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Abstract

We have investigated the effect of various forms of 
phosphodiester cytidine-phosphate-guanosine oli-
godeoxynucleotides (CpG ODNs) on the production of 
pro-inflammatory cytokines and related genes in RAW 
264.7 macrophages. Treatment with the CpG ODNs in-
creased the expression of tumor necrosis factor α 
(TNF-α), IL-6, and inducible nitric oxide synthase but 
not interleukin-1β (IL-1β). We also investigated the ef-
fect of CpG ODNs on the expression of ATP-binding 
cassette transporter A1 (ABCA1) and G1 (ABCG1) 
genes which are known to facilitate cholesterol efflux 
from macrophages for anti-atherosclerosis. CpG 2006 
significantly reduced the levels of ABCG1 mRNA as de-
termined by real-time polymerase chain reaction, 
whereas ABCA1 mRNA level was not changed. 
Western blot analysis further confirmed the reduction 

of ABCG1 protein expression by CpG 2006. In addition, 
we also determined the protein level of peroxisome 
proliferator activated receptor γ (PPARγ), which is rec-
ognized as a transcriptional activator of ABC trans-
porters, was also reduced by CpG 2006. Thus, these re-
sults suggest that ABCG1 is specifically down-regu-
lated by CpG 2006 in a PPARγ-dependent manner in 
macrophages.
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Introduction

All plants and animals, including humans, have in-
nate defense systems for protection against viral 
and bacterial invasions. The innate immune sys-
tem is initiated by pattern recognition molecules 
(PRMs) that recognize pathogen-associated mo-
lecular patterns (PAMPs) such as peptidoglycan, 
lipopolysaccharide (LPS), and unmethylated cyti-
dine-phosphate-guanosine (CpG) DNA. Recent 
studies have demonstrated that immunostimulation 
can be induced through toll-like receptor 9 (TLR9) 
by synthetic CpG oligodeoxynucleotides (CpG 
ODNs) as well as bacterial DNA. To date, many 
studies have demonstrated that synthetic CpG 
ODNs containing ‘CpG motifs’ are able to activate 
dendritic cells, natural killer (NK) cells, monocytes, 
macrophages and B cells, inducing the release 
and secretion of various cytokines and immuno-
globulins (Krieg, 1995; Krug et al., 2001; Iwasaki 
and Medzhitov, 2004; Blaas et al., 2009; El Kebir et 
al., 2009; Mangsbo et al., 2009; Vollmer et al., 
2009). Lately, it has been being also reported that 
TLRs and their signaling cascades are involved in 
the perpetuation of a chronic inflammatory milieu 
that characterizes obesity and high fat feeding 
(Shoelson et al., 2007; Ajuwon et al., 2009). For 
these reasons, safety concerns might be raised 
concerning the use of CpG ODNs as therapeutic 
agents for patients with diabetes and inflammatory 
arthritis as well as atherosclerosis (Zeuner et al., 
2003).
    It has been reported that macrophages may play 
a major role in atherosclerosis (Davies, 1996). 
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Figure 1. Expression of pro-inflammatory cytokine, TNF-α induced by 
TLR9 agonist CpG ODNs in RAW 264.7 cells. Cells were incubated with 
or without CpG ODNs for 12 and 24 h. Supernatants were recovered for 
each time point and assayed for TNF-α protein secretion by ELISA. (A) 
Cells were treated with each CpG ODN (15 μmol/ml) for 12 h to evaluate 
the effects on TNF-α compared with untreated (mock) and CpG 2006(-) 
controls. (B-D) Cells were treated with CpG 1826, which include murine 
CpG motifs, and CpG 2006 which includes human CpG motifs. The CpG 
ODNs induced secretion of TNF-α in a time- and dose-dependent 
manner. Values are means ± standard error of the mean (SEM; n = 6). 
Bars with different letters are significantly different (P ＜ 0.05).

