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Baculovirus Induces Type I Interferon Production through Toll-Like
Receptor-Dependent and -Independent Pathways in a
Cell-Type-Specific Manner”
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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 CD11¢* 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-$ 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-B
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 AcNPYV infection.

The baculovirus Autographa californica nuclear polyhedrosis
virus (AcNPV) is an enveloped, double-stranded-DNA (dsDNA)
virus that is pathogenic primarily to insects. ACNPV 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 CD11¢* DCs derived from TLR9Y- or
MyD88-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 CD11c* DCs (1).

Induction of type 1 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 T 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 TIFN gene (24).
RIG-1 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 dSsDNA
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
AcNPYV 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 CD11c¢* DCs,
whereas it was dependent on IRF3 in MEFs. These results
suggest that AcNPV is capable of producing type I IFN
through both TLR9-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-af 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. ACNPV was propagated in Spodoptera frugiperda (S£-9)
cells in Sf-900I1 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° cellsfwell 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
CDl11c™ 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
CDl1c* DCs and pDCs were seeded into 96-well plates at a concentration of 2 X
10° celisfwell.

Production of cytokines in vitro and in vivo. Production of IFNs (IFN-« 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 CD1ic* 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, TLR9Y, 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-B, 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°
cellsfwell) were incubated with serial dilutions of AcNPV, poly(: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 p.g/ml) in the presence (+) or absence (—) of chloroquine (Cht) (12.5 wg/mi) (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/mt), LPS (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 in culture supernatants was determined by ELISA.
(C) PECs prepared as described for panel A were transfected with AcNPV DNA (Ac) (25 pg/ml), E. coli DNA (Ec) (25 pg/ml), or mCpG (CpG)
(1 pg/ml). After 24 h of incubation, production of IFN-a, IFN-8, and TL-12 in the culture supernatants was determined by ELISA. (D) Splenic
pDCs (2 X 10° cells/well) prepared from wild-type, MyD88-deficient, or TLRO-deficient mice were stimulated with ACNPV (10 pg/ml). After 24 h
of incubation, production of IFN-« in the culture supernatants was determined by ELISA. (E) AcNPV (100 wg/mouse) was intraperitoneally

inoculated into wild-type, MyD88-deficient, or TLR9-deficient mice, and

levels of IFN-o 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/TLRY-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 TLR9-
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-« 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 TLR9-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 TLRY 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 AcNPV 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/MyD88-
dependent pathway, whereas production of type I IFN was not
induced by the ligands (Fig. 1C). Production of 11-12 and
IFN-a in PECs transfected with the purified baculoviral DNA
was impaired by knockout of the TLR9 or the MyD88 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-« and
IL-12 production in sera were determined. TLR9- or MyD88-
deficient mice exhibited a level of serum IFN-« similar to that
of wild-type mice upon infection with AcNPV, whereas 1L-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
AcNPYV 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 stiil 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-8 were produced

J. VIROL,

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-B 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
AcNPV 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-a 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-«, IFN-8, and IL-12 in PECs and splenic CD11c* DCs
derived from IFNR-deficient mice after stimulation with
AcNPYV or poly(I:C) was examined. Production of IFN-a and
IFN- was significantly impaired by AcNPV or poly(I:C) in the
IFNR-deficient PECs and splenic CD11¢* 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-a 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 AcNPYV 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 AcNPYV 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
CD11c¢* 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° cellshvell) prepared from wild-type, IRF3-deficient, or IRF7-deficient mice were stimulated with the indicated amounts of ACNPV or VSV
(NCP mutant, MOT of 0.1). After 24 h of incubation, the production of IFN-o, IFN-, and IL-12 in culture supernatants was determined by ELISA.
(B) Splenic pDCs (2 % 10° cells/well) prepared from wild-type or IRF7-deficient mice were stimulated with the indicated amounts of ACNPV. After
24k 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 1L-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-a 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-p, 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 TFN-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 MyD88/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 AcCNPV in MEFs, as seen with
the immune cells, while AcNPV produces IFN- 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 CD11¢* DCs
(B) (2 X 10° cellsiwell) 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-a, IFN-8, 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-« 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 AcCNPV
was detected in wild-type and IRF7-deficient MEFs, transcrip-
tion of the genes in response to AcNPV 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-@, 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 AcCNPV infection but exhibited no effect
on IL-6 production in MEFs by LPS treatment (Fig. 6B),
suggesting that the impairment of IFN-g 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 S£-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 particles (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°
cellspwell) prepared from wild-type mice were stimulated with AcNPV
{10 pg/ml) or His-gp64ATM (gp64) (20 pg/ml). After 24 h of incuba-
tion, production of IL-12 and IFN-o 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/mi) or His-
gp64ATM (20 pg/mi). At 4 h or 8 h poststimulation, total RNA was
extracted and expression of mRNA of IFN-, IL-6, MCP-1, RANTES,
and TP-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 pg/ml)
or poly(L: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

