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CpG ODN activates NO and iINOS production in mouse macrophage cell line
(RAW 264-7)
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SUMMARY

Synthetic CpG containing oligodeoxynucleotide (CpG ODN) is recognized for its ability to activate
cells to produce several cytokines, such as IL-12 and TNF-c. In the present study we have demonstrated
that CpG ODN 1826, known for its immunostimulatory activity in the mouse system could, by itself,
induce nitric oxide (NO) and inducible nitric oxide synthase (iNOS) production from mouse
macrophage cell line (RAW 264-7). Neutralizing antibody against TNF-o was not able to inhibit NO
or iNOS production from the CpG ODN 1826-activated macrophages, suggesting that although the
TNF-o was also produced by CpG ODN-activated macrophages, the production of iNOS was not
mediated through TNF-c. Although both CpG ODN 1826 and lipopolysaccharide (LPS) were able to
stimulate NO and iNOS production, the exposure time required for maximum production of NO and
iNOS for the CpG ODN 1826-activated macrophages was significantly longer than those activated with
LPS. These results were due probably to a delay of NF-xB translocation, as indicated by the delay of
IxBo degradation. Moreover, the fact that chloroquine abolished NO and iNOS production from the
cells treated with CpG ODN 1826 but not from those treated with LPS suggested that the induction of
NO and iNOS production from the cells stimulated with CpG ODN (1826) also required endosomal

maturation/acidification.
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INTRODUCTION

Bacterial genomic DNA containing unmethylated cytosine
followed by guanine (CpG ODN) is well recognized as an
immunostimulator. It appears to function as one of the ‘danger
signals’ to trigger innate immunity against infection as well as trig-
gering a specific adaptive immune response [1]. For example, both
bacterial CpG DNA and synthetic oligonucleotide containing
unmethylated cytosine (CpG ODN) can similarly induce the pro-
duction of proinflammatory cytokines, such as IL-6, IL-12 and
TNF-a in both in vitro and in vivo conditions [2-5].

The molecular mechanism of CpG DNA or CpG ODN in
immunostimulation is almost identical to that of the more classi-
cal inducers of innate immune system, i.e. lipopolysaccharide
(LPS) and peptidoglycan (PG) [6]. In fact, both the CpG DNA
and CpG ODN, like LPS, can induce septic shock when injected
into mice [3]. Toll-like receptor (TLR) is a critical receptor and
signal transducer for both bacterial DNA and LPS. TLR4 has
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been reported to play an important role in LPS signal transducer,
while TLRO is responsible for CpG ODN activation [7,8]. More-
over, endocytosis of TLRY is a crucial step for signal transduction
of CpG ODN [9,10]. Both TLR4 and TLR9 recruit MyD88 which
subsequently activates p38 and c-Jun, resulting in activation of
transcription factors such as AP-1 and NF-«B [11-13]. However,
the LPS could still induce NF-xB and mitogen-activated protein
kinase cascades in a MyD88-independent pathway, as MyD88-
deficient cells could still respond to LPS but not to CpG DNA
[14,15].

Among the mediators produced by LPS-activated mouse
macrophages, nitric oxide (NO) produced by inducible nitric
oxide synthase (iNOS) plays a crucial role in innate immune
response against bacterial infection [16]. However, unlike those
treated with the LPS, the macrophages treated with the bacterial
DNA by itself failed to produce NO or iNOS [5], but these
products were observed only when the cells were first primed with
IFN-y[5,17,18]. Recent data also indicate that CpG DNA or CpG
ODN could stimulate NO production, but only in the presence of
a subthreshold concentration of LPS [18].

The specific CpG ODN 1826 (5 TCCATGACGTTCCT
GACGTT 3’) used in the present study, is known to be an excel-
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lent immunostimulator in the murine model, both in vitro and
in vivo [19]. However, whether this specific CpG ODN alone
can activate NO and iNOS production has not been illustrated.
The data presented herein demonstrated that CpG ODN (1826)
induces NO and iNOS production from mouse macrophages by a
mechanism different from that induced by LPS.

