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Autographa californica nuclear polyhedrosis virus (AcNPV) is a double-stranded-DNA virus that is pathogenic to
insects. AcNPV was shown to induce an innate immune response in mammalian immune cells and to confer
protection of mice from lethal viral infection. In this study, we have shown that production of type I interferon (IFN)
by AcNPV in murine plasmacytoid dendritic cells (pDCs) and non-pDCs, such as peritoneal macrophages and
splenic CD11c¢* DCs, was mediated by Toll-like receptor (TLR)-dependent and -independent pathways, respectively.
IFN regulatory factor 7 (IRF7) was shown to play a crucial role in the production of type I IFN by AcNPV not only
in immune cells in vitro but also in vivo. In mouse embryonic fibroblasts (MEFs), AcNPV produced IFN-f3 and
IFN-inducible chemokines through TLR-independent and IRF3-dependent pathways, in contrast to the TLR-
dependent and IRF3/IRF7-independent production of proinflammatory cytokines. Although production of IFN-f3
and IFN-inducible chemokines was severely impaired in IFN promoter-stimulator 1 (IPS-1)-deficient MEFs upon
infection with vesicular stomatitis virus, AcNPV produced substantial amounts of the cytokines in IPS-1-deficient
MEFs. These results suggest that a novel signaling pathway(s) other than TLR- and IPS-1-dependent pathways

participates in the production of type I IFN in response to AcNPV infection.

The baculovirus Autographa californica nuclear polyhedrosis
virus (AcNPV) is an enveloped, double-stranded-DNA (dsDNA)
virus that is pathogenic primarily to insects. AcCNPV has long
been used as an efficient gene expression vector in insect cells
(31, 35). Recently, baculovirus was shown to be capable of
infecting various mammalian cells without any replication and
of expressing foreign genes under the control of a mammalian
promoter (28). Therefore, baculovirus is now recognized as a
useful viral vector not only for abundant gene expression in
insect cells but also for gene delivery into mammalian cells.

In addition to allowing efficient gene delivery, AcNPV has
been shown to stimulate interferon (IFN) production in
mammalian cell lines and confer protection from lethal virus
infection in mice (2, 12). Furthermore, AcNPV was shown
to possess a strong adjuvant activity to promote humoral
and cellular immune responses against coadministered an-
tigens, maturation of dendritic cells (DCs), and production
of proinflammatory cytokines, chemokines, and type I IFNs
(14). However, the precise mechanisms by which AcNPV
induces a strong innate immune response in mice remain
unclear. We have demonstrated previously that AcNPV ac-
tivates the production of proinflammatory cytokines in peri-
toneal macrophages (PECs), splenic CD11c¢™ DCs, and the
murine macrophage line RAW264.7 through a Toll-like re-
ceptor 9 (TLR9)/MyD88-dependent pathway (1). However,
significant amounts of IFN-a were still detectable in the
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PECs and splenic CD11c* DCs derived from TLRY- or
MyDS88-deficient mice in response to AcNPV, suggesting
that TLR9/MyD88-independent pathways are involved in
the production of type I IFN by AcNPV in the PECs and
splenic CD11¢* DCs (1).

Induction of type I IFN by pathogens is crucial for innate
immunity, and such induction is mediated by the activation of
pattern recognition receptors, such as TLRs and cytosolic recep-
tors, including retinoic acid-inducible protein I (RIG-I) and mel-
anoma differentiation-associated gene 5 (MDAS) (24, 49, 50).
Type I IFN induction is controlled primarily at the gene transcrip-
tional level, wherein a family of transcription factors, IFN regu-
latory factors (IRFs), plays a pivotal role (16). IRF3 and IRF7 are
now known to be essential for the RIG-I-, MDAS-, and TLR-
mediated type I IFN production pathway. IRF3 is induced by a
primary response to initiate IFN-B production, whereas IRF7 is
induced by IFN-B and participates in the late phase of IFN-a
induction (16). All TLRs, except for TLR3, activate the MyD88-
dependent pathway, whereas TLR3 and TLR4 activate the TRIF-
dependent pathway. There is accumulating evidence that IRFs
are activated by the MyD88- and TRIF-dependent signaling path-
ways and contribute to the activation of the type I IFN gene (24).
RIG-I and MDAS contain a C-terminal DExD/H-box RNA
helicase domain required for the interaction with dsRNA
and two N-terminal caspase recruitment and activation do-
mains (CARDs) responsible for the activation of down-
stream IRF3, IRF7, and NF-kB signaling pathways (49).

Plasmacytoid DCs (pDCs) have been identified as the major
cells involved in the production of type I IFN in response to
viral stimulation (3, 6). The type I IFN production in the pDCs
was dependent on the TLR signaling pathway, whereas that in
non-pDC immune cells, including macrophages, conventional
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DCs, and mouse embryonic fibroblasts (MEFs), was depen-
dent on the RIG-I/MDAS signaling pathways (23). On the
other hand, recent studies have also shown that non-pDC
immune cells participate in the production of type I IFN in
response to viral infection through TLR-dependent and TLR-
independent pathways (9, 34). Viral genomic DNA of adeno-
virus (38, 53) and herpes simplex virus type 1 (HSV-1) (15)
produces type I IFN through both TLR-dependent and -inde-
pendent pathways. Modified vaccinia virus Ankara has also
been shown to induce TLR-independent type I IFN produc-
tion (46). Furthermore, nonprofessional immune cells, such as
fibroblasts, were shown to produce type I IFN upon viral in-
fection through a TLR-independent pathway (23). Infection
with intracellular bacteria or introduction of synthetic dsDNA
also induces production of type I IFN through a TLR- or an
RNA helicase-independent pathway (19), suggesting the exis-
tence of a cytosolic DNA-sensing mechanism which stimulates
the production of type I IFN (4, 5, 43). These results suggest
that genomes of DNA viruses and intracellular bacteria pro-
duce type I IFN through a not-yet-identified cytosolic DNA-
sensing machinery.

