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Effects of CpG-ODN on gene expression in formation of foam cells1
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Abstract
Aim: To investigate the effects of CpG-oligodeoxynucleotide (CpG-ODN) on the
formation of macrophage foam cells and related gene expression.  Methods: A
gene expression profile was examined by microarray techniques, and mRNA ex-
pression was detected by reverse transcriptase polymerase chain reaction (RT-
PCR).  The cholesterol and cholesteryl ester contents of cells were determined by
high performance liquid chromatography.  Results: CD36, LPL, and Fcγ2b, which
were related to lipid metabolism and the formation of macrophage foam cells, were
upregulated after CpG-ODN stimulation.  The mRNA expression related to the
formation of foam cells was confirmed by semiquantitative RT-PCR.  Moreover,
histochemical analysis confirmed that lipid deposits inside cells increased after
CpG-ODN treatment.  However, using flow cytometry, we found that CpG-ODN
had no effect on the expression of membrane receptors.  Conclusion: CpG-ODN
up-regulated the expression of genes in macrophage foam cell formation.
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Introduction
CpG-oligodeoxynucleotides (CpG-ODN), the synthetic

oligodeoxynucleotides containing unmethylated CpG di-
nucleotides in specific sequence contexts, are novel im-
mune enhancers for systemic and mucosal immunization[1].
Animal studies suggest that CpG-ODN could be used as
vaccine adjuvants, or antiallergenic, chemotherapeutic, or
immunoprotective agents[2–5].  Although the immunological
effects of CpG-ODN have been widely studied[6–9], including
the mechanism by which CpG-ODN binds to the cell surface
and the way in which its immunostimulatory activity is modu-
lated by extracellular pH[10], its biological activities are not
comprehensively understood.  To improve our knowledge
of the biological activities of CpG-ODN, we used a DNA
microarray to profile the gene expression in an immune cell
line after CpG-ODN treatment, and found that some genes
related to the formation of macrophage foam cells were
upregulated.  We therefore reasoned that CpG-ODN might
affect the lipid metabolism and the formation of foam cells.
Foam cells are characteristic pathological cells in atheroscle-
rotic lesion.  An excess lipid loading in macrophages results
in the formation of foam cells, and this is a key process in the
early stages of atherosclerotic lesions[11].  Therefore, it is

very important to investigate how CpG-ODN affects the for-
mation of foam cells.  In the present study, we investigated
the effects of CpG-ODN on the gene expression of the re-
lated receptors or enzymes involved in atherosclerosis, and
further confirmed the results by using semiquantitative RT-
PCR.  Furthermore, by histochemical and high performance
liquid chromatography (HPLC) analysis, we demonstrated
that CpG-ODN could affect the formation of foam cells.

Materials and methods
CpG-ODN  ODN-1826 (5'-TCC ATG ACG TTC CTG ACG

TT-3') and ODN-2006 (5'-TCG TCG TTT TGT CGT TTT GTC
GTT-3') were synthesized by Sangon Biotechnology Co in
Shanghai, China.

Cell culture  The mouse macrophage line RAW264.7 and
the human monocyte line U937 were obtained from the Cell
Bank in the Shanghai Institutes of Biochemistry and Cell
Biology, Chinese Academy of Sciences, and were cultured
in RPMI-1640 medium (Gibco/BRL, Rockville, USA), supple-
mented with 10% fetal bovine serum, 2 mmol/L glutamine,
and 50 mg/mL gentamycin in 5% CO2 at 37 oC.  The culture
medium was changed every 48 h.

Analysis of gene expression profile of immune cells by
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using a cDNA microarray  The MGEC-80s microarray ob-
tained from Biostar Genechip (Shanghai) was used.  RAW264.7
cells were stimulated with ODN-1826 6 µmol/L for 6 h, and
total RNA was isolated from cultured cells using TRIzol re-
agent (Gibco).  mRNA was purified using the Oligotex mRNA
midi Kit (Qiagen, Germany).  The fluorescent cDNA probes
were synthesized from total RNA by reverse transcription
and then purified, referring to the protocol of Schena et al
and Shalon D et al[12,13].  The probes from the control were
labeled with Cy3-dUTP; those from the stimulated cells by
ODN-1826 were labeled with Cy5-dUTP.  The probes were
mixed and precipitated with ethanol, and resolved in 20 µL
hybridization solution [5×SSC+0.4% sodium dodecylsulfate
(SDS)+50% formamide+5× Denhardt’s solution].  Chips were
prehybridized with the hybridization solution+3 µL dena-
tured salmon sperm DNA at 42 oC for 6 h.  After denaturing at
95 oC for 5 min, the probe mixture was added to the
prehybridized chip and covered with glass.  Hybridization
was performed at 60 oC for 16 h.  After hybridization of a
sample to the microarray, the sample was removed, and ar-
rays were washed in solutions of 2×SSC + 0.2% SDS, 0.1%
SSC + 0.2% SDS, and 0.1×SSC at 60 oC, respectively, for 10
min each, then dried at room temperature.  Arrays were
scanned with a laser scanner (ScanArray4000, General Scan-
ning Inc, Watertown, Massachusetts) at 2 wavelengths.  The
acquired images were processed using a modification of
GenePix Pro 3.0 software.  The intensity of each spot at the 2
wavelengths represented the quantity of Cy3-dUTP and Cy5-
dUTP, respectively.  Each ratio of Cy3 to Cy5 was computed.
The overall intensity was normalized by a coefficient ac-
cording to the ratios of the 40 housekeeping genes that were
also located.

