
DNA and its cationic lipid complexes induce CpG motif-dependent
activation of murine dendritic cells

Introduction

It is well known that unmethylated CpG sequences (CpG

motifs) in bacterial DNA, but not in vertebrate DNA, are

recognized by the immune system as a danger signal.1

Cytokines such as tumour necrosis factor-a (TNF-a),

interleukin-6 (IL-6), IL-12 and interferon-a (IFN-a)

are secreted from antigen presenting cells, especially

macrophages or dendritic cells (DC), upon stimulation

with CpG DNA and synthetic oligodeoxynucleotides

(ODN) containing CpG motifs. These cytokines signifi-

cantly modify the therapeutic effects of DNA-based ther-

apies in different ways.2 For example, in gene therapy,

cytokine production generally seems inappropriate

because these inflammatory cytokines significantly reduce

transgene expression in target cells through their direct
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Summary

Unmethylated CpG motifs in bacterial DNA, but not in vertebrate DNA,

are known to trigger an inflammatory response of antigen-presenting cells

(APC). In this study, we investigated the cytokine release from murine

dendritic cells (DC) by the addition of various types of DNA in the free

or complexed form with cationic lipids. Naked plasmid DNA and Escheri-

chia coli DNA with immunostimulatory unmethylated CpG motifs

induced pro-inflammatory cytokine secretion from granulocyte–macro-

phage colony-stimulating factor (GM-CSF)-cultured bone marrow-derived

DC and the DC cell-line, DC2.4 cells, though vertebrate calf thymus DNA

(CT DNA) with less CpG motifs did not. These characteristics differed

from mouse peritoneal resident macrophages that do not respond to any

naked DNA. The amount of cytokines released from the DC was signifi-

cantly increased by complex formation with cationic lipids when CpG-

motif positive DNAs were used. Unlike murine macrophages or Flt-3 L

cultured DC, GM-CSF DC did not release inflammatory cytokines in

response to the addition of CT DNA/cationic lipid complex, suggesting

that the activation is completely dependent on CpG motifs. Taken

together, the results of the present study demonstrate that murine DC

produce pro-inflammatory cytokines upon stimulation with CpG-contain-

ing DNAs and the responses are enhanced by cationic lipids. These results

also suggest that DC are the major cells that respond to naked CpG DNA

in vivo, although both DC and macrophages will release inflammatory

cytokines after the administration of a DNA/cationic lipid complex.
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cytotoxicity and promoter attenuation.3–5 On the other

hand, it is essential for DNA vaccination because these

cytokines can enhance the immune responses and pro-

foundly affect the balance of these cytokines and the

nature of the immune responses.6–9

DC are one of the most important cell populations as

far as both innate and acquired immunity are concerned.

They influence a variety of immunological responses asso-

ciated with the therapeutic use of CpG DNA.10,11 In addi-

tion to cytokine secretion, the expression of surface major

histocompatibility complex (MHC) class I and II mole-

cules as well as costimulatory molecules increases, and the

maturation of DC is induced upon stimulation with CpG

motifs.12 The initial important step for all these processes

associated with CpG DNA is cellular uptake because the

receptor of CpG DNA, Toll-like receptor-9 (TLR9), is

expressed within cells.13,14 Our previous in vitro study

using a DC cell line, DC2.4 cells, in mice demonstrated

that DC take up pDNA via a mechanism specific to some

defined polyanions15 similar to cultured mouse peritoneal

macrophages.16,17

There is a rapidly growing body of information about

the mechanism of antigen-presenting cell (APC) activa-

tion by CpG DNA. This activation requires endosomal

acidification and recognition by TLR9.18–20 CpG DNA

appears to use a TLR9 signaling pathway for NF-jB and

c-Jun NH2-terminal kinase (JNK) and IRF-7 through

MyD88.19,21 However, these proposed mechanisms are

mainly based on studies using synthetic phosphorothioate

CpG ODN, and there is little information about the acti-

vation induced by native DNA. Our previous study has

demonstrated that, in contrast to macrophage cell lines,

primary cultured mouse peritoneal macrophages secrete

almost no inflammatory cytokines upon stimulation with

pDNA, in spite of extensive uptake of the CpG DNA22.