In this study, we have examined the mechanism of produc-
tion of type I IFN in both pDCs and non-pDCs in response to
AcNPV stimulation. The levels of involvement of the TLR or
the RNA helicase pathway in the production of type I IFN in
response to AcNPV stimulation differed among cell types, and
the production was completely dependent on IRF7 in both
pDCs and non-pDCs, such as PECs and splenic CD11¢™ DCs,
whereas it was dependent on IRF3 in MEFs. These results
suggest that AcNPV is capable of producing type I IFN
through both TLRY-dependent and -independent pathways
and might be an ideal tool for elucidating the mechanisms of
the induction of type I IFN by DNA in mammalian cells.

MATERIALS AND METHODS

Mice and MEFs. C57BL/6 mice were purchased from CLEA Japan (Tokyo,
Japan). MyD88-, TLR3-, TLR7-, TLRY-, IFN-af3 receptor (IFNR)-, RIG-I-, or
IFN promoter-stimulator 1 (IPS-1)-deficient mice and MEFs from mice with a
double knockout of MyD88 and TRIF, RIG-I, or IPS-1 were described previ-
ously (13, 23, 30, 48). IRF3- and IRF7-deficient mice (18) were purchased from
Riken BioResource Center (Tsukuba, Japan), and the MEFs from the deficient
mice were obtained from day 12.5 to 13.5 embryos. MEFs were maintained in
Dulbecco’s modified Eagle’s medium (Sigma, St. Louis, MO) supplemented with
10% heat-inactivated fetal calf serum, 1.5 mM L-glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin at 37°C in a humidified atmosphere, with 5% CO,.

Viruses and reagents. AcCNPV was propagated in Spodoptera frugiperda (Sf-9)
cells in Sf-900II insect medium (Invitrogen, Tokyo, Japan) supplemented with
10% heat-inactivated fetal calf serum. AcNPV and viral DNA were purified as
previously described (1). Phosphorothioate-stabilized mouse CpG (mCpG) oli-
godeoxynucleotides (ODN1668) (TCC-ATG-ACG-TTC-CTG-ATG-CT) were
purchased from Invitrogen. Endotoxin-free bacterial DNA from Escherichia coli
K-12, poly(I:C), and imiquimod (R-837), an imidazoquinoline amine analogue to
guanosine, were purchased from InvivoGen (San Diego, CA). Lipopolysaccha-
ride (LPS) derived from Salmonella enterica serovar Minnesota (Re-595) and
chloroquine were purchased from Sigma. Vesicular stomatitis virus (VSV) vari-
ants GLPLF and NCP12.1, derived from Indiana strains, were kindly provided by
M. A. Whitt (22). The virus stocks and the other TLR ligands were free of
endotoxin (<0.01 endotoxin units/ml), as determined using a Pyrodick endotoxin
measurement kit (Seikagaku Co., Tokyo, Japan).

Production of truncated forms of gp64 protein. A recombinant baculovirus
possessing a cDNA encoding a deletion mutant of gp64 lacking a transmembrane
region (gp64ATM) was produced as described previously (1) by using a Bac-to-
Bac baculovirus expression system according to the manufacturer’s instructions
(Invitrogen). At 3 days after infection with the recombinant virus, the recombi-
nant gp64 protein was purified from the culture supernatants by use of a column
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of nickel-nitrilotriacetic acid beads (Qiagen, Valencia, CA). The protein con-
centrations were determined by using a Micro BCA protein assay kit (Pierce,
Rockford, IL). The recombinant proteins were analyzed by sodium dodecyl
sulfate-12.5% polyacrylamide gel electrophoresis under reducing conditions,
stained with GelCord Blue stain reagent (Pierce), and detected by immunoblot
analysis using antihexahistidine monoclonal antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) or anti-gp64 (AcV5), kindly provided by P. Faulkner.

Preparation of PECs and splenic DCs. To evaluate cytokine production in
macrophages in vitro, mice were intraperitoneally injected with 2 ml of 4%
thioglycolate (Sigma), and exudation cells were harvested at 3 days posttreat-
ment by peritoneal lavage. Thioglycolate-elicited PECs were seeded into 96-well
plates at a concentration of 2 X 10° cells/well and treated with various doses of
stimuli. After 24 h of incubation, culture supernatants were harvested and ana-
lyzed for cytokine production. To prepare splenocytes containing DCs or pDCs,
spleen tissue was cut into small fragments and incubated with RPMI 1640
medium containing 400 U/ml collagenase (Wako, Tokyo, Japan) and 15 pg/ml
DNase (Sigma) at 37°C for 20 min. For the last 5 min, 5 mM EDTA was added,
and single-cell suspensions were prepared after red blood cell lysis. Splenic
CD1l1c* DCs and pDCs were purified by a magnetic cell sorter system with
anti-CD11c and anti-murine plasmacytoid dendritic cell antigen 1 microbeads
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), respectively, following
the manufacturer’s instructions. Enriched cells containing >90% splenic
CD1l1c* DCs and pDCs were seeded into 96-well plates at a concentration of 2 X
10° cells/well.

Production of cytokines in vitro and in vivo. Production of IFNs (IFN-a and
-B) and proinflammatory cytokines (interleukin-6 [IL-6] and IL-12) in the culture
supernatants was determined by use of enzyme-linked immunosorbent assay
(ELISA) kits purchased from PBL Biomedical Laboratories (New Brunswick,
NJ) and BD PharMingen (San Diego, CA), respectively. To determine the effects
of endosomal maturation on cytokine production by infection with AcNPV or
transfection of baculoviral DNA, PECs and splenic CD11c* DCs were seeded
into 96-well plates at a concentration of 2 X 10° cells/well and inoculated with
AcNPV or transfected with the viral DNA encapsulated in liposomes in the
presence or absence of endosomal inhibitors, such as chloroquine. AcNPV (100
pg/mouse) was intraperitoneally inoculated into wild-type mice and mice with
knockout of the MyD88, TLRY, IFNR, or IRF7 gene, and levels of production of
IL-12, IL-6, and IFN-a in sera were determined at different time points.

