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Induction of antitumor immunity against mouse
carcinoma by baculovirus-infected dendritic cells

Tomoyuki Suzuki', Myint Oo Chang? Masayuki Kitajima® and Hiroshi Takaku'"?

A dendritic cell (DC) vaccine strategy has been developed as a new cancer immunotherapy, but the goal of complete tumor eradication
has not yet been achieved. We have previously shown that baculoviruses potently infect DCs and induce antitumor immunity against
hepatomas in a mouse model. Baculovirus-infected, bone marrow-derived DCs (BMDCs) display increased surface expression of
costimulatory molecules, such as CD80, CD86 and major histocompatibility complex (MHC) classes I and 1I, and secrete interferons
and other proinflammatory cytokines. In this study, we evaluated the induction of antitumor immunity in mice by baculovirus-infected
BMDCs against lung cancer and melanoma. After treatment with baculovirus-infected BMDCs, murine lung tumors caused by Lewis
lung carcinoma (LLC) cells were significantly reduced in size, and the survival of the mice was improved. In addition, experiments using
a melanoma mouse model showed that baculovirus-infected BMDCs inhibited tumor growth and improved survival compared with
controls. Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST) and creatinine levels remained normal in
baculovirus-infected BMDC-treated mice. Our findings show that baculovirus-infected DCs induce antitumor immunity and pave the

way for the use of this technique as an effective tool for DC immunotherapy against malignancies.
Cellular & Molecular Immunology advance online publication, 27 September 2010; doi:10.1038/cmi.2010.48
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INTRODUCTION

Dendritic cells (DCs) play a major role as professional antigen-
presenting cells in the activation of natural killer (NK) cells, T cells
and B cells. In particular, DCs are important in the initiation of innate
and adaptive immune responses against tumors and invading patho-
gens. Recently, DC vaccination has been reported as a new immu-
notherapeutic strategy for the treatment of cancers.' However, very
few clinical studies using DC immunotherapy have been reported, and
those studies demonstrated insufficient efficacy.

The baculovirus Autographa californica multiple nuclear polyhe-
drosis virus, is an enveloped insect virus that has a 130-kb double-
stranded circular DNA genome.” Baculoviruses have long been used
as biopesticides™ and recombinant protein expression systems.>*
Recent research has focused on the use of baculoviruses as vectors in
gene therapy because of (1) their ability to infect, but not replicate in,
mammalian cells; (2) their low cytotoxicity; and (3) their ability
to carry large foreign genes into their genome.” " In several reports,
baculoviruses were developed as vaccines against pathogens.'** Abe
et al. reported that baculovirus-infected host cells produced type I
interferons and proinflammatory cytokines through Toll-like recep-
tor 9 and interferon regulatory factor 7 signaling.'™'” Schiitz et al.
reported that baculovirus-infected, human monocyte-derived DCs
expressed cell-surface activation markers and produced tumor-
necrosis factor alpha (TNF-«).'® In addition, Hervas-Stubbs et al.

reported that baculoviruses strongly induced the secretion of type I
interferon and proinflammatory cytokines in mice.'” Conventional
splenic DCs and plasmacytoid DCs displayed upregulation of sur-
face major histocompatibility complexes (MHCs) and costimula-
tory molecules in response to baculovirus infection in vivo. Jordan
et al. demonstrated that vaccination with insect cells infected with
recombinant, baculovirus-encoding peptide-MHC complexes gener-
ated peptide-specific cytotoxic T-cell responses and antitumor
immunity.”™® We have previously described the induction of anti-
tumor effects using wild-type baculovirus in a mouse model of
hepatoma.”' In particular, DCs were more potently infected by bacu-
lovirus than were other immune cells, and the DCs underwent activa-
tion and maturation. Baculovirus-infected bone marrow-derived
dendritic cells (BMDCs) (BV-DCs) showed upregulation of costimu-
latory molecules, such as CD80, CD86 and MHC classes I and I, and
increased secretion of interferons and other proinflammatory cyto-
kines.?