CELL-TYPE-SPECIFIC INDUCTION OF TYPE I IFN BY AcNPV 7635

IRF3-deficient MEFs (Fig. 6C, right). On the other hand,
pretreatment with IFN-a (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 1 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(1: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-@, 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 AcCNPV, was also severely impaired by
knockout of the RIG-I gene {data not shown). Collectively,
these results suggest that a novel TLR- and RIG-1/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 pg/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 wg/ml), or VSV (NCP mutant, MOI of 0.1). After 24 h of incubation, the production of
IL-6 and IFN- 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
TLRY-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 TLRY localized in the
endosomal compartments. Treatment with inhibitors for endo-
somal maturation or acidification efficiently inhibits TLR7 and
TLRY activation by viral RNA and DNA, respectively (8, 32,
33). Interestingly, the production of type I IFN in PECs upon
infection with AcCNPV 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 pg/ml) or LPS (10 pg/ml) in the presence of the indicated concentrations of chloroguine. After
24 h of incubation, production of IL-6 and IFN- in cuiture 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 pg/mi to 2 pg/ml) or poly(I:C) (0.2 pg/ml to 25 wg/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-a (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 ACNPV 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 pg/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-8, 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)/IxB 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 TBKI1-deficient MEFs in response to
AcNPV and insufficient to protect cells from VSV infection
(data not shown), suggesting the involvement of TBK1 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-8 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-1 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 dsRNA 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
AcNPV 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
AcNPV 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
AcNPYV infection in vivo.
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Hepatitis B Virus X Protein Shifts Human Hepatic
Transforming Growth Factor (TGF)-B Signaling from
Tumor Suppression to Oncogenesis in Early Chronic

Hepatitis B

Miki Murata,' Koichi Matsuzaki,' Katsunori Yoshida,! Go Sekimoto,' Yoshiya Tahashi,! Shigeo Mori,' Yoshiko Uemura,?
Noriko Sakaida,? Junichi Fujisawa,’ Toshihito Seki,' Kazuki Kobayashi,* Koutaro Yokote,* Kazuhiko Koike,’ and

Kazuichi Okazaki!

Hepatitis B virus X (HBx) protein is suspected to participate in oncogenesis during chronic
hepatitis B progression. Transforming growth factor B (TGF-p) signaling involves both
tumor suppression and oncogenesis. TGF-B activates TGF-B type I receptor (TBRI) and
c-Jun N-terminal kinase (JNK), which differentially phosphorylate the mediator Smad3 to
become C-terminally phosphorylated Smad3 (pSmad3C) and linker-phosphorylated Smad3
(pSmad3L). Reversible shifting of Smad3-mediated signaling between tumor suppression
and oncogenesis in HBx-expressing hepatocytes indicated that TBRI-dependent pSmad3C
transmitted a tumor-suppressive TGF-f signal, while JNK-dependent pSmad3L promoted
cell growth. We used immunostaining, immunoblotting, and in vitro kinase assay to com-
pare pSmad3L- and pSmad3C-mediated signaling in biopsy specimens representing chronic
hepatitis, cirrhosis, or hepatocellular carcinoma (HCC) from 90 patients chronically in-
fected with hepatitis B virus (HBV) with signaling in liver specimens from HBx transgenic
mice. In propottion to plasma HBV DNA levels, early chronic hepatitis B specimens showed
prominence of pSmad3L in hepatocytic nuclei. HBx-activated JNK/pSmad3L/c-Myc onco-
genic pathway was enhanced, while the TBRI/pSmad3C/p21W7AF! tumor-suppressive path-
way was impaired as human and mouse HBx-associated hepatocarcinogenesis progressed. of
28 patients with chronic hepatitis B who showed strong oncogenic pSmad3L signaling, six
developed HCC within 12 years; only one of 32 patients showing little pSmad3L developed
HCC. In contrast, seven of 30 patients with little Smad3C phosphorylation developed HCC,
while no patient who retained hepatocytic tumor-suppressive pSmad3C developed HCC
within 12 years. Conclusion: HBx shifts hepatocytic TGF-B signaling from the tumor-
suppressive pSmad3C pathway to the oncogenic pSmad3L pathway in early carcinogenic
process. Hepatocytic pSmad3L and pSmad3C assessment in HBV-infected liver specimens
should prove clinically useful for predicting risk of HCC. (HEPATOLOGY 2009;49:1203-1217.)