Quantitative analyses of cytokine mRNA. MEFs derived from wild-type mice;
mice with knockout of the IRF3, IRF7, RIG-I, or IPS-1 gene; and mice with
double knockout of the MyD88 and TRIF genes were stimulated with AcNPV,
VSV, LPS, gp64ATM, AcNPV DNA, or poly(I:C). At 4 to 8 h posttreatment,
total RNA was prepared from the MEFs by using an RNeasy mini kit (Qiagen).
First-strand cDNA was synthesized by using a ReverTra Ace kit (Toyobo, Osaka,
Japan) and an oligo(dT),, primer. Each cDNA was estimated by use of Platinum
SYBR green qPCR SuperMix UDG (Invitrogen) according to the manufactur-
er’s protocol. Fluorescent signals were analyzed with an ABI Prism 7000 instru-
ment (Applied Biosystems, Tokyo, Japan). The mouse IFN-al, IFN-8, MCP-1
(monocyte chemoattractant protein 1), IP-10, RANTES, IL-6, and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) genes were amplified using the
primer pairs 5'-AGCCTTGACACTCCTGGTACAAATG-3" and 5'-TGGGTC
AGCTCACTCAGGACA-3', 5'-ACACCAGCCTGGCTTCCATC-3' and 5'-TT
GGAGCTGGAGCTGCTTATAGTTG-3', 5'-GCATCCACGTGTTGGCTC
A-3" and 5'-CTCCAGCCTACTCATTGGGATCA-3', 5'-TGAATCCGGAATC
TAAGACCATCAA-3" and 5'-AGGACTAGCCATCCACTGGGTAAAG-3’,
5'-GCTCAAGCCATCCTTGTGCTAA-3" and 5'-CATTGAGCTGATGGAG
GTC-3',5'-TTGGTTAAATGACCTGCAACAGGA-3" and 5'-CCACTTCACA
AGTCGGAGGCTTA-3', and 5'-ACCACAGTCCATGCCATCAC-3' and 5'-T
CCACCACCCTGTTGCTGTA-3', respectively. The expression of the mRNAs
of each of the cytokines was normalized to that of GAPDH mRNA.

In vitro cytopathic-effect assays. Induction of an antiviral state by AcNPV in
vitro was determined by the cytopathic-effect assay, as described previously (12).
Briefly, MEFs seeded in triplicate in 96-well tissue culture plates (2 X 10°
cells/well) were incubated with serial dilutions of AcNPV, poly(I:C), or mCpG
and washed with medium after 24 h of incubation. Then, VSV (GLPLF strain)
was inoculated at a multiplicity of infection (MOI) of 0.1. Cell viability was
determined by crystal violet staining at 24 h postinfection.

RESULTS

Involvement of TLR-dependent and -independent pathways
in the production of type I IFN by AcNPV in immune cells and
in mice. We have reported previously that AcNPV is capable
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FIG. 1. Involvement of the TLR pathway in the production of type I IFN by AcNPV in immune cells and in mice. (A) PECs (2 X 10° cells/well)
prepared from wild-type, MyD88-deficient, or TLR9-deficient mice were stimulated with AcNPV (10 pg/ml) at the indicated concentrations of
chloroquine. These cells were also treated with LPS (10 pg/ml) in the presence (+) or absence (—) of chloroquine (Chl) (12.5 pg/ml) (right). After
24 h of incubation, the production of IFN-a, IFN-B, and IL-12 in culture supernatants was determined by ELISA. (B) PECs (2 X 10° cells/well)
prepared from wild-type, TLR3-deficient, or TLR7-deficient mice were stimulated with AcNPV (10 pg/ml), LPS (10 wg/ml), VSV (NCP mutant,
MOI of 0.1), or poly(I:C) (pIC) (50 wg/ml). After 24 h of incubation, production of IFN-« in culture supernatants was determined by ELISA.
(C) PEC:s prepared as described for panel A were transfected with AcNPV DNA (Ac) (25 ng/ml), E. coli DNA (Ec) (25 pg/ml), or mCpG (CpG)
(1 wg/ml). After 24 h of incubation, production of IFN-a, IFN-B, and IL-12 in the culture supernatants was determined by ELISA. (D) Splenic
pDCs (2 X 10° cells/well) prepared from wild-type, MyD88-deficient, or TLR9-deficient mice were stimulated with ACNPV (10 wg/ml). After 24 h
of incubation, production of IFN-« in the culture supernatants was determined by ELISA. (E) AcNPV (100 pg/mouse) was intraperitoneally
inoculated into wild-type, MyD88-deficient, or TLR9-deficient mice, and levels of IFN-« and IL-12 production in sera were determined by ELISA
at the indicated time points. Data are shown as the means = standard deviations.

of producing type I IFN in PECs and splenic CD11c" DCs
through a partially MyD88/TLR9-independent pathway (1).
Although many studies of the production of type I IFN upon
infection with DNA or RNA viruses have been conducted, the
precise mechanisms of IFN production by AcNPV remain un-
clear. To clarify the mechanisms of induction of type I IFN by
AcNPV in more detail, we examined the effect of inhibitors of
endosomal maturation on the production of type I IFN by
AcNPV in PECs derived from wild-type and MyD88- or TLRY-
deficient mice. As shown in Fig. 1A, chloroquine clearly inhib-
ited TLR9- or MyD88-dependent IL-12 production in PECs
upon infection with AcNPV in a dose-dependent manner but
not in cells from TLR9-deficient mice treated with LPS, prob-
ably due to the activation of TLR4 on the plasma membrane.

