
Interferon-a and interleukin-12 are induced, respectively, by
double-stranded DNA and single-stranded RNA in human myeloid

dendritic cells

Introduction

It has been widely accepted that immature dendritic cells

(DCs) serve as sentinels for invading antigens at the

frontline at the periphery, and then act as global initiators

of innate immunity by producing inflammatory cytokines

such as type I interferons (IFNs), which function as acti-

vators of many types of innate immune effectors and

directly influence invading pathogens.1 Furthermore, DCs

sequentially initiate acquired immunity by priming naive

CD4+ T cells through producing interleukin-12 (IL-12),

which is indispensable for triggering the T helper type 1

response. The DCs are important in the initiation of both

innate and acquired immunity as cells linking these two

bio-defence systems.2,3

Upon microbial invasion, various types of inflamma-

tory responses occur in the periphery, and nucleic acids

from regional damaged cells or pathogens can appear at
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Summary

Dendritic cells (DCs) are initiators of innate immunity and acquired

immunity as cells linking these two bio-defence systems through the pro-

duction of cytokines such as interferon-a (IFN-a) and interleukin-12

(IL-12). Nucleic acids such as DNA from damaged cells or pathogens are

important activators not only for anti-microbial innate immune responses

but also in the pathogenesis of IFN-related autoimmune diseases. Plasmacy-

toid DCs are regarded as the main effectors for the DNA-mediated innate

immunity by possessing DNA-sensing toll-like receptor 9 (TLR9). We here

found that double-stranded DNA (dsDNA) complexed with lipotransfec-

tants triggered activation of human monocyte-derived DCs (moDCs),

leading to the preferential production of IFN-a but not IL-12. This indi-

cates that myeloid DCs also function as supportive effectors against the

invasion of pathogenic microbes through the DNA-mediated activation in

innate immunity. The dsDNA with lipotransfectants can be taken up by

moDCs without co-localization of endosomal LAMP1 staining, and the

dsDNA-mediated IFN-a production was not impaired by chloroquine.

These findings indicate that moDC activation by dsDNA does not involve

the endosomal TLR pathway. In contrast, single-stranded RNA (ssRNA)

stimulated moDCs to secrete IL-12 but not IFN-a. This process was inhib-

ited by chloroquine, suggesting an involvement of the TLR pathway in

ssRNA-mediated moDC activation. As might be inferred from our find-

ings, myeloid DCs may function as a traffic control between innate immu-

nity via IFN-a production and acquired immunity via IL-12 production,

depending on the type of nucleic acids. Our results provide a new insight

into the biological action of myeloid DCs underlying the DNA-mediated

activation of protective or pathogenic immunity.

Keywords: dendritic cells; double-stranded DNA; interferon-a; single-

stranded RNA

Abbreviations: DC, dendritic cell; dsDNA, double-stranded DNA; IFN, interferon; IL, interleukin; moDC, monocyte-derived
dendritic cell; pDC, plasmacytoid dendritic cell; ssRNA, single-stranded RNA; TLR, toll-like receptor.
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the sites of inflammation, to be recognized by DCs as