In this study, we showed that the inoculation of BV-DCs
induced efficient CD8" T cell- and NK cell-dependent, CD4" T
cell-independent antitumor immunity. Furthermore, BV-DC admin-
istration did not cause any functional damage to the mouse liver or
kidneys. Our results demonstrate that BV-DC-induced antitumor
immunity in vivo has strong potential as a future DC immunotherapy
against various malignancies.
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MATERIALS AND METHODS

Mice, cell lines and reagents

Female C57BL/6 mice (6 weeks old) were purchased from Nippon SLC
(Hamamatsu, Japan) and maintained under humane conditions
according to the rules and regulations of our institutional committee.
Spodoptera frugiperda (Sf-9) cells were cultured at 27 °C in $f-900 11
medium (Invitrogen, Carlsbad, CA, USA). Lewis lung carcinoma
(LLC), BI6F10 and EL4 cells were obtained from the RIKEN Cell
Bank (Wako, Saitama, Japan). LLC and EL4 were maintained in
Dulbecco’s modification of Eagle’s medium (Invitrogen) supplemen-
ted with 10% fetal calf serum (Sigma Chemical, St Louis, MO, USA),
100 U/ml penicillin, and 100 pg/ml streptomycin (Sigma Chemical).
B16F10 cells were maintained in RPMI-1640 (Invitrogen) supplemen-
ted with 10% fetal calf serum. Synthesized phosphorothioate-stabilized
mouse type A CpG oligodeoxynucleotides (CpG-A: ODN-D19)
(GGTGCATCGATGCAGGGGGG) were purchased from Hokkaido
System Science (Sapporo, Hokkaido, Japan). Recombinant murine
granulocyte—macrophage colony-stimulating factor, murine IL-4 and
human IL-2 were obtained from PeproTech EC Ltd (London, UK).

Purification of wild-type baculovirus

Wild-type baculovirus was purchased from BD Biosciences (San Jose,
CA, USA) and propagated in Sf-9 cells in $f-900 II medium. The
baculovirus was purified as previously described,”' and the virus titer
was determined by the plaque assay.

Generation of murine BMDCs

Murine BMDCs were generated as described previously.”’ Briefly,
bone marrow cells were harvested from the tibiae and femurs of
C57BL/6 mice and depleted of red blood cells using red blood cell lysis
buffer (Sigma Chemical). Bone marrow cells were cultured in RPMI-
1640 medium containing 10% fetal calf serum, 100 U/ml penicillin,
100 pg/ml streptomycin, 2 mM L-glutamine (Invitrogen) and 50 uM
2-mercaptoethanol (Invitrogen), supplemented with 20 ng/ml each of
murine granulocyte-macrophage colony-stimulating factor and IL-4.
On days 3 and 5, the culture medium was replaced with fresh medium
that was supplemented with murine granulocyte-macrophage colony-
stimulating factor and IL-4 at the same concentration. On day 7, non-
adherent and loosely adherent cells were collected and positively
selected with anti-mouse CD1lc microbeads (Miltenyi Biotech,
Bergisch Gladbach, Germany).

Baculovirus infection of BMDCs

BMDCs (1X10° cells) were infected with wild-type baculovirus at a
multiplicity of infection (MOI) of 50 or incubated with CpG (1 uM) as
a control for 1 hat 37 °C. Next, the cells were washed twice with sterile
physiological saline and cultured for 5 h at 37 °C. The cells were then
harvested, thoroughly washed twice with physiological saline and
resuspended in 100 pl of physiological saline. To determine the pres-
ence of viral protein in BMDCs, cells were collected at 1 and 3 h after
infection and lysates were assayed by western blot analysis using anti-
gp64 monoclonal antibody that targeted the baculoviral envelope. The
result indicated the complete degradation of baculovirus 3 h post-
infection in BMDCs (Supplementary Figure I).