In contrast, AcNPV produces IFN-a and IFN-B through a
TLRY-independent and partially MyD88-dependent pathway
in PECs, whereas production of type I IFN by AcNPV in PECs
was resistant to chloroquine treatment (Fig. 1A). These results
indicate that AcNPV produces proinflammatory cytokines and
type I IFN in PECs through a TLR-dependent and a TLR-
independent pathway, respectively. Furthermore, AcNPV in-
duces type I IFN in PECs through an endocytosis-independent
pathway. AcNPV also produced type I IFN in CD11c¢" DCs
through a TLRY-independent and partially MyD88-dependent
pathway, as seen with the PECs, whereas type I IFN produc-
tion in CD11c™ DCs by AcNPV was sensitive to chloroquine
treatment in a dose-dependent manner (data not shown). The
partial impairment of IFN-a production in MyD88-deficient
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mice suggests that other TLRs may be involved in IFN pro-
duction by AcNPV. However, PECs from mice deficient in
TLR3 and TLR7, which recognize dsRNA and single-stranded
RNA, respectively, exhibited no reduction of IFN-a produc-
tion upon infection with AcNPV (Fig. 1B). These results sug-
gest that a novel cytoplasmic DNA-sensing mechanism other
than TLR3, TLR7, and TLRO signaling pathways might be
involved in the production of type I IFN in PECs upon infec-
tion with AcNPV.

Although AcNPV contains a high level of unmethylated
CpG DNA comparable to that found in the genomes of E. coli
and HSV (1), the involvement of a TLR9/MyD8S8 signal path-
way in the production of type I IFN by the AcCNPV genome
remains unclear. E. coli DNA and phosphorothioate-stabilized
mCpG oligonucleotides (ODN1668) were capable of produc-
ing a large amount of IL-12 in PECs through a TLR9/MyD8§8-
dependent pathway, whereas production of type I IFN was not
induced by the ligands (Fig. 1C). Production of IL-12 and
IFN-a in PECs transfected with the purified baculoviral DNA
was impaired by knockout of the TLRY or the MyDS88 gene,
whereas substantial amounts of IFN-B were still produced in
PECs derived from MyD88- or TLR9-deficient mice (Fig. 1C).
These results suggest that a TLR9/MyD88-independent DNA
recognition pathway participates in the production of type I
IFN in PECs in response to the AcNPV genome.

pDCs are known as master producers of type I IFN upon
virus infection, and IFN production is largely dependent on the
TLR signaling pathway (11). IFN-a production in pDCs
derived from TLR9- or MyD88-deficient mice was severely
impaired in response to AcNPV stimulation (Fig. 1D), sug-
gesting that AcNPV induces IFN-a production in pDCs
through a TLR9/MyD88-dependent pathway. Next, to ex-
amine the mechanisms of induction of type I IFN by AcNPV
in vivo, AcNPV was intraperitoneally inoculated into wild-type
and MyD88- or TLR9-deficient mice, and levels of IFN-a and
IL-12 production in sera were determined. TLR9- or MyD88-
deficient mice exhibited a level of serum IFN-a similar to that
of wild-type mice upon infection with AcNPV, whereas IL-12
production in the deficient mice was severely impaired (Fig.
1E). These results suggest that non-pDCs participate in the
production of type I IFN through a TLR9/MyD88-indepen-
dent pathway in response to AcNPV in vivo, in contrast to the
TLR9/MyD88-dependent production of proinflammatory cy-
tokines. Collectively, these results indicate that both TLR-
dependent and -independent pathways are involved in the pro-
duction of type I IFN in immune cells, including PECs,
CD11c" DCs, and pDCs, in response to AcNPV.

IRF7 plays a crucial role in the production of type I IFN by
AcNPV in immune cells and in mice. Both IRF3 and IRF7 are
required for the production of type I IFN through a classical
pathway activated by viral infection (18, 41). Therefore, we
examined the involvement of IRF3 and IRF7 in the production
of type I IFN in response to AcNPV by using PECs and splenic
CD11c* DCs derived from IRF3- and IRF7-deficient mice
(Fig. 2A). IFN-a production in the IRF7-deficient PECs and
splenic CD11c¢™ DCs in response to AcNPV or VSV was im-
paired, whereas such production was still active in the IRF3-
deficient immune cells. IFN-B production in PECs was im-
paired in the IRF3- or IRF7-deficient mice in response to
AcNPYV, although significant amounts of IFN-f were produced
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in the IRF3- or IRF7-deficient PECs upon infection with VSV.
In contrast to the PECs, IRF3-deficient splenic CD11c* DCs
produced a level of IFN-f comparable to that in the wild-type
cells in response to AcNPV. In response to VSV infection,
production of IFN-B in the deficient immune cells was less
impaired. Although enhancement of IL-12 production in the
IRF3-deficient PECs and splenic CD11c* DCs in response to
AcNPYV or VSV was observed, similar levels of IL-12 produc-
tion were observed in the IRF7-deficient immune cells and in
wild-type cells in response to AcNPV or VSV.

There is circumstantial evidence that IRF7 plays a role in the
MyD88-dependent production of IFN-« by activating the TLR
in pDCs (17, 25). Therefore, we next examined the IFN-a
production in pDCs obtained from IRF7-deficient mice. Con-
sistent with the previous observations, IFN-a production in
response to AcNPV was completely abolished in the IRF7-
deficient pDCs (Fig. 2B). Furthermore, production of IFN-q,
but not that of IL-12 and IL-6, in response to AcNPV in
IRF7-deficient mice was severely impaired (Fig. 2C). These
results suggest that IRF7 plays a crucial role in the production
of type I IFN upon infection with AcNPV in the immune cells
and in vivo.