danger signals, and to activate DCs to initiate innate

immunity. Endosomal toll-like receptors (TLRs), such as

TLR3, TLR7, TLR8 and TLR9, which are sensors for these

nucleic acids and mediate the activation signal cascades

leading to the production of cytokines,4,5 are expressed in

DC subsets.6,7 In general, myeloid DCs, which are

regarded as conventional DCs, have the ability to produce

large amounts of IL-12 upon TLR-mediated microbial

recognition,1,8 indicating a critical contribution to

T helper type 1-mediated acquired immunity. Only in

response to double-stranded (ds) RNA such as poly(I:C),

can myeloid DCs produce IFN-a.8,9 Of the DC subsets,

plasmacytoid DCs (pDCs) are regarded as the major pro-

ducers of type I IFNs by the selective expression of TLR7

and TLR9, which recognize single-stranded (ss) RNA and

ssDNA, respectively. Indeed, human pDCs are able to

produce robust amounts of type I IFNs, but not IL-12, in

response to DNA such as microbial DNA with unmethy-

lated CpG motifs.10 Recent studies have revealed a central

role of pDCs for self-DNA in the pathogenesis of autoim-

mune diseases. In patients with psoriasis or systemic

lupus erythematosus (SLE), anti-microbial peptide LL37

or nuclear protein high-mobility group box 1 protein

(HMGB1) released from tissue injury helps to promote

stabilization and delivery of self-DNA into early endo-

somes in pDCs,11,12 leading to the induction of aberrant

type I IFN production and driving autoimmunity. Hence,

DNA is a potent activator of immune responses during

infection or tissue damage if optimal host-derived trans-

porter agents are present, and pDCs are thought to be the

key effectors that initiate the DNA-mediated immune

responses.

However, it has been reported that non-pDCs as well

as pDCs produce IFN-a in response to the DNA virus,

herpes simplex virus type-1, via both TLR9-independent

and TLR9-dependent pathways.13 Although there is

abundant evidence that human myeloid DCs lack

TLR96,7 and the mechanism underlying the sensing of

DNA in myeloid DCs remains elusive, the type I IFN

production is dependent on viral entry, but not on

TLR9, and the entry-dependent IFN induction requires

the presence of viral genomic DNA in myeloid DCs.14

These findings suggest a contribution of myeloid DCs

to the DNA-mediated innate immune response by TLR-

independent DNA recognition machinery. Extensive

analysis during the last few years has identified three

different cytosolic DNA sensors – DAI (DLM-1/ZBP1),15

AIM216 and LRRFIP117 – that activate the innate

immune system. Therefore, it is plausible that, in the

inflammatory sites in the periphery, DNA from dam-

aged cells or pathogens could be incorporated into

immature myeloid DC subsets, as well as pDCs, and

activate them if it could form a complex with host-

derived transporter agents. Along with this speculation,

we here examined an in vitro model in which dsDNA

was incorporated into human monocyte-derived DCs

(moDCs) as a complex form with various transfectants

for enhancing DNA transport, and we offer new insights

into the biological action of myeloid DCs underlying

the DNA-mediated activation of antimicrobial immunity

or autoimmunity.

Materials and methods

Media and reagents

RPMI-1640 supplemented with 2 mM L-glutamine, 100 U/

ml penicillin, 100 ng/ml streptomycin and heat-inactivated

10% fetal bovine serum (Biosource International, Camar-

illo, CA) was used for cell cultures. For cell stimulation, we

used 25 lg/ml dsRNA poly(I:C) (InvivoGen, San Diego,

CA), 1 lg/ml R848 (InvivoGen), unconjugated or FITC-

conjugated dsDNA poly(dA-dT)/poly(dA-dT) (Sigma-

Aldrich, St Louis, MO), and ssRNA poly(U) (Sigma-

Aldrich). Reagents used for facilitating the transfection

of nucleic acid were as follows: lipofectamine 2000, which

is a mixture of DOSPA and DOPE at a ratio of 3 : 1,

where DOSPA is 2,3-dioleyloxy-N-[2(sperminecarbox-

amido)ethyl]-N, N dimethyl-1-propanaminium trifluoro-

acetate and DOPE is the neutral lipid dioleoyl phosphati-

dylethanolamine (Invitrogen, Carlsbad, CA); LyoVec�,

which is a mixture of DMPTA and DOPE, where DMPTA

is dimyristoleyl phos[homethyl trimethyl ammonium]

(InvivoGen); DOTAP (N-[1-(2, 3-dioleoyloxy) propyl]-N,

N, N trimethyl ammonium methyl sulphate) (Roche

Diagnostics, Indianapolis, IN); and Protamine (Mochida

Pharmaceutical Co. Ltd, Tokyo, Japan).

