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Abstract

Microbial DNA is highly immunostimulatory and is sensed by endosomal pattern recognition

receptors after release from internalized microbes. It is unclear how extracellular DNA

released from dead microbes is delivered to endosomal PRRs to induce immune responses.

Here we have investigated the ability of DCs to bind and internalize extracellular E.coli DNA

as well as synthetic DNA. DCs internalized E.coli and synthetic DNA, which was dependent

on the C-type lectin receptor DC-SIGN. Notably, endosomal uptake of DNA by DCs

enhanced TLR9-dependent responses of B cells against DNA. Hence, we have identified

DC-SIGN as a cell surface receptor for DNA that facilitates immune responses directed

against DNA.

Introduction

Dendritic cells (DCs) are key players in sensing invading microbes and subsequent initiation

of pathogen-specific adaptive immune responses. DCs sense conserved pathogen-associated

molecular patterns (PAMPs) of microbes via pattern recognition receptors (PRRs), which

induce innate signaling to activate DCs. DCs express numerous PRRs, including Toll-like

receptors (TLRs) and C-type lectin receptors (CLRs) [1,2]. TLRs are either expressed as cell-

surface receptors or as endosomal receptors and TLR localization is crucial for their activation

and specificity [3,4]. TLR9 resides in endosomes and is activated by nonmethylated cytosine-

guanine (CpG) motifs, which are twenty times more abundant in microbial DNA compared to

mammalian DNA [5]. However, microbial DNA is only accessible to TLR9 after degradation

of microbes in endolysosomal compartments, which adds to the specificity of TLR9 and pre-

vents activation by CpG motifs within self DNA as self DNA is normally not present in endoly-

sosomal vesicles [6].

Depending on the ligand, TLR9 can induce type I interferon (IFN) responses or cytokines

responses that are critical in immunity against viruses and bacteria [7,8]. Synthetic CpG oligo-

nucleotides (ODN) resemble microbial DNA and activate TLR9. The immunostimulatory

properties of CpG ODN depend on the number of CpG motifs, nucleotide sequence, presence

of poly-G sequence, single or double-stranded nature and the presence of a phosphorothioate

backbone [5]. CpG ODNs are divided into different classes based on these characteristic. Class
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A ODN contain a poly-G sequence which leads to spontaneous formation of large aggregates

that are retained longer in early endosomes and hence induce high levels of type I IFN but low

levels of NFκB activation. Class B ODNs are linear structures and contain a phosphorothioate

backbone and induce strong NFκB activation and moderate type I IFN induction. Class C

ODNs also have a phosphorothioate backbone, form duplex structures and induce intermedi-

ate responses compared to class A and B ODN [8,9].

NFκB activation by CpG ODN leads to strong cytokine responses and maturation of mye-

loid DCs. Consequently, class B ODN are extensively studied as vaccine adjuvant and are cur-

rently in phase I/II clinical trials [10]. Although class A and C ODN are not preferred over

class B ODN as vaccine adjuvant, they have been used to prevent or treat a number of diseases.

Class C ODN has been used as monotherapy for hepatitis C virus (HCV)-infected individuals

and administration lowered viral levels in blood [11]. Moreover, rhesus macaques were pro-

tected against Leishmania amazonensis infections when class A ODN was administered before

and during the course of infection, while class B ODN did not protect against Leishmania ama-
zonensis infections [12].

Despite that extracellular microbial DNA is highly immunostimulatory, it is unclear how

extracellular microbial DNA is internalized to activate TLR9. For synthetic DNA it was

recently shown that CLR DEC-205 and mannose receptor (MR) function as uptake receptors

for CpG ODNs in mice [13,14]. DEC-205 binding is limited to class B and C ODNs but does

not bind class A ODNs, while MR recognizes all classes of ODN [13,14]. However, less is

known about the function of DEC-205 and MR in CpG ODN uptake in humans and it is

unclear if these receptors are able to internalize extracellular microbial DNA. Human DNA

can be opsonized by the antimicrobial peptide LL37, which protects self-DNA from degrada-

tion by extracellular nucleases and results in endocytosis and type I IFN responses via plasma-

cytoid DCs [15,16]. However, LL37 is produced by keratinocytes and neutrophils in the skin

and it is unclear if LL37 is involved in the uptake of DNA in other tissues or by other DC sub-

sets than plasmacytoid DCs.

CLR DC-SIGN contains an internalization motif and DC-SIGN-ligand complexes are tar-

geted to endolysosomal compartments resulting in antigen presentation to T cells [17].

DC-SIGN is expressed on DCs and macrophages and is involved in numerous immune pro-

cesses, including pathogen uptake, innate signaling and shaping adaptive immune responses

[1,2,18] DC-SIGN has broad ligand-specificity and recognizes mannose, fucose and GlcNAc

structures, which commonly occur as repetitive structures on glycosylated proteins or lipids.

As DNA is a repetitive structure we investigated whether DC-SIGN is able to bind extracellular

DNA.