Involvement of the IFNR signaling pathway in the produc-
tion of type I IFN by AcNPV. The many subtypes of IFN-a and
IFN-B are released from infected cells and bind to a single
IFNR, and receptor-mediated signal transduction induces the
expression of numerous IFN-stimulated genes whose products
interfere with viral replication. To determine the involvement
of the IFNR-mediated signal transduction in the induction of
the innate immune response by AcNPV infection, production
of IFN-q, IFN-B, and IL-12 in PECs and splenic CD11¢™ DCs
derived from IFNR-deficient mice after stimulation with
AcNPYV or poly(I:C) was examined. Production of IFN-«a and
IFN-B was significantly impaired by AcNPV or poly(I:C) in the
IFNR-deficient PECs and splenic CD11c" DCs (Fig. 3A and
B), whereas IL-12 production in the deficient immune cells was
comparable to that in the wild-type cells. In contrast to the in
vitro data, production of IFN-« in the sera of IFNR-deficient
mice was still detectable and exhibited a partial impairment at
6 h posttreatment (Fig. 3C). These results suggest that produc-
tion of type I IFN in vitro in response to AcNPV is regulated
mainly by an IFNR-mediated signal pathway, whereas an
IFNR-independent pathway is additionally involved in the pro-
duction of type I IFN in response to AcNPV in vivo.

Envelope glycoprotein gp64 does not participate in the im-
mune activation by AcNPV. A previous study demonstrated
that the recombinant envelope glycoprotein of AcNPV lacking
a transmembrane domain (gp64ATM) did not produce proin-
flammatory cytokines or type I IFN in a murine macrophage
cell line, RAW264.7 (1). However, the ability of gp64ATM to
induce an innate immune response in primary mouse immune
cells and nonimmune cells has not yet been examined. To
determine the involvement of the envelope glycoprotein of
AcNPV in immune activation, we prepared a C-terminally
six-His-tagged gp64 lacking the transmembrane region (His-
gp64ATM), as described previously (1), and examined its abil-
ity to activate primary mouse cells, such as PECs, splenic
CDl11c* DCs, and MEFs. His-gp64ATM was purified as a
homogeneous band and was clearly detected by anti-His and
anti-gp64 antibodies (Fig. 4A). Although infection with
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FIG. 2. IRF7 plays a crucial role in the production of type I IFN by AcNPV in immune cells and in mice. (A) PECs and splenic CD11c" DCs
(2 X 10° cells/well) prepared from wild-type, IRF3-deficient, or IRF7-deficient mice were stimulated with the indicated amounts of AcNPV or VSV
(NCP mutant, MOI of 0.1). After 24 h of incubation, the production of IFN-a, IFN-8, and IL-12 in culture supernatants was determined by ELISA.
(B) Splenic pDCs (2 X 10 cells/well) prepared from wild-type or IRF7-deficient mice were stimulated with the indicated amounts of AcNPV. After
24 h of incubation, production of IFN-a in culture supernatants was determined by ELISA. (C) AcNPV (100 pg/mouse) was intraperitoneally
inoculated into wild-type and IRF7-deficient mice, and levels of IL-12, IL-6, and IFN-a production in sera were determined by ELISA at the

indicated times. Data are shown as the means * standard deviations.

AcNPV produced large amounts of IL-12 and IFN-« in PECs
and splenic CD11c™ DCs, only a low level of IL-12 production
was detected after infection with His-gp64ATM (Fig. 4B). Fur-
thermore, infection with AcNPV resulted in rapid production
of IFN-B, inflammatory cytokines, and chemokines, including
IL-6, MCP-1, RANTES, and IP-10, in MEFs, in contrast to the
low level of production of the cytokines by infection with His-
gp64ATM (Fig. 4C). These results suggest that the envelope
glycoprotein, gp64, does not play an important role in the
immune activation by AcNPV.

AcNPV produces IFN-B and IFN-inducible chemokines
through a TLR-independent and IRF3-dependent pathway in
MEFs. We next examined the involvement of the TLR signal-
ing pathway in immune activation by AcNPV in MEFs. MEFs
were isolated from wild-type and MyDS88/TRIF double knock-
out mice, and the production of cytokines after stimulation
with AcNPV, VSV, LPS, or poly(I:C) was determined by
ELISA and real-time PCR. In the MyD88/TRIF-deficient
MEFs, the production of IL-6 was severely impaired in re-
sponse to AcNPV and LPS, whereas no effect was observed
after treatment with VSV or poly(I:C) (Fig. 5A, top). In con-
trast, the production of IFN-B in MEFs in response to AcNPV,

VSV, or poly(I:C) was not affected by knockout of the MyD88/
TRIF genes. LPS did not induce IFN-B production in either
wild-type or MyD88/TRIF-deficient MEFs (Fig. SA, bottom).
Comparable levels of mRNA of IFN-B and IFN-inducible
chemokines, including MCP-1, RANTES, and IP-10, were
detected in wild-type and MyD88/TRIF knockout MEFs in
response to AcNPV (Fig. 5B). These results suggest that a
TLR-dependent pathway participates in the production of
proinflammatory cytokines by AcNPV in MEFs, as seen with
the immune cells, while AcNPV produces IFN-B and IFN-
inducible chemokines in MEFs through a TLR-independent
pathway.

Next, to determine the involvement of IRF3 and IRF7 in the
immune activation in MEFs by AcNPV, wild-type and IRF3-
or IRF7-deficient MEFs were treated with AcNPV, LPS, or
VSV, and the production of cytokines was determined by
ELISA and real-time PCR. Production of IL-6 in IRF3 or
IRF7 knockout MEFs after treatment with AcNPV, VSV, or
LPS was comparable to that in wild-type MEFs (Fig. 5C, top).
In contrast, production of IFN-B was impaired in IRF3- and
IRF7-deficient MEFs in response to AcNPV and VSV, respec-
tively, while LPS induced no IFN production in either type of
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FIG. 3. Involvement of the IFNR signaling pathway in the production of type I IFN by AcNPV. (A and B) PECs (A) and splenic CD11c* DCs
(B) (2 X 10° cells/well) prepared from wild-type and IFNR-deficient mice were stimulated with the indicated amounts of AcNPV or poly(I:C) (pIC)
(50 pg/ml). After 24 h of incubation, the production of IFN-«, IFN-B, or IL-12 in culture supernatants was determined by ELISA. (C) AcNPV
(100 pg/mouse) was intraperitoneally inoculated into wild-type and IFNR-deficient mice, and levels of IFN-a and IL-12 production in sera were
determined by ELISA at the indicated time points. Data are shown as the means * standard deviations.