Generation of monocyte-derived human DCs

The moDCs were generated as previously described.8

Briefly, human peripheral blood mononuclear cells were

separated from the heparinized peripheral blood of

healthy donors by standard gradient centrifugation with

Ficoll–Hypaque (Amersham Pharmacia Biotech, Uppsala,

Sweden). The low-density peripheral blood mononuclear

cells were harvested, and CD14+ cells were positively

selected using CD14-microbeads (Miltenyi Biotec, Berg-

isch Gladbach, Germany) to reach > 95% purity

according to restaining with anti-CD14. To induce DC

differentiation, 106 cells/ml CD14+ monocytes were cul-

tured in complete medium (RPMI-1640 with 10%

FBS), 800 IU/ml human recombinant granulocyte–

macrophage colony-stimulating factor (rGM-CSF; R&D

Systems, Minneapolis, MN), and 200 IU/ml human

rIL-4 (R&D Systems) at 37� in 5% CO2. On day 3,

medium containing GM-CSF and IL-4 was added. On

day 5, non-adherent DCs were harvested by gentle

pipetting.
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Isolation of human blood DC subsets

Human peripheral blood DC subsets (myeloid BDCA1+

DCs and pDCs) were isolated from PBMCs from healthy

adult donors, as described previously.8 CD11c+ BDCA3)

lineage) CD4+ cells (as myeloid BDCA1+ DCs) and

CD11c) BDCA4+ lineage) CD4+ cells (as pDCs) were

sorted by FACS Aria� (BD Biosciences, San Diego, CA)

to reach > 99% purity according to restaining with anti-

BDCA1 or anti-BDCA2.

Cultures of DCs with transfectants

Either dsDNA or poly(U) was mixed with lipofectamine

2000 [1 lg dsDNA or poly(U) per 1 ll of lipofectamine

2000], LyoVec [0�5–1�5 lg dsDNA or poly(U) per 50 ll

LyoVec], DOTAP [1–2 lg dsDNA or poly(U) per

5–10 lg DOTAP], or protamine [1 lg dsDNA per 2 lg

protamine, or 1 lg poly(U) per 1 lg protamine] for

30 min at 37� to make complexes [dsDNA/transfectants

or poly(U)/transfectants], then moDCs (5 · 104 cells/

200 ll/well in a 96-well flat-bottom culture plate) were

cultured in the presence of these mixtures [final concen-

tration 25 lg/ml of dsDNA or poly(U)]. The moDCs cul-

tured with transfectants alone or medium alone, served as

controls. In some experiments, chloroquine (Sigma-

Aldrich) dissolved in PBS was added to moDCs with

transfectants. The PBS was diluted in parallel to serve as a

vehicle control.

Detection of intracellular dsDNA

The cells cultured with FITC-conjugated dsDNA or FITC-

conjugated poly(U) for 4 hr were cytocentrifuged, and the

specimen was stained with phycoerythrin (PE) -labelled

anti-lysosome-associated membrane protein (LAMP1; BD

Biosciences) followed by 4’,6-diamidino-2-phenylindole

(DAPI; Nacalai Tesque, Inc., Kyoto, Japan). The stained

specimens were observed using a confocal microscope

(LSM510-META; Carl Zeiss, Zentralbereich Forschung,

Germany). Furthermore, intracellular dsDNA was detected

using a FACSCalibur� equipped with CELLQUEST software

(BD Biosciences).

Analysis of cell surface markers

To analyse the expression of co-stimulatory molecules,

the DCs after culture for 24 hr were stained with FITC-

labelled anti-CD86 (BD Biosciences) and then analysed

using a FACSCalibur�.

Measurement of cytokine production

The production of cytokines (IFN-a and IL-12p40) in the

culture supernatants was determined by ELISA after 24 hr

culture (ELISA kits from R&D Systems). Also dsDNA/

LyoVec Complexes� and ssPolyU/LyoVec Complexes�

(InvivoGen) were used for both the intracellular cytokine

staining and ELISA. Intracellular cytokine staining in DCs

was performed after 8 hr of culture. Brefeldin A (10 lg/

ml; Sigma-Aldrich) was added for the last 2 hr. After

stimulation, cells were fixed and permeabilized using

the FIX and PERM kit (CALTAG, Burlingame, CA) and

then stained with FITC-labelled anti-IFN-a2 monoclonal

antibody (Chromaprobe, Maryland Heights, MO) and

PE-labelled anti-IL-12 p40+ p70 monoclonal antibody

(BioLegend, San Diego, CA). Dead cells were excluded on

the basis of side- and forward-scatter characteristics.