Here we show that DC-SIGN binds E. coli DNA directly in a Ca2+-dependent manner and

that DCs require DC-SIGN to internalize E. coli DNA. Notably, DC-SIGN facilitated microbial

DNA-induced cytokine responses. We recapitulated these findings with synthetic DNA and

show that DC-SIGN plays a central role in the ability of DCs to bind and internalize class A

ODNs. Moreover, DCs enhanced B cell responses against DNA via DC-SIGN. Hence, we have

identified DC-SIGN as a key binding receptor for synthetic and microbial DNA in human

DCs.

Results

DC-SIGN binds synthetic ODN and microbial DNA

We and others have shown that DC-SIGN by recognizing mannose and fucose structures,

binds a diverse range of proteins and carbohydrate structures [2,19–21]. To investigate

whether DC-SIGN binds DNA structures, E. coli DNA was immobilized on high-binding
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plates and interaction with recombinant DC-SIGN was measured. Strikingly, DC-SIGN

bound microbial DNA, which was blocked by mannan, a competitive inhibitor of DC-SIGN

binding, confirming the specificity of the interaction (Fig 1A and 1B). DC-SIGN binding to

carbohydrate structures is Ca2+-dependent [22]; and the interaction between DC-SIGN and

microbial DNA was also Ca2+-dependent as EGTA abrogated binding (Fig 1A). To exclude

that DC-SIGN binds to any impurities we used microbial DNA from a commercial source that

guarantees endotoxin levels below 0.001ng/μg DNA, which we confirmed using TLR2 or

TLR4-transfected HEK cells (S1 Fig). To further confirm that DC-SIGN-DNA binding is spe-

cific, we treated E. coli DNA with DNAse, which abrogated DC-SIGN binding to microbial

DNA while DNAse did not affect DC-SIGN binding to DC-SIGN ligand fucose (Fig 1C).

Notably, DC-SIGN bound human DNA to a similar extent as E. coli DNA, indicating that

CpG motifs are not involved in binding (Fig 1D).

Microbial DNA contains many CpG domains that are resembled by synthetic CpG ODNs.

Therefore we investigated whether CpG ODN is recognized by DC-SIGN. Different CpG clas-

ses, class A, B and C ODN, were coated on high-binding plates and DC-SIGN binding was

measured. Interestingly, recombinant DC-SIGN bound class A ODN-2216 in contrast to class

B or C ODN-2006 and ODN-2935, respectively (Fig 1E and 1F). The binding of DC-SIGN to

Fig 1. DC-SIGN binds class A ODN and microbial DNA. (A,B,D-H) E. coli DNA (A,B,D), human DNA (D) or indicated ODNs (E-H) were coated on high

binding plates and recombinant DC-SIGN binding to coated ligands was measured by ELISA. (C) Recombinant DC-SIGN was coated on high binding

plates and binding to DNAse-treated or untreated biotin-labeled E. coli DNA or Fucose was measured by ELISA. (I-K) Binding of parental Raji cells or Raji

cells stably expressing DC-SIGN or Langerin to FITC-labeled E. coli DNA (I,J) or FITC-labeled ODN-2216 (K) was analyzed by flow cytometry. 10 μg/ml

DNA or 5 μM ODN was used in all experiments unless stated otherwise. Data are collated (mean ± s.d.) of four independent experiments (G) or

representative of at least four (I), three (E) or two (A-D,F,H,J,K) independent experiments (mean ± s.d. of duplicates in A-F,H). *P<0.05, **P<0.01

(student’s t-test). EC-DNA: E. coli DNA.

https://doi.org/10.1371/journal.pone.0185580.g001
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class A ODN was blocked by both mannan and EGTA (Fig 1G). Next, we investigated the impor-

tance of CpG-motifs in DC-SIGN-ODN binding using control ODN that is similar in length and

structure but lacks CpG-motifs. DC-SIGN was able to bind control ODN in a Ca2+-dependent

manner and this was inhibited by mannan, indicating that DC-SIGN binds ODN in a CpG-inde-

pendent manner (Fig 1G).

DNA and synthetic ODNs are predominantly negatively charged due to the phosphodiester

backbone. To investigate if a negative charge is sufficient for DC-SIGN binding we used RNA

and the synthetic equivalent poly(I:C) to block DNA binding. However, pre-incubating

DC-SIGN with RNA or poly(I:C) did not affect the binding to E. coli DNA, indicating that a

negative charge is not sufficient for DC-SIGN binding (Fig 1H).

To examine whether DC-SIGN was also important for cellular binding of microbial DNA

we used Raji cells which stably expressed DC-SIGN or CLR Langerin on the cell surface and

measured binding to FITC-labeled microbial DNA by flow cytometry. Strikingly, Raji-

DC-SIGN cells bound microbial DNA in contrast to parental Raji cells or Raji-Langerin cells

(Fig 1I). Moreover, EGTA strongly decreased microbial DNA binding to Raji-DC-SIGN cells

(Fig 1J). DC-SIGN was also required for cellular binding of class A ODN as Raji-DC-SIGN in

contrast to Raji and Raji-Langerin interacted with class A ODN (Fig 1K). Together these data

strongly indicate that DC-SIGN is a receptor for synthetic and biological DNA independent of

methylation status.