DC-induced immunity against LLC ex vivo

LLC cells (1X10° cells/mouse) were intravenously injected into mice
on day 0, followed by intravenous injection of (1X 10° cells/mouse) of
immature BMDCs (iDCs), CpG (1 uM)-treated BMDCs (CpG-DCs),
wild-type BV-DCs (MOI=50) or (5X107 plaque-forming unit (pfu)/
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mouse) of wild-type baculovirus on day 3. Twenty-eight days after
injection, all mice were killed, and cancer nodules on both lungs were
counted. Lung tissue was then fixed with formalin (10%) and embed-
ded in paraffin. The paraffin sections were stained with hematoxylin
and eosin.

Cytotoxicity assay against LLC

LLC cells (1X10° cells/mouse) were intravenously injected into mice
on day 0, followed by intravenous injection (1% 10° cells/mouse) of
iDCs, CpG-DCs or BV-DCs (MOI=50) on day 3. Twenty-eight days
after injection, the mice were killed, and splenocytes were harvested.
Splenocytes were cocultured with target cells (LLC or EL4) after treat-
ment with mitomycin C (10 pg/ml) at effector/target ratios of 100: 1,
50:1 and 25:1 in the presence of recombinant human IL-2 (100 1U/
mi). After 5 days, the cytotoxicity was assessed using the CytoTox 96
Non-Radioactive Cytotoxicity Assay Kit (Promega, Madison, W1,
USA) according to the manufacturer’s protocol.

Ex vivo DC therapy against B16F10 cells

B16F10 cells (1X10° cells/mouse) were subcutaneously injected into
mice on day 0, followed by intratumoral injections (1X10° cells/
mouse) of iDCs, CpG-DCs or BV-DCs (MOI=50) on days 10, 17
and 24. Mice were injected with each type of BMDCs when the tumor
diameters reached 7-9 mm. The tumor volume was measured every 3
days.

Cytotoxicity assay against BI6F10

B16F10 cells (1X10° cells/fmouse) were subcutaneously injected into
mice on day 0, followed by intratumoral injection (1X10° cells/
mouse) of iDCs, CpG-DCs or BV-DCs (MOI=50) on day 10.
Seventeen days after injection, the mice were killed, and splenocytes
were harvested. Splenocytes were cocultured with target cells (BI16F10
or EL4) after treatment with mitomycin C (10 pg/ml) at effector/target
ratios of 100: 1,50 1 and 25: 1 in the presence of recombinant human
IL-2 (100 IU/ml). After 5 days, the cytotoxicity was assessed using the
CytoTox 96 Non-Radioactive Cytotoxicity Assay Kit (Promega)
according to the manufacturer’s protocol.

In vivo depletion of CD4*, CD8™ or NK cells

Todeplete CD4 " and CD8™ T cells in vivo, mice were intraperitoneally
injected with the ascites fluid (100 pl/mouse) from CD4" or CD8™
hybridoma-bearing mice (clone GK1.5 or 2.43) ondays 6, 9, 12, 15, 18
and 21 after tumor inoculation. To deplete NK cells, anti-asialo GM1
antibody (50 pl/mouse; Wako Pure Chemical Industries, Osaka,
Japan) was intraperitoneally injected on days 6 and 9 after tumor
inoculation. Flow cytometry analysis confirmed >90% depletion of
the target cells.

Measurement of serum aspartate aminotransferase (AST), alanine
aminotransferase (ALT) and creatinine

Wild-type baculovirus (5X 10 pfu/mouse) or BV-DCs (1X10° cells/
mouse) were intravenously injected into mice. After 24 h, the sera were
collected, and AST, ALT and creatinine levels were measured using the
Transaminase CII-Test Wako (Wako Pure Chemical Industries) and
the Creatinine Parameter Assay kits (R&D systems, Minneapolis, MN,
USA) according to the manufacturer’s protocols.