Results

The dsDNA is incorporated intracellularly in DCs by
transfectants

We first examined whether dsDNA is actually incorpo-

rated by moDCs. Lipofectamine, LyoVec and DOTAP are

usually used in the method known as a liposome transfec-

tion (lipotransfection), and cationic liposomes formed by

these reagents show advanced DNA and mRNA transfec-

tion.18 Protamine, used as an anti-heparin treatment, is a

natural cationic protein in the testis and spontaneously

associates with nucleic acids. Hence, we used these as

nucleic acid transfection reagents. FITC-labelled dsDNA

was added to the culture of moDCs for 4 hr. As visual-

ized in Fig. 1, the labelled dsDNA was readily detected as

associating with moDCs by flow cytometry when given in

complex with any transfectants. No dsDNA was detected

at all in moDCs when added without transfectants. We

found that LyoVec, lipofectamine and DOTAP markedly

enhanced the incorporation of dsDNA into moDCs but

protamine did so only modestly, which might enable it

to access the endosomal or cytosolic compartment of

moDCs (Fig. 1a). The dsDNA was most efficiently deliv-

ered into moDCs when DOTAP or lipofectamine was

used as a transfectant. Further analysis with confocal

microscopy at the single cell level for the intracellular dis-

tribution revealed that, whereas dsDNA transfected by

LyoVec was internalized intracellularly (but distinct from

the organelles, as shown by the staining of LAMP1, an

endosomal/lysosomal marker), ssRNA poly(U) transfected

by LyoVec was co-localized with LAMP1 (Fig. 1b).

Incorporated dsDNA induces DC maturation

We next examined whether dsDNA can activate moDCs

in the presence of transfectants. Dendritic cells were cul-

tured with dsDNA and transfectants for 24 hr, and the

expression of the co-stimulatory molecule CD86 was anal-

ysed by flow cytometry (Fig. 2). We used also ssRNA

poly(U), which is sensed by TLR8 in human myeloid
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DCs.19 Neither dsDNA nor poly(U) up-regulated CD86

expression on moDCs in the absence of these transfec-

tants. We here found that, although LyoVec or lipofecta-

mine itself could induce the CD86 up-regulation to some

extent, the addition of dsDNA further increased the

CD86 expression when compared with the expression

Figure 1. Detection of incorporated double-stranded (ds) DNA in monocyte-derived dendritic cells (moDCs). FITC-labelled dsDNA poly(dA-

dT)/poly(dA-dT) was mixed with the indicated transfectants, and these complexed forms of dsDNA were added to the culture with moDCs for

4 hr. The cells were flow cytometrically analysed (a). Furthermore, the incorporated FITC-labelled dsDNA or FITC-labelled single-stranded (ss)

RNA poly(U) in the cells after culture with LyoVec were visualized (green) by immunofluorescence microscopy together with LAMP1 antibody

(red) and nuclei staining with DAPI (blue) (b). Similar results were observed in at least three independent donors.