However, DNA/cationic lipid complex can activate the

murine macrophages to induce inflammatory cytokines,

whether they have replete CpG motifs or not.23 Flt-3-

ligand cultured bone-marrow DC (Flt-3 L DC) exhibit a

different type of activation.24,25 Upon stimulation with

naked DNA, bacterial pDNA and CpG ODN stimulate

Flt-3 L DC to induce cytokines IFN-a or IL-6 although

vertebrate CT DNA does not. However, TLR9 in Flt-3 L

DC can react when CT DNA is combined with catio-

nic lipid N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethyl-

ammonium methylsulfate (DOTAP).24 Methylated CpG

motifs or non-canonical CpG motifs complexed with

DOTAP induce the activation of TLR9 in Flt-3 L DC.

Further experiments have proved that the other sequences

also induce the activation of TLR9 when ODNs are trans-

located to endosomes by DOTAP.25 While receptor-medi-

ated endocytosis restricts the uptake of DNA, adsorptive

endocytosis by cationic lipids does not. Thus, enhance-

ment of DNA uptake seems to control the activation of

TLR9 by vertebrate DNA. In the present study, we used a

different type of DC and showed that the cells could

respond to only DNA with CpG motifs even if the DNA

was translocated to endosomes by cationic lipids.

Materials and methods

Chemicals

RPMI-1640 medium was obtained from Nissui Pharma-

ceutical (Tokyo, Japan). Escherichia coli DNA (EC DNA)

and calf thymus DNA (CT DNA) were purchased from

Sigma (St Louis, MO). Lipofectin reagent and Opti-MEM

were purchased from Invitrogen (Rockville, MD). Mouse

recombinant GM-CSF (rGM-CSF) and Triton-X-114

were purchased from Nacalai Tesque (Kyoto, Japan).

[a-32P]dCTP (3000 Ci/mmol) was obtained from Amer-

sham (Amersham, UK). Fetal Bovine Serum (FBS) was

purchased from Thermo Trace (Melbourne, Australia).

Cell culture

Male ICR mice (5 weeks) were purchased from Shizuoka

Agricultural Cooperative Association for Laboratory Ani-

mals (Shizuoka, Japan). After bone marrow was flushed

out of the bones of the hind legs of the mice, the cells

were cultured in RPMI-1640 medium supplemented with

10% fetal bovine serum (FBS) and 1000 U/ml rGM-CSF.

After a 4–5 day incubation at 37� in 5% CO2-95% air,

cells were collected and centrifuged at 200 g for 10 min.

After removal of the supernatant, the cells were resus-

pended in 400 ll phosphate-buffered saline (PBS) con-

taining 0�5% bovine serum albumin (BSA) per 108 total

cells. The cell suspension was mixed thoroughly with

100 ll magnetic-activated cell sorting (MACS) CD11c

MicroBeads (Miltenyi Biotec, Germany), and incubated

for 15 min at 4�. After incubation, the cells were washed,

centrifuged at 200 g for 10 min, and resuspended in

500 ll PBS containing 0�5% BSA. Then, magnetic separ-

ation with MACS was carried out to isolate the DC by

selecting CD11c-positive cells from the cultured cells.

These isolated cells were washed and then plated on

24-well culture plates (Falcon, Becton Dickinson, Lincoln

Park, NJ) at a density of 5 · 105 cells/well and cultured

for 24 hr. The murine DC2.4 cells were a gift from

Dr Kenneth Rock (Department of Pathology, University

of Massachusetts Medical School, MA). DC2.4 cells dis-

play dendritic morphology, express dendritic cell-specific

markers, MHC molecules, and costimulatory molecules,

and exhibit phagocytic activity and an antigen-presenting

capacity.26 DC2.4 cells were cultured with RPMI-1640

medium supplemented with 10% FBS, 2 mM L-glutamine,

100 lM non-essential amino acids, 50 lM 2-mercaptoetha-

nol, and antibiotics. They were then plated on a 24-well

culture plate at a density of 5 · 105 cells/well and cul-

tured for 24 hr.

296 � 2006 Blackwell Publishing Ltd, Immunology, 120, 295–302

T. Yoshinaga et al.



DNA

pCMV-Luc encoding firefly luciferase gene was construc-

ted, as described previously.27 pDNA was purified using

an Endo-free plasmid Giga kit (Qiagen, Valencia, CA).