DC-SIGN facilitates DNA uptake by dendritic cells

Extracellular DNA can activate DCs [23].Therefore we investigated whether human mono-

cyte-derived DCs that express high levels of DC-SIGN interact with class A ODN and micro-

bial DNA. DCs interacted with class A ODN as well as microbial DNA, which was partly

dependent on Ca2+ (Fig 2A–2D). Moreover, blocking antibodies directed against DC-SIGN

decreased binding of class A ODN and microbial DNA by DCs (Fig 2A–2D). Next, we fol-

lowed internalization of DNA ligands into endosomal compartments where they can trigger

endosomal TLRs [3]. DC-bound microbial DNA colocalized with DC-SIGN, but we were

unable to detect internalized DNA (Fig 2E). Most likely because of low fluorescence of FITC-

labeled DNA and rapid degradation after endosomal uptake. Therefore, we switched to FITC-

labeled class A ODN, which has high stability and fluorescence. DCs internalized class A ODN

and this co-localized with early endosome antigen 1 (EEA1) and DC-SIGN, indicating that

class A ODN is delivered to DC-SIGN+ endosomes (Fig 2F). These data show that DC-SIGN

facilitates binding of synthetic and microbial DNA by DCs and that binding leads to endoso-

mal delivery of DNA.

Synthetic and microbial DNA induce type I IFN and cytokine responses

CpG ODN and microbial DNA are known to induce type I IFN and/or cytokine responses,

depending on the class of CpG ODN used [5]. We examined microbial DNA-induced gene

expression over time in DCs. E. coli DNA induced IL-1β and IL-6 expression which peaked

around 3 hours post stimulation (Fig 3A). Titrating E. coli DNA to determine the sensitivity

indicated that DCs respond to concentrations of E. coli DNA as low as 1 μg/ml (Fig 2B). More-

over, E. coli DNA-induced IL-1β and IL-6 responses were abrogated by DNAse treatment,

strongly suggesting that DNA itself and not contaminants triggered these responses (Fig 3C).

E. coli DNA-induced responses most likely also involved CpG motifs as human DNA did not

induce IL-1β or IL-6 expression in DCs (Fig 3D). In contrast to microbial DNA, class A ODN

induced IFN-α and we could not detect IL-1β or IL-6 induction (Fig 3E). IFN-α secretion

leads to IFNα/β receptor (IFNα/βR) signaling and the induction of interferon stimulated
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genes (ISGs) [24]. Class A ODN induced expression of ISG MxA indicating that class A ODN

triggers functional type I IFN responses. Consistent with our observations with human DNA,

control ODN, lacking CpG motifs, did not induce type I IFN responses (Fig 3E). These data

strongly indicate that microbial DNA and class A ODN induce distinct immune responses in

DCs upon internalization and that these effects involve CpG motifs.

DC-SIGN facilitates synthetic and microbial DNA induced responses

Next, we investigated DC-SIGN function in microbial DNA-induced cytokine responses using

neutralizing antibodies against DC-SIGN. Strikingly, inhibiting DC-SIGN reduced the induc-

tion of IL-1β and IL-6 by E. coli DNA (Fig 4A). Also class A ODN-induced responses involved

DC-SIGN as neutralizing DC-SIGN decreased IFN-α and MxA expression (Fig 4B). Neutraliz-

ing antibodies against DC-SIGN significantly reduced but did not abrogate microbial DNA

and class A ODN-induced responses, possibly because of the involvement of different or

Fig 2. Dendritic cells interact with both class A ODN and microbial DNA via DC-SIGN. (A-D). Flow cytometry analysis of monocyte-derived DCs

incubated with EC-DNA-FITC (A,B) or ODN-2216-FITC (C,D) for 10 min in the presences or absence of EGTA, IgG1 isotype control or blocking antibodies

directed against DC-SIGN. (E,F) Confocal imaging of EC-DNA-FITC (green, E) or ODN-2216-FITC (green, F), early endosome antigen 1 (EEA1, red),

DC-SIGN (turquoise) and DNA (Hoechst, blue) in monocyte-derived DCs stimulated with EC-DNA-FITC (E) or ODN-2216-FITC (F). 10 μg/ml DNA or 5 μM

ODN was used in all experiments. Data are collated (mean ± s.d.) of three (B,D) independent experiments with different donors or are representative of at

least three (A,C) or two (E,F) independent experiments with different donors. *P<0.05, **P<0.01 (student’s t-test).EC-DNA: E.coli DNA, ROI: region of

interest.

https://doi.org/10.1371/journal.pone.0185580.g002
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multiple binding sites in DC-SIGN that are not blocked by the antibody. Therefore we used

RNA interference to silence DC-SIGN expression (Fig 4C and 4D). Silencing DC-SIGN signif-

icantly reduced microbial DNA and class A ODN induced immune responses to a similar

extent as neutralizing antibodies (Fig 4E and 4F). Interestingly, DC-SIGN silencing only

reduced type I IFN responses induced by class A ODN and not by class C ODN, which does

not bind to DC-SIGN (Fig 4F). Class C ODN induced less IFN-α and MxA than class A ODN,

consistent with previous studies were class A ODNs induce strong type I IFN responses while

class C ODN induce moderate type I IFN responses ([8,9].