Figure 2. Analysis of CD86 expression on monocyte-derived dendritic cells (moDCs) after incorporation of double-stranded (ds) DNA com-

plexed with transfectants. CD86 expression on moDCs stimulated with dsDNA/transfectants or poly(U)/transfectants for 24 hr were analysed by

flow cytometry. (a) The staining profiles of CD86 and an isotype-matched control are indicated by shaded and open areas, respectively. (b) Mean

fluorescence intensity (MFI), which is calculated by the subtraction of MFI with the control from that with anti-CD86, is shown. Data are shown

as means ± SEM of three independent donors. Statistical significance compared with medium control was determined using paired Student’s

t-test (*P < 0�01).
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induced by transfectants alone (Fig. 2a,b). The dsDNA in

combination with DOTAP also significantly augmented

the CD86 expression on moDCs (Fig. 2b). Like dsDNA,

poly(U) could increase CD86 expression in the presence

of lipofectamine, LyoVec, or DOTAP. Notably, in combi-

nation with protamine, poly(U) but not dsDNA was a

potent inducer of CD86 expression on moDCs

(Fig. 2a,b).

dsDNA and ssRNA induce different cytokine
secretion from moDCs

Cytokine secretion is one of the hallmarks of the activa-

tion mode of DCs. As Figs 1 and 2 show, dsDNA com-

plexed with lipotransfectants (lipofectamine, LyoVec or

DOTAP) was well incorporated in moDCs to up-regulate

CD86 expression, and we here found that moDCs pro-

duced IFN-a when stimulated with dsDNA in the pres-

ence of these lipotransfectants (lipofectamine, LyoVec and

DOTAP), but not protamine (Fig. 3), indicating that

dsDNA somehow stimulates the cascades of moDCs lead-

ing to the type I IFN synthesis. However, moDCs pro-

duced less IL-12 in response to the dsDNA in the

presence of these lipotransfectants. In contrast to dsDNA,

ssRNA poly(U) stimulated moDCs to preferentially

secrete IL-12 but not IFN-a when cultured with all the

transfectants, including protamine (Fig. 3). Similar to the

response against poly(U), synthetic small compound

R848, which also triggers TLR8 in human myeloid

DCs,20,21 strongly induced IL-12 but not IFN-a, even in

the absence of the transfectants (Fig. 3). This indicates

that the activation of TLR8-mediated signalling pathways

is not involved in IFN synthesis, unlike DNA-mediated

activation. In our experimental setting, we used synthetic

dsRNA poly(I:C) and found that poly(I:C) induced both

IL-12 and IFN-a from moDCs even in the absence of the

transfectants (Fig. 3), being consistent with the previous

investigations.6,8 Poly(I:C) seems to be efficiently internal-

ized by some transfectants, as indicated by further ampli-

fication of cytokine responses.

The contrary cytokine responsiveness after the culture

of dsDNA versus ssRNA was determined in a dose-depen-

dent fashion (except the 25 lg/ml dsDNA) when moDCs

were stimulated with dsDNA complexed with LyoVec or

poly(U) complexed with LyoVec (Fig. 4). We further

examined the cytokine secretion by two-colour staining of

intracellular anti-IFN-a and anti-IL-12 at the single-cell

level. Eight hours after activation with dsDNA complexed

with LyoVec, 5�2% of the DCs produced IFN-a but few

cells produced IL-12 (Fig. 5). In response to poly(U)

Figure 3. Interferon-a (IFN-a) and interleukin-12 (IL-12) production from monocyte-derived dendritic cells (moDCs) after incorporation of

dsDNA. The moDCs were stimulated with dsDNA/transfectants or poly(U)/transfectants for 24 hr. The concentrations of IFN-a and IL-12 p40 in

the culture supernatants were measured by ELISA. Data are shown as mean ± SEM of five independent donors. Statistical significance compared

with medium control was determined using paired Student’s t-test (*P < 0�05 and **P < 0�01).
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complexed with LyoVec, 11% of the DCs produced IL-12

but not IFN-a. When stimulated with both dsDNA and

poly(U) at the same time, there was a small but notable

fraction of cells producing both IFN-a and IL-12 (2�8%),

in addition to single IFN-a-producing cells (3�6%) and

IL-12-producing cells (9�4%) (Fig. 5), suggesting a possi-

bility that the same DCs respond to both dsDNA and

poly(U).