For the cellular association experiments, pDNA was radio-

labelled with [a-32P]dCTP by nick translation.28 For the

activation experiments, all DNA samples were extensively

purified with Triton-X-114, a non-ionic detergent, to

minimize the activation by contaminated lipopolysaccha-

ride (LPS). Extraction of endotoxin from pDNA, EC

DNA, and CT DNA samples was performed according

to reviously published methods29,30 with slight modifi-

cations. DNA samples were purified by extraction with

phenol : chloroform : isoamyl alcohol (25 : 24 : 1) and

ethanol precipitation. Then, 10 mg DNA was diluted with

20 ml pyrogen-free water, followed by the addition of

200 ll Triton-X-114 and mixing. The solution was placed

on ice for 15 min and incubated for 15 min at 55�. Sub-

sequently, the solution was centrifuged for 20 min at 25�,

600 g. The upper phase was transferred to a new tube,

200 ll Triton-X-114 was added, and the previous steps

were repeated at least three times. The activity of LPS was

measured by Limulus amoebocyte lysate (LAL) assay using

the Limulus F Single Test kit (Wako, Tokyo, Japan). After

purification using the Endo-free plasmid Giga kit, 1 lg/ml

pDNA contained 0�01–0�05 EU/ml endotoxin. After

Triton-X-114 extraction, the endotoxin levels of the DNA

samples could no longer be determined by LAL assay, i.e.

1 lg/ml DNA contained less than 0�001 EU/ml. With-

out extraction of endotoxin by Triton-X-114, 100 lg/ml

naked pDNA, which contains 1–5 EU/ml endotoxin,

could release 521 ± 73 pg/ml TNF-a at 24 hr from peri-

toneal macrophages.

Cationic liposome formation

Lipofectin complexes were prepared according to the

manufacturer’s instructions. In brief, DNA was diluted in

100 ll Opti-MEM per 1 lg DNA (solution A) and 5 ll

Lipofectin reagent was diluted in another 100 ll Opti-

MEM (solution B). Then solutions A and B were com-

bined and mixed gently. After a 15 min incubation at

room temperature, complex was added to the cells.

Cellular association experiments

DC2.4 cells cultured in 24-well plates were washed three

times with 0�5 ml Hanks’ balanced salt solution (HBSS)

without phenol red and 0�5 ml HBSS containing 0�1 lg/ml

naked [32P]pDNA or 0�1 lg/ml [32P]pDNA/Lipofectin

complex was added. After incubation at 37 or 4� for a

specified time, the HBSS was removed and the cells were

washed five times with ice-cold HBSS and then solubi-

lized with 1�0 ml 0�3 N NaOH with 0�1% Triton-X-100.

Aliquots of the cell lysate were taken for the determin-

ation of 32P radioactivity using an LSA-500 scintillation

counter (Beckman, Tokyo, Japan) and the protein content

was measured using the modified Lowry method with

BSA as a standard.

Confocal microscopy

DC2.4 cells were washed three times with 1�0 ml HBSS

and incubated with HBSS containing fluorescein-labelled

pDNA (FL-pDNA) or FL-pDNA/Lipofectin complex.

After a 3 hr incubation, the cells were washed five times

and fixed with 4% paraformaldehyde for 10 min.

Cytokine secretion

BMDC or DC2.4 cells cultured in 24-well plates were

washed three times with 0�5 ml RPMI-1640 before use.

Naked DNA was diluted in 0�5 ml Opti-MEM. The cells

were incubated with the naked DNA solution continu-

ously for 8 hr. In the case of DNA/Lipofectin complexes,

cells were incubated for 2 hr with 0�5 ml of the solutions

containing the complexes. Then, the cells were washed

with RPMI-1640 and incubated with RPMI-1640 with

10% FBS. After a 6 hr incubation, the supernatant was

collected for ELISA and kept at )80�. The levels of

TNF-a, IL-6, and IL-12p70 in the supernatants were

determined by the OptEIA Set (BD Biosciences, San

Diego, CA).

Results

Uptake of DNA with cationic lipid complexes
is not saturated, although normal uptake is saturated
in GM-CSF DC

TLR9 exists in the endosomal-lysosomal compart-

ment.13,14 The amount of naked DNA in the compart-

ment can be limited because naked DNA is supposed to

be taken up by DC via receptor-mediated endocytosis.15

However, DNA/cationic lipid complexes are supposed to

be taken up by DC via a non-specific mechanism based

on electrostatic interaction, so-called adsorptive endocyto-

sis. Therefore, cationic lipid Lipofectin was used to deliver

DNA efficiently to the compartment. To examine the

binding and uptake of naked pDNA and pDNA/cationic

lipid complexes in DC, we carried out cellular uptake

experiments using naked [32P]pDNA and [32P]pDNA/

Lipofectin complexes. As expected, the uptake of naked

[32P]pDNA by DC2.4 cells at 37� was increased up to

2 hr (Fig. 1a). Following an incubation of 2–5 hr, the

amount of DNA remained unchanged, probably due to

continued uptake and degradation.15 On the other hand,

complexation with cationic lipids enhanced the DNA

uptake. Cationic lipids enhanced [32P]pDNA binding and
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uptake in DC2.4 cells and the amount of [32P]pDNA

increased in a time-dependent manner (Fig. 1b).