MATERIALS AND METHODS

Oligodeoxynucleotides (ODN)

Nuclease-resistant phosphorothioate ODNs were kindly provided
by A. M. Krieg (Coley Pharmaceutical Group, Wellesley, MA,
USA). The sequences of the ODNs used are 1826 (5" TCCAT
GACGTTCCTGACGTT 3'), 1585 (5 GGGGTCAACGTTG
AGGGGGG 3), 2006 (5 TCGTCGTTTTGTCGTTTTG
TCGTT 3’), and non-CpG containing ODN 1982 (5 TCCAGGA
CTTCTCTCAGGTT 3’). Escherichia coli DNA (strain B) was
purchased from Sigma (St Louis, MO, USA) and was purified
further by repeated extraction with phenol: chloroform :isoamyl
alcohol (25:24:1) or Triton X 114 and ethanol precipitation
before made into single stranded by boiling for 10 min. Possible
contamination with a trace amount of lipopolysaccharide (LPS)
in these samples was determined by a Limulus amoebocyte lysate
assay (LAL assay, BioWhittaker, Walkersvill, MD, USA) and
expressed as endotoxin units (EU) per ml. The lower limit for the
detection of LPS in our laboratory was 0-03 EU/ml. An LPS
reference prepared from Salmonella typhimurium (Sigma) had an
activity of 4:35ng/EU. All the ODNs and E. coli DNA used had
endotoxic activity less than 0-075 EU/mg.

Cell line and culture condition

Mouse macrophage cell line (RAW 264-7) was obtained from
American Type Culture Collection (ATCC, Rockville, MD,
USA). If not indicated otherwise, the cells were cultured in 24-
well plates with 0-5ml of Dulbeccco’s modified Eagles” medium
(DMEM) (GIBCO Laboratories, Grand Island, NY, USA) sup-
plemented with 10% fetal bovine serum (FBS) (HyClone, Logan,
UT, USA) at 37°C under a 5% CO, atmosphere.

NO assay

The production of NO was determined by measuring the quan-
tity of nitrite in the supernatant from the cells cultured under dif-
ferent conditions by the Griess method, using a standard curve
constructed with nitrite ranging from 5 to 40 um [20]. E. coli LPS
(Sigma) at concentration of 10ng/ml was used as a positive
control. Under this condition, the sensitivity limit of the method
was 5 uM of nitrite.

TNF-o. assay

TNF-o activity was measured by a cytotoxic assay using mouse
fibroblast cell line (L-929) [21]. In brief, the supernatant from acti-
vated macrophages was appropriately diluted before being added
to the mouse fibroblast culture. After 18 h of incubation, the TNF-
o-treated fibroblast cells were stained with crystal violet. Change
in the absorbance at 540nm was measured and converted to
unit/ml of TNF based on a standard curve using murine TNF-o
(Genzyme, Cambridge, MA, USA) as standard.

Immunoblotting for iNOS and IxBo. detection
The production of iNOS and IxBa was determined by
immunoblotting. Briefly, the mouse macrophages were lysed in

lysis buffer containing 62-5mMm Tris pH6-8, 6 M urea, 10%
glycerol, 2% SDS, 0-003% bromphenol blue and 5% 2-
mercaptoethanol and followed by sonication on ice for 20s. The
lysates were electrophoresed on 8% polyacrylamide before trans-
ferring to polyvinylidene difluoride (PVDF) membrane (Bio-
Rad, Hercules, CA). The membrane was blocked in 5% skim milk
for 1h before reacting overnight with rabbit polyclonal antibody
to mouse iNOS or IxBa (Santa Cruz, Santa Cruz, CA). The blots
were then reacted with horseradish peroxidase-conjugated swine
antirabbit IgG (Dako, Glostrup, Denmark). Protein bands were
detected by enhanced chemiluminescence as recommended by
the manufacturer (Pierce, Rockford, IL, USA).

RESULTS

NO production from macrophages activated with CpG ODN
To determine NO production, the mouse macrophage (RAW
264-7) monolayer was treated with various concentrations of CpG
ODN 1826. After 24 h, the supernatant was analysed for nitrite by
Griess reaction. As shown in Fig. 1, NO was produced by the cells
stimulated with CpG ODN 1826 at a concentration as low as 0-05
ug/ml, reaching a plateau production at 1 ug/ml. Conversely, the
cells activated with non-CpG containing ODN (1982) which
served as a negative control, were unable to produce a significant
level of NO, even when used at a concentration as high as
10 ug/ml. Two other CpG ODN, i.e. 1585 and 2006, and bacterial
DNA were also analysed but none of them was able to stimulate
NO production from these cells when tested under the same
conditions (Fig. 2).