epatocellular carcinoma (HCC) is the fifth
most common cancer worldwide and one
of the most deadly, causing approximately

600,000 deaths yearly.! The overall incidence of
HCC continues to rise, especially in western Europe

and the United States.2 During the past 20 years, strik-
ing advances have enhanced our understanding of
HCC. More than 85% of HCC cases are related to
known hepatitis B virus (HBV) and hepatitis C virus
(HCV).

Abbreviations: Ab, antibody; HBV. heparitis B virus; HBx, hepatitis B virus X: HCC, heparocellular carcinoma; HCV, hepatisis Cvirus; HSC, hepatic stellare cells; IgG,
immunoglobulin G: JNK. c-Jun N-terminal kinase; PPMIA, pratein phosphatase magnesium 14; pSmad3C, C-serminally phosphorylated Smad3; pSmad3L, linker-
phosphorylased Smad3; SCP1-3, small C-verminal domain phospharase 1-3; TGF-B, rransforming growsh facsor B: TBRI, TGF-B type I recepror; TBRIL, TGF-B ppe

H receptor.
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A strong correlation between chronic HBV infection
and HCC occurrence has long been apparent according
to epidemiologic evidence and the finding of integrated
HBV DNA sequences in virtually all HBV-related
HCC.? Hepatitis B virus X (HBx) oncoprotein has been
implicated in HBV-mediated hepatocarcinogenesis,*>
and persistent high-level expression of HBx protein in
transgenic mouse liver results in hyperplasia leading to
HCC, with no preceding inflammation.® Although HBx
does not bind DNA directly, HBx activates Ras/mitogen-
activated protein kinase pathways including extracellular
signal-regulated kinase and c-Jun N-terminal kinase
(JNK),” resulting in tumor cell growth and survival.

Transforming growth factor B (TGF-B) can inhibit
epithelial cell growth, acting as a tumor suppressor. Dur-
ing carcinogenesis, however, cancer cells gain advantage
by selective reduction of the tumor-suppressive activity of
TGF-B together with augmentation of its oncogenic ac-
tivity. This led us to hypothesize thar alterations in the
TGF-B signal transduction pathway could be involved in
the development of HCC in long-standing HBV infec-
tion.