Next, we examined the localization of fluorescence-

labelled DNA (FL-pDNA). In the confocal microscopy

experiments, the fluorescence derived from naked FL-

pDNA is bound to the cellular membrane at 4� (Fig. 2a).

At 37�, FL-pDNA was observed inside the cells after 1 hr

and it appeared to accumulate in the nucleus after a 3 hr

incubation. On the other hand cationic lipids completely

changed the localization of DNA. The fluorescence of the

FL-pDNA/Lipofectin complex was observed in a punctu-

ated pattern at 1 hr, then diffused into the cells after a

3 hr incubation (Fig. 2b).

The activation of GM-CSF DC by DNA

Next, cytokine production from DC by naked DNA was

examined. Plasmid DNA and E. coli DNA were used as

models of bacterial CpG DNA, and calf thymus DNA was

used as a model of vertebrate DNA. As shown in Fig. 3,

naked bacterial plasmid DNA and E. coli DNA with

replete immunostimulatory CpG motifs induced TNF-a,

IL-6 and IL-12 secretions from bone marrow-derived DC.

The results are consistent with previous studies demon-

strating that plasmid DNA stimulates GM-CSF DC to

induce TNF-a and IL-12.18 Vertebrate calf thymus DNA

(CT DNA) containing less CpG motifs did not. LPS

induced small amounts of cytokines, probably because

of relatively short-term incubation (8 hr). Similar results

were observed in the experiment using DC2.4 cells,

although the cells released a higher amount of cytokines

(Fig. 4). These results demonstrate that the cytokine

secretion from the DC corresponds to the difference

between endogenous DNA and exogenous DNA.

Next, cellular activation in DC by DNA/cationic lipid

complexes was examined. The E. coli DNA/Lipofectin

complexes stimulated GM-CSF cultured DC to produce

cytokines, TNF-a, IL-6 and IL-12 in a dose-dependent

manner (Fig. 5). Similar results were observed with

pDNA/Lipofectin complex. The amounts of cytokines

released from the DC were significantly increased by com-

plex formation with cationic lipids compared with naked

DNA (Fig. 3). The DC were unable to produce a signi-

ficant amount of pro-inflammatory cytokines following

1 hr

3 hr

(a) (b) 

pDNA/lipofectin complexNaked pDNA 

37°4° 37°

Figure 2. Uptake of naked FL-pDNA (a) or

FL-pDNA/Lipofectin complex (b) by DC2.4

cells. The cells were incubated with 5�0 lg/ml

naked FL-pDNA or 30 lg/ml FL-pDNA/Lipo-

fectin complex.
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Figure 1. Cellular association time courses of naked [32P]pDNA (a)

or [32P]pDNA/Lipofectin complex (b) in DC2.4 cells. Cells were

incubated at 37� (closed triangle) or 4� (closed circle). Each point

represents the mean ± SD (n ¼ 3).

TNF-α

pg/ml

IL-6

pg/ml

IL-12

pg/ml
0 50 100 150 200

Medium alone

CT DNA

pDNA

EC DNA

LPS (100 ng/ml) 

1 µg/ml 
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100 µg/ml 

0 40 80 120160 0 50 100 150 200

Figure 3. Cytokine secretion induced by naked DNA from GM-CSF

DC. The cells were incubated with EC DNA, pDNA, or CT DNA for

8 hr. The supernatants were collected and the amount of TNF-a,

IL-6, and IL-12 secreted from the cells was determined by ELISA.

Each result represents the mean ± SD (n ¼ 3).
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stimulation with vertebrate calf thymus DNA (CT DNA)

containing less CpG motifs when DNA is complexed to

Lipofectin. Lipids alone were unable to stimulate the DC

sufficiently to release pro-inflammatory cytokines. Similar

results were obtained in DC2.4 cells (Fig. 6). These results

demonstrate that GM-CSF DC discriminate between bac-

terial DNA and mammalian DNA.