MEF (Fig. 5C, bottom). Although robust transcription of
IFN-B and IFN-inducible chemokines in response to AcNPV
was detected in wild-type and IRF7-deficient MEFs, transcrip-
tion of the genes in response to AcCNPV was severely impaired
in IRF3-deficient MEFs (Fig. 5D). These results indicate that
AcNPV induces the production of IFN-B and IFN-inducible
chemokines through a TLR-independent and IRF3-dependent
pathway in MEFs, in contrast to the TLR-dependent and
IRF3/IRF7-independent production of IL-6.

AcNPYV induces antiviral status in MEFs through an IRF3-
dependent pathway. To further examine the involvement of
IRF3 in the induction of antiviral status in MEFs in re-
sponse to AcNPV, wild-type and IRF3-deficient MEFs were
transfected with the baculoviral DNA, and the mRNAs of
the cytokines were measured. Transcription of IFN-B, IFN-

al, MCP-1, RANTES, and IP-10, but not that of IL-6, was
impaired in IRF3-deficient MEFs upon transfection with bacu-
loviral DNA (Fig. 6A).

To determine the involvement of endosomal maturation in
the immune activation by AcNPV, the effect of chloroquine on
the production of IFN-B and IL-6 in response to AcNPV or
LPS was examined. Pretreatment with chloroquine reduced
the secretion of IFN-B and IL-6 in MEFs in a dose-dependent
manner in response to AcNPV infection but exhibited no effect
on IL-6 production in MEFs by LPS treatment (Fig. 6B),
suggesting that the impairment of IFN-B and IL-6 production
was not due to the cytotoxicity of chloroquine. These results
indicate that endosomal maturation is required for the induc-
tion of the innate immune response by AcNPV in MEFs.

Next, to determine the antiviral effects of the immune acti-
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FIG. 4. Immune activation by AcNPV is not mediated by gp64.
(A) His-gp64ATM expressed in Sf-9 cells was purified and subjected to
sodium dodecyl sulfate-12.5% polyacrylamide gel electrophoresis un-
der reducing conditions. Molecular size markers (lane M), purified
AcNPV nparticles (lanes 1), and His-gp64ATM (lanes 2) were visual-
ized by Coomassie blue (CBB) staining (left) and immunoblotting
using antihexahistidine monoclonal antibody (middle) and anti-gp64
antibody (AcV5) (right). (B) PECs and splenic CD11c¢* DCs (2 X 10°
cells/well) prepared from wild-type mice were stimulated with Ac(NPV
(10 pg/ml) or His-gp64ATM (gp64) (20 pg/ml). After 24 h of incuba-
tion, production of IL-12 and IFN-« in culture supernatants was de-
termined by ELISA. (C) MEFs (3 X 10° cells/well) prepared from
wild-type mice were stimulated with AcNPV (10 pg/ml) or His-
gp64ATM (20 pg/ml). At 4 h or 8 h poststimulation, total RNA was
extracted and expression of mRNA of IFN-B, IL-6, MCP-1, RANTES,
and IP-10 was determined by real-time PCR. Data are shown as the
means * standard deviations.

vation by AcNPV in MEFs, wild-type MEFs were pretreated
with AcNPV or poly(I:C) and challenged with VSV (GLPLF
mutant). Pretreatment with AcNPV (0.016 pg/ml to 2 pwg/ml)
or poly(I:C) (0.2 pg/ml to 25 pg/ml) conferred antiviral status
against VSV infection in MEFs in a dose-dependent manner
(Fig. 6C, left, and E). However, the induction of antiviral status
by AcNPV or poly(I:C) treatment was completely abrogated in
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IRF3-deficient MEFs (Fig. 6C, right). On the other hand,
pretreatment with IFN-« (10" to 10* U/ml) conferred antiviral
status against VSV infection in both IRF knockout MEFs in a
dose-dependent manner (Fig. 6D). These results clearly indi-
cate that IRF3 plays a crucial role in the induction of antiviral
status in MEFs by AcNPV.

Involvement of a TLR- and RIG-I/IPS-1-independent sig-
naling pathway in immune activation by AcNPV. TLR3 has
been shown to recognize viral dsSRNA as well as a synthetic
dsRNA analogue, poly(I:C), in the intracellular compartment.
Recently, RIG-I and MDAS have been identified as TLR-
independent cytoplasmic RNA detectors and shown to induce
type I IFN production through an adaptor molecule, IPS-1,
that localizes in mitochondria (26, 36, 42, 47). To examine the
involvement of TLR-independent cytoplasmic DNA-sensing
machinery in the immune activation by AcNPV, as seen in the
recognition of intracellular RNA, the production of type I IFN
and IFN-inducible chemokines in PECs and splenic CD11c*
DCs derived from RIG-I-, MDAS-, or IPS-1-deficient mice was
examined. Type I IFN production in PECs and splenic
CD11c* DCs in response to VSV and poly(I:C) was impaired
by knockout of IPS-1, whereas AcNPV produced a significant
amount of the IFNs in the IPS-1 knockout immune cells (Fig.
7A). Furthermore, IFN production in the immune cells in
response to VSV was abrogated by knockout of the RIG-I
gene but not by knockout of the MDAS gene; however,
AcNPV produced significant amounts of the IFNs in the RIG-I
or MDAS knockout immune cells (data not shown).

