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Although host nucleic acids are normally sequestered from potential
signaling receptors, accumulating evidence over the past few decades
has suggested that both DNA and RNA can be recognized by and
modulate innate immune system"2. Extensive studies have demon-
strated that some Toll-like receptors (TLRs) recognize immunostimu-
latory nucleic acids during infection or tissue damage, for example.
Those studies have shown that the TLRs have distinct specificities for
'1.l pathogen-derived nucleic acids, with double-stranded RNA (dsRNA)
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eing the ligand for TLR3 and single-stranded RNA (ssRNA) and CpG

~ DNA being the ligands for TLR7 and TLR8 and for TLRY, respec-

tively>. TLR recognition of pathogen-derived nucleic acids is impor-

tant in both innate and adaptive immune responses to infectious

organisms, including bacteria, viruses and parasites. Other less-

convincing data have suggested that TLRs may also be important in
autoimmune diseases®°.

Genomic DNA derived from pathogens, such as bacteria or viruses,
and certain CpG oligodeoxynucleotides (ODNs) stimulate plasmacy-
toid dendritic cells (DCs) via TLRY to produce large amounts of
interferon-o. (IFN-)®. TLR9-mediated signaling required for CpG
DNA recognition by plasmacytoid DCs requires a specific pathway
involving the adaptor molecule MyD88, kinases IRAK1 and IRAK4,
adaptor molecule TRAF6 and transcription factor IRF7 (refs. 7-9) . Of
note, the noncanonical IxkB kinase (IKK) family member TBK1
is not required for CpG DNA-induced IFN-o production by
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The innate immune system recognizes nucleic acids during infection or tissue damage; however, the mechanisms of intracellular
recognition of DNA have not been fully elucidated. Here we show that intracellular administration of double-stranded B-form
DNA (B-DNA) triggered antiviral responses including production of type | interferons and chemokines independently of Toll-like
receptors or the helicase RIG-1. B-DNA activated transcription factor IRF3 and the promoter of the gene encoding interferon-p
through a signaling pathway that required the kinases TBK1 and IKKi, whereas there was substantial activation of transcription
factor NF-xB independent of both TBK and IKKi. IPS-1, an adaptor molecule linking RIG-I and TBK1, was involved in B-DNA-
induced activation of interferon-p and NF-kB. B-DNA signaling by this pathway conferred resistance to viral infection in a way
dependent on both TBK1 and IKKi. These results suggest that both TBK1 and IKKi are required for innate immune activation
by B-DNA, which might be important in antiviral innate immunity and other DNA-associated immune disorders.

plasmacytoid DCs’. In contrast, dsRNA-induced type I interferon
production is mediated by TBK1 and partially by IKKi, a second
noncanonical IKK family member!%-13,

A growing body of evidence, however, has indicated that DNA,
including host DNA, can be recognized independently of TLR9. DNA-
immunoglobulin complexes generated during systemic autoimmune
diseases, such as systemic lupus erythematosus, activate plasmacytoid
DCs to produce type I interferon'*. Whereas TLR9 is important for
this, Fc y-receptor Ila is necessary for optimal activation by DNA-
immunoglobulin complexes and, notably, TLR9-independent activa-
tion is still present'>. Mammalian nucleosomes also activate DCs in a
MyD88-independent way'®.

DNase II, a chief DNase present in the phagosome of macrophages,
is important in clearing DNA from phagocytosed apoptotic cells or
debris!”. Without clearance of the DNA in phagosomes, macrophages
begin to produce IFN-B, which can lead to subsequent TLRY-
independent inflammatory events'$. In addition, dsDNA but not
ssDNA derived from either pathogens or the host activates both
immune cells (macrophages and DCs) and nonimmune cells (thyroid
cells, fibroblasts and muscle cells) when introduced into the cytoplasm
by transfection'®?. Also, dsDNA activates a set of genes, including
those encoding major histocompatibility complex, costimulatory
molecules and immunoproteasome subunits such as TAP1 and
LMP2, as well as the transcription factors STAT1 and IRF and protein

1Exploratory Research for Advanced Technology, Japan Science and Technology Agency, 2Department of Host Defense and 3The 21st Century COE, Combined Program on
Microbiology and Immunology, Research Institute for Microbial Diseases, Osaka University, Osaka 565-0871, Japan. *Department of Molecular Biodefense Research,
Yokohama City University Graduate School of Medicine, Yokohama 236-0004, Japan. ®Abteilung fur Virologie, Paul-Ehrlich Institut, 63225 Langen, Germany.
6Department of Host Defense, Leprosy Research Center, National Institute of Infectious Diseases, Tokyo 189-0002, Japan. Correspondence should be addressed to

A.S. (sakira@biken.osaka-u.ac.jp).

Received 8 August; accepted 1 October; published online 13 November 2005; corrected after print 10 March 2006 (details online); doi:10.1038/ni1282

40

VOLUME 7 NUMBER 1 JANUARY 2006 NATURE IMMUNOLOGY



CT DNA
0

EC DNA
110

(ng/ml) 1 10 0

Ifnb

Cxcl10
Ccl2

Actb

12

(ug/mi)

Cxcl10

ARTICLES

HSV1 DNA
1 10

HCMV DNA
0 1 10

0

Ifnb

Ccl2

Actb

= . 0.1 pg/ml
N 0\ S € 10 31 ug/ml @ f
bvo U&\ & 2, 110 ug/ml
§ 2 4]
Q O \* \\ o S =y Ifnb
\6 ﬁb L ¢ \\\\b .Q&\\\.Qo @ Zz o
\. «\ © NS &v QO\A & Cxel10
' Co ?‘ NS i L
T & @ o @ & \b S 0 Actb
¢ PP S S
A ¢ (P P P P T S 25 _
Ifnb E 201
2151
Cxcl10 3 |
Z 1.0 g
col L 051 jl_l § ) )
0 — L RPN
Ifna N4 & Q N P LQ o) @) v
F F PP E P P~
~ W~ @?’ §? o\*\ > oé QO\
Cotd S & ¢ S xct10 |
C & &
N
Q§ QO\A

or double-stranded ODN ((dG-dC)e; g) with either a B-form or Z-form helical s

kinase R'%2%, Evidence suggests that induction of interferon-inducible
genes and upregulation of costimulatory molecules by dsDNA are
mediated in part by a TLR9-independent pathway?"??, indicating a
possible DNA-induced, TLR-independent innate immune activation
pathway?®>. The molecular mechanisms involved in such a innate
=Ye, immune pathway, however, have not been elucidated.