In order to rule out the possibility that NO production was
due to LPS contamination in the sample, the macrophages were
activated with CpG ODN 1826 in the presence of different con-
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Fig. 1. NO production by mouse macrophages stimulated with CpG ODN.
RAW 264-7 macrophages (1 x 10° cells/well) were incubated with differ-
ent concentrations of CpG ODN 1826 (@) or 1982 (O) for 24 h. The super-
natant was analysed for nitrite by Griess reaction. Data represent the
mean and s.d. of three separate experiments, each carried out in triplicate.
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centrations of polymyxin B. After 24h, the supernatant was
analysed for nitrite and the cells were subjected to immuno-
blotting using antibody against iNOS. Results presented in Fig. 3a
showed that polymyxin B did not interfere with NO production
from the cells activated with CpG ODN 1826. However, under
a similar condition, this inhibitor completely abolished NO
production from the cells stimulated with 10ng/ml E. coli LPS.
Similarly, polymyxin B at concentration of 10ug/ml also
abrogated iNOS expression completely from the macrophages
stimulated with LPS but not with CpG ODN 1826 (Fig. 3b).
Together, these results suggest that CpG ODN 1826 was able to
stimulate NO and iNOS production and that such a response was
not the result of LPS contamination.

Among the cytokines produced by CpG ODN-activated
macrophages, TNF-« is known to be able to stimulate NO and
iNOS production [16,22]. The production of TNF-¢ from the cells
activated with CpG ODN 1826 [3] prompted us to investigate
further whether NO and iNOS production from the cells treated
with CpG ODN 1826 could possibly be mediated through the
early TNF-a released. In this experiment, the macrophages were
stimulated with CpG ODN 1826 in the presence or absence of
neutralizing antibody against TNF-¢, and the iNOS production
was then measured. The results showed that this antibody was
unable to prevent either the NO production (Fig. 4a) or iNOS
expression (Fig. 4b). On the contrary, under the same conditions
this amount of antibody could neutralize completely the TNF-o
activity in the supernatant (Fig. 4c).
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Fig. 2. Specificity of CpG ODN sequence in stimulating NO production.
RAW 264-7 macrophages (1 x 10° cells/well) were incubated with of CpG
ODN 1826, 1982, 1585, 2006 or E. coli DNA at a final concentration of
1 pg/ml for 24 h. Nitrite in the supernatant was determined after 24h of
incubation. Unstimulated cells served as control. Data represent means
and s.d. of three separate experiments each carried out in triplicate.

Exposure time required for maximum stimulation of NO
production by CpG ODN 1826-activated macrophages

To achieve this, the macrophages were pulsed with a precalibrated
concentration of CpG ODN 1826 for different time intervals
before analysis for NO and iNOS production. After pulsing, the
cells were washed and then cultured further for a total of 24 h,
when the supernatant was collected and analysed for NO and the
cells were analysed for iNOS. The results showed that a minimum
of 8 h of exposure was required for the cells to be fully activated
by CpG ODN 1826 (Fig. 5a). In contrast, the pulsing time
required for the LPS to activate these cells fully was less than
1h. It should be noted that at 1h, very low NO production was
detected when the cells were pulsed with CpG ODN 1826. A
similar conclusion could also be obtained with the production of
iNOS from the cells activated with these two stimulators (Fig. 5b),
although it could be argued that a trace amount of LPS might still
be present on the cells (and plastic plates), which would lead
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Fig. 3. Failure of polymyxin B to inhibit NO production by CpG ODN
1826-activated macrophages. RAW 264-7 macrophages (1 x 10° cells/well)
were activated with 1 pg/ml of CpG 1826 (@) or 10ng/ml of E. coli LPS
(O) in the presence of different concentrations of polymyxin B (PxB) for
24 h. The supernatant was analysed for nitrite (a) while the cells were used
in the immunoblot for iNOS (b). Control is unstimulated cells. Data (a)
represent mean and s.d. of five separate experiments, each carried out in
triplicate.
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Fig. 4. NO and iNOS production by mouse macrophages activated with CpG ODN 1826 is independent of TNF-a production. RAW 264-7
macrophages (1 x 10° cells/well) were stimulated with CpG ODN 1826 (1 ug/ml) in the presence or absence of neutralizing antibody
(10 ug/ml) against TNF-o. After 24 h, the supernatant was analysed for nitrite (a) and the cells were analysed for iNOS by immunoblotting
(b). The ability of antibody to neutralize biological activity of TNF-or was also determined by cytolysis of mouse fibroblasts (L929)
(c). Data (a and c) represent mean and s.d. of three separate experiments, each carried out in duplicate. *P < 0-05 according to Student’s
t-test.
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Fig. 5. Time required for maximal stimulation of NO in CpG ODN 1826 or LPS activated macrophages. RAW 264-7 macrophages (1 x 10°
cells/well) were activated with CpG ODN 1826 (1 ug/ml) (®) or LPS (10ng/ml) (O) for different time intervals. At times indicated, the
supernatant was discarded, washed three times with PBS before incubating further in fresh media. At 24 h, the supernatant was analysed
for nitrite (a). Data represent mean and s.d. for three separated experiments, each carried out in duplicate. The cells were analysed for
iNOS by immunoblotting (b).
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to the macrophages activation. This possibility is unlikely to
alter the result presented, as we had evidence (unpublished) that
polymyxin B added after pulsing gave similar results.