Next, to determine whether IPS-1 is involved in the produc-
tion of type I IFN and IFN-inducible chemokines in MEFs in
response to AcNPV, production of the cytokines in the IPS-1-
deficient MEFs in response to VSV or AcNPV was examined
(Fig. 7B). Production of IFN-B, IL-6, MCP-1, RANTES, and
IP-10 was severely impaired in IPS-1-deficient MEFs upon
VSV infection, whereas AcNPV produced substantial amounts
of the cytokines in the IPS-1-deficient MEFs in spite of a slight
reduction in IFN-B and IL-6 production (Fig. 7B). Similarly,
production of the IFN-inducible chemokines in MEFs infected
with VSV, but not with AcNPV, was also severely impaired by
knockout of the RIG-I gene (data not shown). Collectively,
these results suggest that a novel TLR- and RIG-I/IPS-1-inde-
pendent signaling pathway(s) participated in the production of
type I IFN and the IFN-inducible chemokines in both immu-
nocompetent cells and MEFs in response to AcNPV infection.

DISCUSSION

Recent progress has been made in the identification of re-
ceptors, signal transduction molecules, and transcription fac-
tors that are required for the induction of type I IFN in cells
upon infection with RNA and DNA viruses, as well as for the
robust IFN production in pDCs, suggesting the presence of
multiple signaling pathways for type I IFN induction (17, 23,
25). Production of type I IFN was shown to be induced through
a number of different pathways in a cell-type-specific manner
upon infection with HSV (40), although the precise mecha-
nisms involved in sensing the foreign DNA of microorganisms
remain largely unknown. In this study, we have examined the
molecular mechanisms of type I IFN induction by AcNPV
infection both in professional immune cells, including pDCs,
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FIG. 5. AcNPV produces IFN-B and IFN-inducible chemokines through a TLR-independent and IRF3-dependent pathways in MEFs.
(A) MEFs (2 X 10* cells/well) prepared from wild-type or MyD88/TRIF double knockout mice were stimulated with AcNPV (10 pg/ml), VSV
(NCP mutant, MOI of 0.1), LPS (10 wg/ml), or poly(I:C) (pIC) (50 pg/ml). After 24 h of incubation, production of IL-6 and IFN-B in culture
supernatants was determined by ELISA. (B) MEFs (3 X 10° cells/well) prepared from wild-type or MyD88/TRIF double knockout mice were
stimulated with AcNPV (10 pg/ml). Total RNA was extracted at the indicated time points, and the expression of mRNA of IFN-B, MCP-1,
RANTES, and IP-10 was determined by real-time PCR. (C) MEFs (2 X 10* cells/well) prepared from wild-type, IRF3-deficient, or IRF7-deficient
mice were stimulated with AcNPV (10 pg/ml), LPS (10 pg/ml), or VSV (NCP mutant, MOI of 0.1). After 24 h of incubation, the production of
IL-6 and IFN-B in culture supernatants was determined by ELISA. (D) MEFs (3 X 10° cells/well) prepared from wild-type, IRF3-deficient, or
IRF7-deficient mice were stimulated with AcNPV (10 pg/ml). Total RNA was extracted at the indicated time points, and the expression of mRNA
of IFN-B, MCP-1, RANTES, and IP-10 was determined by real-time PCR. Data are shown as the means * standard deviations.

PECs, and splenic CD11c™* DCs, and in nonimmune cells and
raised the possibility of the involvement of a novel TLR- and
IPS-1-independent pathway in the production of type I IFN in
vitro as well as in vivo in response to AcNPV infection.

The frequency of bioactive CpG motifs capable of inducing
immune activation through a TLR9-dependent pathway in the
AcNPYV genome was similar to that in E. coli and HSV and was
significantly higher than that in entomopoxvirus (1, 51). Fur-
thermore, it was shown that HSV and murine cytomegalovirus
produce inflammatory cytokines and type I IFN through both
TLR9-dependent and -independent pathways (7, 15, 29, 32,
44). Recently, it was also reported that adenovirus DNA pro-
duced IL-6 and IFN-a through an entirely TLR/MyD88-inde-
pendent pathway in non-pDCs (53), although the presence of

the CpG motifs in the adenoviral genome has not yet been
determined. The current model of TLRY activation by viral
DNA is as follows. The virus particles are internalized into
cells and degraded within the endocytic vesicles, and the di-
gested viral genome subsequently actives TLR9 localized in the
endosomal compartments. Treatment with inhibitors for endo-
somal maturation or acidification efficiently inhibits TLR7 and
TLRO activation by viral RNA and DNA, respectively (8, 32,
33). Interestingly, the production of type I IFN in PECs upon
infection with AcNPV was resistant to pretreatment with en-
docytosis inhibitors, suggesting that the cytoplasmic recogni-
tion of AcNPV by TLR-independent immune sensors may be
required for type I IFN production in PECs. The purified
AcNPV DNA encapsulated in liposomes induced the produc-
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FIG. 6. AcNPV induces antiviral status in MEFs through an IRF3-dependent pathway. (A) MEFs (3 X 10° cells/well) prepared from wild-type
and IRF3-deficient mice were transfected with AcNPV DNA (25 pg/ml). Total RNA was extracted at the indicated time points, and the expression
of mRNA of IFN-B, IFN-a1, MCP-1, RANTES, IL-6, and IP-10 was determined by real-time PCR. (B) MEFs (2 X 10% cells/well) prepared from
wild-type mice were stimulated with AcNPV (10 wg/ml) or LPS (10 wg/ml) in the presence of the indicated concentrations of chloroquine. After
24 h of incubation, production of IL-6 and IFN-B in culture supernatants was determined by ELISA. (C) MEFs (2 X 10* cells/well) prepared
from wild-type and IRF3-deficient mice were incubated with AcNPV (0.016 wg/ml to 2 wg/ml) or poly(I:C) (0.2 pg/ml to 25 pg/ml). After
24 h of incubation, cells were washed extensively with warm medium and infected with VSV (GLPLF mutant, MOI of 0.1). Cell viability was
determined at 24 h postinfection by crystal violet staining and quantitated by spectroscopy. (D) MEFs (2 X 10* cells/well) prepared from
wild-type, IRF3-deficient, or IRF7-deficient mice were incubated with serial dilutions of murine IFN-« (10" to 10* U/ml). After 24 h of incubation,
cells were washed extensively with warm medium and infected with VSV (GLPLF strain, MOI of 0.1). Cell viability was determined at 24 h
postinfection by crystal violet staining and quantitated by spectroscopy. Values are plotted as means from the triplicate wells. Data are shown as
means * standard deviations. (E) Microscopic observation of MEFs from wild-type mice, showing the antiviral status against VSV infection by
the treatment with AcNPV or poly(I:C) in a dose-dependent manner. PC, infected cells; Mock, mock-infected cells. Samples are shown at a
magnification of X40.