Discussion

The most important role of immune system is to distin-

guish between ‘self’ and ‘non-self’. Although the TLR9

subfamily (TLR7, 8 and 9) recognizes non-self nucleic

acids31 under special conditions, such as systemic lupus

erythematosus, these TLRs are stimulated in response to

self nucleic acids. For example chromatin–immunoglob-

ulin complexes trigger DC activation in a TLR9-depend-

ent and TLR9-independent manner.32 Recently, Barton

et al. have demonstrated that the fusion protein of

TLR4/9, which is delivered to cellular membranes, is acti-

vated by vertebrate DNA.33 One proposed hypothesis is

that compartmentalization of TLR9 prevents the response

induced by endogenous DNA.

In the present study, we have demonstrated that GM-

CSF-derived DC activation is triggered by exogenous

naked DNA. Bacterial DNA induces cytokine secretion

from DC, although vertebrate DNA does not. Flt-3 L cul-

tured murine DC (Flt-3 L DC) also induce activation of

TLR9 in response to naked bacterial DNA, but not naked

vertebrate DNA.24 Therefore, these studies imply that

both GMCSF-DC and Flt-3 L DC can discriminate

between bacterial non-self DNA and vertebrate self DNA.

On the other hand, these characteristics are different

from murine macrophages.22 Primary macrophages do

not respond to naked DNA in spite of TLR9 expression,

although the macrophage-like cell line RAW264.7 cells

do. Both primary macrophages and DC take up DNA via

a similar mechanism.15–17 The mechanism of unrespon-

siveness of macrophages to DNA has not been elucidated,

although TLR9 is present in the cells. Macrophages have

deoxyribonuclease II (DNase II) in the lysosomal com-

partment, and they are responsible for apoptotic cell

engulfment, DNA digestion and erythroid cell differenti-

ation.34 In erythropoiesis, macrophages take up nuclei

and digest DNA. In DNase II-deficient mice, undigested

DNA in macrophages causes IFN-b production via

unknown receptors.35 The cytokine production is medi-

ated by the TLR9/MyD88 pathway and novel pathways

that have been identified recently.36,37 Therefore, the

mechanism of the unresponsiveness of macrophages to

naked DNA may involve the limited uptake and degra-

dation by DNase II. However, further investigation is

required.

TNF-α

ng/ml ng/ml

Media alone

CT DNA

pDNA

EC DNA

LPS (100 ng/ml)

IL-6

0 1 2 53 40 1 2 3 4

1 µg/ml 
10 µg/ml 
100 µg/ml 

Figure 4. Cytokine secretion induced by naked DNA from DC2.4

cells. The cells were incubated with EC DNA, pDNA, or CT DNA

for 8 hr. The supernatants were collected and the amount of TNF-a
and IL-6 secreted from the cells was determined by ELISA. Each

result represents the mean ± SD (n ¼ 3).

IL-6

pg/ml
0 120 240 360 480

IL-12

pg/ml
0 40 80 120 160 200

TNF-α

pg/ml
0 100 200 300

Lipofectin (50 µg/ml)
medium alone
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pDNA

EC DNA

LPS (100 ng/ml)
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100 µg/ml 

Figure 5. Cytokine secretion induced by DNA/Lipofectin complex

from GM-CSF DC. The cells were incubated with EC DNA, pDNA,

or CT DNA/Lipofectin complex (5 ll Lipofectin per 1 lg DNA).

After a 2 hr incubation, liposomes were removed and fresh growth

medium was added to the cells. The supernatants were collected 8 hr

after the incubation with liposomes. The amount of TNF-a, IL-6,

and IL-12 secreted from the cells was determined by ELISA. Each

result represents the mean ± SD (n ¼ 3).

TNF-α IL-6

Lipofectin 50 µg/ml
medium alone

CT DNA

pDNA

EC DNA

LPS (100 ng/ml)

ng/ml ng/ml

1 µg/ml
10 µg/ml 
100 µg/ml 

4 0 5 10 15 20 250 2 6

Figure 6. Cytokine secretion induced by DNA/Lipofectin complex

from DC2.4 cells. The cells were incubated with EC DNA, pDNA, or

CT DNA/Lipofectin complex (5 ll Lipofectin per 1 lg DNA). After

a 2 hr incubation, liposomes were removed and fresh growth med-

ium was added to the cells. The supernatants were collected 8 h after

the incubation with liposomes. The amount of TNF-a and IL-6

secreted from the cells was determined by ELISA. Each result repre-

sents the mean ± SD (n ¼ 3).
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The TLR4/9 fusion protein on the cell membrane is