Semiquantitative RT-PCR  Total RNA of the U937 cells
was extracted, purified using the Tissue/Cell Total RNA Iso-
lation Kit (Watson, Shanghai), and quantified spectro-
photometrically.  A total of 200 ng RNA was reverse tran-
scribed to cDNA in a volume of 20 µL using oligo(dT) prim-

ers and a commercially available kit (Reverse Transcription
System, Promega, USA) according to the manufacturer’s
instructions.  For transcription, the RNA was denatured at
70 oC and then transcribed for 1 h at 42 oC.  After inactivation
of the avian myeloblastosis virus (AMV), (1 min at 99 oC),
the transcript was cooled down to 4 oC.  Four microliters of
the reaction mixture was subjected to a final PCR reaction in
a total volume of 20 µL, containing 0.5 µL of Taq polymerase
(Takara Biotechnology, Dalian, China), 2 µL of 10×PCR Buffer
(Mg2+ Plus, Takara, Dalian), 2 µL dNTP mix (2.5 mmol/L), 0.5
µL of each of the 5' and 3' primers, and 10.5 µL of H2O.  All
gene-specific PCR primers were designed based on the DNA
sequences in GenBank (National Center for Biotechnology
Information, Bethesda, MD, USA).  The sequence of the
primers and the annealing temperatures are shown in Table 1.
The amplification was carried out over 35 cycles of the
following: denaturation, 1 min at 94 oC; annealing, 30 s, at
temperature see Table 1; elongation, 1 min at 72 oC.  PCR
products were separated by agarose gel electrophoresis.
β-actin was used as a control.  The intensities of the gene-
specific PCR products were quantified from scanned images
using the AlphaEase FC software (Alpha).

Preparation of ox-LDL  Low-density lipoprotein (LDL)
(d=1.019 to 1.063 kg/L; Sigma) was sterilized by filtration
through 0.45 µm Millipore membranes, and stored at 4 oC as
described previously[14].  After edetic acid was removed by
dialysis, LDL were oxidized by incubation in CuSO4 10  µmol/L
at 37 oC for 12 h, and then dialyzed in phosphate buffered
saline (PBS) containing edetic acid 0.1 mmol/L at 4 oC for 24 h.

In vitro induction of foam cell formation  Confluent U937
cells were pretreated in serum-free RPMI-1640 for 24 h and
then incubated with ox-LDL 80 mg/L for 48 h.  The foam cell
model was thus established.  In the experiments, U937 cells
were cultured with ODN-2006 6 µmol/L and ox-LDL 80 mg/L
for 48 h, which were added to the medium simultaneously.
The control group was the U937 cells without ODN-2006
treatment.  The morphological form of the foam cells was

Table 1. Primers used for RT-PCR.

                      5  Primer (5'–3')                              3  Primer (5'–3')                              Length/bp                   Annealing
                                                                                                                                                                                      temperature/oC

CD36 cctttgcctctccagttgaa tgtttgccttctcatcacca 390 6 4
FcγR aaggacaagcctctggtcaa ctgaaatccgctttt tcctg 295 6 4
LPL gaggacacttgccacctcat ggaccctctggtgaatgtgt 498 5 6
β-actin tcaccctgaagtaccccatc aggaaggaaggctggaagag 607 6 4

LPL, lipoprotein lipase.
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analyzed by histochemical methods.
Histochemical analysis of foam cells  The foam cells

were collected and fixed with 4% paraformaldehyde for 12 h
on the slides as described previously[15].  The slides were
rinsed in water and placed in fresh 0.3% oil red O (Amresco,
Solon, USA) solution for 20 min.  The slides were rinsed in
50% isopropyl alcohol and examined.

