis.

IL-5 stimulates production of T15/EO6 IgM antibodies that
can block the uptake of oxidized low density lipoprotein by
macrophages, whereas a deficiency in macrophage IL-5 expres-
sion accelerates development of atherosclerosis. Liver X recep-
tors (LXRs) are ligand-activated transcription factors that can
induce macrophage ABCA1 expression and cholesterol efflux,
thereby inhibiting the development of atherosclerosis. How-
ever, it remains unknownwhether additionalmechanisms, such
as the regulation of macrophage IL-5 expression, are related to
the anti-atherogenic properties of LXR. We initially defined
IL-5 expression in macrophages where the LXR ligand
(T0901317) induced macrophage IL-5 protein expression and
secretion. The overexpression of LXR increased, whereas its
knockdown inhibited IL-5 expression. Furthermore, we found
that LXR activation increased IL-5 transcripts, promoter activ-
ity, formation of an LXR�LXR-responsive element complex, and
IL-5 protein stability. In vivo, we found thatT0901317 increased
IL-5 and total IgM levels in plasma and IL-5 expression in mul-
tiple tissues in wild type mice. In LDL receptor knock-out
(LDLR�/�) mice, T0901317 increased IL-5 expression in the
aortic root area. Taken together, our studies demonstrate that
macrophage IL-5 is a target gene for LXR activation, and the
induction ofmacrophage IL-5 expression can be related to LXR-
inhibited atherosclerosis.

The binding and internalization of oxidatively modified low
density lipoprotein (oxLDL)4 by scavenger receptors onmacro-
phage surface result in formation of lipid-laden foam cells,
which are a prominent part of atherosclerotic lesions (1). Thus,
the accumulation of cholesterol/lipids in macrophages is an
initial and critical step in the development of atherosclerosis.
The degradation of oxidized fatty acids in oxLDLwithinmacro-
phage/foam cells generates multiple reactive species, such as
malondialdehyde (MDA) and 4-hydroxynonenal (2, 3). The
autologous molecules, such as the protein moiety of LDL (e.g.,
apolipoprotein B) and phospholipids (e.g., phosphatidylcho-
line), can be subjected to modification by these reactive species
(4, 5). Many of the modified products can function as excellent
immunogens, which result in both the activation of either the
innate or adaptive immune response and the production of
cytokines, growth factors and other pro-inflammatory media-
tors (6). Studies with animal models have shown that there are
several auto-antibodies to these “oxidation-specific epitopes”
(7, 8).
IL-5 is a cytokine that regulates the growth and differentia-

tion of eosinophils (9). In asthma, there is an influx of activated
eosinophils into the lung, causing tissue damage (10). IL-5 can
promote the differentiation of B-1 cells, a subclass of B cell
lymphocytes, into antibody-secreting cells and increases the
secretion of T15/EO6 IgM antibodies from the cells. These
antibodies are able to bind to the phosphatidylcholinemoiety of
the oxidized phospholipids in oxLDL, thereby blocking the
uptake of oxLDLbymacrophages (8). In addition, IL-5 prevents
the development of atherosclerosis, whereas IL-5 deficiency
will accelerate the development of atherosclerosis (11).
Liver X receptors (LXRs) are ligand-activated transcription

factors and consist of LXR� (NR1H3) and LXR� (NR1H2) (12,
13). LXR activators include natural ligands, such as oxidized
cholesterol derivatives (e.g., 22(R)-hydroxycholesterol, 24(S)-
hydroxycholesterol, 24(S),25-epoxycholesterol, and 25-hy-
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droxycholesterol), and synthetic non-sterol LXR ligands (e.g.,
GW3965 and T0901317). LXRs have been shown to play mul-
tiple biological roles (14). LXR regulates the expression of sev-
eral key molecules in fatty acid synthesis, such as sterol regula-
tory-binding protein 1c and fatty acid synthase. Both LXR� and
LXR� plays an important role in cholesterol metabolism. For
instance, LXR�/� can stimulate the expression of ATP-binding
cassette transporters A1 and G1 (ABCA1 and ABCG1), which
are the critical molecules that facilitate excess cellular choles-
terol efflux to extracellular cholesterol acceptors, such as apo-
lipoprotein AI/II and HDL. In mouse and rat models, LXR also
up-regulates the expression of cholesterol 7�-hydroxylase (14),
which is the initial and rate-limiting enzyme for the conversion
of cholesterol into bile acids.
Several studies have reported that synthetic LXR ligands

inhibit the development of atherosclerosis in animal models
(15). The anti-atherogenic properties of the LXR ligands are
mainly attributed to the LXR-mediatedmacrophage ABCA/G1
expression and cholesterol efflux (15, 16). In addition, LXR
plays an important role in the regulation of cytokine production
and the anti-inflammatory response (17, 18). However, in addi-
tion to the regulation of macrophage cholesterol efflux, the
function of LXR regarding immune responses in macrophages,
such as its influence on the production of anti-atherogenic
cytokine, IL-5, has not been elucidated. In this study, we set out
to define the role of LXR in the regulation of IL-5 expression in
inflammatory cells.