Smads are central mediators of signals from the recep-
tors for TGF-B superfamily members to the nucleus.’
Smads are modular proteins with conserved Mad-homol-
ogy 1, intermediate linker, and Mad-homology 2 do-
mains.!® The catalytically active TGF-B type I receptor
(TBRI) phosphorylates the C-terminal serine residues of
receptor-activated Smads, which include Smad2 and the
highly related protein Smad3. The linker domain can
undergo regulatory phosphorylation by other kinases in-
cluding mitogen-activated protein kinases and cyclin-de-
pendent kinases.!!"!4 In contrast to the dearly activating
role of the C-terminal phosphorylation events, the regu-
lation of Smad activity by phosphorylation of the linker
region is complex. Linker phosphorylation of Smad2 dur-
ing human colorectal carcinogenesis results in cytoplas-
mic retention of Smad2 and inhibition of tumor-
suppressive TGF-B signaling.'b15 However, Smad3
phosphorylated at the linker region (pSmad3L) is local-
ized predominantly to cell nuclei in actively growing
Ki-67-immunoreactive colon cancer with distant metas-
tasis.'® Reversible shifting of Smad-dependent signaling
between tumor suppression and oncogenesis in hyperac-
tive Ras-expressing cells indicates that Smad3 phosphor-
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vlated at the C-terminal region (pSmad3C) transmits a
tumor-suppressive TGF-f signal, whereas oncogenic ac-
tivities such as cell proliferation and invasion are pro-
moted by the pSmad3L pathway.'¢ In addition, Roberts’
group'” has recently reported that Smad3 is critical for
Ras/JNK-mediated transformation. Taken together,
these findings indicate that oncogenic TGF-g signaling
results from the functional collaboration of Ras and
Smad3 rather than from Ras-mediated inhibition of the
Smad3 pathway. Linker phosphorylation of Smad3 indi-
rectly inhibits C-terminal phosphorylation, minimizing
tumor-suppressive  pSmad3C  signaling.'® Notably,
pSmad3L-mediated signaling in activated hepatic stellate
cells (HSCs) promotes liver fibrosis by stimulating extra-
cellular matrix deposition. 1318

The role of HBV and HCV in tumor formation ap-
pears to be complex and may involve both direct and
indirect mechanisms.!? Integratdon of HBV DNA into
the host genome occurs at early steps of clonal tumor
expansion. Alternatively, chronic liver inflammation and
hepatic regeneration induced by host cellular immune
responses can increase the risk of HCC development.
During progression of HCV-related chronic liver disor-
ders, hepatocytes affected by chronic inflammation un-
dergo a transition from the tumor-suppressive pSmad3C
pathway to the JNK/pSmad3L pathway.2® Our present
studies extend the previous observations to HBV-related
hepatocarcinogenesis. We study Smad3 phosphorylation
profiles in HBV-infected human liver and HBx trans-
genic mouse liver, concluding that HBx oncoprotein in
early stages of chronic hepatitis B contributes directly to
hepatocarcinogenesis by shifting hepatocytic Smad3-me-
diated signaling from tumor suppression to oncogenesis.

Patients and Methods

Patients, Follow-up, and Detection of HCC.
Ninety patients with HBV-related chronic liver disease
underwent liver biopsy at the Department of Gastroen-
terology and Hepatology of Kansai Medical University
Hospital between 1992 and 1994. All patients were sero-
positive for hepatitis B surface antigen (Abbott Laborato-
ries, North Chicago, IL) and were seronegative for anti-
HCV andbody (Ortho Diagnostics, Tokyo, Japan).
Patients included 70 with chronic hepatitis, 10 with cir-
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rhosis, and 10 with HCC. Sixty of the chronic hepatitis
patients were enrolled in a program for early diagnosis of
HCC; the other 10 were lost to follow-up. HBY DNA
(Roche Diagnostics, Tokyo, Japan) and hepatitis B enve-
lope antigen (Abbott Laboratories) were measured at the
time of liver biopsy. During the surveillance period, pa-
tients were followed up with abdominal ultrasonography
and plasma alpha-fetoprotein determinations every 3 to 6
months. We also made a random choice of 20 chronic
hepatitis B specimens with little fibrosis (F1) and litcle
inflammation (A1) from the liver biopsy specimens of the
patients showing high plasma HBV DNA levels.

Necroinflammatory activity and fibrotic stage were
graded histologically according to the classification of
Desmet and colleagues.?! We counted and scored pS-
mad3, HBx, and c-Myc positivity in hepatocytes as fol-
lows: 0, no positivity; 1, <25%; 2, 25% to 50%; 3, 50%
to 75%; 4, >75%.20 Written informed consent was ob-
tained from each patdent according to the Helsinki Dec-
laration. We also obtained approval for this study from
our institutional ethics committee.

Reverse-Transcription Polymerase Chain Reaction.
Reverse-transcription polymerase chain reaction of
TGE-B type 11 receptor (TBRII), Smad2, and Smad4
genes was performed as described.!>

Domain-Specific Antibodies Against the Phosphor-
ylated Smad3. Two polyclonal anti-phospho-Smad3
sera—a pSmad3L (Ser 208/213) and & pSmad3C (Ser
423/425)—were raised against the phosphorylated linker
and C-terminal regions of Smad3 by immunization of
rabbits with synthetic peptides. Relevant antisera were
affinity-purified using phosphorylated peptides as de-
scribed.!?