Given the findings described above, we have explored here the
immunostimulatory element of dsDNA, its intracellular signaling
pathway(s), the target genes involved and the possible physiological
function of such a pathway in mouse and human stromal cells. We
found that double-stranded B-form DNA (B-DNA) but not Z-form
DNA (Z-DNA) stimulated mouse and human stromal and DCs,
resulting in the production of type I interferon and chemokines.
B-DNA activated IRF3 and the Ifnb promoter via both TBK1 and
IKKi, whereas it activated transcription factor NF-xB independently of
both TBK1 and IKKi. Both of these pathways, moreover, required the
adaptor molecule IPS-1 but not TLRs or the helicase RIG-I. In
addition, B-DNA activation of fibroblasts conferred resistance to
viral infection, suggesting that B-DNA-induced interferon genes
might be important in antiviral innate immune responses. Finally,
B-DNA activation of the signaling pathways may be involved in the
pathogenesis of nucleic acid—dependent autoimmune diseases.
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RESULTS

B-DNA induces type | interferon

The dsDNA but not ssDNA derived from either host or pathogen
genomes, as well as double-stranded synthetic polynucleotides, sti-
mulate nonimmune cells (such as thyroid cells) and immune cells
(such as DCs and macrophages) to express interferon-inducible
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Figure 1 Activation of MEFs by dsDNA to produce type | interferons and chemokines. (a—d) Expression of mRNA in MEFs (C57BL/6) stimulated (or
transfected) with genomic or synthetic DNA of various origins or with various sequences. /fnb, Cxcl10, Ccl5, Ccl2, Ifna, Ccl4 and control Actb (B-actin)
mRNA expression was assessed by RT-PCR 4 h after stimulation with mammalian DNA (calf thymus (CT DNA)) or bacterial DNA (E. coli (EC DNA);
herpes simplex virus 1 (HSV DNA) or human cytomegalovirus (HCMV DNA) genomic DNA (b), mock transfection (Mock) or intact (DNA) or methylated
(mDNA) calf thymus DNA (c), or synthetic DNA (10 pg/ml) with various sequences and strands, calf thymus DNA and dsRNA (poly(l)epoly(C); d). (e) IFN-o
and IFN-B in the culture supernatants of MEFs stimulated with various types of DNA, CpG ODN or poly(l)epoly(C), measured in triplicate by ELISA.

(f,g) RT-PCR of expression of /fnb, Cxc/10 and control Actb mRNA 4 h after stimulation of MEFs with B-form or Z-form dsDNA (poly(dG-dC)epoly(dC-dG); f)

a),

tructure. Data are representative of three experiments with similar results.

genes!>20, Those results prompted us to investigate the molecular
mechanisms of cell activation triggered by dsDNA. We first examined
the effects of dsSDNA on mouse embryonic fibroblasts (MEFs) because
they do not respond to CpG DNA, a potent TLRY agonist (data not
shown); we confirmed this by adding double-stranded CpG DNA to
MEF cell culture media, which did not activate the cells (data
not shown). However, when we transfected MEFs with genomic
DNA derived from mammals (calf thymus or mouse liver), bacteria
(Escherichia coli) or viruses (herpes simplex virus type 1 or 2 or
human cytomegalovirus), expression of Ifnb, Cxcl10 (IP-10) and
Ccl2 (JE or MCP-1) mRNA was increased considerably in a dose-
dependent way within 4 h of stimulation (Fig. lab and data
not shown). The comparable ability of the different genomic DNAs
to induce the indicated mRNA suggested that specific sequences
or nucleotide modifications were not required; we confirmed that
conclusion by showing that methylation of calf thymus DNA did not
alter the stimulatory effects of the dsDNA (Fig. 1c). These data
confirmed published results showing that double-stranded genomic
DNA can activate stromal cells'>? such as MEFs to upregulate type I
interferons and chemokines independently of species-specific
sequences or DNA modifications.

Next we tested synthetic dsDNAs comprising various seque-
nces, including poly(dA)epoly(dT), poly(dG)epoly(dC), poly
(dA-dT)epoly(dT-dA), poly(dG-dC)epoly(dC-dG), poly(dl)epoly
(dC), poly(dI-dC)epoly(dC-dl) and poly(dA-dC)epoly(dT-dG). All
of these synthetic dsDNAs stimulated MEFs to produce Cxcl10 and
Ccl5 (encoding RANTES) mRNA, whereas ssDNA poly(dA), poly(dT)
and poly(dC) failed to upregulate mRNA expression (Fig. 1d and data
not shown). Of the dsDNA tested, poly(dA-dT)e®poly(dT-dA) was the
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conformation, an unusual left-handed helical
structure of dsDNAZ*, Although the precise

when in complex with cationic liposome?®.  with similar results.