When the function of macrophages is not properly 
controlled, they can trigger low-grade inflammation 
in the artery by producing various pro-inflammatory 
cytokines, chemokines and enzymes that amplify 
the progression of atherosclerosis. In addition to 
eliciting chronic low-grade inflammation, macro-
phages are involved in the pathological deposition 
of cholesterol during atherogenesis as a result of 
the uptake of modified low-density lipoproteins 
(LDLs) (van Reyk and Jessup, 1999). Macrophages 
with cholesterol accumulation become foam cells, a 
hallmark of the early atherosclerotic lesion 
(Rigamonti et al., 2008). ATP-binding cassette trans-
porter A1 (ABCA1) and G1 (ABCG1) are known to 
facilitate cholesterol efflux from macrophages to ex-
tracellular acceptors such as lipid-free apolipopro-
tein A-I (apoA-I) and high-density lipoprotein 
(HDL). The ability of apoA-I and HDL to stimulate 
cholesterol efflux from macrophages in the arterial 
wall represents the first step in reverse cholesterol 
transport (RCT), a process that transports excess 
cholesterol from the periphery to the liver for ulti-
mate excretion from the body. The role of HDL in 
the RCT is central to its anti-atherogenic effects 
(Tall et al., 2008). ABCG1 was recently shown to be 
capable of mediating an active efflux of cholesterol 
and phospholipids in macrophages (Brewer et al., 
2003). 
    In this study, we hypothesized if CpG ODNs 
could be involved in regulating the expression of 
ABCA1 or ABCG1 in macrophages, as little is known 
about the regulation of ABC transporter genes by 
CpG ODN. Therefore, we investigated the effec-
tiveness of CpG ODNs in a phosphodiester form 
(PO-ODNs), to be more biologically relevant, in the 
modulation of ABCA1 and ABCG1 gene ex-
pression as well as in inducing various pro-in-
flammatory cytokine production in RAW 264.7 mur-
ine macrophages. 

Results

Immuno-stimulatory effect of natural PO-formed 
CpG ODNs

In order to verify first the effectiveness of the CpG 
ODNs used in this study in inducing alledgedly 
known pro-inflammatory cytokines, RAW 264.7 
macrophage cells were treated with various CpG 
ODNs (15 μg/ml) for 12 h, along with a negative 
control CpG 2006 (-) and an untreated control 
(mock) (Figure 1A). The tumor necrosis factor 
(TNF)-α concentration in media after the treatment 
was measured using an enzyme-linked im-
munosorvent assay (ELISA). The results showed 
that macrophages treated with CpG 2006, PE2059, 

virus-originated CpG ODN (virus CpG), and CpG 
1826 all showed a significant increase in TNF-α 
secretion, compared to the mock and CpG 2006 (-) 
(Figure 1A). Among the CpG ODNs that were used 
in this study, CpG 2006 had the greatest effect on 
TNF-α production in RAW264.7 macrophages and 
PE2059 showed an effect similar to that of CpG 
2006. Compared with PE2059, CpG2006 has one 
additional nucleotide, T, at the 3'-terminus.
    The fact that CpG 2006, which contains human 
CpG motif sequences GTCGTT, showed a strong 
immuno-stimulatory effect even in murine macro-
phages is consistent with previous findings ob-
served with phosphorothioate-modified ODNs (PS- 
ODNs) in primary B cell and isolated murine car-
diomyocytes (Hartmann and Krieg, 2000; Hartmann 
et al., 2000; Knuefermann et al., 2008). Of noted 
interestingly, CpG 2006 elicited a significantly high-
er pro-inflammatory response than that of CpG 
1826 which is generally recognized as a murine 
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Figure 2. Comparison of TNF-α and IL-1β induction by CpG 1826 and 
CpG 2006. Both CpG 1826 and CpG 2006 up-regulated TNF-α sig-
nificantly but did not alter IL-1β levels compared to LPS (positive control). 
Cells were treated with 10 μg/ml of each CpG ODN or 0.1 μg/ml LPS for 
24 h. Supernatants were recovered and assayed for the secretion of 
TNF-α (A) and IL-1β (B) by ELISA.

Figure 3. Transcriptional modulation of pro-inflammatory genes by CpG 
1826 and CpG 2006. CpG 1826 and CpG 2006 induced mRNA levels of 
TNF-α (A), IL-6 (B), and iNOS (C). In contrast, the CpG ODNs did not 
up-regulate the mRNA level of IL-1β significantly (D). The mRNA levels of
the indicated genes were quantified by real-time RT-PCR after treating 
macrophages with 10 μg/ml of each CpG ODN or 0.1 μg/ml LPS for 12 h.