EXPERIMENTAL PROCEDURES

Reagents—Rabbit anti-IL-5 polyclonal antibody was
obtained from Boster Biologicals (Wuhan, China). Mouse anti-
ubiquitinmonoclonal antibody, goat anti-CD68, andMOMA-2
polyclonal antibodies were purchased from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). TRITC-conjugated goat
anti-rabbit IgG and FITC-conjugated rabbit anti-goat IgGwere
purchased from The Jackson Laboratory (Bar Harbor, ME).
FITC-conjugated hamster anti-mouse TCR� and mouse total
IgG and IgM detection ELISA kits were purchased from eBio-
sciences (San Diego, CA). The ELISA kit for anti-oxLDL anti-
bodies was purchased from Holzel Diagnostika (Koln, Ger-
many). X-tremeGENE HP DAN transfection reagent was
purchased from Roche Applied Science. pSilencer 5.1 Retro
vector and Amplex� Red cholesterol assay kit were purchased
from Invitrogen. T0901317 was purchased from Cayman
Chemicals (Rockford, IL). All other reagents were purchased
from Sigma-Aldrich except where indicated.
Cell Culture—RAW cells (a murine macrophage cell line)

and EL-4 (a murine lymphocyte cell line) were purchased from
ATCC (Manassas, VA) and cultured in complete RPMI 1640
medium containing 10% FBS, 50 �g/ml penicillin/streptomy-
cin, and 2 mM glutamine, respectively. The cells were switched
to serum-free medium and received treatment when the con-
fluence was �90% (RAW) or at a density of �2 � 105 cells/ml
(EL4). Mouse peritoneal macrophages were isolated from wild
type C57BL/6 mice as described (19) and received treatment in
serum-free medium.

WesternAnalysis of IL-5 Protein Expression andELISAof IL-5
Secretion—After treatment, the cells were washed twice with
cold PBS and lysed in an ice-cold lysis buffer (50 mM Tris, pH
7.5, 150mMNaCl, 1%TritonX-100, 1% sodiumdeoxycholate, 1
mM PMSF, 50 mM sodium fluoride, 1 mM sodium orthovana-
date, 50 �g/ml aprotinin/leupeptin). The lysate was sonicated
for 20 cycles followed by centrifugation for 15 min at 16,200 �
g at 4 °C with a Microfuge. The supernatant was saved as the
whole protein extract. After determination of concentration,
the cellular proteins from each sample were loaded on a 15%
SDS-PAGE gel. After electrophoresis, the proteins were trans-
ferred onto a nylon-enhanced nitrocellulose membrane. The
membrane was blocked with a solution of 0.1% Tween 20/PBS
(PBS-T) containing 5% dry fat-free milk for 1 h followed by
incubation with rabbit polyclonal anti-IL-5 antibody (1:500)
overnight at 4 °C. After reblocking with PBS-T containing 5%
milk, the blot was incubated with horseradish peroxidase-con-
jugated goat anti-rabbit IgG for 1 h at room temperature. After
washing three times for 10min with PBS-T, themembrane was
incubated for 1 min in a mixture of equal volumes of Western
blot chemiluminescence reagents 1 and 2. The membrane was
then exposed to film before development.
To determine the effects of LXR activation on IL-5 protein

secretion, macrophages in 12-well plates were treated with
T0901317 at different concentrations (1 ml/well) overnight.
The treatment medium was collected and spun for 5 min at
2,600 � g at 4 °C to remove the floating cells. The supernatant
was used to determine the secreted IL-5 protein using ELISAkit
purchased fromR&DSystems (Minneapolis,MN). The cell pel-
let in the tube and cells in the corresponding well were com-
bined and lysed. The protein content in the cellular lysate was
used to normalize IL-5 protein secretion.
In Vivo Study—The protocol for in vivo study with mice was

granted by the EthicsCommittee ofNankaiUniversity and con-
forms to the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health.
C57BL/6 wild type mice (�10-week-old females) were ran-

domly divided into two groups (five mice/group) and fed nor-
mal chow (control) or normal chow containing T0901317
(T0901317, 5 mg/100 g of food) for 10 days. Based on food
consumption, the dose of T0901317 was estimated to be �5
mg/kg of body weight. After treatment, the animals were anes-
thetized and euthanized in a CO2 chamber. Bloodwas collected
and kept for more than 2 h at room temperature. After centrif-
ugation for 20 min at 2,000 � g, the serum was transferred into
a new test tube and kept at �20 °C until the assay of IL-5, total
IgG/IgM, and anti-oxLDL antibodies levels by ELISA.
To determine the IL-5 protein expression in mouse tissues