We confirmed by circular dichroism that the

transfection reagents used did not induce Z-formation of DNA (data
not shown). As an additional control, we induced Z-DNA conforma-
tion in one of the synthetic DNAs. Poly(dG-dC)epoly(dC-dG) is
more susceptible than poly(dA-dT)epoly(dT-dA) to Z-DNA forma-
tion in certain conditions such as bromination or high-salt concen-
tration?4, Therefore, we modified poly(dG-dC)epoly(dC-dG) to form
Z-DNA by bromination as described?®. MEFs transfected with the B-
DNA form of poly(dG-dC)epoly(dC-dG) upregulated Ifub and
Cxcl10, whereas the Z-DNA form of poly(dG-dC)epoly(dC-dG)
produced only modest CxclI0 mRNA expression (Fig. 1f). We
obtained similar results with B-form and Z-form ODNs. Consistent
with that, B-form ODN upregulated Ifnb and Cxcl10 mRNA, whereas
la.l Z-form ODN?” was much less stimulatory (Fig. 1g). These data
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uggested that the right-handed helical B-form but not the left-handed
= Z-form was responsible for optimal stimulatory activity of dsDNA.

B-DNA induces interferon independently of TLRs and RIG-I

We next determined whether the B-DNA-dependent induction of
type I interferon and interferon-inducible genes is mediated by TLR
or RIG-I?%, To address this issue, we prepared MEFs from mice
deficient in both MyD88 and TRIE which lack all known TLR-
mediated activation signaling pathways and are refractory to stimula-
tion of TLR3, TLR7 and TLRY by nucleic acids?®*. When transfected
with B-DNA, both wild-type MEFs and MEFs deficient in both
MyD88 and TRIF upregulated expression of Ifub, Cxcl10, Ccl5
and Ccl2 mRNA (Fig. 2a). These data demonstrated that B-DNA
induction of type I interferon and chemokines was independent of
TLR signaling. RIG-I, a DExD/H box RNA helicase that contains
two caspase-recruitment domains, recognizes dsRNA in the cyto-
plasm in a TLR3-independent way?®3°. RIG-I-deficient and wild-
type MEFs responded similarly to B-DNA by upregulating Ifnb, Cxcl10
and Ccl2 mRNA expression (Fig. 2b). These data suggested that
B-DNA-induced upregulation of type I interferon and chemokines
was not mediated by TLRs or RIG-I and that previously
unknown molecules might be involved in the innate immune
recognition of B-DNA.
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Induction of interferon requires TBK1 and, partially, IKKi
Reports have suggested that the IKK-related serine-threonine
kinases TBK1 and IKKi are essential for type I interferon induction
by dsRNA generated during viral replication!®'2, Those reports
prompted us to investigate the involvement of TBK1 and IKKi
in B-DNA-dependent type I interferon induction. B-DNA induced
mRNA expression of Ifnb and interferon-inducible chemokines,
including Cxcl10, Ccl5 and Ccl4, in wild-type MEFs but not in
MEEFs deficient in TBK1 (TbkI7") or deficient in both TBK1
and IKKi (Tbkl7-Ikbke'; Fig. 2c¢). In contrast, B-DNA induc-
tion of Ccl2 mRNA, although present in Thki~~ MEFs, was much
lower in TbkI7Tkbke’~ MEFs. Stimulation with maximal DNA
concentration for 24 h produced similar results, except that Ccl5
and Ccl2 mRNA were slightly induced in Tbki~-Ikbke’~ MEFs
(Fig. 2d). These data suggested that B-DNA-stimulated MEF produc-
tion of Ifnb, Cxcl10 and Ccl4 was totally dependent on TBK1, whereas
production of Ccl5 and Ccl2 was only partially dependent on TBK1
and IKKi.

Pathways dependent on and independent of TBK1 and IKKi

To further clarify the signaling pathways involved in B-DNA-
dependent induction of type I interferon, we assessed whether
B-DNA activated IRF3. There was dimerization of IRF3 2—4 h after
B-DNA stimulation in wild-type MEFs but not ThkI~'~Tkbke '~ MEFs
(Fig. 2e). We also assessed activation of the promoters of Ifnb and the
gene encoding endothelial cell-leukocyte adhesion molecule 1 (Sele).
We transfected wild-type and TbkI~~Tkbke”'~ MEFs with a plasmid
expressing luciferase under control of the Ifub or Sele promoter and
then stimulated the cells with B-DNA. B-DNA stimulated the Ifnb
promoter 100-fold in wild-type MEFs but had no effect on Tbki~~
ITkbke”— MEFs (Fig. 2f). However, there was a fivefold increase in Sele
promoter activity in B-DNA-stimulated EF in both wild-type and
Tbk1~"-Ikbke’~ MEFs (Fig. 2f). These data suggested that B-DNA
activates IRF3 and the Ifub promoter via TBK1 and IKKi, whereas the
substantial B-DNA-induced NF-kB activation was independent of
TBK1 and IKKi.
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activation were reproducible in HEK293 cells
(Fig. 3). When we transfected HEK293 cells

dose-dependent way (Fig. 3a). Of note,

poly(dA-dT)epoly(dT-dA) was the most potent inducer of both
IFN-B and IL-8, being even better than poly(I)®poly(C) (Fig. 3a).
We prepared two double-stranded 21-nucelotide RNA molecules
targeting different portions of human IPS-1 mRNA. We transfected
HEK293 cells with IPS-1-1, IPS-1-2 or control siRNA and evaluated
expression of IPS-1 mRNA. Both IPS-1-1 and IPS-1-2 siRNA reduced
IPS-1 mRNA expression but had no effect on the expression of
glyceraldehyde phosphodehydrogenase mRNA, as measured by RT-
PCR after 48 h (data not shown). We then assessed the effects of these
siRNA molecules on B-DNA-stimulated promoter activity of Ifnb and
Sele. We first treated HEK293 cells with siRNA and then transfected
them with the plasmids expressing luciferase under control of the Ifnb
or Sele promoter and then with poly(dA-dT)epoly(dT-dA).
‘Knocked-down’ expression of IPS-1 resulted in a reduction in both
Ifnb and Sele promoter activity after stimulation with B-DNA
(P < 0.01; Fig. 3b). These data suggested that B-DNA-induced
la.l production of IFN-f8 and IL-8 as well as activation of the Ifnb and
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ele promoters was mediated at least in part by IPS-1.