Transgenic Animals. HBx transgenic mice were de-
rived by microinjection of a 1151-bp HBV DNA frag-
ment containing the HBx gene with its own regulatory
elements and polyadenylation signal into fertilized eggs of
CD-1 mice. An independent line (H9) was derived from
founders.

Immunobistochemical and Immunofluorescence
Analyses. Immunohistochemical and immunofluores-
cence analyses were performed as described.!® Primary
antibodies (Abs) used in this study included mouse
monoclonal anti-HBx Ab (2 pg/mL; Abcam, Cambridge,
UK), mouse monoclonal anti-c-Myc Ab (10 ug/mL;
Santa Cruz Biotechnology, Santa Cruz, CA), and mouse
monoclonal anti-p21¥AFt Ab (0.5 ug/mL; DAKO,
Glostrup, Denmark), in addition to the affinity-purified
rabbit polyclonal anti-pSmad3L (2 pug/mL) and anti-
pSmad3C (0.5 pg/mL) as described above. Anti-
pSmad3C Ab cross-reacted weakly with C-terminally
phosphorylated Smad2: to block binding of anti-

MURATA ET AL. 1205

pSmad3C Ab to phosphorylated domains in Smad2, anti-
pSmad3C Ab was adsorbed with 1 ug/mL C-terminally
phosphorylated Smad2 peptide.

For immunohistochemical analyses, sections exposed
to primary Abs were then incubated with peroxidase-la-
beled polymer conjugated to goat ant-mouse or anti-
rabbit immunoglobulin G (IgG) (DAKO). Finally,
sections were developed with 3,3’-diaminobenzidine tet-
rahydrochloride (DAB; Vector Laboratories, Burlingame,
CA), counterstained with Mayer’s hematoxylin (Merck,
Darmstadt, Germany), and mounted under coverslips.

For double-labeling immunofluorescence analyses,
sections exposed to a pair of primary Abs (rabbit plus
mouse) were then incubated in a 1:500 dilution of goat
anti-rabbit IgG conjugated with a red fluorophore (Alexa
Fluor 594; Molecular Probes, Eugene, OR) and goat anti-
mouse IgG conjugated with a green fluorophore (Alexa
Fluor 488; Molecular Probes). Images were obtained with
a fluorescence microscope (Carl Zeiss Microimaging,
Oberkochen, Germany).

Immunoprecipitation and Immunoblotting. pSmad3L
and pSmad3C immunoblots on Smad3 immunoprecipi-
tates of cell extracts from frozen tissues representing either
HCC or underlying liver diseases were performed as de-
scribed 20

In Vitro Kinase Assay. In vitro kinase assay was per-
formed as described. 2

Statistical Analyses. The Kaplan-Meier method was
used to determine the cumulative probability of appear-
ance of HCC during the 12-vear follow-up period. HCC
occurrence curves were compared between patients with
abundant (scores 3 to 4) and those with sparse {scores 0 to
2) Smad3L/C phosphorylation, by means of the log-rank
test. For continuous variables, the optimal cutoff thresh-
old for defining groups was established using receiver op-
erating characreristics curves. All parameters with Pvalues
less than 0.10 in the univariate analysis were selected for
multivariate analysis, which was performed using the Cox
proportional hazards model.22 P values less than 0.05
were considered significant. The Mann-Whitney U test
was used to identify significant differences in hepato-
cytic pSmad3L and pSmad3C positivity among fibrotic

stages.