tion of type I IFN through both TLR9/MyD88-dependent and
-independent pathways in PECs. These results indicate that
the genomic DNA of AcNPV is recognized by at least two
different pathways, TLR9-dependent endosomal recognition
and TLRY-independent cytoplasmic recognition, and that type
I IFN production by AcNPV is totally dependent on the latter

process. However, the precise mechanisms of the immune ac-
tivation of immunocompetent cells by AcCNPV DNA through a
TLR-independent pathway remain unknown. Therefore, fur-
ther studies are needed to determine the molecular mecha-
nisms underlying the type I IFN production through a TLR-
independent cytoplasmic sensor for baculovirus DNA.
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FIG. 7. Role of IPS-1 in immune activation by AcNPV. (A) PECs and splenic CD11c*™ DCs (2 X 10° cells/well) prepared from wild-type and
IPS-1-deficient mice were stimulated with AcNPV (10 pg/ml), VSV (NCP mutant, MOI of 0.1), or poly(I:C) (pIC) (50 pg/ml). After 24 h of
incubation, production of IFN-a and IFN-B in culture supernatants was determined by ELISA. (B) MEFs (3 X 10° cells/well) prepared from
wild-type and IPS-1-deficient mice were stimulated with AcNPV (10 pwg/ml) or VSV (NCP mutant, MOI of 0.1). Total RNA was extracted at the
indicated time points, and the expression of mRNA of IFN-B, MCP-1, RANTES, IL-6, and IP-10 was determined by real-time PCR. Data are

shown as the means * standard deviations.

A novel TLR-independent cytosolic surveillance system for
transfected dsDNA that elicits type I IFN induction through a
TANK binding kinase 1 (TBK1)/IkB kinase-related kinase
(IKKi)/IRF3 pathway has been shown to exist (19, 43). Our
preliminary data also indicate that type I IFN production was
severely reduced in TBKI-deficient MEFs in response to
AcNPYV and insufficient to protect cells from VSV infection
(data not shown), suggesting the involvement of TBKI in
AcNPV-induced immune activation. Recently, a cytoplasmic
recognition receptor, DAI (DNA-dependent activator of
IRFs), was shown to be activated by dsDNA from a variety of
sources and to produce type I IFN through an IRF3 and
probably IRF7 pathway (45). However, there are conflicting
reports suggesting a lack of impairment of type I IFN produc-
tion in DAI knockout mice and DAI knockdown murine mac-

rophages or MEFs in response to dsDNA of synthetic B-form
DNA and from bacteria (4, 20). In this study, we have shown
that splenic CD11c¢™ DCs derived from IRF3-deficient mice
produced a level of type I IFN compatible with that in wild-
type mice in response to AcNPV, in contrast to the lack of
IFN-B production in the PECs derived from the IRF3-deficient
mice. More recently, two groups reported the identification of
a membrane protein, termed mitochondrial mediator of IRF3
activation (MITA) or stimulator of IFN genes (STING), that
activates IRF3 to induce a type I IFN response to viral infection
(21, 52). Although both groups described slightly different char-
acterizations of MITA, or STING, in terms of localization and
signal transduction, both groups exhibited the opinion that MITA
or STING plays a critical role in type I IFN production by B-form
DNA. Although DAI-mediated type I IFN production was more
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dependent on IRF3 than on IRF7, the cytoplasmic DNA sensors,
including DAI and MITA or STING, may participate in the
induction of type I IFN upon infection with AcNPV.

In the cytoplasm, RIG-I and MDAS are critically involved in
the recognition of dsRNA, and the adaptor molecule IPS-1
interacts with RIG-I and MDAS to facilitate TBK1- and IKKi-
mediated IRF3 and IRF7 activation, which leads to termina-
tion of the replication of RNA viruses through the helicase
function. In addition, RIG-I has been shown to discriminate
viral RNAs from the vast number and variety of cellular RNAs
by recognizing a terminal 5" triphosphate, but not 5" OH or a
5" methylguanosine cap (37, 39). In this study, both RIG-I- and
IPS-1-deficient MEFs but not immunocompetent cells partially
impaired the production of IFN-B and IL-6, but not that of
MCP-1, RANTES, and IP-10, in response to AcNPV, suggest-
ing the possible generation of dsSRNA in MEFs upon infection
with AcNPV in spite of the lack of replication. Although there
is no evidence for the functional expression of the viral pro-
teins, transcription of immediate-early genes of baculovirus
was detected in HeLa and BHK cells upon infection with
AcNPV by DNA microarray analysis (10) and in HEK293 cells
and rat primary Schwann cells upon infection with Bombyx
mori NPV by reverse transcription-PCR (27). These reports
are consistent with our observations that the RIG-I/IPS-1 path-
way partially participates in type I IFN induction by AcNPV
infection in MEFs.

We have shown previously that an intranasal inoculation of
AcNPYV induces protective immunity from a lethal challenge of
influenza A virus in mice (2) and that AcNPV produces type I
IFN in immune cells of mice via a TLR9/MyD88-independent
pathway (1). Our present studies further confirmed that
AcNPYV induces a strong antiviral immunity through a TLR-
independent pathway. Although further studies are needed to
clarify the precise mechanisms underlying the antiviral re-
sponses, a TLR-independent and probably TBK1-IRF3/IRF7-
dependent signaling pathway may contribute to the induction
of protective immunity against viral challenge induced by
AcNPV infection in vivo.
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