(liver, spleen, and lymph node), �30 mg of tissue was homog-
enized in the protein lysis buffer. The supernatant of the homo-
genate was retained as the tissue protein extract. To determine
IL-5 protein expression in T cells, mouse spleen and lymph
nodes were collected and ground into single cells, respectively.
Once cells were filtrated with a 40-�m cell strainer, they were
incubated in 3ml of red cell lysis buffer for 5 min; 7 ml PBS was
then added. After centrifugation, the cell pellet was resus-
pended in 200 �l of PBS, and 1 �l of anti-TCR�-FITC plus 1 �l
of anti-CD3-PerCP Cy5 (eBiosciences) antibodies was added.
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After incubation for 30 min on ice and washed twice with PBS,
the cells were resuspended in 1 ml of serum-free medium and
subjected to FACS.About 800,000TCR��CD3� cells were col-
lected as T cells. The T cells were lysed, and total cellular lysate
was used to determine IL-5 protein expression byWestern blot.
To determine IL-5 protein expression in the liver, 5-�mpar-

affin sections from the liver, which was previously fixed in 4%
paraformaldehyde followed by embedding in paraffin, were col-
lected. Expression of IL-5 was determined by immunohisto-
chemical staining as described (20). To further define the cell
types expressing IL-5, the above sections were blocked with 2%
BSA for 2 h at room temperature followed by incubation with
rabbit anti-IL-5 polyclonal antibody (1:25 dilution) plus ham-
ster anti-TCR�-FITC (1:100 dilution) or rabbit anti-IL-5 poly-
clonal antibody (1:25 dilution) plus goat anti-CD68 polyclonal
antibody (1:50 dilution) overnight at 4 °C. After removal of the
primary antibodies by washing with PBS for 30 min, the sec-
tions stained with anti-IL-5 plus anti-TCR� antibodies were
incubated with TRITC-conjugated goat anti-rabbit IgG alone
(1:1000 dilution), whereas the sections stained with anti-IL-5
plus anti-CD68 antibodies were incubated with TRITC-conju-
gated goat anti-rabbit IgG (1:1000 dilution) plus FITC-conju-
gated rabbit anti-goat IgG (1:1000 dilution) for 2 h at room
temperature, respectively. After washing with PBS for 30 min,
all of the sections were stained with DAPI solution for nucleus.
Images of all the sections were obtained with a fluorescence
microscope.
To determine whether IL-5 is expressed in aortic root, LDL

receptor knock-out (LDLR�/�) mice (�8-week-old females)
were randomly divided into two groups and fed a high fat diet
(21% fat and 0.5% cholesterol) with or without T0901317 (1
mg/100 g of food) for 20 weeks. After treatment, 5-�m frozen
sections of aortic rootwere collected. IL-5 protein in lesion area
was determined by immunohistochemical staining. To further
localize IL-5 protein expression in the lesion area, the aortic
frozen sections were conducted immunofluorescent staining
with anti-IL-5 and MOMA-2 antibodies and DAPI solution.
Preparation of Plasmid DNA and Determination of IL-5 Pro-

moter Activity—The mouse IL-5 promoter (from �1173 to
�45, p1218IL-5) was constructed using PCR with genomic
DNA extracted from mouse liver and the following primers:
forward, 5�-TAGCCTCGAGGCATGCCTGACACAGTGC-
3�; and backward, 5�-TGCCAAGCTTGACTCTGAAGTCTT-
CAGC-3�. To define the location of LXR responsive element
(LXRE or DR4), a shorter IL-5 promoter (from �632 to �45,
p677IL-5) was constructed by PCR with the p1218IL-5 DNA
and the forward primer of 5�-TAGCCTCGAGAGCAGGGTC-
TTGTGTGTTCC-3� and the same backward primer men-
tioned above. The p677IL-5 promoter with LXRE mutation
(p677IL-5M) or deletion (p677IL-5D) was constructed using
the Phusion site-directed mutagenesis kit (New England Bio-
labs, Ipswich, MA) with the p677IL-5 DNA and primers with
the corresponding LXRE deletion or mutation. After the
sequences were confirmed, the above PCR products were
digested using XhoI and HindIII followed by ligation with the
pGL4 luciferase reporter vector (Promega, Madison, WI),
respectively. To analyze the IL-5 promoter activity, �5 � 105/
well EL4 cells in 24-well plates were transfected with DNA for

IL-5 promoters and Renilla luciferase (for internal normaliza-
tion) using Gene Tran (Biomiga, San Diego, CA). After 24 h of
transfection plus treatment, the cells were lysed, and the cellu-
lar lysate was used to determine activities of firefly and Renilla
luciferases using the dual-luciferase reporter assay system from
Promega.
Extraction of Nuclear Proteins and EMSA of LXR-DNABind-

ing Activity—After treatment and washing with cold PBS, the
cells were suspended in 400 �l of cold buffer A (10 mMHEPES,
pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT,
0.5 mM PMSF) and incubated for 15 min on ice followed by
addition of 50 �l of 10%Nonidet P-40 and vortex for 10 s. After
spinning for 30 s at 16,200 � g at 4 °C, the pellet was saved and
resuspended in 100�l of cold buffer C (20mMHEPES, pH 7.91,
400 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM

PMSF, 10 �g/ml leupeptin/aprotinin) and kept on ice for 15
min. The mixture was spun again for 5 min, and the superna-
tant was collected as nuclear proteins and kept at �80 °C until
assay.
To determine the binding activity of nuclear proteins to

LXRE, the double-stranded oligonucleotides of IL-5 LXREwere
end-labeled with [�-32P]ATP using T4 polynucleotide kinase
and purified with a MicroSpin G-25 column. The reaction of
nuclear proteins (10 �g/sample) with the 32P-labeled probe in
the presence or absence of the indicated competitor was com-
pleted. After reaction, the mixture was loaded on a precooled
5% polyacrylamide (38:2) native gel. The complex of nuclear
protein�DNA probe was separated from the unbound probe by
electrophoresis and detected by radiography after the gel was
air-dried.
Reduction of Macrophage LXR Expression by siRNA—The

shRNA against LXR� or LXR� was constructed by subcloning
the template oligonucleotides into pSilencer 5.1 Retro vector.
The sense and antisense template oligonucleotides for LXR� or
LXR� siRNA were 5�-GATCCGTGCCTGATGTTTCTCCT-
GATTCAAGAGATCAGGAGAAACATCAGGCATTTTTT-
GGAAA-3� and 5�-AGCTTTTCCAAAAAATGCCTGATGT-
TTCTCCTGATCTCTTGAATCAGGAGAAACATCAGGC-
ACG-3� or 5�-GATCCGGATTCAGAAGCAGCAACATTCA-
AGAGATGTTGCTGCTTCTGAATCCTTTTTTGGAAA-
3� and 5�-AGCTTTTCCAAAAAAGGATTCAGAAGCAGC-
AACATCTCTTGAATGTTGCTGCTTCTGAATCCG-3�. To
determine the effect of LXR siRNA on IL-5 expression, primary
macrophages in 6-well plates were transfected with shRNA
against LXR� or LXR� and scrambled shRNA using Roche
X-tremeGENE HP DAN transfection reagent. After 24 h of
transfection, the cells were switched to complete medium and
continued the culture for 48 h. The cells were then lysed, and
the cellular proteins were used to determine the expression of
IL-5 and LXR� or LXR� by Western blot.
Preparation of LXR Expression Vectors and Transfection of

RAW Macrophages—The cDNAs encoding mouse LXR� and
LXR� were generated using RT-PCR with total RNA extracted
from RAW cells and the following primers: LXR�, forward:
5�-CCGGAATTCATGTCCTTGTGGCTGGAG-3�, and back-
ward: 5�-CGCGGATCCTCACTCGTGGACATCCC-3�; and
LXR�, forward: 5�-TAGCCTCGAGCATGTCTTCCCCCAC-
AAGTTC-3�, and backward: 5�-CGACAAGCTTCTACTCG-
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TGCACATCCCAGATC-3�. After the sequence of LXR� or
LXR� was confirmed, the RT-PCR product was digested with
EcoRI and BamHI or XhoI and HindIII followed by subcloning
into an expression vector: pEGFP-C2 (pEGFP-LXR� and
pEGFP-LXR�). To determine the effect of overexpression of
LXR� or LXR� on IL-5 protein expression, �95% confluent
RAW cells in 12-well plates were transfected with DNA for the
LXR� or LXR� expression vector or the pEGFP-C2 vector.
After 24 h of transfection, the cells were lysed, and the cellular
lysate was used to determine IL-5 and LXR� or LXR� protein
by Western blot.
Isolation of Total Cellular RNA and Real Time RT-PCR—Af-

ter treatment, RAW or primary macrophages or EL4 cells or
mouse tissues were lysed in TRIzol reagent (Invitrogen). The
lysate was well mixed with chloroform and spun for 10 min
using aMicrofuge at 16,200 � g at 4 °C. The top aqueous phase
was collected andmixedwith an equal volumeof isopropanol to
precipitate total cellular RNA. The cDNAwas then synthesized
with 1 �g of total RNA using the RT kit purchased from New
England Biolabs. Real time PCR was performed using SYBR
green PCR master mix purchased from Bio-Rad with the fol-
lowing primers: IL-5, sense: 5�-AGCACAGTGGTGAAAGAG-
ACCTT-3�, and antisense: 5�-TCCAATGCATAGCTGGTG-
ATTT-3�; and GAPDH, sense: 5�-ACCCAGAAGAC-
TGTGGATGG-3�, and antisense: 5�-ACACATTGGGGGTA-
GGAACA-3�. Expression of IL-5 mRNA was normalized with
GAPDH mRNA.
Data Analysis—All of the experiments were repeated at least

three times, and the representative results were presented. The
data were presented as means � standard deviation and ana-
lyzed using the paired Student’s t test (n � 3). The significant
difference was considered at p � 0.05.