Lipid extraction  Lipids were extracted by using the
method of Hara and Radin[16] with modifications.  The cells
were collected from the culture flasks into 0.9% NaCl (2 mL
per 75 cm2 flask) and homogenized on ice by sonication for
10 s with a Sonifier 450 sonicator (Branson Ultrasonics,
Danbury, USA) set to maximum power.  The protein concen-
tration of the cell lysate was determined by the method of
Lowry et al[17].  To a volume of cell suspension known to
contain 1 mg of protein was added 100 µg of cholesteryl
heptadecanoate in chloroform as an internal standard.  An
equal volume of freshly prepared cold (-20 oC) KOH in etha-
nol (150 g/L) was then added and the cell lysate was repeat-
edly vortexed until clear with 6% trichloroacetic acid.  An
equal volume of 4:1 hexane-isopropanol (v/v) was added and
the mixture was vortexed for 5 min followed by centrifuga-
tion at 800×g and 15 oC for a further 5 min.  The extraction
procedure was repeated twice (a total of three extraction
procedures).  The combined organic phase was transferred
to clean tapered glass tubes and thoroughly dried in a
vacuum freeze dryer at 65 oC.  The tubes were allowed to cool
to room temperature, 100 µL of the mixture of isopropyl alco-
hol-n-heptane-acetonitrile at 35:12:52 (v:v:v) was added, and
the sample was solubilized by placing it in an ultrasound
water bath for 5 min at room temperature.  After centrifuga-
tion at 800×g for 5 min, 20 µL of the sample was introduced
into the HPLC device.

Determination of cholesterol and cholesteryl ester con-
tent of U937 cells by HPLC  The cholesterol and cholesteryl
ester content of cells were analyzed by HPLC as described
previously[18].  HPLC was performed using a Waters device

(Milford, USA) equipped with a model 1525 binary pump, a
model 717 plus autosampler, a model 2487 dual λ absorbance
detector, and a 4.6 mm×100 mm Gen-Pak FAX column
(Waters).  Waters’ Breeze software was used to control the
HPLC system.  Cholesterol and cholesteryl esters were eluted
isocratically at a flow rate of 0.5 mL/min and at a temperature
of 4 oC using an eluent consisting of isopropanol-n-hep-
tane-acetonitrile at the ratio of 35:12:52 (v:v:v) and detected
by ultraviolet absorption at 206 nm.

Statistics  Every experiment was repeated at least 3 times.
All values are expressed as mean±SD.  Differences were con-
sidered statistically significant when P<0.05 as determined
by the paired t-test.

Results
Gene expression profile in immune cells  By using the

cDNA microarray, 119 genes related to cell cycle, immune
modulation, and signal transduction were found to be differ-
entially expressed, of which 3 genes related to the formation
of macrophage foam cells had increased expression after
ODN-1826 6 µmol/L stimulation (Table 2).

Confirmation of foam cell-related gene expression by
RT-PCR  According to the 3 genes in Table 2, we designed
primers and performed semiquantitative RT-PCR.  The ex-
pression of these genes in the ODN-2006 treated group was
markedly increased, compared with the control group (Figure 1).

Table 2. Genes upregulated in RAW264.7 cells after  ODN-1826
6 µmol/L stimulation.

 GenBank ID                        Definition

NM_007643 Mus musculus CD36 antigen (Cd36)
NM_008509 Mus musculus lipoprotein lipase (Lpl)
NM_010187 Mus musculus Fc receptor, IgG, low affinity IIb (Fcγ2b)

Figure 1.  Confirmation of foam cell-related gene expression in U937 cell line by RT-PCR. M: DL2000 marker; 1: Control; 2: ODN-2006  6 µmol/L.
(A) CD36; (B) LPL; (C) Fcγ2b



1362

 Acta Pharmacologica Sinica ISSN 1671-4083Li K et al

Effect of CpG-ODN on lipid deposition in cells  Lipid
drops inside the foam cells were stained with oil red O, and
some of the red pellets were found in the plasma of the U937
cells after being incubated with ox-LDL, indicating that the
foam cell model was formed.  After ODN-2006 6 µmol/L was
added to the medium, lipid deposition in U937 foam cells was
enhanced (Figure 2).

Effect of CpG-ODN on cholesterol and cholesteryl ester
in foam cells  After incubation with ODN-2006 6 µmol/L and
ox-LDL 80 mg/L for 48 h, the level of cholesteryl ester in foam
cells increased markedly compared with the controls (Figure
3).  This suggests that CpG-ODN can also increase lipid
accumulation (based on the assay of the concentrations of
cholesteryl ester and the ratio of cholesteryl ester to total
cholesterol; Table 3).  Cholesterol concentration has a strong
linear relationship with its peak area within 0.05–1.0 mg/L
(r2 in each case was >0.998).

Discussion
Previous reports have suggested that CpG-ODN is mainly

involved in immunomodulation[19,20].  Nevertheless, in the
study presented here, we investigated immune cells treated
with CpG-ODN using cDNA microarray technology and,
surprisingly, found that the expression of 3 genes (CD36
[NM_007643], LPL [NM_008509], and Fcγ2b [NM_010187])
increased markedly.  These results were further confirmed
by semiquantitative RT-PCR.  CD36, LPL, and Fcγ2b are
thought to be closely related to lipid metabolism and the
formation of macrophage foam cells, therefore CpG-ODN is
able to modulate gene expression in foam cells, and  increase
lipid accumulation in foam cells.  Our findings suggest that
CpG-ODN has a novel biological activity.