Results

Two Distinct Hepatocytic Smad3 Signaling Path-
ways in Human Chronic Hepatitis B: pSmad3L- and
pSmad3C-Dominant Types. We initially analyzed mu-
tations of TBRIL, Smad2, and Smad4 genes in 10 HCC

and six cirrhotic liver samples, finding no murations in
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Table 1. Clinicopathologic Features, Smad3L/C Phosphorylation, and HBx and c-Myc Positivities in Specimens from Patients
with HBV-Related Chronic Liver Disease

Fibrotic Stage*
Nomal F1 F2 F3 F4 HCe

Patients, n 2 20 27 23 10 10
Sex (male/female), n 2/0 13/7 19/8 17/6 5/5 10/0
Age (years), mean = SD 57.0+99 355+ 143 343 + 139 431 + 137 59.6 76 54.0 = 15.1
pSmad3L staining, nt

0 2 0 0 0 0 0

b 0 8 6 2 1 0

2 0 6 6 7 1 0

3 0 3 11 11 2 5

4 0 3 4 3 6 5
pSmad3C staining, nt

0 0 0 0 (1] 0 0

1 0 0 4 4 2 4

2 0 4 9 12 7 3

3 2 11 7 5 1 3

4 0 5 7 2 0 0
Activity, n*

AQ 2 1 0 0 0 0

Al 0 17 6 1 0 1

A2 0 2 19 11 3 7

A3 0 0 2 11 7 2
HBx staining, nt

0 2 0 0 0 1 1

1 0 6 5 3 2 3

2 0 7 11 8 3 3

3 0 3 7 6 2 2

4 0 4 4 6 2 1
c-Myc staining, nt

0 2 (] 0 0 0 0

1 0 2 4 1 1 0

2 0 9 10 8 3 1

3 0 6 8 8 3 3

4 0 3 5 6 3 [
Histology of HCC (well/ moderate) 6/4
TNM stage (I/ll/1i/ivy 4/4/2/0
Size of tumor (cm), mean + SD 22+ 03
AST ({U/L), mean + SD 22535 68.6 + 56.1 928 + 65.8 79.7 £ 51.8 82.0 £ 53.1 71.0 = 364
ALT (IU/L), mean = SD 240+ 28 104 + 83.5 141 £ 975 845 + 83.1 68.2 +52.3 59.1 + 32.2
Platelet count (X 10%L), mean + SD 250+ 4.2 171+ 36 158 + 49 14171 9.7 +6.7 9.0+37
AFP (ng/mL}, mean + SD 21+13 6.8+ 4.6 148 + 122 66.2 + 138 132 + 208 164 + 184

Abbreviations: AFP, alpha-fetoprotein; ALY, alanine aminotransferase; AST, aspartate aminotransferase; pSmad3L, linker-phosphorylated Smad3; pSmad3c,
C-terminally phosphorylated Smad3; SD, standard deviation; TNM, tumor-node-metastasis.

*Necroinflammatory activity and fibrotic stage are determined histologically according to Desmet's classification.

tHepatocytic Smad3 phosphorylation is scored as follows: 0, no phosphorylation; 1, <25% Smad3 phosphorylation; 2, 25% to 50% Smad3 phasphorylation; 3,
50% to 75% Smad3 phosphorylation; 4, >75% Smad3 phosphorylation. Extent of HBx and ¢-Myc expression is indicated as that of pSmad3L positivity.

*Histological grading of HCC is classified according to the criteria of the Intemational Working Party.

ITNM is classified by the Intemational Union Against Cancer and American joint Committee on Cancer.

any sample. This confirms the low probability of muta-
tions in HCC tissues, which has been reported recently.?}

To investigate domain-specific phosphorylation medi-
ating Smad3 signaling in vivo, we generated two Abs spe-
cific to each phosphorvlation site, and determined the
distribution of pSmad3L and pSmad3C in chronic hepa-
titis B and C specimens. Table 1 shows clinical back-
ground and positivity for pSmad3L and pSmad3C in 90

patients with HBV-related chronic liver diseases. We also
studied HCC occurrence over 12 years in 60 patients with
chronic hepatitis B who were enrolled in a program for
early diagnosis of HCC (Table 2). We recently reported
thar Smad3 was phosphorylated at the linker region, par-
ticularly in groups of hepatocytes adjoining collagen fi-
bers in portal tracts in chronic hepatitis C.2° In contrast,
the distribution of pSmad3L and pSmad3C in chronic
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Table 2. Clinicopathologic Features, Smad3L/C Phosphorylation, and HCC Incidence in Specimens from Patients with HBV-
Related Chronic Hepatitis