RESULTS

Activation of LXR Induces Macrophage IL-5 Protein
Expression—Todeterminewhether IL-5 is expressed bymacro-
phages, we initially extracted total cellular proteins frommouse
tissues, peritoneal macrophages, RAW macrophages, and EL4
cells and then assessed the levels of IL-5 protein by Western
blot. As expected, IL-5 protein expression was highest in EL4
cells, a mouse T lymphocyte cell line. In addition to immune
tissues, such as lymph node and spleen, IL-5 protein was also
observed in mouse liver, primary macrophages, and macro-
phage cell line (Fig. 1A). We further confirmed the expression
pattern by determining IL-5 transcripts in above samples by
RT-PCR. The results in Fig. 1B indicate the similar expression
profiles of IL-5 mRNA to IL-5 protein.
To assess the effects of LXR activation on macrophage IL-5

protein expression, we treated RAW cells with an LXR ligand,
T0901317, at different concentrations overnight. The results in
the top panel of Fig. 2A demonstrate that T0901317 induced
IL-5 protein expression in a broad concentration range with a
maximum induction at 200 nM. Our results show that the
induction occurred quickly (2 h after treatment) and lasted for
24 h. Themaximum inductionwas seen 8h after treatment (Fig.
2A, bottom panel). Similarly, we investigated the effect of LXR
on IL-5 protein expression in primary macrophages isolated
from wild type mice. After treatment with T0901317 at differ-

ent concentrations overnight, IL-5 protein expression in pri-
mary macrophages was induced, and the maximum induction
was observedwith a lower concentration ofT0901317 (�50 nM;
Fig. 2B, top panel). The study time course indicated that the
peak of induction occurred 12 h after treatment (Fig. 2B, bottom
panel).
To determine the effect of LXR on IL-5 secretion, both RAW

and primary macrophages were treated with T0901317 at dif-
ferent concentrations overnight. IL-5 in the treatmentmedium
was determined by ELISA. The results in Fig. 2C show that LXR
increased IL-5 secretion. To confirm these observations, we
initially transfected RAWmacrophages with an LXR� or LXR�
expression vector and determined the effect of overexpressed
LXR� or LXR� on IL-5 protein expression. Compared with the
control vector, the overexpressed LXR� or LXR� increased
IL-5 protein expression in macrophages (Fig. 2D). In contrast,
the knockdownof LXR�or LXR� expression by siRNAresulted
in decreased IL-5 protein (Fig. 2E).
Induction IL-5 Expression in an LXRE-dependent Manner—

To determine whether the induction of macrophage IL-5 pro-
tein expression by LXR is completed through transcription, we
initially determined the changes in macrophage IL-5 mRNA in
response toT0901317 treatment. The results in Fig. 3A indicate
a significant increase in IL-5 transcripts by T0910317 treat-
ment, suggesting that the regulation could be at the transcrip-
tional level. We then constructed an IL-5 promoter (p1218IL-
5). Consistent with previous reports (9), the results in the left
panel of Fig. 3B indicate that IL-5 promoter can be activated by
the co-treatment of phorbol 12-myristate 13-acetate plus
N6,O2�-dibutyryladenosine 3�:5�-cAMP. Treatment of the
transfected cells with T0901317 induced IL-5 promoter activity
in a concentration-dependent manner (Fig. 3B, right panel).
Taken together, it is clear that LXR induces IL-5 expression at
the transcriptional level.
By sequence alignment analysis, we found a putative LXREor

DR4 sequence in the proximal region of IL-5 promoter (from
�246 to�231, ATGTGGatcaAAGTTG). The classic sequence
of LXRE is AGGTCAXXXXAGGTCA; it is also named DR4

FIGURE 1. Expression pattern of IL-5 in mouse tissues and macrophages.
Total cellular protein or RNA was extracted from mouse tissues or macro-
phages or EL4 cells. Expression of IL-5 protein (A) and mRNA (B) was deter-
mined by Western blot and RT-PCR, respectively. Sp, spleen; Lv, liver; Ln,
lymph node; pM�, peritoneal macrophages. The results of statistical analysis
of blots are presented at the bottom of each panel.
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because the six nucleotides separated by any four nucleotides
are repeated. To determine the importance of this putative
LXRE in IL-5 transcription, we constructed either a shorter
IL-5 promoter (p677IL-5) than p1218IL-5 or the shorter pro-
moter with LXREmutation or deletion (Fig. 3C).We then eval-
uated the effect of T0901317 on the activity of these promoters.
The results in Fig. 3C indicate that T0901317 induced the activ-
ity of both p1218IL-5 and p677IL-5 promoters. However, the
mutation or deletion of LXRE abolished the inductive effect of
LXR on IL-5 promoter activity (Fig. 3C).