Microarray analysis of B-DNA-stimulated cells

To further assess the genes induced or upregulated by B-DNA
transfection of MEFs, we did DNA microarray experiments. We
obtained MEFs from wild-type, Tbk1~'~, Ikbke'~ and TbkI~-ITkbke™~
mice and transfected the cells with B-DNA. We assessed mRNA
expression profiles 4 h later by DNA microarray. We compared ‘fold
increases’ in mRNA in dsDNA-transfected cells versus mock-trans-
fected cells for wild-type and single- and double-deficient MEFs
(Table 1). Genes upregulated by B-DNA were mostly interferon-
inducible antiviral genes that are mostly dependent on TBK1, includ-
ing the gene encoding Vig-1 (Rsad2); MxI and Mx2; genes encoding
chemokines (Cxclll and Cxcli0), GTPases and RNA helicases
(DI1Lgple and Ifihl); Tlr3; genes encoding Z-DNA-binding proteins
(Zbpl and Adar); and Irf7 (Table 1 and data not shown). Some
differences in gene expression, such as expression of I115 and the gene
encoding phospholipid scramblase 2 (Plscr2), required either TBK1 or
IKKi, as their mRNA was not upregulated in Tbk1~-Tkbke”~ MEFs.
Among the B-DNA-induced genes, those encoding killer cell lectin-
like receptor members 8 and 16 (Klra8 and Klral6, respectively) were
dependent only on IKKi. Some interferon-inducible genes were
further upregulated by B-DNA in Ikbke’~ MEFs, which suggested a

NATURE IMMUNOLOGY VOLUME 7 NUMBER 1T JANUARY 2006

MEFs for this (data not shown). Moreover, Figure 3 B-DNA-induced IFN-B and NF-«B requires IPS-1. (a) ELISA of IL-8 and IFN-B in culture
B-DNA-induced type I interferon and NF-xB supernatants of HEK293 cells stimulated for 24 h with various types of DNA or poly(l)epoly(C) at
various concentrations (0.01, 0.1, 1, 10 mg/ml; wedges). (b) /fnb and Sele promoter activity after
‘knockdown’ of IPS-1 expression in HEK293 cells treated with IPS-1 siRNA (1 and 2) and control
| i cells (C). Cells were transiently transfected with /fnb promoter plasmid and were stimulated 24 h
with various forms of DNA, dsDNA but not |ater with 10 ug/ml of poly(dA-dT)epoly(dT-dA); luciferase activity of cell lysates was measured
ssDNA triggered the production of endo- 18 after stimulation. Data represent mean + s.d. of quadruple samples from one representative
genous IFN-fB and interleukin 8 (IL-8) in a  of three independent experiments. *, P < 0.01.

negative regulation mechanism of IKKi for TBKI-mediated gene
regulation. These results showed that MEF mRNAs upregulated
by B-DNA were differentially and cooperatively regulated by TBK1
and IKKi.

B-DNA protects against viral infection

We further examined the physiological functions of innate immune
activation of cells by B-DNA. Modified vaccinia virus Ankara (MVA)
is a highly attenuated DNA virus that was developed as a safe vaccine
against orthopox virus infections, including human smallpox35. E3I,
which encodes a poxvirus regulatory protein with a dsRNA-and-
Z-DNA-binding domain, is a critical factor for viral virulence and
for inhibiting host type I interferon production®®. MVA lacking E3!
(MVA AE3L) therefore induces type I interferon in infected cells’’. We
therefore determined whether MVA nucleic acid derived from the
wild-type and mutant viruses is involved in virus-induced type I
interferon production. Although infection with both viruses stimu-
lated wild-type MEFs to upregulate CxclI0 mRNA, infection with
MVA AE3L induced Cxcl10 mRNA much more than did infection
with MVA, even at a lower multiplicity of infection (MOI; Fig. 4a). In
contrast, Ccl2 mRNA was upregulated only after infection with MVA
AE3L at a high MOI (Fig. 4a). Notably, genomic DNA isolated and
purified from MVA stimulated MEFs more than either wild-type or
mutant virus infection (Fig. 4a). Ifnb and Cxcl10 expression induced
by either MVA virus and MVA genomic DNA was abrogated in Tbk1~/~
ITkbke”~ MEFs (Fig. 4a). We also noted substantial upregulation of
Ccl2 mRNA in MEFs after either high-dose infection with MVA AE3L
or stimulation with MVA genomic DNA, an effect present in both
wild-type and Tbki~"-Tkbke'~ MEFs (Fig. 4a).