Purified blood myeloid DC subset also shows
contrary cytokine responsiveness after stimulation
with dsDNA and ssRNA

The moDCs are widely used in experimental and clinical

studies of the functional basis of human DCs. In this

study, we used moDCs for in vitro culture (with GM-CSF

and IL-4) of magnetic bead-sorted monocytes of > 95%,

but not 99%, purity. Therefore, the generated moDCs

may show heterogeneity during culture or may contain a

small fraction of other cell types such as pDCs. To

exclude the possibility that different fractions of the gen-

erated moDCs respond to dsDNA or ssRNA, we per-

formed an experiment using a purified blood myeloid

BDCA1+ DC subset devoid of pDCs by multi-colour cell

sorting (> 99% purity) (Fig. 6a) to examine their ability

to produce cytokines. The isolated blood myeloid

BDCA1+ DC subset as well as the generated moDCs pref-

erentially produced IFN-a rather than IL-12 in response

to dsDNA complexed with LyoVec whereas they pro-

duced IL-12 but not IFN-a in response to poly(U) com-

plexed with LyoVec (Fig. 6b). This pattern is similar to

the cytokine secretion of moDCs (Figs 3 and 4) and sup-

ports the functional attribute of differential cytokine

responsiveness on human myeloid DCs in response to

dsDNA and ssRNA.

dsDNA-mediated IFN-a production is independent of
chloroquine

It is generally accepted that human myeloid cell subsets,

including blood myeloid DCs, monocytes and moDCs

lack TLR9.6,7 Paradoxically, there is an investigation

showing that human moDCs weakly but definitely express

TLR9, which allows induction of IFN-a by responding to

Figure 4. Contrary cytokine response in monocyte-derived dendritic

cells (moDCs) in response to double-stranded (ds)DNA versus sin-

gle-stranded (ss)RNA. The moDCs were stimulated with dsDNA/

LyoVec� Complexes or ssPolyU/LyoVec� Complexes. After 24 hr of

culture with different doses of dsDNA/LyoVec� Complexes and

ssPolyU/LyoVec� Complexes, the concentrations of IFN-a and IL-12

p40 in the culture supernatants were measured by ELISA. Data are

shown as mean ± SEM of three independent donors.

Figure 5. Intracellular cytokine expression in monocyte-derived dendritic cells (moDCs) in response to double-stranded (dsDNA) versus

single-stranded (ss) RNA. The moDCs were stimulated with dsDNA/LyoVec� Complexes and/or ssPolyU/LyoVec� Complexes. After 8 hr of

stimulation, intracellular cytokine (IFN-a and IL-12 p40+70) production in moDCs was analysed by flow cytometry. Percentages of the cytokine-

producing DCs are indicated in each dot-blot profile. Similar results were observed in three independent donors and the results of a representa-

tive experiment are shown.
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CpG-DNA.22 Therefore, we next examined whether

dsDNA-induced IFN-a in moDCs involves the TLR9-

dependent pathway. Plasmacytoid-derived IFN-a produc-

tion in response to CpG2216 was completely inhibited by

chloroquine, which inhibits endosomal acidification and

TLR activation (Fig. 7), consistent with several other

reports.23,24 The moDC-derived IFN-a production in

response to dsDNA complexed with LyoVec was only

slightly but not significantly impaired by chloroquine.

Meanwhile, poly(U)-mediated IL-12 production from

moDCs was partially but significantly inhibited in a dose-

dependent manner by chloroquine (Fig. 7). These findings

suggest that moDC activation by ssRNA involves the

TLR-mediated pathway, and that dsDNA induces IFN-a
through a TLR-independent pathway in moDCs.