CpG ODN. It was observed that CpG 2006 had a 
more prominent effect on TNF-α production than 
CpG 1826 for both cases of 12 h and 24 h treat-
ments (Figures 1A-1D); the immunostimulatory ef-
fect of CpG 2006 was 61.4 % higher than that of 
CpG 1826 for 24-h treatment at a concentration of 
15 μg/ml (Figure 1B). In addition, a 24-h treatment 
with CpG 2006 ODN (10 μg/ml) (Figure 1D) 
showed further induction of TNF-α than a 12-h 
treatment (Figure 1C). Thus, these results demon-
strate clearly that PO CpG 2006 is able to increase 
TNF-α expression in a dose- and time-dependent 
manner and is superior to CpG 1826 for that matter 
in RAW 264.7 macrophage cells.
    We also compared the same immunostimulatory 
effect of CpG ODNs with that of LPS at a concen-
tration of 0.1 μg/ml. The production of TNF-α in-
duced by CpG ODNs was almost half of that in-
duced by LPS (Figure 2A). In addition, CpG 
ODN-treated cells were markedly different from 
LPS-treated cells in the induction of IL-1β (Figure 
2B); unlike TNF-α, IL-1β production measured by 
ELISA was not affected by CpG ODNs. The same 
results were also found even up to 20 μg/ml (data 
not shown). Thus, these results indicate that IL-1β 
secretion is much more sensitive to LPS than to 
CpG ODNs.

Real-time RT-PCR analysis of the expression of 
pro-inflammatory genes by CpG 2006

We measured mRNA levels of pro-inflammatory 
genes if characteristic of gene expression is differ-
ent from that of protein levels by ELISA. Above all, 
we investigated the effect of CpG 2006, a human 
CpG ODN, and CpG 1826, a murine CpG ODN in 

comparison. RAW 264.7 macrophages were in-
cubated with CpG 1826 or CpG 2006 for 12 h, and 
the pro-inflammatory genes TNF-α, IL-6 were eval-
uated by quantitative real-time PCR (RT qPCR). 
Figures 3A and 3B show that a 12-h treatment with 
CpG 1826 or CpG 2006 significantly increased the 
expression of TNF-α and IL-6 mRNAs in RAW 264.7 
cells compared with that in the untreated control.
    We also investigated another pro-inflammatory 
gene, namely inducible nitric oxide synthase (iNOS), 
which is recognized as a marker of inflammation 
that alerts cells through NO production (Schindler 
and Darnell, 1995; Howard et al., 2010). Our results 
showed that CpG ODNs activated the iNOS gene 
in RAW 264.7 cells. CpG 2006 treatment induced a 
greater increase in the expression of iNOS gene 
than CpG 1826, resulting in a level similar to those 
induced by LPS (Figure 3C).
    However, the CpG ODNs did not significantly 
up-regulate again the levels of IL-1β mRNA, which 
was apparently up-regulated by LPS (Figure 3D). 
This result in mRNA levels was consistent with that 
in protein levels as observed in Figure 2B.
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Figure 4. Down-regulation of mRNA levels of ABCG1 by CpG ODN 1826 
and CpG 2006 without change of ABCA1. The mRNA level of ABCG1, but 
not of ABCA1 was down-regulated specifically by CpG ODNs in RAW 
264.7 cells. Cells were incubated with or without each CpG ODN (10 
μg/ml) for 12 h. The mRNA abundance of the two genes was determined 
by real-time RT-PCR. Values are means ±SEM, n = 3. Bars without a 
common letter are significantly different, P ＜ 0.05.

Figure 5. Reduction of ABCG1 protein and its transcriptional activator 
PPARγ, but not ABCA1 protein by CpG 2006. (A) CpG 2006 decreased ex-
pression of ABCG1 protein but not ABCA1 protein in RAW 264.7 
macrophages. Cells were incubated with 10 μg/ml and 20 μg/ml CpG 2006
for 12 h. ABCA1 and ABCG1 protein expression were measured by 
Western blot analysis using β-actin as a loading control. (B) Data are nor-
malized to the respective expression levels in CpG 2006(-)-treated 
macrophages. The experiments were repeated twice, and one representa-
tive experiment is shown. (C) A PPARγ-specific agonist, rosiglitazone in-
duced the expression of ABCG1 protein by enhancing the activity of 
PPARγ. The cells were incubated with 10 μM of rosiglitazone in DMSO for
12 h.