activated by vertebrate DNA.33 This research indicates

that compartmentalization into cells avoids TLR9 res-

ponses to endogenous DNA. Therefore, we forced

DNA to internalize into cells using cationic lipids. In fact,

vertebrate DNA/cationic lipid complexes can induce cyto-

kine secretion from murine macrophages and Flt-3 L

DC.23,24 Following enhancement of DNA uptake by cati-

onic lipids, these cells cannot distinguish between ‘self’

and ‘non-self’ DNA. In peritoneal macrophages, complex-

ation of calf thymus DNA with cationic lipids elicited a

similar level of inflammatory cytokine production to that

obtained with bacterial E. coli DNA using cationic

lipids.23 In addition, calf thymus DNA with cationic lipid

DOTAP causes a high degree of IFN-a release from mu-

rine Flt-3 L cultured DC or human peripheral blood

mononuclear cells.24 The amount of IFN-a induced by

calf thymus DNA with DOTAP is similar to that induced

by bacterial plasmid DNA. However, the result with GM-

CSF DC is different from that in these cells. The cells

only recognize bacterial DNA. Vertebrate DNA/cationic

lipid complexes do not stimulate GM-CSF DC, although

bacterial DNA does. There are two possibilities to explain

these observations. One is the possibility that different

types of cationic lipids lead to different forms of delivery

of DNA, and result in different responses. For example,

murine macrophages release inflammatory cytokines in

response to the addition of vertebrate CT DNA/cationic

lipid complexes.23 Lipofectamine was used for this

research. Synthetic double-stranded DNA containing no

CpG motif can stimulate macrophage cell lines when

DNA is complexed with the cationic lipid Fugene 6.38 In

addition, vertebrate CT DNA/cationic lipid Lipofectamine

complexes induce macrophage activation via TLR9-

dependent and -independent mechanisms.39 Flt-3 L cul-

tured DC (Flt-3 L DC) also responds to vertebrate DNA/

cationic lipid DOTAP complexes via TLR9-dependent

and -independent pathways.24 TLR9-independent activa-

tion is also observed following transfection using Lipo-

fectamine 2000.37 Honda et al. showed that different

cellular distributions of DNA result in different cytokine

responses.40 CpG-B ODN normally do not induce IFN-a
release from plasmacytoid DC. However, following com-

plexation with DOTAP, the same ODNs trigger IFN-a.

Confocal microscopy reveals that DOTAP retains DNA in

early endosomes, although ODNs without DOTAP are

immediately transferred to lysosomal vesicles. Taken

together, enhancement of the DNA uptake may not

explain the response of TLR9 to vertebrate DNA and

TLR9 may be present in specific compartments.

The other possibility is that GM-CSF DC, Flt-3 L DC

and macrophages may contribute to the immune systems

in different ways, by producing different types or degrees

of induction. TLR9 is mainly expressed in B cells and

plasmacytoid DC in humans.31 On the other hand, mouse

TLR9 is also present in myeloid DC and macrophages.

Although further studies are required to clarify the contri-

bution of DC or macrophages to immune responses

in vivo, the present study suggests that DC are the main

cells that respond to naked bacterial DNA, although both

DC and macrophages will release inflammatory cytokines

after the administration of bacterial DNA/cationic lipid

complexes.

Very recently Martin et al. have shown that GM-CSF

DC release type I IFN upon stimulation of mammalian

DNA complexed with Fugene, another kind of lipid for

transfection.41 Interestingly, the cells do not produce

TNF-a, IL-6 or IL-12. The activation is independent of

TLR9 because GM-CSF DC from TLR9–/– deficient mice

respond to mammalian DNA/Fugene complexes to secrete

type I IFN. Another group has also demonstrated that

non-CpG DNA/lipofectamine complexes stimulate GM-

CSF DC to induce type I IFN.42 The activation is not

dependent on the MyD88 or TRIF pathways. Based on

these observations, one can hypothesize that, distinct

from Flt-3 L DC, GM-CSF DC respond to only bacterial

or viral DNA via TLR9-dependent pathway, and release

cytokines, such as TNF-a IL-6 and IL-12. However when

mammalian DNAs are translocated into cells, GM-CSF

DC may not induce these cytokines. Instead, the cells

may release IFN-a through a TLR9-independent pathway.

Further studies are required for these TLR9-dependent

and -independent mechanisms.

In conclusion, the present study has demonstrated that

murine GM-CSF DC or the DC cell line, DC2.4, produce

pro-inflammatory cytokines following stimulation with

CpG-containing DNAs and this production is increased

when the DNAs are added to the cells in a complex form

with cationic lipids. These findings form an important

basis for future DNA-based therapies, including gene

therapy and DNA vaccination.
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