Atherosclerosis, and the resulting coronary heart dis-
ease and cerebral stroke, is the most common cause of death

Figure 2.  Effect of ODN-2006 on lipid deposition in U937 cells. Lipid drops (red pellets in the plasma of the cells) were stained by oil red O
(×400). (A) CpG-ODN 6 µmol/L and ox-LDL 80 mg/L treated group. (B) ox-LDL 80 mg/L treated group. (C) Normal U937 cells.  The three
photos from the top to the bottom in each group represented different fields at the same treatment.
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Table 3. Effect of ODN-2006 on lipid deposits (mg/g) in U937 monocytes. n=9. Mean±SD. cP<0.01 vs control group.

       Group                            Total cholesteryl           Free cholesterol               Cholesteryl ester      Cholesterol ester/
                                                                                                                                                                 total cholesterol (%)

Control group 374±21 181±14 191±17 51.6±3.1
CpG group 357±42 128±18 228±35 63.8±3.8c

in industrialized nations.  Mammalian cells have evolved com-
plex feedback mechanisms to ensure a sufficient supply of
cholesterol and to prevent its excessive accumulation.  Dur-
ing the process of atherosclerosis, these homeostatic mecha-
nisms fail in macrophages.  Uncontrolled cholesterol depo-
sition is promoted by scavenger functions of the macroph-
ages and the adaptive mechanisms elicited are not sufficient
to process the lipid load.  Consequently, a lipid-laden “foam
cell” is formed.  The active stages of atherosclerotic lesions
are characterized by the extensive infiltration of blood-de-
rived monocyte/macrophages through the endothelium into
the arterial intima.  The monocytes migrate into the arterial
intima where they internalize ox-LDL through scavenger re-
ceptors and become macrophage-derived foam cells results
in the formation of fatty streaks, which are believed to repre-
sent the earliest type of atherosclerotic plaque.  CpG-ODN
can upregulate the related gene expression in foam cells,
which implies that CpG-ODN might function as a facilitative
atherosclerotic factor.  This suggests that the clinical appli-
cation of CpG-ODN might be risky in cases of atherosclerosis.

Macrophage-derived foam cells in atherosclerotic lesions
are generally thought to play a major role in the pathology of
the disease.  The uptake of ox-LDL by macrophages is a key
event implicated in the initiation and development of athero-

sclerotic lesions.  Two macrophage surface receptors, CD36
(a class B scavenger receptor) and the macrophage scaven-
ger receptor (a class A scavenger receptor), have been iden-
tified as the major receptors that bind and internalize
ox-LDL.  CD36 is an 88 kDa transmembrane glycoprotein
that is expressed on monocytes, platelets, and microvascu-
lar endothelium.  The expression of CD36 in monocytes/mac-
rophages in tissue culture is dependent both on their differ-
entiation state and exposure to soluble mediators (cytokines
and growth factors).  Modified lipoproteins such as LDL
immune complexes can also enter the macrophage through
the Fcγ receptor, which is a classic inhibitory receptor that is
widely expressed on B cells, macrophages, neutrophils, and
mast cells.  Once LDL immune complexes combine with the
Fcγ receptor, it may enhance LDL oxidation and expression
of the scavenger receptor[21].  Lipoprotein lipase (LPL) is the
enzyme primarily responsible for the hydrolysis of core trig-
lycerides in circulating chylomicrons and very low density
lipoproteins (VLDL) to generate cholesterol-enriched rem-
nants[22].  LPL is synthesized by many cell types, including
vascular smooth muscle cells (VSMC) and macrophages, and
associates with the vascular endothelium.  Increased LPL
activity in the arterial wall correlates with increased areas of
lipid deposition and increased atherosclerotic lesion forma-

Figure 3. Effect of ODN-2006 on cholesterol and cholesteryl ester inside foam cells detected by HPLC. (A) The ox-LDL 80 mg/L loaded
U937 cell; (B) The ODN-2006 6 µmol/L and ox-LDL 80 mg/L stimulated U937 cell. (a) The peak of cholesterol; (b) The peak of cholesteryl
ester.
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tion[23].  The activity of LPL in promoting atherosclerosis
may depend on its dual role as an enzyme and as a bridging
protein that increases the binding of lipoproteins to the cell
surface[22].

Our data suggest that CpG-ODN upregulates the expres-
sion of CD36, Fcγ2b, and LPL in foam cells, which indicates
that CpG-ODN might have some influence on the formation
of foam cells and related gene expression.
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