Down-regulation of ABCG1 mRNA by CpG ODNs

Having demonstrated well that the PO CpG 2006 is 
able to induce pro-inflammatory cytokines, at least 
in murine macrophages using a cell-based assay, 
we next evaluated the effect of CpG 2006 along 
with CpG 1826 on expression of ABC transporters 
to determine whether ABCA1 and ABCG1 are 
modulated according to boosting the pro-in-
flammatory cytokines by the CpG ODNs. RAW 
264.7 macrophages were treated with a murine 
representative CpG 1826 and a human representa-
tive CpG 2006 for 12 h to determine the expression 
levels of the cholesterol transporter genes ABCA1 
and ABCG1. The abundance of ABCA1 mRNA in 
CpG ODN-treated cells was not different from that 
of the mock control (Figure 4A), whereas ABCG1 
mRNA levels were significantly reduced by both 
CpG 1826 and CpG 2006 (Figure 4B). In CpG 
2006-treated cells, the mRNA level of ABCG1 was 
decreased by 30%.

Decrease in ABCG1 and PPARg protein levels 
induced by CpG 2006

As the mRNA levels of ABCG1 were reduced by 
-30% after treatment with CpG 2006 and 1826, we 
also measured ABCG1 protein levels by Western 
blot analysis, using CpG 2006 which showed the 
highest effect on various aspects determined thus 
far in this study. ABCG1 protein levels were low-
ered by CpG 2006 but without any change in 
ABCA1 protein levels. CpG 2006 treatment at con-
centrations of 10 and 20 μg/ml led to a significant 
reduction in ABCG1 protein levels by -25% and 
33%, respectively, whereas ABCA1 protein levels 
were not altered, which is consistent with its mRNA 
levels (Figure 5A).

    It was previously reported that the PPARγ-specif-
ic agonist rosiglitazone could induce ABCG1 ex-
pression in both wild-type and lxrα/β double knock-
out macrophages, indicating that PPARγ-depend-
ent regulation of ABCG1 occurs independently of 
liver X receptor α (LXRα) (Li et al., 2004). There-
fore, we investigated the effect of CpG 2006 on 
protein levels of PPARγ and found that CpG 2006 
treatment also resulted in a significant reduction of 
PPARγ protein levels by 20.0% and 23.4% at con-
centrations of 10 μg/ml and 20 μg/ml, respectively 
(Figures 5A and 5B). In the same experimental set-
ting, however, treatment of rosiglitazone induced 
the ABCG1 expression but not PPARγ expression 
(Figure 5C) as it has been reported previously 
(Davies et al., 2002). Thus, taken together, our re-
sults strongly suggest that the activation of TLR9 
by CpG 2006 down-regulates PPARγ, which could 
in turn reduce significantly the expression of 
ABCG1 gene, one of known PPARγ target genes.