We then determined the role of this LXRE in IL-5 transcrip-
tion by determining the reaction of the LXREwith nuclear pro-
teins. The binding of the labeled IL-5 LXRE to nuclear extract
was blocked by the unlabeled wild type IL-5 LXRE but not the
mutated IL-5 LXRE nucleotides in a concentration-dependent
manner (Fig. 3D, left panel).More importantly, the binding was
reduced by ABCA1 LXRE and anti-LXR� or anti-LXR� anti-
body (Fig. 3D), indicating the formation of the complex of this

putative IL-5 LXREwith LXR. Treatment of cells with T090137
increased the formation of LXR�LXRE complex in a concentra-
tion-dependent manner (Fig. 3D, right panel). Taken together,
the results in Fig. 3 demonstrate that LXR induces IL-5 expres-
sion at the transcriptional level, and the LXRE plays an impor-
tant role in IL-5 transcription.
Activation of LXR Induces IL-5 Production in Vivo—We also

studied the effects of LXR on IL-5 protein stability. The addi-
tion of cycloheximide arrests the synthesis of cellular proteins;
thus, IL-5 protein was reducedwith time. However, in the pres-
ence of T0910317, the decline of IL-5 protein expression by
cycloheximide was significantly reduced, suggesting that LXR
increases IL-5 protein stability (Fig. 4A). Furthermore, we
determined the effect of T0901317 on the ubiquitylation of IL-5
protein and observed that the ubiquitinated IL-5 (IL5-Ub) was
decreased by the treatment (Fig. 4B).
IL-5 has been observed in multiple tissues/cell types, such as

Th2 cells, eosinophils, mast cells, and macrophages (9). To

FIGURE 2. Regulation of macrophage IL-5 expression by LXR activation. A and B, RAW macrophages (A) or mouse peritoneal macrophages (B) were treated
with T0901317 at the indicated concentrations for 8 h or treated with 200 nM T0901317 for the indicated times. C, both RAW and peritoneal macrophages in
12-well plates were treated with T0901317 at the indicated concentrations for 16 h. The treatment medium was used to determine the secreted IL-5 protein by
ELISA. *, significantly different from the corresponding controls at p � 0.01 using Student’s t test (n � 3). D, RAW cells in 12-well plate were transfected with DNA
for the pEGFP-C2 vector, pEGFP-LXR�, or pEGFP-LXR� expression vector at the indicated concentrations for 24 h. E, primary macrophages in 6-well plates were
transfected with shRNA against LXR� or LXR� or control shRNA at the indicated concentrations for 24 h. Ctrl, control.
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FIGURE 3. Induction of IL-5 expression is LXRE-dependent. A, mouse peritoneal macrophages were treated with T0901317 at the indicated concentrations
for 6 h. Expression of IL-5 mRNA was determined by real time RT-PCR. *, p � 0.01 versus control (n � 3). B, EL4 cells in 24-well plates were transfected with DNA
for p1218IL-5 and Renilla luciferase. After 4 h of transfection, the cells were treated with 32 nM phorbol 12-myristate 13-acetate (PMA) plus 1 mM N6,O2�-
dibutyryladenosine 3�:5�-cAMP (Bt2cAMP) or T0901317 at the indicated concentrations overnight followed by determination of activities of firefly and Renilla
luciferases. *, p � 0.01 versus control (open bars; n � 3). C, EL4 cells were transfected with DNA for the indicated IL-5 promoters and treated with 200 nM

T0901317 overnight. *, p � 0.01 versus controls (n � 3). D, left panel, nuclear proteins were extracted from T0901317-treated RAW cells and used to react with
the 32P-labeled IL-5 LXRE probe in the presence or absence of the indicated competitor. Right panel, RAW cells were treated with T0901317 at different
concentrations overnight. The binding of nuclear proteins with the 32P-labeled IL-5 LXRE probe was determined using EMSA.
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determinewhether LXR influences IL-5 expression in cell types
other than macrophages, we treated EL4 cells with T0901317
and determined the changes in IL-5 protein levels. Similar to
macrophages, LXR can induce IL-5 protein expression in EL4
cell, indicating the common inductive effect on IL-5 expression
in different cell types (Fig. 4C).
To define the physiological relevance of LXR activation on

IL-5 expression, we conducted in vivo studies in which we ini-
tially fed wild type mice normal chow or chow containing
T0901317 (5 mg/100 g of food) for 10 days. Analysis of serum
IL-5 using ELISA indicated that T0901317 significantly
increased the IL-5 protein levels in circulation (18.8 versus 38.1
pg/ml, 203%, p � 0.01; Fig. 5A). In tissues, T0901317 induced
IL-5 protein expression in the liver, lymph nodes, and spleen
(Fig. 5B). Because T cells are amajor source of IL-5 production,
we also determined the effect of administration of T0901317 on
IL-5 expression in T cells isolated either from spleen or lymph
nodes. The results in Fig. 5C indicate that T0901317 also
increased T cell IL-5 expression in vivo. In addition, we deter-
mined the effect of LXR ligand administration on serum anti-