DC maturation is a key process for the induction of adaptive immune responses and we

examined the expression of maturation molecules CD80, CD83 and CD86 after class A ODN

stimulation. Class A ODN induced increased expression of CD83 and CD86 (Fig 4G). Notably,

neutralizing antibodies against DC-SIGN reduced ODN-2216-induced CD83 and CD86

expression (Fig 4G). These data strongly indicate that DC-SIGN facilitates microbial DNA and

class A ODN induced responses.

DC-SIGN facilitates DNA induced responses by B cells

Microbial DNA and synthetic DNA induce immune responses via TLR9 in different human

immune cells including specific dendritic cell subsets and B cells [5]. We used RNA interfer-

ence to silence TLR9 to investigate if microbial DNA and class A ODN-induced responses are

TLR9-dependent (S3 Fig). Silencing of TLR9 significantly reduced microbial DNA-induced

IL-1β and IL-6 as well as decreased class A ODN induced IFN-α and MxA expression (Fig 5A

and 5B). Silencing of TLR7 only minimally affected MxA induction after class A ODN stimula-

tion (Fig 5A and 5B), while IFN-α induction by TLR7 ligand R837 was abrogated (Fig 5C).

TLR9 induces type I IFN responses via transcription factor IRF7 and silencing of IRF7 abro-

gated class A ODN-induced IFN-α expression (Fig 5D). These data strongly indicate that

Fig 3. Dendritic cells produce type I IFN or cytokines in response to synthetic and microbial DNA. (A,B,D,E) mRNA analysis of monocyte-derived

DCs stimulated with EC-DNA (A,B,D), human DNA (D), ODN-2216 or control ODN (E) for indicated time points was measured by real-time PCR,

normalized to GAPDH and set as 1 in samples with the highest expression. (C) Similar as in (A), but EC-DNA was treated with DNAse before stimulation.

Cells were stimulated with 10 μg/ml DNA or 5μM ODN in all experiments unless stated otherwise. Data are collated (mean ± s.d.) of four (C), three (A,B) or

two (D,E) independent experiments with different donors *P<0.05, **P<0.01 (student’s t-test). EC-DNA: E. coli DNA.

https://doi.org/10.1371/journal.pone.0185580.g003
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synthetic and microbial DNA-induced responses are mediated by TLR9. However, we were

unable to detect TLR9 expression in monocyte-derived DCs by immunoblot while we detected

TLR9 expression in Raji cells, which are immortal B cells and express high levels of TLR9 (Fig

5E).

Monocyte-derived DC cultures can contain small percentages of other cells and therefore

we investigated TLR9 expression using flow cytometry. This revealed that a small percentage

of CD19+ B cells (1,54% ± 0.46) was present in the monocyte-derived DC culture and that only

CD19+ B cells, but not CD11c+ DCs nor other cells (CD19-CD11c-) expressed TLR9 (Fig 5F).

Next, we sorted CD11c+ DCs and CD11c- cells containing B cells and stimulated both fractions

with class A ODN. Notably, ODN-2216 induced IFN-α in CD11c- cells and not in CD11c+

DCs (Fig 5G). These results indicate that TLR9+ B cells and not CD11c+ DCs induce type I

IFN responses against class A ODN in the monocyte-derived DC culture. This was surprising

because only CD11c+ DCs express DC-SIGN (S4 Fig) while neutralizing antibodies or RNA

interference directed against DC-SIGN significantly decreased ODN-2216 induced IFN-α (Fig

4E and 4F). Altogether, these results suggest that not only DC-SIGN-mediated uptake of DNA

in CD11+ DCs, but also TLR9-mediated sensing in B cells is required for DNA sensing in

monocyte-derived DC cultures.

Fig 4. DC-SIGN facilitates microbial DNA induced responses. (A,B,E,F) mRNA analysis of monocyte-derived DCs stimulated with EC-DNA (A,E),

ODN-2216 or control ODN (B,F) in the presence or absence of IgG1 isotype control or blocking antibodies against DC-SIGN (A,B) or after treatment with

control or DC-SIGN siRNA (E,F) was measured by real-time PCR, normalized to GAPDH and set as 1 in samples with IgG1 isotype control or control

siRNA. (C,D) DC-SIGN expression of monocyte-derived DCs after control or DC-SIGN siRNA treatment was measured by flow cytometry. (G) Expression

of CD80, CD83 and CD86 expression by monocyte-derived DCs stimulated with control ODN or ODN-2216 in the presence or absence of IgG1 isotype

control or blocking antibodies against DC-SIGN. Cells were stimulated with 10 μg/ml DNA or 5μM ODN in all experiments. Data are collated (mean ± s.d.) of

six (D), four (A,B,) or three (E,F) independent experiments with different donors or are representative of six (C) or two (G) independent experiments with

different donors. *P<0.05, **P<0.01 (student’s t-test). EC-DNA: E. coli DNA.