Kinetics of IxBa. degradation in CpG ODN 1826-activated
macrophages

The macrophages were activated with CpG ODN 1826 at a con-
centration of 1 ug/ml for 5, 15, 30, 45 and 60 min and IxkBo in the
lysate of activated cells was determined by immunoblotting.
Degradation of IxkBa from the CpG ODN 1826-treated cells
could not be observed until 45 min after exposure (Fig. 6). In con-
trast, IxkBo degradation from the cells activated with LPS was
detected within 15 min. These results suggested that comparing
with the LPS, the IkBo degradation in the macrophages activated
with CpG ODN 1826 was significantly delayed.

CpG ODN 1826-mediated NO and iNOS production is
dependent on a chloroquine sensitive step

Chloroquine is an endosomal maturation/acidification inhibitor
known to abolish CpG ODN-mediated cytokine production and
cell activation [9,23]. However, no information on NO and iNOS
is currently available. Therefore, in the present study, NO and
iNOS production was determined when the macrophages were
activated with CpG ODN 1826 or LPS in the presence or absence
of chloroquine. As to be expected from its molecular mechanism
of action, this inhibitor did not have any effect on NO (Fig. 7a)
or iNOS (Fig. 7b) production from the cells stimulated with LPS.
However, the chloroquine was able to abrogate both the NO and
iNOS production by CpG ODN 1826-activated cells (Fig. 6) sug-
gesting that the cells activated with CpG ODN 1826 required an
endosomal maturation/acidification step which was not essential
for LPS stimulation.

DISCUSSION

During the past decade, there have been many independent
studies demonstrating the immunomodulatory potential of
prokaryotic DNA, especially of bacterial origin. The genomic
DNA of bacteria is discriminated from that of the host derived
by a pattern recognition system of the innate immune system
[24]. Unmethylated CpG oligodeoxynucleotides in the context of
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Fig. 6. Kinetics of IxBa degradation in the CpG ODN 1826 activated
macrophages. RAW 264-7 macrophages (1 x 10° cells/well) were
activated with 7 pg/ml of CpG ODN 1826 (a) or 10ng/ml of LPS for dif-
ferent time intervals before the cells were lysed in lysis buffer
and analysed for IxBo by immunoblotting.

particular flanking sequences (CpG motif) are required structure
for this specific recognition [25]. In addition, a short synthetic
oligonucleotide containing a CpG motif can also serve as a danger
signal for the vertebrate immune system [19]. It is well docu-
mented that both CpG DNA and synthetic CpG ODN can induce
macrophage activation with the production of several proinflam-
matory cytokines similar to that induced by the classical inducers
of the innate immune system, e.g. LPS and peptidoglycan.
However, unlike LPS, the bacterial DNA by itself cannot activate
NO production from mouse macrophages unless it is given
together with IFN-y or a subthreshold concentration of LPS
[5,17,18]. In the present study, we investigated and characterized
in more detail NO and iNOS production from mouse
macrophages stimulated with CpG ODN 1826. The results
indicated that the presence of CpG ODN sequence 1826 alone
was sufficient to activate NO and iNOS production by mouse
macrophages. This specific ODN, which contains CpG motif
flanked by two 5 purine and two 3’ pyrimidine and containing
two optimal murine CpG motif (5 GACGTT 3’), is also known
to have high immunostimulatory activity in the murine system,
both in vitro and in vivo [19]. Other CpG ODNs such as 1585
(stimulator for both mouse and human cells) or bacteria DNA
can also stimulate cytokine production from mouse macrophages,
but neither of them were able to activate NO or iNOS produc-
tion [5,19] (Fig. 2). Similarly, the CpG ODN 2006 (which is potent
for cells of human origin) or non-CpG containing ODN (1982)
also failed to stimulate NO or iNOS production (Fig. 2). On the
other hand, it can be argued that the NO and iNOS production
from the cells used in the present study could be due to a trace
contamination of CpG ODN with LPS. This appears not to be
the case as polymyxin B, which is a known LPS inhibitor for
macrophage activation, had no effect on NO and iNOS produc-
tion by CpG ODN 1826-activated cells (Fig. 3). Moreover, analy-
sis of these CpG ODN s for endotoxic activity by LAL assay shows
only a trace amount, if any, of LPS in these samples. It appears
therefore that the DNA or synthetic ODN containing CpG motif
alone is sufficient to activate the production of not only cytokines
but also of NO and iNOS.