Next we determined whether the TBK1- and IKKi-dependent im-
mune activation induced by MVA DNA protected MEFs against MVA
infection. We stimulated wild-type and TbkI~/~Tkbke”'~ MEFs with
1 or 10 pg/ml of MVA DNA and then infected the cells with 1 x 107 or
1 x 10% plaque-forming units of wild-type MVA/ml. We analyzed cell
lysates of each type of MEF by immunoblot with a vaccinia-specific
antibody. Stimulation with MVA DNA did not induce any detectable
viral protein production (Fig. 4b). After infection with MVA at a
different MOI, however, there were multiple bands of viral proteins on
the immunoblot, indicating a permissive molecular life cycle of MVA
infection in unstimulated MEFs (Fig. 4b,c). In contrast, cell lysates of
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wild-type MEFs stimulated with MVA DNA (1 or 10 ug/ml) were
almost free of detectable proteins except one nonspecific band at
35 kilodaltons (Fig. 4c). In contrast, there were multiple viral proteins
in Tbk1-"-Tkbke'~ MEFs treated with MVA DNA (Fig. 4c). These data
suggested that stimulation with MVA DNA was sufficient to induce

Table 1 Gene expression profiles of MEFs stimulated with dsDNA

protective innate immune activation against MVA infection, which
was dependent on TBK1 and IKKi as well as IFN-of3 receptor—
mediated signaling. We also determined whether B-DNA-stimulated
MEFs were protected against irrelevant RNA virus infection. We
infected B-DNA-stimulated wild-type and TbkI~-Ikbke”’~ MEFs

DKO

Gene product (symbol)

GenBank accession number

> WT  TbkI™-  Ikbke '
% Genes that require TBK1
S14 o 143
E 101 1 194
s 97 1 67
3 74 1 73
S 64 1 45
E 63 1 69
@ 60 0 54
g 59 1 70
5 52 1 84
; 50 1 78
s 19 1 42
é 48 0 80
g w7 0 9%
= 47 0 73
g 45 3 75
o 45 1 87
G 43 1 13
2 40 1 74
£ 39 0 60
L 39 2 51
g 338 1 94
o 34 1 34
g 32 1 62
= 31 0 62
Z 30 1 41
8 29 2 40
Q 28 1 44
© 26 1 69
26 1 58
@ 25 1 38
=P 24 1 19
23 1 55
22 1 68
21 0 9
20 1 30
20 1 18
Genes that require
274 1 10
28 1 5
26 9 2
25 1 1
22 2 8
22 2 3
25 4 1
Genes that require IKK-i
9 17 1
6 9 2
Genes that require
48 13 15
14 13 14
9 6 19
10 6 9

O OO0 00O OO0OO0OHOOOONFOOF WFEFFPFOOWONNRERFRORNO®RDO

both TBK1 and IKK-i

o= NN =N~ N

2
1

either TBK1 or IKK-i

_ O~ N

Macrophage activation 2 (Mpa2)
Viral hemorrhagic septicemia virus—induced gene 1 (Vigl, pending)
Thymidylate kinase family LPS-inducible member (Tyki)
T cell-specific GTPase (Tgtp)

Chr 11, Lothar Hennighausen 2 (D11Lgp2e)
Interferon-induced mutant MxI
Interferon-induced protein with tetratricopeptide repeats 2 (/fit2),
Myxovirus (influenza virus) resistance 2 (Mx2)
Interferon-activated gene 205 (/fi205)

EST, similar to histocompatibility 28
IFN-y-induced GTPase
EST, Schlafen 8,9,10 like
2-5 oligoadenylate synthetase-like 2 (Oas/2)
Interferon-induced protein with tetratricopeptide repeats 3 (/fit3)
Toll-like receptor 3 (TIr3)

Z-DNA binding protein-1 (Zbpl)
Interferon-induced 203 protein (/fi203)
Hypothetical protein LOC223672, similar to apolipoprotein L
EST, similar to radical S-adenosyl methionine domain—-containing 2 (Rsad2)
Interferon-inducible GTPase
(Mdab; also called HELICARD)

Tripartite motif protein 30 (7rim30)

(Cxcl11; also called I-TAC)

Programmed cell death 1 ligand 1 (plasmacytoid DCd1/1-pending)
Interferon-induced protein with tetratricopeptide repeats 1 (/fitl)
Cxcl10 (also IP-10)
2,5-oligoadenylate synthetase-like 9 (Oas/9)
Guanylate nucleotide-binding protein 2 (Gbp2)
Ubiquitin-specific protease 18 (Usp18)
Interferon-stimulated protein, 15 kDa (/sg15)
Immune-responsive gene 1 (/rgl)

Guanylate nucleotide-binding protein 1 (GbpI)
Interferon-induced protein 44 (/fi44)
Interferon-activated gene 204 (/fi204)

Tripartite motif protein TRIM30 isoform beta (Trim30Rpt1)
EST containing DEXD/H and HELICc helicase domains

CXCL9 (Cxcl9, also called Mig)
Absent in melanoma 1 (AimI)
Schlafen 3
EST 1700019G17Rik, similar to N-acetyltransferase Camello 2

A nuclear factor expressed in human high endothelial venules (9230117N10Rik, also called NF-HEV)

Pheromone receptor 2
Tetraspanin 8 (Tspan8)

Killer cell lectin-like receptor, subfamily A, member 16 (Klral6)
Killer cell lectin-like receptor, subfamily A, member 8 (Ly49H)

Interleukin 15
Phospholipid scramblase 2
Mus musculus epithelial stromal interaction 1 (breast) (Epstil)
EST, similar to ubiquitin-activating enzyme E1

BM241485
BB741897
AK004595.1/NM_020557.2
NM_011579.1
AF316999.1 / NM_030150.1
M21039.1
NM_008332.1
BC007127.1
M74124.1
BC024930.1
NM_019440.1/NM_018738.1
BC024709.1
BQ033138
NM_010501.1
NM_126166.1
AK008179.1
L14559.1/NM_008328.1
BC020489.1
BB132493
NM_021792.1/BM239828
AY075132.1
BG068242
AF136449.1
NM_021893.1
NM_008331.1
NM_021274.1
AB067533.1
NM_010260.1
NM_011909.1
AK019325.1
L38281.1
NM_010259.1
BB329808
NM_008329.1
AF220015.1
BC013672.1