https://doi.org/10.1371/journal.pone.0185580.g004
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It is known that DCs can stimulate B cell responses and transfer antigen to B cells and our

findings further uncover an important role for DC-B cell crosstalk in type I IFN production

upon DNA sensing [25,26]. To investigate if DCs stimulate B cells in ODN-2216-induced

Fig 5. CD11c+ DCs enhance IFN-α production of CD11c- cells via DC-SIGN. (A-D) mRNA expression of monocyte-derived DCs stimulated with

EC-DNA (A), control ODN, ODN-2216 (B,D), or R837 (C) after treatment with control, TLR7, TLR9 (A-C), or IRF7 siRNA (D) was measured by real-

time PCR, normalized to GAPDH and set as 1 in samples with control siRNA. (E) Immunoblot of monocyte-derived DCs or Raji cells whole cell lysate

for TLR9. β-actin was used as loading control. (F) Analysis of TLR9 expression in monocyte-derived DC culture by flow cytometry. Number adjacent

to gates indicates percentage of gated cells. (G) mRNA expression of sorted CD11c+ DCs and CD11c- cells stimulated with control ODN or ODN-

2216 was measured by real-time PCR, normalized to GAPDH and set as 1 in samples with ODN-2216 of CD11c- cells. (H) mRNA expression of

sorted CD11c+ DCs and CD11c- cells stimulated with control ODN or ODN-2216 after treatment with control or DC-SIGN siRNA. Sorted cells were

stimulated for 1h, washed and combined for 5h before mRNA expression was measured by real-time PCR, normalized to GAPDH and set as 1 in

samples with control siRNA. Cells were stimulated with 10 μg/ml DNA or 5μM ODN in all experiments. Data are collated (mean ± s.d.) of four (A,B,G),

three (H) or two (C,D) independent experiments with different donors or are representative of four (F) or two (E) independent experiments with

different donors. *P<0.05, **P<0.01 (student’s t-test). EC-DNA: E. coli DNA.

https://doi.org/10.1371/journal.pone.0185580.g005
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responses via DC-SIGN we sorted CD11c+ DCs and CD11c- cells and pulsed CD11c- cells with

ODN-2216. Co-culture of untreated CD11c+ DCs with ODN-stimulated CD11c- cells resulted

in IFN-α induction and this IFN-α induction was independent of DC-SIGN. By contrast,

when ODN-stimulated CD11c+ DCs were combined with ODN-stimulated CD11c- cells we

observed a stronger increase in IFN-α expression compared to CD11c- pulsed alone and this

IFN-α augmented response was dependent on DC-SIGN (Fig 5H). These data suggest that

pulsed CD11c+ DCs enhance the type I IFN response of CD11c- cells against class A ODNs

and that this enhancement is dependent on DC-SIGN.

Discussion

Microbial DNA is a potent inducer of immune responses and TLR9-mediated recognition of

microbial DNA is pivotal for effective immunity against pathogenic microbes [27–29]. How-

ever, it is unclear how TLR9-mediated responses against extracellular microbial DNA are facil-

itated by cell surface receptors. Here we identified DC-SIGN as a cell surface receptor for

microbial and human DNA. DC-SIGN-mediated uptake resulted in endosomal delivery of

DNA and induction of type I IFN and cytokine responses in response to microbial DNA.

Moreover, DC uptake of synthetic DNA, which resembles microbial DNA, also involved

DC-SIGN. TLR9 expression was confined to a small fraction of CD19+ B cells in the DC cul-

ture and these cells were responsible for type I IFN responses induced by synthetic DNA.

Interestingly, DCs enhanced synthetic DNA-induced responses of B cells via DC-SIGN. These

data indicate that DC-SIGN facilitates DNA recognition by DCs and that DCs enhance DNA-

induced immune responses of B cells via DC-SIGN.

DEC-205 has been identified as an uptake receptor for ODN in mice that facilitates DC

maturation and B cell activation in response to synthetic ODNs and recombinant human

DEC-205 was shown to interact with synthetic ODNs [13]. However, human and mice DEC-

205 only bound class B and C ODN and not class A ODN. Our data shows that DC-SIGN

exclusively binds class A ODN, which suggests that DC-SIGN and DEC-205 could function as

complementary receptors for synthetic ODNs in humans. Class A ODN differ from class B

and C ODN in containing a poly-G sequence that results in spontaneous formation of large

aggregates with repetitive structures. The avidity of DC-SIGN for repetitive structures by

forming tetramers at the cell surface might explain the binding affinity for class A ODN and

microbial DNA over class B or C ODNs [30]. In addition, the negative charge of DNA could

be involved in DC-SIGN-DNA binding although our data show that DC-SIGN does not bind

to RNA, which also has a negative charge. This indicates that a negative charge is not sufficient

for DC-SIGN binding.