Patient Incidence pSmad3L pSmad3C Fibrotic Inflammatory HBV DNA
No. Sex Age of HCC Staining* Staining* Stage? Activity! {log copies/mlL) HBeAg
1 M 62 O 4 2 3 3 54 +
2 F 44 O 4 2 2 2 55 -
3 M 22 @] 4 2 2 2 5.2 -
4 F 20 4 4 3 3 3.0 -
5 M 43 4 4 2 2 4.5 -
6 M 30 4 2 2 3 4.0 -
7 M 30 4 2 2 3 5.6 -
8 M 65 O 3 2 3 3 4.0 +
9 F 56 O 3 2 3 2 3.7 +
10 M 52 O 3 1 1 1 6.4 -
i1 F 40 3 1 1 1 6.9 -
12 M 44 3 1 3 3 5.1 -
13 M 45 3 1 3 3 38 -
14 M 28 3 2 3 1 3.0 -
15 M 60 3 2 3 2 28 -
16 M 44 3 2 3 3 5.2 +
17 M 44 3 2 3 3 3.2 +
18 M 44 3 2 3 3 4.4 -
19 F 26 3 2 2 1 49 -
20 M 20 3 2 2 1 29 +
21 M 59 3 2 2 2 4.4 -
22 M 43 3 3 2 2 3.2 +
23 M 29 3 3 3 2 6.2 -
24 M 29 3 3 3 2 3.0 -
25 M 25 3 4 1 1 35 -
26 F 33 3 4 2 2 4.6 +
27 M 19 3 3 3 2 5.6 -
28 M 63 3 4 2 2 5.1 -
29 M 52 O 2 1 3 2 3.7 -
30 M 44 2 2 3 3 52 -
31 M 29 2 2 3 2 39 +
32 F 46 2 4 3 3 3.2 -
33 M 25 2 2 1 2 5.0 -
34 F 23 2 3 1 b 21 -
35 F 31 2 3 2 2 39 +
36 F 26 2 3 1 1 24 -
37 M 35 2 3 1 1 5.6 -
38 M 20 2 3 2 1 32 +
“ 39 F 56 2 3 3 2 5.1 +
i 40 F 36 2 3 3 2 2.6 -
41 F 25 2 3 2 1 5.1 -
42 F 23 2 4 2 1 35 -
43 F 41 2 4 1 1 2.0 +
44 M 29 2 4 2 2 4.5 -
45 M 31 2 4 1 1 59 +
46 M 42 2 1 2 2 37 -
47 M 24 1 1 2 2 39 +
48 M 28 1 2 3 2 38 -
49 F 11 1 2 2 2 3.0 +
50 M 40 1 1 2 2 3.2 -
51 M 37 1 2 2 2 3.0 -
52 F 10 1 2 2 2 23
53 M 16 1 3 1 1 5.1 -
54 M 41 1 3 1 1 43 -
55 M 40 1 3 1 1 22 -
56 M 53 1 3 1 1 2.7 -
57 M 27 1 3 1 1 4.6 -
58 M 53 1 4 1 1 33 -
59 M 30 1 4 2 2 2.1 -
60 F 22 1 4 1 0 3.7 -

Abbreviations: F, female; HBeAg, hepatitis B e antigen; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; M, male; pSmad3C, C-terminally phosphorylated
Smad3; pSmad3L, linker-phosphorylated Smada3.

*Hepatocytic Smad3 phosphorytation is scored as follows: 0, no phosphorylation; 1, <25% Smad3 phosphorylation; 2, 25% to 50% Smad3 phosphorylation; 3,
50% to 75% Smad3 phosphonfation; 4, >75% Smad3 phosphorylation.