Discussion

Environmental nucleic acids from invading viruses or

bacteria commonly induce immune responses.25,26

Meanwhile, recognition of endogenous nucleic acids from

cell death has been implicated in the pathogenesis of IFN-

Figure 6. Cytokine response of purified blood myeloid BDCA1+ dendritic cell (DC) subset after stimulation with double-stranded (ds) DNA and

single-stranded (ss) RNA. (a) A DC-enriched population in human peripheral blood mononuclear cells (after being negatively selected using

magnetic beads conjugated with anti-CD3, anti-CD14, anti-CD19 and anti-CD56) were flow cytometrically analysed by the staining of anti-

CD11c, anti-CD4 and anti-BDCA3+ anti-lineage marker (anti-CD3, -CD14, -CD15, -CD16, -CD19, -CD235a) to detect CD11c+ BDCA1+ myeloid

DCs (CD11c+ BDCA1+ BDCA3) BDCA2) cells) (upper blot) to reach > 99% purity according to restaining with anti-BDCA1 or anti-BDCA2

(lower blot). The upper dot blot in this figure was shown after gating of the CD4-positive fraction. (b) The sorted blood myeloid BDCA1+ DC

subset was stimulated with dsDNA/LyoVec� Complexes or ssPolyU/LyoVec� Complexes. After 24 hr of culture, the concentrations of interferon-

a and interleukin-12 p40 in the culture supernatants were measured by ELISA. Data are shown as mean ± SEM of three independent donors.

Figure 7. Effects of chloroquine on interferon-a (IFN-a) and interleukin-12 (IL-12) production from monocyte-derived moDCs in response to

dsDNA or ssRNA. The moDCs were stimulated with dsDNA/LyoVec� Complexes or ssPolyU/LyoVec� Complexes for 24 hr in the absence (with

vehicle) or presence of different doses of chloroquine (0–3 lm). The concentrations of IFN-a and IL-12 p40 in the culture supernatants were

measured by ELISA and the percentage of the cytokine production compared with the vehicle control (absence of chloroquine) was calculated.

Data are shown as mean ± SEM of three independent donors. Statistical significance compared with vehicle control was determined using paired

Student’s t-test (*P < 0�05 and **P < 0�01).
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driven autoimmune diseases.27 Hence, nucleic acid-medi-

ated innate immunity has two sides; protection against

the invasion of pathogenic microbes and induction of

undesirable immune responses. Therefore, it seems

important to elucidate the activation process after the

incorporation of nucleic acids into DCs that is function-

ing as a trigger of innate immunity through cytokine

secretion.

Among nucleic acids, DNA is a potent stimulator of

type I IFN production, which not only plays a central role

in anti-microbial infection but also triggers and amplifies

a pathogenic autoimmune process in systemic lupus ery-

thematosus28 or psoriasis.29 The pDCs, through express-

ing TLR9, are considered to be major producers of type I

IFNs in response to DNA such as microbial DNA or

endogenous DNA,11 and to be key effectors of DNA-med-

iated immunity. However, less is known about the DNA-

mediated molecular events in myeloid DCs that induce

the type I IFN response. There are some reports showing

that dsDNA is a potent inducer of type I IFNs in other

cell types, such as glomerular endothelial cells, fibroblasts

and macrophages,15,17,30 but no direct evidence in experi-

ments using human myeloid DCs. The present study

identifies dsDNA as a potent trigger of IFN response in

human myeloid DCs and suggests that they have a role in

the DNA-mediated activation of protective or pathogenic

innate immunity. In support of our data, the dsDNA

virus herpes simplex virus type 1 stimulates moDCs to

express type I IFNs.31 Although human myeloid DCs have

the capability to produce IL-12 in response to the ligands

for TLRs that are expressed in myeloid DCs (TLR2, -3,

-4, -5 and -8),8 our finding that dsDNA could preferen-

tially induce IFN-a rather than IL-12 from myeloid DCs

suggests a unique functional attribute as danger signal in

the context of immunopathology. Anti-tumour activity of

IFN-a has already been clarified.32,33 In this context, mye-

loid DCs residing in the inflammatory area of tumour-

bearing conditions could have an anti-tumour effect by

producing IFN-a if self-DNA from damaged cells or

tumours is well incorporated into the DCs. In addition,

our results suggest the feasibility of moDCs, usually used

as a cell source of ‘DC therapy’, also being effective in the

direct attack against tumours through IFN-a production.