The binding sites of DC-SIGN for carbohydrate structures have been well-defined [31].

Our data show that similar to carbohydrate structures, the binding of DNA by DC-SIGN is

dependent on calcium. However, it is unclear if DC-SIGN utilizes the same binding sites for

DNA as for carbohydrates. Moreover, the binding sites used for biological or synthetic DNA

might differ as the poly-G sequence and phosphorothioate backbone of synthetic DNA are not

present in biological DNA.

Class A ODNs are characterized as strong inducers of type I IFN because they are retained

for longer periods in early endosomes compared to class B and C ODN [8,9]. Indeed, we

detected high levels of IFN-α in DCs in response to class A ODN stimulation and no detectable

levels of IL-1β and IL-6 expression. Interestingly, microbial DNA did not induce type I IFN

responses indicating that it is rapidly shuttled to lysosomes. Rapid processing of nucleic acids

leads specifically to NFκB but not IRF7 activation, which could explain the lack of type I IFN

responses [9].
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Our data show that the responses against microbial DNA and class A ODN critically

depended on CpG motifs, as human DNA or control ODN lacking CpG motifs did not induce

type I IFN or cytokine responses. The importance of CpG motifs is consistent with the ligand

specificity of TLR9 [27]. Indeed, silencing TLR9 strongly reduced microbial and synthetic

DNA-induced responses, indicating that the responses are induced by CpG-containing DNA

and not by possible contaminants. Moreover, our data show that these responses are facilitated

by DC-SIGN as neutralizing antibodies and RNA interference directed against DC-SIGN sig-

nificantly reduced the responses against microbial and synthetic DNA. Interestingly, in depth

analysis of the monocyte-derived DC culture indicated that TLR9 expression was confined to a

small fraction of CD19+ B cells while DC-SIGN was exclusively expressed by CD11c+ DCs.

This could indicate that DCs facilitate B cell responses via DC-SIGN intrinsically or that

DCs require DNA stimulation to enhance B cell responses against DNA via DC-SIGN. Our

data indicate the latter as only synthetic DNA-stimulated DCs enhance B cell responses and

this was depended on DC-SIGN.

Our data indicate that DCs facilitate B cells for optimal responses against synthetic DNA

via DC-SIGN. Although we did not investigate the requirement of cell-cell contact for DC-

enhanced B cell responses, antigen transfer from DCs to B cells has been described before and

could be involved [25,26]. In addition, it has been shown that B cells poorly internalize and

respond to class A ODN. However, in complex with antibodies class A ODN is efficiently

internalized and induces similar B cell responses as class B ODN, indicating that B cells

respond suboptimal to class A ODN without additional signals [32]. Our data suggest that

DCs could provide those signals via DC-SIGN either by transferring antigen to B cells or

unknown activation signals. How B cells internalize DNA in the absence of DCs remains

unclear.

DC-SIGN binding to synthetic and microbial DNA was independent of CpG motifs and we

observed that DC-SIGN also strongly bound to human DNA. However, human DNA did not

induce type I IFN or cytokine responses in DCs. LL37 opsonization of human DNA leads to

robust type I IFN responses by plasmacytoid DCs via TLR9, because DNA-LL37 complexes

form condensed aggregates that are retained in early endosomes [15]. This could indicate that

DC-SIGN binding to human DNA does not lead to aggregation and therefore does not trigger

TLR9. However, reactive oxygen species-induced oxidative damage of extracellular DNA

increases its resistance to nucleases and injection of oxidative DNA into skin leads to immune

activation [33]. This process could involve DC-SIGN-mediated uptake of oxidative DNA by

DCs as our data show that DC-SIGN facilitates B cells responses against synthetic DNA. As

extracellular DNA plays a central role in several autoimmune diseases, including lupus and

psoriasis, our data does not only have implications for pathogenic diseases but for autoim-

mune diseases as well. Targeting DC-SIGN-DNA binding could be an effective strategy to

improve patient care of patients suffering from lupus or psoriasis.

Our data shows that neutralizing DC-SIGN significantly lowered responses to and binding

of class A ODN and microbial DNA by monocyte-derived DCs, but was unable to abrogate

these responses, suggesting that other pathways or receptors might be involved in internaliza-

tion. Non-specific endocytosis or pinocytosis has been proposed to contribute to CpG ODN

internalization in vitro, although this does not appear to play a role in vivo [13]. Pinocytosis

could also be responsible for the small fraction of Raji and Raji-Langerin cells that bound

microbial DNA and class A ODN. In particular because a similar fraction of DNA-binding

cells remained after successful blocking of microbial DNA-binding by Raji-DC-SIGN cells

using EGTA.

DC-SIGN recognizes several bacteria via carbohydrate structures present on the outside of

bacteria [19,34,35]. We have now identified that microbial DNA is an additional ligand for
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DC-SIGN and thereby greatly expand the potential function of DC-SIGN in numerous dis-

eases. Extracellular microbial DNA occurs when bacteria are lysed (e.g. complement activa-

tion) or when bacteria form biofilms. These structures are notoriously resistant against

immune clearing and underlie the majority of persistent bacterial infections in humans [36].