tNecroinflammatory activity and fibrotic stage are determined histologically according to Desmet's classification.
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hepatitis B specimens was divided into two distinct pat-
terns. ln one liver specimen with moderate fibrosis and
inflammation from patient 2 in Table 2 who was diag-
nosed with HCC 9 years later, intense pSmad3L immu-
nostaining was present in the nudei of all hepatocytes
throughout the liver lobules; C-terminal phosphoryvlation
of Smad3 was strongly suppressed in hepatocytic nudei
(Fig. 1A and Supplementary Fig. 1). In another specimen
with similar fibrotic stage and necroinflammatory activity
from patient 44 in Table 2 who had not developed HCC,
many hepatocytes retained phosphorylation at Smad3C
but showed scarce phosphorvlation at Smad3L (Fig. 1B).
Among 37 patients with chronic hepatitis B who had
strong pSmad3L positivity, 24 patients showed little
Smad3C  phosphorvlation, and only 13 patients
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Table 3. Correlation Between pSmad3L and pSmad3C in
Chronic Hepatitis B Specimens

pEmad3C Positivity

Low {1 and 2} High (3 and 4) Yotal
pSmad3L positivity *
Low {1 and 2} 11 22 33
High (3 and 4) 24 13 37
Total 35 35 70

Abbreviations: pSmad3C, Clerminally phosphorylated Smad3; pSmad3l, link-
er-phosphonylated Smad3,

*Hepatosytic Smad3 phosphorylation is scared as follows: 0, no phosphory-
lation; 1, < 25% Smad3 phosphorylation; 2, 25% to 50% Smad3 phosphoryla-
tion; 3, 50% to 75% Smad3 phospheryiation; 4, > 75% Smad3 phosphondation.

showed abundant Smad3C phosphorylation (64.9%
versus 35.1% [P = 0.03]) (Table 3). In contrast, 22
patients with lictle Smad31. phosphorylation (scores 0
to 2) versus only 13 patients with abundant Smad3L
phosphorylation (scores 3 to 4) showed strong
pSmad3C positivity (62.9% versus 37.1% [P = 0.04]).

" Because the extent of Smad3L phosphorvlation in-

creased as fibrotic stage and necroinflammatory activity
progressed in chronic hepatitis C, Smad3L showed litde
phosphorylation in early chronic heparitis C.2 In contrast,
degree of linker phosphorylation of Smad3 in hepatocytic
nuclei remained high (staining scored as 3 or 4) in 21 of 47
patients with chronic hepatitis B (F1 to F2) (Fig. 1C). These
results indicate differential mechanisms of HBV- and HCV.-

Fig. 1. Two distinct hepatocytic Smad3 signaling pathways in early
chionic hepatitis B: pSmad3L- and pSmad3C-dominant types. (A)
Smad3 in the nuclei of hepatocytes was phosphorylated sparsely at the
C-terminal region (& pSmad3C column) but intensely at the linker region
(o pSmad3L column). The fiver specimen showing moderate fibrosis and
inflammation was obtained from patient 2 in Table 2 diagnosed with HCC
9 years later. Bar = 50 pm. (B) In patient 44 in Table 2 who had not
developed HCC, hepatocytes retained phosphorylation at Smad3C («
pSMad3C column) but showed littte phosphorylation at Smad3l («
pSmad3L column). The specimen showed degrees of fibrosis and necro-
inflammatory activity similar to these in (A). Formalin-fixed, paraffin-
embedded liver sections were stained with anti-pSmad3L Ab (e«
pSmad3L column} and anti-pSmad3C Ab {a pSmad3C column). The
pSmad3C seclion was paired with an adjacent section stained using
anti-pSmad3L Ab. Abs were then bound by goat anti-rabbit 1gG conju-
gated with peroxidase-labeled polymer. Peroxidase activity was detected
with 3,3 diaminobenzidine tetrahydrochloride. All sections were coun-
terstained with hemotoxylin (blue). Brown color indicates specific Ab
reactivity, Bar = 50 pm, (C) Degrees of Smad3 phosphorylation were
stable in hepatocytic nuclel in early chronic hepatitis B specimens (F1 to
F2), whereas pSmad3L increased and pSmadaC desreased as chronic
hepatitis B (F3) progressed through cirhosis te HCC. Smad3 phosphor-
ylation in hepatocytes did not change between F1 and F2 stages.
Phosphorylation of Smad3L and Smad3C in hepatocytes of cirrhotic liver
{F4) and HCC was grealer and less than that in livers with grade F1 and
F2 fibrosis, respectively. Extent of Smad3 phosphorylation: I, 0; L), 1;
£, 2,8 3; M 4. *P < 0.05,
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