The time-pulsed study employed here suggested that NO and
iNOS production by the macrophages activated with CpG ODN
1826 required a minimum of 8 h exposure time for the cells to be
activated fully (Fig. 5). This result was strikingly different from
that of the LPS stimulation, which required a much shorter
pulsing interval. The macrophage response to LPS stimulation is
initiated by the binding of LPS to the lipopolysaccharide binding
protein (LBP) and this complex then interacts with CD 14. Within
1 min of exposure, the LPS is able to bind to the CD 14 on the
cell surface [26]. Phosphorylation of intracellular signalling pro-
teins such as p38 also occurred within 5 min after activation with
the LPS [27,28]. However, the phosphorylation of intracellular
signalling proteins such as p38 and JNK appeared later when
the cells were activated with CpG DNA [19,29]. The slower rate
of phosphorylation of the signalling protein may cause a delay of
the NF-xB translocation in the CpG ODN 1826-activated cells,
judging from a delay of IxBo degradation (Fig. 7). Taken
together, these data may explain partially why a longer time
is required for the CpG ODN 1826 to activate NO and iNOS
production fully.

Endocytosis of CpG DNA is required for its immuno-
stimulatory activity [23,29]. To initiate signalling, the CpG DNA-
stimulated cells recruit MyDS88 to endosome-like vesicular
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Fig. 7. Endosomal maturation/acidification is required for CpG ODN
1826 to activate NO and iNOS production. RAW 264-7 macrophages (1 x
10° cells/well) were preincubated with or without chloroquine (2-5 ug/ml)
for 2h before activated with CpG ODN 1826 (1 ug/ml) or E. coli LPS (10
ng/ml). After 24 h, the supernatant was analysed for nitrite (a) and the cells
were analysed for iNOS (b). Control represents the unstimulated cells.
Data (a) represent mean and s.d. of three separate experiments, each
carried out in duplicate. *P < 0-05 according to Student’s t-test.

structure where it co-localizes with CpG DNA. Inhibition of
endosomal maturation/acidification such as chloroquine can
prevent cytokine production by inhibiting phosphorylation of p38
and JNK [13]. This inhibitor could also inhibit NO and iNOS pro-
duction from the cells stimulated with CpG ODN 1826 (Fig. 7).
In contrast, LPS did not require endocytosis for signalling and
cytokine production [13]. Chloroquine also did not interfere with
NO and iNOS production from the LPS stimulated macrophages
(Fig. 6). These results indicate, therefore, that the NO and iNOS
production by CpG ODN 1826-stimulated macrophages is
generated by a mechanism similar to that of other cytokines, i.e.
requiring endocytosis but possibly different from that of the LPS.

The data currently available on the mediators produced by
macrophages stimulated with synthetic CpG ODN and bacterial
DNA suggest that they may have similar effect on macrophage
activation. However, in this communication we have demon-

strated clearly that only the synthetic CpG ODN and not the
bacterial DNA in general could stimulate NO production in
macrophages. Moreover, our data suggest that a particular
sequence structure of synthetic CpG ODN is essential for acti-
vating NO production. Previous reports by other investigators
have shown that bacterial DNA could stimulate NO production
only when the macrophages were pretreated with IFN-y[5,17,18].
However, Zhu et al. claimed recently that the bacterial DNA
could stimulate NO production in the absence of IFN-y[30]. Their
conclusion is inconsistent with the data presented by other inves-
tigators [5,17,18]. Their limited results on the effect of CpG ODN
(which possessed a sequence similar to the 1826 used herein) on
NO production are compatible with the more extensive investi-
gation presented in this communication. More information on the
biological effect of synthetic CpG ODN on macrophage and other
cell types should be elucidated in order to explain its beneficial
effect in the in vivo condition in both experimental animals and
human model.
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