Extracellular bacterial DNA plays a central role in the initiation of biofilms by facilitating bac-

terial adhesion and in the formation of bacterial aggregates after adhesion [37,38]. Targeting

the immune system to bacterial DNA and DNA-associated proteins has been shown to be suc-

cessful in dispersing biofilms [39,40]. DC-SIGN could provide DCs with the capacity to bind

and internalize extracellular bacterial DNA and associated protein and possibly aid in biofilm

clearance, by producing inflammatory mediators and presenting antigen of DNA-associated

proteins for effective adaptive immune responses.

In summary, we have identified DC-SIGN as a cell surface receptor for microbial DNA,

which could be important in sensing microbial lysis and biofilms. Moreover, DCs enhanced B

cell responses against DNA via DC-SIGN and targeting of DC-SIGN has the potential to

improve vaccination strategies.

Material and methods

Ethics statement

This study was done in accordance with the ethical guidelines of the Academic Medical Center

and human material was obtained in accordance with the AMC Medical Ethics Review Com-

mittee (i.e. Institutional Review Committee) according to the Medical Research Involving

Human Subjects Act. Buffy coats obtained after blood donation (Sanquin) is not subjected to

informed consent according to the Medical Research Involving Human Subjects Act and the

AMC Medical Ethics Review Committee. All samples were handled anonymously.

Cell isolation and stimulation

Peripheral blood monocytes were isolated from buffy coats of healthy donors (Sanquin) by

Lymphoprep (Axis-Shield) gradient followed by Percoll (Amersham Biosciences) gradient iso-

lation. Monocytes were differentiated into immature DCs in by the addition of 800 U/ml

GM-SCF and 500 U/ml IL-4 (both Invitrogen) for 6–7 days in RPMI supplemented with 10%

fetal calf serum, 10 U/ml penicillin, 10 mg/ml streptomycin (all Invitrogen) and 2 mM L-gluta-

mine (Lonza).

CD11c+ DCs and CD11c- cells were sorted using a FACS Aria (BD) based on Alexa647-

conjugated anti-CD11c (1:100, 301619; BioLegend). Purity of sorted cells was over 98%.

DCs were stimulated with 10 μg/ml E. coli DNA, 5 μM ODN-2216, 5 μM ODN-2006, 5 μM

ODN-2395, 5 μM control ODN, 10 ng/ml LPS or 10 μg/ml R837 (all Invitrogen) unless stated

otherwise. Blocking DC-SIGN antibodies (clone AZN-D1) or control isotype clone 10E2

(20 μg/ml, both produced in house [18,41]) were added 30 min prior to DC stimulation. E. coli
DNA was treated for 30 min with DNAse (Promega) prior to stimulation.

RNA interference was performed by transfecting cells with 500 nM short interfering RNAs

(siRNAs) using the Neon1 Transfection System (ThermoFisher) according to the manufac-

turer’s instructions. In brief, cells were washed with PBS, resuspended in Buffer R (Thermo-

Fisher) and transfected with a single pulse of 1500V for 20 ms. Cells were mixed with complete

RMPI and incubated for 48h before stimulation. SMARTpool siRNA used were TLR7 (M-

004714-01), TLR9 (M-004066-01-0005), IRF7 (M-011810-02) and non-targeting siRNA (D-

001206-13) as control (all Thermo Fisher). Silencing was confirmed by real-time PCR or flow

cytometry (Fig 4C and 4D; S3 Fig). Antibodies used for flow cytometry were FITC-conjugated
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anti-DC-SIGN (1:25, FAB161F-100, R&D Systems) and FITC-conjugated IgG1 as isotype con-

trol (1:25, 11-4714-42, Thermo Fisher). Cells were analyzed on a Canto II (BD Biosciences).

DC maturation

DC maturation was analyzed 24 hours post stimulation. Cells were stained with PE-conjugated

anti-CD80 (1:25, 557227, BD Pharmingen), APC-conjugated anti-CD83 (1:25, 551073, BD

Pharmingen) and FITC-conjugated anti-CD86 (1:25; 555657; BD Pharmingen). Cells were

analyzed on a FACS Canto II (BD Biosciences).

TLR9 expression

TLR9 expression was analyzed by immunoblot. Whole-cell extracts were prepared using RIPA

buffer (Cell Signaling). Proteins were resolved by SDS–polyacrylamide gel electrophoresis and

detected by immunoblotting with anti-TLR9 (1:1,000; 2254; Cell Signaling) or β-actin (1:2500,

sc-81178, Santa Cruz), followed by incubation with HRP-conjugated secondary antibody

(1:2,500; 21230; Pierce) and ECL detection (Pierce).

TLR9 expression was also examined by flow cytometry. Cells were stained with anti-TLR9

(1:200; 2254; Cell Signaling), followed by AlexaFluor 647-conjugated anti-rabbit (1:400, A-

21245, ThermoFisher) in combination with PE-conjugated anti-CD11c (1:25; 1P-529-T100;

Exbio antibodies) and PerCP-conjugated anti-CD19 (1:12.5; 332780, BD Biosciences). Cells

were analyzed on a FACS Canto II (BD Biosciences).