NM_008599.1
BM233292
NM_011409.1
BM214338
NM_133775.1
Y12724.1
C76990

NM_013794.3
U12889.1

NM_008357.1

NM_008880.1
AKO017174.1
AK004894.1

MEFs of wild-type, Tbk17~, Ikbke™-, Tbk17-Ikbke”’~ (DKO) mice were treated with B-DNA and the mRNA expression profile was assessed 4 h after stimulation. Four left columns (‘Genes that
require’) indicate ‘fold increases’ in the B-DNA-treated group versus the mock-treated group.
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with vesicular stomatitis virus (VSV) at different multiplicities of
infection. We measured virus replication by plaque assay, which
showed replication was reduced by 99% after pretreatment with B-
DNA, even at a dose of 0.1 pg/ml of B-DNA, a condition in which no
type I interferon was detected by enzyme-linked immunosorbent assay
(ELISA) or RT-PCR (Fig. 4d and data not shown). Pretreatment with
B-DNA suppressed viral replication even at a high MOI in wild-
type MEFs, whereas there was no antiviral effect in Tbk1=-Tkbke'-
MEFs (Fig. 4d).

B-DNA stimulates DCs via TBK1

Finally, we determined whether B-DNA stimulates immune cells in a
TBK-dependent way. To analyze the effect of TBK1 or IKKi on B-
DNA-induced innate activation on immune cells such as DCs, we
generated mice deficient in tumor necrosis factor (TNF; Tnf = mice),
TbkI™~ mice and Tnf‘/‘Ikbke‘/‘ mice, because Ikbke™’™ mice die
in utero, an effect that can be abrogated in the absence of TNF!2,
We generated bone marrow—derived DCs using granulocyte-monocyte
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Figure 5 B-DNA stimulates DCs via TBK1. FL-DCs (a) and GM-DCs (b) from
Tnf=, Tnf-Tbk17 or TbkI1~~Ikbke”~ mice were transfected for 24 h with
various concentrations of B-DNA, 10 pg/ml of poly(l)epoly(C) or 3 uM
D-type CpG ODN (D35); IFN-oc and IFN-B in culture supernatants were
measured by ELISA.
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Figure 4 Effects of B-DNA-induced EF activation
on viral infection. (a) RT-PCR of /fnb, Cxcl/10 and
Ccl2 mRNA expression in MEFs from wild-type or
Tbk17-Ikbke™~ mice infected with MVA at various
plaque-forming units/ml (PFU; above lanes) or
transfected with 10 pg/ml of MVA genomic DNA;
mRNA was assessed 4 h later. (b,c) Immunoblot
of lysates of MEFs from wild-type, TbkI~~Ikbke”~
or Ifnar2~"- mice. Cells were stimulated for 24 h
with 1 or 10 pg/ml of MVA-DNA and were
infected for 48 h with 1 x 107 (b) or 1 x 10°

+MVA

100,000 7 High dose . .

(c) plaque-forming units of MVA/ml; lysates were

& 10,000 analyzed by immunoblot with antibody to MVA.
X 1000 (d) Virus yield of MEFs from wild-type or Thk17-
E Ikbke™~ mice. Cells were stimulated for 4 h with

100 1 or 10 pg/ml of poly(dA-dT)epoly(dT-dA) and
10 - - were infected with VSV at low or high dose. Virus

B.DNA (ug/m) yield of culture supernatants was determined

by standard plaque assay as described?8.
NS, nonspecific band.

colony-stimulating factor (GM-DCs) or using the ligand for the
tyrosine kinase receptor Flt3 (FL-DCs), transfected the cells with B-
DNA and monitored the production of IFN-o and IFN- in culture
supernatants by ELISA 24 h after stimulation. B-DNA stimulated
Tnf'~ and Tnf'-Tkbke”~ but not Tnf’~Tbkl™~ FL-DCs to produce
IFN-o0 and IFN-f in a dose-dependent way (Fig. 5a). In contrast,
poly(I)®poly(C) and A/D-type CpG ODN (D35) stimulated Tnf”~
and Tnf'~Tbkl~~ FL-DCs equally to produce IFN-o. and IFN-B
(Fig. 5a). Similarly, B-DNA stimulated Tnf’~ and Tnf""Tkbke”~ but
not Tnf'~TbkI”~ GM-DCs to produce IFN-, although there was still
slight upregulation of IEN- in Tnf’~TbkI~~ GM-DCs (Fig. 5b). In
contrast to FL-DCs, GM-DCs did not produce IFN-a in response to
B-DNA (Fig. 5b). These data suggested that B-DNA stimulated
GM-DCs and FL-DCs to produce type 1 interferon in a
TBK1-dependent way distinct from that of dsRNA and CpG DNA.

DISCUSSION

We have demonstrated here that double-stranded B-DNA derived
from DNA viruses, bacteria, mammals or chemical synthesis can
activate mouse and human stromal cells to trigger type I interferon
genes through IPS-1 and both TBK1 and IKKi. The results obtained
from several mutant strains of mice showed that TLRs and RIG-],
known nucleic acid recognition sensors, are not involved in immune
recognition of B-DNA. Furthermore, stimulation of MEFs with viral
or synthetic B-DNA conferred protective antiviral responses. The
active element of dsDNA, the responding cell types, the signaling
pathways involved and the resultant immune responses, including the
type I interferon gene program, were distinct from those that have
been identified for immunostimulatory nucleic acids such as CpG
DNA and dsRNA.

Innate immune activation induced by dsDNA is dependent on a
double-stranded structure!®. Here we have added the finding that
optimal stimulatory activity was dependent on the right-handed
B-form helical structure of DNA, as Z-form DNA demonstrated
substantially less activity. B-DNA, the right-handed double helical
structure of DNA38, is the conformation most commonly found
in physiological conditions. Z-DNA, in contrast, forms unusual left-
handed helices that can be found near the transcription start site of
certain genes in the genome?. There are many structural differences
between B-DNA and Z-DNA, suggesting that there may be a unique
structure that might explain B-DNA-mediated innate immune recog-
nition. We excluded a third conformational structure of DNA,
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A-DNA, from this study because it is not clear whether the A-DNA
conformation exists in vivo.