Consistent with our data showing that protamine favours

ssRNA rather than dsDNA to function as a transfectant,

it has been reported that protamine-condensed mRNA is

protected from RNase-mediated degradation and this

protamine-stabilized mRNA can directly activate DCs

through the TLR-MyD88-dependent pathway.34 This indi-

cates that the stabilized form of nucleic acid can be used

for effective vaccination. Hence, exploitation of efficient

DNA-based vaccines requires a well-matched transfectant

for moDCs. Our present data would provide useful

insights for the development of efficient DNA-based

immune therapies.

Our observations showing both intracellular distribu-

tion of dsDNA without co-localization of endosomal

marker LAMP1 and chloroquine-independent IFN-a pro-

duction induced by dsDNA indicate that endosomal TLRs

do not mediate moDC recognition of dsDNA upon lipo-

somal transfection. As such, the dsDNA virus adenovirus

stimulates type I IFN production through a TLR-indepen-

dent sensing mechanism35 and dsDNA is thought to be

recognized by cytosolic DNA sensors.15,16 As a result of

recent intense research, LRRFIP1 has been proposed as a

potent cytosolic sensor of dsDNA that enhances the

induction of type I IFN genes via a b-catenin-dependent

pathway,17 but little is known about whether human mye-

loid DCs functionally express this sensor to provoke an

IFN response. This is an important question to be clari-

fied in future studies.

In contrast to the DNA-sensing machinery, the RNA-

sensing system has been well identified. Plasmacytoid DCs

possess TLR7 recognizing ssRNA,19,36 whereas human

myeloid DCs have TLR8, a homologue of TLR7.21 Both

TLR7 and TLR8 in each human DC subset contribute to

the recognition of self-RNA in the auto-inflammatory

response.37 However, TLR7 in pDCs and TLR8 in mye-

loid DCs have specialized functions in producing type 1

IFNs versus IL-12, respectively. This is elucidated by a

study showing that pDCs preferentially produced IFN-a,

whereas myeloid DCs produced IL-12 in response to imi-

dazoquinoline R848, which triggers TLR7 in pDCs and

TLR8 in myeloid DCs.8,19,20 Similarly, it has been

observed that ssRNA induces human moDCs to produce

tumour necrosis factor-a and IL-6 without IFN-a but

induces pDCs to produce IFN-a.37 Myeloid DCs have also

endosomal TLR3, which recognizes long dsRNA, to

induce type I IFNs.9 In addition to these TLRs, cytosolic

RNA helicases retinoic acid-inducible gene-I (RIG-I)-like

receptors (RLRs) act as dsRNA sensors and are expressed

in a wide variety of cells. It has recently been demon-

strated that, in response to RNA, neither RIG-I nor mela-

noma differentiation-associated gene 5 (MDA5) played a

significant role in pDCs in producing IFN-a, whereas

these RLRs mainly functioned on the IFN-a production

in myeloid DCs or monocytes.38,39 In support of these

findings, we here showed that, although ssRNA poly(U)

as well as R848, which are ligands for TLR8, was incapa-

ble of inducing IFN-a production in myeloid DCs,

dsRNA poly(I:C), a ligand for TLR3 and MDA5, led to

IFN-a production.

Considering our results showing the differential respon-

siveness of IFN-a and IL-12 production after the stimula-

tion with dsDNA and ssRNA, it appears that myeloid

DCs function as a traffic control that turns the immune

system toward the innate immunity through the produc-

tion of IFN-a or toward the acquired immunity via

IL-12-driven T helper type 1 differentiation, depending

on the type of nucleic acids. This may contribute to the
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regulatory mechanism to provoke an optimal innate and

acquired immune response in the physiological environ-

ment.

Collectively, we have clarified that dsDNA complexed

with lipotransfectants allows the activation of human

myeloid DCs in a TLR-independent way, leading to the

preferential production of IFN-a. This finding indicates

that myeloid DCs might organize a supportive or fail-safe

system against the invasion of pathogenic microbes

through the DNA-mediated activation of innate immune

responses and highlights additional cellular targets of

IFN-related diseases.
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