Discussion

In this study, we have evaluated the effect of sev-
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eral PO-ODNs and observed that these PO 
B-Class ODNs boosted various immune responses 
in RAW 264.7 macrophages, as they increased the 
mRNA and protein levels of TNF-α cytokine both 
time- and dose-dependently as measured by RT 
qPCR and ELISA (Figures 1 and 2). And we found 
that other pro-inflammatory cytokines such as IL-6 
and iNOS were also induced well by PO-ODNs as 
was reported previously with PS-ODNs which are 
resistant to nuclease degradation (Knuefermann et 
al. 2008; Zhu and Mohan, 2010).
    The expression level of IL-1β was, however in-
terestingly, not altered by CpG ODN compared with 
the mock control, whereas LPS increased IL-1β 
levels even at a low concentration of 0.1 μg/ml 
(Figure 2). Thus, it appears that CpG ODN is likely 
to play a milder or no influence on the level of IL-1β 
production than LPS. This difference may be ex-
plained by mechanisms of action of CpG ODN and 
LPS. CD4+ T cells can be divided into types Th1 
and Th2 which produce IFN-γ and IL-4, re-
spectively, and have counter-regulatory effects on 
each other based on the cytokines that they pro-
duce (Mosmann et al., 1986), although new sub-
sets of T cells, including regulatory T cells and 
IL-17-producing Th cells, continue to be recog-
nized (O’Shea et al., 2011). Pathogenesis by LPS 
is due to strong Th2 immune deviation (Mukherjee 
et al., 2009). However, CpG ODNs are able to in-
hibit the established Th2 immune responses 
against antigen, converting these to Th1 immune 
responses. TLR9 activation can also induce the ex-
pression of type I IFNs (Kitagaki et al., 2002). 
Furthermore, TLR4 by LPS induces both TRIF- and 
MyD88-dependent pathways, of which the former 
requires TRAM and the latter TIRAP, whereas 
TLR9 by CpG ODN induces a MyD88-dependent 
pathway that leads to activation of the con-
stitutively expressed IRF7. TLR9 is also present in 
myeloid DCs and macrophages and induces IFN-β 
through MyD88 and IRF1, instead of IRF3/7 
(Baccala et al., 2007). 
    Additionally, RAW 264.7 macrophages treated 
with CpG ODN showed an increase in iNOS 
mRNA levels in addition to increased levels of cy-
tokines such as TNF-α and IL-6. CpG ODNs them-
selves induce both IFN-γ and antigen-specific IFN-γ 
production (Kitagaki et al., 2002), while TLR4 ago-
nists such as LPS are not able to boost IFN 
signaling. It has also been reported that IFN-γ acti-
vates the signal transducer and activator of tran-
scription factor 1 (STAT1), which activates tran-
scription of various genes including a gene encod-
ing iNOS in alveolar macrophages (Howard et al., 
2010). Thus, our data confirm further that CpG 
ODNs could be distinguished from LPS by these 

characteristics.
    Isoda et al. reported that macrophages treated 
with Advanced Glycation End product-Bovine Serum 
Albumin (AGE-BSA) reduced the expression of 
ABCG1 but not that of ABCA1 in an LXRα-in-
dependent manner in human macrophages, which 
was also found in LPS-mediated inflammation 
(Kaplan et al., 2002; Isoda et al., 2007). We also 
observed that the mRNA level of LXRα was not 
significantly different among the mock control, CpG 
2006(-), and CpG 2006 (data not shown), con-
sistent with the previous reports. Thus, we have in-
vestigated a possibility that CpG ODN could re-
duce the expression of ABCG1 in an LXRα-in-
dependent manner. Our results showed that a 
TLR9 ligand such as CpG ODN inhibited ex-
pression of an anti-inflammatory transcription fac-
tor, PPARγ and also demonstrated that ABCG1 
was specifically decreased by CpG 2006 in a 
PPARγ-dependent, but not LXRα-dependent man-
ner, suggesting that ABCA1 and ABCG1 were dif-
ferently regulated by CpG ODN in macrophages, 
which is consistent with the previous findings ob-
tained with the use of LPS and AGE-BSA as al-
luded above. The effect of rosiglitazone on ABCG1 
observed in Figure 5C further substantiates that 
down-regulation of PPARγ by CpG 2006 is most 
likely related with the reduced protein level of 
ABCG1 at least in RAW 264.7 macrophages.
    Recently, it has been characterized that ABCG1 
promotes the efflux of cholesterol onto a variety of 
lipoprotein particles, including HDL, LDL, phospho-
lipid vesicles, and cyclodextrin (Wang et al., 2006). 
HDL and ABCG1 may play a potential role in mac-
rophage apoptosis and inflammation in plaques 
(Tall et al., 2008). ABCG1 is highly expressed in 
macrophages and mediates the efflux of cholester-
ol to HDL2 (Klucken et al., 2000; Wang et al., 
2004). Reduction of ABCG1 leads to a decreased 
efflux of cholesterol from macrophage cells (Isoda 
et al., 2007). The implication of this finding for the 
first time that CpG ODNs could down-regulate 
ABCG1 may shed a warning of using CpG ODNs 
as an adjuvant in clinic or clinical trials, especially 
for atherosclerotic patients for long period.
    In summary, we hypothesize that inflammatory 
stimuli such as CpG ODNs and AGE-BSA trigger 
certain cofactors that suppress PPARγ in an 
LXR-independent manner, while PARRγ up-regu-
lation inversely plays an anti-inflammatory role, re-
sulting in maintenance of normal cholesterol levels. 
More detailed investigations into the correlation be-
tween TLR9 signaling and ABCA1/ABCG1 regu-
lation in human macrophages are remained to be 
performed in the future.
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Methods