Notably, vaccinia virus E3L contains a Z-DNA binding domain that
is required for virulence and inhibition of host interferon induction
during viral infection’”*%40, Studies have suggested that viral E3L
binding of Z-DNA in the host genome near the transcription site
might inhibit host antiviral gene inductions®®. We have demonstrated
that MVA DNA and MVA AE3L, but not infection with wild-type
MVA, triggered type I interferon and/or chemokine production in
MEFs, suggesting that innate recognition of B-DNA and triggering of
an antiviral gene program might be targeted by viral E3L as a viral
escape mechanism. Moreover, our DNA microarray data showed that
B-DNA also upregulated mRNA expression of Z-DNA-binding
protein (Zbpl, also called Dln-1) and double-stranded RNA adeno-
sine deaminase (Adar) in a TBK1-dependent way, indicating that such
proteins might also participate in antiviral responses by targeting
Z-DNA derived from viruses or by competing with the Z-DNA-
binding activity of viral E3L at host antiviral transcription sites.
Further studies are needed to clarify the involvement of the Z-DNA-
binding activity of viral E3L and host Z-DNA-binding proteins in viral
escape from host immune system and in host antiviral immune
responses, respectively.

The DExD/H box RNA helicase RIG-I is involved in the innate
immune activation induced by RNA viruses and/or dsRNA?$%, RIG-I-
deficient MEFs do not respond to RNA viruses, including VSV,
Newcastle disease virus and Sendai virus®$; in contrast, these MEFs
responded to B-DNA by upregulating the mRNA of type I interferons
and chemokines. Although our data indicated that RIG-I was not
involved in the B-DNA response, IPS-1, the RIG-I-associated adaptor
molecule, was required for IFN-B and NF-kB activation, suggesting
that the signaling pathways involved in dsRNA- and B-DNA-induced
innate immune activation are closely related, though their respective
receptor molecules are probably different. Protein kinase R, another
antiviral receptor-like molecule that can bind dsRNA and is involved in
host cell shutoff of protein synthesis, was not involved in B-DNA-
induced innate immune activation (protein kinase R—deficient MEFs
responded normally to B-DNA; data not shown). Furthermore, Mda-5,

ith IPS-1 (ref. 31). Although RIG-I and Mda-5 have been suggested

la.l another DExD/H box RNA helicase closely related to RIG-I, associates

=" to be receptor-like molecules for viral RNA*'~#3, preliminary experi-

ments have demonstrated that Mda-5-deficient MEFs responded
normally to B-DNA (unpublished data). Moreover, ectopic expression
of RIG-I or Mda-5 did not enhance B-DNA-induced Ifnb promoter
activity in HEK293 cells (unpublished data). These preliminary data
have indicated that Mda-5 is neither necessary nor sufficient for B-
DNA induction of type I interferons and chemokines. Further inves-
tigation is needed to determine the relevant signaling pathways and the
receptor or receptor-like molecules that recognize B-DNA and that are
distinct from TLRs, RIG-I or Mda-5.

Our results have also demonstrated that B-DNA has strong antiviral
activity. Transfection of MVA genomic DNA conferred considerable
resistance to subsequent MVA infection of wild-type MEFs but not
Tbk1~-Ikbke™'~ MEES. Moreover, B-DNA-induced innate activation of
wild-type MEFs was sufficient to protect them from highly virulent
VSV infection. Those results strongly suggest that viral DNA, or even
host DNA, in infected cells might trigger antiviral responses, such as
the production of type I interferons, through the IPS-1-TBKI1-IKKi
signaling pathway. Further studies will be needed to clarify whether
B-DNA-induced antiviral responses are involved in vivo in various
DNA virus infections. Investigation of the therapeutic potential of
B-DNA for treatment of viral infections, as well as other infectious
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diseases or cancer in which type I interferons might be beneficial to the
host, will also be useful.

Another possible physiological role for B-DNA-induced innate
immune activation has been suggested. The inability to degrade
DNA derived from erythroid precursors results in IFN-f produc-
tion'®. Our results might well be linked to the observation that such
IFN-B production might be mediated by undigested double-stranded
B-DNA through an IPS-1-TBK1-dependent signaling pathway. The
dsDNA-induced immune activation might thus facilitate the patho-
genesis of local or even systemic autoimmune disorders'®. In that case,
dsDNA derived from pathogens or a damaged host (especially necrotic
cells) might act not only on nonimmune cells but also on ‘profes-
sional’ antigen-presenting cells such as DCs as an adjuvant?’, thereby
influencing the subsequent adaptive immune responses. In gene
therapy, alternatively, DNA-induced immune activation of transfected
cells might inadvertently, through the induction of type I interferons,
limit efficient transcription of the gene of interest or cause local and or
systemic inflammatory responses, which could also hamper gene
transduction or expression efficacy. Furthermore, DNA-based vaccines
in which CpG motifs in a plasmid vector contribute to their immuno-
genicity as a ‘built-in adjuvant’ might need to be re-evaluated for their
immunogenicity. That possibility stems partly from the fact that
Tlr9”'~ mice, which do not respond to CpG-DNA, are nevertheless
able to mount both humoral and cellular immune responses
after vaccination with DNA*$%, Further studies will be needed to
clarify the physiological function of B-DNA-induced, IPS-1-TBK1-
IKKi—dependent innate immune activation of host defenses, DNA-
associated immune disorders and DNA-based immunotherapy.