body levels; the results in Fig. 5D indicate that T0901317 signif-
icantly increased levels of total IgM, anti-oxLDL antibodies but
not total IgG. However, LXR activation had little effect on B-1
cell population in spleen (data not shown), which might be
because we defined splenic B-1 cells by CD19�CD23� rather
than CD19�B220low, and the induction of IgM antibodies to
oxLDL by IL-5 occurs in peritoneal B-1 cells (11). We also
determined the expression levels of IL-5 protein by immuno-
histochemical assay, and the results confirmed the inductive
effect of T0901317 treatment on IL-5 protein expression in the
liver (Fig. 5E, left panel). To disclose the cell types expressing
IL-5 in the liver after LXR activation, we did a double immun-
ofluorescent staining assay. The results in the right panel of Fig.
5E demonstrate that LXR moderately induced IL-5 expression
in T cells and significantly induced IL-5 expression in Kupffer
cells in the liver.
LXR ligands have been reported to inhibit the development

of atherosclerosis in LDLR�/� mice (21, 22). To determine
whether the inhibitory effect of LXR ligand on atherosclerosis is
related to the induction of IL-5 expression in macrophages
within aortic lesions, LDLR�/� mice were fed a high fat diet or
the diet containing T0901317 (1 mg/100 g food) for 20 weeks.
After treatment, the mouse aortic root was used to determine
IL-5 protein expression and the presence of macrophages.
Compared with control mice, the smaller size of lesion was
observed in the animals receiving LXR ligand treatment (Fig.
6A). In addition, the results of immunohistochemical staining
indicate that T0901317 induced IL-5 protein expression in aor-
tic lesions (Fig. 6A). More importantly, the immunofluorescent
staining results suggest that the increased IL-5 protein was
mainly contributed by macrophages (Fig. 6B).

DISCUSSION

IL-5 has been reported to link adaptive and natural immunity
in inhibiting atherosclerosis (11). In this study, we report for the
first time that LXR activation inducesmacrophage IL-5 expres-
sion. LXR also increases IL-5 protein and IgMproduction in the
circulation and IL-5 expression inmultiple tissues in vivo.More
importantly, LXR induces IL-5 expression in macrophages
within aortic lesions. These findings suggest the following: 1)
IL-5 is widely expressed in various tissues/cell types, and the
expression of IL-5 can be regulated by different mechanisms,
and 2) in addition to promoting ABCA1 expression and choles-
terol efflux, the anti-atherogenic function of LXR can be related
its inductive effect on IL-5 expression in macrophages.
Formation of lipid-laden macrophage/foam cells is a critical

step in atherogenesis where oxLDL is the major component
within these cells (2). oxLDL demonstrates other multiple
atherogenic properties, such as the promotion of macrophage
recruitment and retention, and the activation of the transcrip-
tion of inflammatory genes (23). The interaction of oxLDLwith
the immune system has been demonstrated (24–27). T cell
clones responsive to oxLDL have been isolated from human
lesions (27, 28). Autoantibodies against oxidation-specific
epitopes fromoxLDLhave been found in humans and in animal
models (26, 29, 30). In general, the elevated IgG titers to oxLDL
are positively associated with progression of lesion develop-
ment, whereas IgM titers to oxLDL are negatively associated (7,