Cell culture and treatment

Murine RAW 264.7 macrophage cells (ATCC no. TIB-71) 
were maintained in RPMI 1640 containing 10% fetal bovine 
serum, 100 U/ml penicillin, 100 μg/ml streptomycin, 1 ×vi-
tamins (from 100 ×vitamin solution, MediaTech, Manassas, 
VA), and 2 mmol/l L-glutamine in a humidified chamber at 
37oC with 5% carbon dioxide. All cell culture supplies were 
purchased from MediaTech.
    Cells were plated at a density of 1 ×106 cells in a well 
of 12-well plates for realtime PCR or 3 ×106 cells in a well 
of 6-well plates for Western blot analysis. When cells were 
allowed to incubate overnight to become approximately 
90% confluent, increasing concentrations of CpG ODN (10, 
15, 20, 30 μg/ml) were added to culture medium for 12 or 
24 h, followed by collection of the supernatant for cytokine 
measurement and the cells were washed twice with cold 
PBS for RNA isolation or protein extraction. For the experi-
ments, control cells were incubated with the same amount 
of sterile water. In rosiglitazone-experiment, the cells were 
incubated with 10 μM of rosiglitazone (Cayman, Ann Arbor, 
MI) in DMSO for 12 h.

Synthesis of single-stranded ODNs

CpG ODNs such as ODN 2006, PE2059, ODN 1826 and 
virus-oriented CpG ODN containing CpG motif were syn-
thesized from IDT (San Jose, CA). The stimulatory ODNs 
were CpG 1826 (5'-TCCATGACGTTCCTGACGTT-3'), Virus- 
oriented ODN (5'-TCCATGACGTTCCTGATG-3'), PE2059 
(5'-TCGTCGTTTTGTCGTTTTGTCGT-3'), CpG 2006 (5'-T 
CGTCGTTTTGTCGTTTTGTCGTT-3'), CpG 2006(-) (5'-TG 
CTGCTTTTGTGCTTTTGTGCTT-3'). CpG 2006(-) with in-
verted GC sequences is a negative control of CpG 2006 
which contains human CpG motifs (GTCGTT). CpG ODNs 
were dissolved in endotoxin-free sterile distilled deionized 
water and were used at the indicated concentrations. 

Enzyme-linked immunosorbent assay (ELISA) for 
cytokine

Concentrations of TNF-α and IL-1β in cell medium were 
determined by commercial mouse ELISA kits (eBiosciences, 
San Diego, CA) following the manufacturer’s protocols.

Total RNA isolation and real-time RT-PCR

Reverse transcription for complementary DNA synthesis 
and RT qPCR analysis were performed as previously de-
scribed (Rasmussen et al., 2008). Primers for TNF-α, IL-1β, 
IL-6, iNOS, ABCA1, ABCG1, and GAPDH were designed 
according to GenBank database using Primer Express 
software provided by ABI (Applied Biosystems, Carlsbad, 
CA). Lists of primer sequence are in Supplemental Data 
Table S1.

Western blot analysis

Cell lysate was prepared and Western blot analysis was 
performed as previously described (Rasmussen et al., 

2008), using antibodies for ABCA1 (a generous gift from 
Dr. John Parks at Wake Forest University School of 
Medicine), ABCG1 (Santa Cruz, Santa Cruz, CA), perox-
isome proliferator activated receptor gamma (PPARγ) 
(Santa Cruz) and β-actin (Sigma, St. Louis, MO). β-actin 
was used as a loading control to normalize the data.

Statistical analysis

ANOVA and Tukey’s pairwise comparison with Welch’s 
correction for unequal variance when appropriate were 
used to identify statistically significant differences of treat-
ments with P ＜ 0.05 considered significant by GraphPad 
InStat 3 (GraphPad Software, Inc., La Jolla, CA). Data are 
expressed as mean ±SEM.

Supplemental data

Supplemental Data include a table and can be found with 
this article online at http://e-emm.or.kr/article/article_files/ 
SP-43-9-04.pdf.
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