METHODS

Cells and reagents. MEFs from C57BL/6, Myd88’/ ~Trif~ =, Tbk™~, Ikbke™'~ and
RIG-I knockout mice were prepared as described!>?%?°, Ifnar2”~ mice were
purchased from B&K Universal. HEK293 cells were obtained from American
Type Culture Collection. Mouse bone marrow DCs were generated by 7 d of
culture of bone marrow cells with either granulocyte-monocyte colony-
stimulating factor (GM-DCs) or Flt3 ligand (FL-DCs) as described*¢. These
cells were cultured in DMEM supplemented with 10% FCS in an incubator
with 5% CO,. Recombinant VSV was gift from T. Abe and Y. Matsuura (Osaka
University, Osaka, Japan). Genomic DNA derived from herpes simplex virus
types 1 and 2 and human cytomegalovirus was purchased from Advanced
Biotechnologies, and DNA from calf thymus and E. coli were purchased from
Sigma and Invitrogen, respectively. Synthetic polydeoxynucleotides and
poly(I)@poly(C) were purchased from Amersham Biosciences. Synthetic ODNs
including CpG ODN D35 (ref. 47) were synthesized by Hokkaido System
Bioscience or Invitrogen. All DNA or RNA was mixed for 15 min with Lipo-
fectamine 2000 (Invitrogen) at a ratio of 1:1 (volume/weight) in OptiMEM
before use in the stimulation experiments. DNA was methylated as
described?’. All DNA used was tested and was free of endotoxin (less than
0.001 U/mg DNA).

RT-PCR. RT-PCR was done as described?. Total RNA was extracted with
TRIzol reagent (Invitrogen) according to the manufacturer’s protocol, and then
1 pg total RNA was reverse-transcribed; cDNA was generated by standard PCR
of 25 cycles with primers as described*®4°.

ELISA. Human IFN-B, mouse IFN-a and IFN-B in culture supernatants was
measured by ELISA (PBL) according to the manufacturer’s instructions. ELISA
for human IL-8 was done as described™.

Native PAGE. Native PAGE was done as described!2. MEFs (1 x 10° cells) were
stimulated with 10 pg/ml of DNA for various times and then whole-cell lysates
were prepared. Cell lysates in native PAGE buffer (62.5 mM Tris-HCI,
pH 6.8, and 15% glycerol) were separated by 7.5% gel electrophoresis followed
by immunoblot with anti-IRF-3 (Santa Cruz).
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Reporter assay. HEK293 cells and MEFs were transiently transfected with
100 ng of the luciferase reporter plasmid together with a total of 1 pg
expression plasmid or empty control plasmid. Luciferase reporter constructs
for Ifnb and Sele have been described’. At 18 h after transfection, luciferase
activity in the total cell lysate was measured with the Dual-luciferase reporter
assay system (Promega). The renilla-luciferase reporter gene was simulta-
neously transfected as an internal control.

RNA interference. Interference of IPS-1 mRNA was done as described®!.
Dharmacon Research synthesized dsRNA composed of 21-base pair sense
and antisense oligonucleotides. The RNA oligonucleotides used for targeting
human IPS-1 in this study were as follows: Ipsi-1 sense, 5-UAGUUGA
UCUCGCGGACGAATAT-3’, and antisense, 5-UCGUCCGCGAGAUCAACUd
TdT-3; and Ipsi-2 sense, 5'-CCGUUUGCUGAAGACAAGAATAT-3’, and anti-
sense, 5-UCUUGUCUUCAGCAAACGGATAT-3". Control siRNA (siCON-
TROL Non-targeting siRNA#1) was purchased from Dharmacon Research.
HEK293 cells were transfected with 100 nM siRNA using Lipofectamine 2000
(Invitrogen). At 48 h after transfection, cells were used for further experiments.
‘Knockdown’ of IPS-1 mRNA was verified by RT-PCR (data not shown).

Microarray analysis. Total RNA was extracted from MEFs stimulated for 4 h
with or without poly(dA-dT)epoly(dT-dA), after which cRNA was synthesized.
Preparation of cRNA, hybridization and scanning of the microarray were done
according to the manufacturer’s instructions (Affymetrix). A microarray
(MG U74A version 2; Affymetrix) was used with Microarray Suite software
(version 5.0; Affymetrix) and GeneSpring software (Silicon Genetics).

MVA infection. MEFs were transfected with various concentrations of MVA
DNA and were infected 24 h later with 1 x 107 or 1 x 10° plaque-forming
units of MVA/ml (MOI = 10 or 1, respectively). Then, 48 h after MVA
infection, cells were washed with PBS and were lysed with lysate buffer
(CellLytic-MT; Sigma) in the presence of a protease inhibitor ‘cocktail’ (Sigma).
Lysates were separated by SDS-PAGE and proteins were then transferred to
polyvinyldifluoride membranes. Membranes were blocked and were analyzed
by immunoblot with polyclonal rabbit antibody to vaccinia virus diluted
1:1,000 (Biogenesis), followed by horseradish peroxidase—conjugated secondary
antibody and LumiGlo reagent (Cell Signaling Technology).

Plaque assay. Culture supernatants were collected from MEFs infected with
VSV. MEFs were pretreated with transfection for 4 h of various concentrations
of poly(dA-dT)epoly(dT-dA). Virus yield in the culture supernatants was
determined by a standard plaque assay as described?®. Prepared baby hamster
kidney cells were infected with serial dilutions of the recovered viruses. The cells
SY0) were overlaid with DMEM containing 1% low-melting agarose and were
@(ncubated for 24 h; plaques were then counted.

Statistical analysis. Differences were analyzed for statistical significance with
Student’s t-test. A P value of less than 0.05 was considered significant.

Accession code. GEO: microarray data, GSE4171.
Note: Supplementary information is available on the Nature Immunology website.
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