Cellular binding

DCs or Raji cells stably expressing DC-SIGN or Langerin [41] were incubated in the presence

or absence of EGTA (10 mM) or α-DC-SIGN (20 μg/ml, clone AZN-D1) for 30 min followed

by ODN-2216-FITC (Invivogen) or EC-DNA-FITC (FastTag Basic Nucleic Acid Labeling Kit,

Vector Laboratories) for 10 min at 37˚C. Dead cells were excluded using LIVE/DEAD™ Fixable

Red Dead Cell Stain (Thermo Fisher). Cells were analyzed on a FACS Calibur (BD).

Confocal

DCs were stimulated with 5 μM ODN-2216-FITC (Invivogen) or 10 μg/ml E. coli DNA-FITC

(FastTag Basic Nucleic Acid Labeling Kit, Vector Laboratories) for 20 min and allowed to

adhere on poly-L-leucine-coated glass slides for 10 min at 37˚C. Cells were fixed in 2% para-

formaldehyde for 10 min and permeabilized in methanol for 10 min. Cells were stained with

α-DC-SIGN (5 μg/ml, clone AZN-D1) and α-EEA1 (5 μg/ml, Abcam) followed with α-rabbit-

Alexa546 and α-mouse-Alexa647 (1:400, both Invitrogen) and nuclei were stained with

Hoechst (1:10.000, Molecular Probes). Cells were analyzed on a Leica TCS SP8 X mounted on

a Leica DMI6000 inverted microscope and data was processed using Leica LAS-X software.

ELISA

DC-SIGN-Fc was produced as previous described [31]. Synthetic ODNs or E. coli DNA was

coated on immunosorbent plates for 24h at 4˚C. Plates were blocked with 2% BSA in TSM (20

mM Tris-HCL, Na,150 mM Na Cl, 1 mM CaCl2, 2 mM MgCl2) for 30 min. DC-SIGN-Fc con-

taining supernatant pretreated or not with EGTA (10 mM) or Mannan (1 mg/ml) for 30 min

was added 1:1 with TSM for 2h at room temperature followed by α-Human-Fc-HRP. Optical

density was measured at 450 nm. Conversely, DC-SIGN-Fc was coated on immosorbent plates

and binding to biotinylated E. coli DNA (FastTag Basic Nucleic Acid Labeling Kit, Vector
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Laboratories) or biotinylated Fucose (Lectinity) was measured using streptavidin-HRP. E. coli
DNA was treated with DNAse (Promega) for 30 min were indicated.

Real-time quantitative PCR

mRNA was isolated using mRNA capture kit (Roche). cDNA was synthesized with reverse

transcriptase kit (Promega) and PCR amplification was performed in the presence of SYBR

Green in an ABI 7500 Fast PCR detection system (Applied Biosystems). Specific primers were

designed using Primer Express 2.0 (Applied Biosystems; S1 Table). Expression of target genes

was normalized to GAPDH (Nt = 2Ct(GAPDH)–Ct(target)) and set at 1 in DENV-infected DCs for

each donor within one experiment.

Statistical analysis

Statistical analyses were performed using the Student’s t-test for paired observations. Statistical

significance was set at P<0.05.

Supporting information

S1 Fig. E. coli DNA does not trigger TLR2 or TLR4. Parental HEK293 cells or HEK293 cells

stably expressing human TLR2 or TLR4 were stimulated with TLR2 ligand PAM3CSK4, TLR4

ligand LPS or EC-DNA for 24h. Cell culture supernatant was analyzed for IL-8 using ELISA.

Data are representative of three idependent experiments (mean ± s.d. of duplicate measure-

ments). EC-DNA: E. coli DNA.

(TIF)

S2 Fig. Gating strategy of Raji, Raji-DC-SIGN, Raji-Langerin and DCs. Cells were selected

on FSC-A and SSC-A and live single cells were selected using LIVE/DEAD™ Fixable Red Dead

Cell Stain and FSC-W and FSC-H, respectively. Data are representative for at least four experi-

ments with different donors.

(TIF)

S3 Fig. Silencing efficiency of TLR7, TLR9 and IRF7. Silencing of indicated proteins using

RNA interference was confirmed by real-time PCR. mRNA expression was normalized to

GAPDH and set at 1 in cells treated with control siRNA. Data are collated (mean ± s.d.) of

four (TLR7, TLR9) or two (IRF7) independent experiments with different donors. ��P<0.01

(student’s t-test).

(TIF)

S4 Fig. DC-SIGN expression is confined to CD11c+ DCs. Single cells were divided in

CD11c+ cells and CD11c- cells and the expression of DC-SIGN was analyzed by flow cytome-

try. Numbers adjacent to gates indicate percentage of gated cells. Data are representative of

four independent experiments with different donors.

(TIF)

S1 Table. Sequences of RT-qPCR primers used.

(TIF)
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