FIGURE 4. Activation of LXR increases IL-5 protein stability and induces
IL-5 expression in EL4 cells. A, RAW macrophages were treated with 2 �g/ml
cycloheximide (CHX) or cycloheximide plus 200 nM T0901317 (T0) for the indi-
cated times. B, macrophages were treated with T0901317 at different concen-
trations overnight and 5 �M MG132 for 5 h before the end of the experiment.
After treatment, 200 �g of total cellular protein were used to conduct immu-
noprecipitation (IP) with anti-IL-5 antibody and protein A-conjugated aga-
rose. The ubiquitinated IL-5 (IL-5-Ub) and total IL-5 protein and the loading in
precipitates were determined by Western blot with anti-ubiquitin (Ub) and
anti-rabbit IgG antibodies, respectively. The input was determined by West-
ern blot with 20 �g of cellular proteins with anti-IL-5, ubiquitin, and GAPDH
antibodies. IB, immunoblot. C, EL4 cells were treated with T0901317 at the
indicated concentrations overnight followed by determination of IL-5 protein
expression.
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FIGURE 5. Activation of LXR induces IL-5 production in vivo. C57BL/6 wild type mice (10-week-old females; n � 5) were fed normal chow (control) or chow
containing T0901317 (5 mg/100 g of food) for 10 days. After treatment, the following assays were completed. A, serum IL-5 concentrations were determined
using an ELISA kit. *, p � 0.001 versus control (n � 10; each serum sample was analyzed in duplicate). B, IL-5 protein expression in mouse tissues was determined
by Western blot. C, T cells isolated from spleen or lymph nodes were sorted with anti-TCR� plus anti-CD3 antibodies. After lysis, IL-5 protein expression in the
T cells was determined by Western blot. D, serum total IgG, IgM, and anti-oxLDL antibodies levels were determined using ELISA kits. *, p � 0.01 versus control
(n � 5). E, left panel, immunohistochemical analysis of IL-5 protein in the liver; right panel, IL-5 protein in T cells or Kupffer cells in the liver was determined by
immunofluorescent staining. Bars, 100 �m.
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31, 32). A study with natural monoclonal antibodies cloned
from apolipoprotein E-deficient mouse spleen identified an
IgM anti-oxLDL antibody, EO6. This antibody demonstrates a
high affinity for MDA modified LDL, copper-oxidized LDL,
and other forms of modified LDL (29). Further studies show
that EO6 inhibits scavenger receptor function and reduces
macrophage lipid accumulation, indicating an atheroprotective
role for this antibody (33, 34). Interestingly, EO6 shares a high
genetic and structural identity with the classic anti-phos-
phorylcholine B-cell clone, T15, which is able to protect against
common infectious pathogens, such as pneumococci (33–35).
A pneumococcal vaccination in LDLR�/� mice results in high
circulating levels of oxLDL-specific IgM and a persistent
expansion of oxLDL-specific T15 IgM-secreting B cells primar-
ily in the spleen. Consequently, lesion development in vacci-
nated mice is inhibited (36, 37). Consistently, immunization of
mice withMDA-LDL leads to expansion ofMDA-LDL-specific
Th2 cells with prominent secretion of IL-5, and, in turn, the
secreted IL-5 stimulates innate B-1 cells to produce and secrete
T15/EO6 IgM antibodies. Concomitantly, fewer lesions are
observed in MDA-LDL-immunized LDLR-deficient mice (11).
In our study, we observed that associated with the induction of
IL-5 expression, the serum total IgM and anti-oxLDL antibod-

ies levels were modestly increased by LXR activation (Fig. 5D).
It has been reported that IL-5 induces IgM antibodies to oxLDL
in peritoneal B-1 cells but not in other antibody-secreting cells,
such as B-2 cells, splenic marginal zone B cells, and follicular B
cells (11). Similarly, wewere not able to observe that the B-1 cell
population in spleen was significantly increased by LXR activa-
tion. In IL-5 knock-out (IL-5�/�) mice, induction of IgG1 anti-
body to oxLDL by MDA-LDL immunization is impaired (11).
Thus, the possible source for LXR-induced plasma IgM and
anti-oxLDL antibodies levels and the role of IL-5 involved may
need to be further investigated.
IL-5 controls the production, activation, and localization of

eosinophils (9). Therefore, IL-5 plays an important role in
asthma and in allergies (38). Induction of T15/EO6 antibodies
suggests an additional physiological relevance of IL-5. It has
been observed that selective deficiency of IL-5 expression in
macrophages accelerates lesion development (11). Clinical
observations demonstrate the positive association between
plasma IL-5 levels and antibody titers to copper oxLDLand IgM
to MDA-LDL and an inverse association between plasma IL-5
levels and bifurcational intima-media thickness (39). In addi-
tion, patients with asthma have elevated IL-5 levels but
decreased atherosclerosis (40).
It is believed that IL-5 expression can be regulated at the

transcriptional level because the highly conserved element,
namely consensus lymphokine element 0 (CLE0), exists in the
IL-5 promoter (41, 42). The CLE0 element binds factors of the
AP-1 family together with NF-AT regulatory proteins in
response to T cell activation signals that are generated by phor-
bol 12-myristate 13-acetate in combinationwith cAMPor anti-
CD28 (9). In our study, we observed that LXR increases IL-5
transcripts and promoter activity (Fig. 3, A and B). Further-
more, we found a putative LXRE in the proximal region of IL-5
promoter, and we demonstrated that either the mutation or
deletion of this LXRE abolishes the induction of IL-5 promoter
activity (Fig. 3C). By EMSA, we confirmed the specific binding
of this LXRE with LXR protein and observed that LXR ligand
enhances the specific binding (Fig. 3D). In addition, LXR acti-
vation reduces ubiquitination of IL-5; thus, it increases IL-5
protein stability (Fig. 4, A and B). Although the role of LXR
activation in protein ubiquitination has not been fully eluci-
dated, LXR ligands increase LXR� protein levels by suppressing
ubiquitination anddegradation of LXR�protein (43). The pres-
ence of ligands inhibits the interaction of LXR� protein with an
ubiquitin E3�ligase protein complex (43). Despite the fact that
the precise mechanisms by which LXR activation influences
IL-5 protein ubiquitination require more investigation, our
study indicates that IL-5 expression can be regulated at both
transcriptional and post-transcriptional levels. Our study
also defines an important signaling pathway that can affect
IL-5 expression. The finding that LXR activation enhances
IL-5 production in macrophages of the aorta (Fig. 6) may
suggest the involvement of increased IL-5 in LXR-inhibited
atherosclerosis.
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