Statistical analyses
Statistical analyses were performed using Student’s #test. The mouse
survival rates were analyzed using the log-rank test.
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RESULTS

Antitumor effects of BV-DCs against lung cancer

Baculovirus infection of mouse splenic or BMDCs upregulated the
expression of activation markers and the secretion of interferon-a
and proinflammatory cytokines.'”*"* We have previously described
the induction of antitumor immunity by wild-type baculovirus in a
mouse hepatoma model. We also showed that BV-DCs upregulated
the expression of MHC and costimulatary molecules and increased the
secretion of type 1 interferons and proinflammatory cytokines.™
Moreover, NK cells or T cells cocultured with BY-DUs produced
interferon-y and demonstrated increased cytotoxicity and prolifera-
tion. Here, we first evaluated the effects of antitumor immunity
against murine lung cancer. The experimental schedule is shown in
Figure 1a. Mice were inoculated with LLC cells and immunized 3 days
fater with iDCs, CpG-DCs, BV-DCs or wild-type baculavirus, CpG
oligodeoxynucleotides and baculovirus were recognized by Toll-like
receptor 9, and CpG-stimulated DCs showed upregulation of MHC
and costimulatory molecules and increased secretion of proinflamma-
tory cytokines, except type I interferons.’™***! Twenty-eight days after
immunization, the mice were killed and svaluated for lung tumors. In
comparison with non-immunized or iDC-immunized mice, tumor
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nodules in BV-DC-immunized mice were reduced to nearly the same
extent as those in CpG-DCs and wild-type baculovirus-immunized
mice (Figure 1b and c). As shown in Figure 1d, histological examina-
tion of the tumor tissues in the tumor-bearing, non-immunized or
iDC-immunized mwice showed bleeding and necrosis of the tumor
tissues with partial infiltration of neutrophils and lymphocytes, but
BV-DC- and CpG-DC-immunized mice displayed normal lung his-
tology without tumor formation. Survival was also prolonged in BY-
DC-immunized mice as compared with that in the other groups
{Figure 2a), Cytotoxicity was assessed for cach group of mice, and
the splenccytes of BV-DC-immunized mice demonstrated upregu-
lation of cytotoxicity againsi LLC cells as compared with the other
groups (Figure 2b). NK cell-resistant EL4 cells were used as target
cells in a control experiment, and negative results were obtained
(Figure 2c). These results indicate that BV-DC-induced antitumor
activity against mouse lung cancer was due fo the cytotoxic effects
of both NK and CDR" T cells.

Antitumor effects of BY-DCs against melanoma
We next examined whether the BV-DCs could induce antitumor
immunity against established subcutaneous tumors in mice. The
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Figure 1 BY-DUs mediate antitumor immursity against LLC lung cancer. LLC cells were intravencusly injected info mice {1 10° celis/mouse ) on day O, followed by one
intravenous injection (1 X107 celis/mouse) of IDCs, CpG-0Cs, BV-DCs or wild-type baculovirus (5% 10° plu/mnuse) onday 3. (a) Experimental design used lo assess
the antitumor immunity Conferred by various DCs. (b) Dot plots indicate the number of nodules of LLC following treatment with various DCs or wiki-type bacuiovirys, P8
days aiter tumor cell inocuiation. *P<Q.01, comparsd with the negative contral and IDC treatment, **£50.05, compared with the BpG-D0 and wild-lype baculovirus
treatment. {6) Images of lungs excised from tumor-bearing mice 28 days after various DG and wild-type baculivirus freatments. (d} Hematoxylin and ecsin-stained
tssue sections of the excised lungs. Similar resuits were obtained in two independent experiments. BY, baculovirus; BV-DC, baculovirus-infected bane marraw-
derived dendritic cell; CpG-OC, CpG (1 pM)-reated bone marrow-derived dendritic cell; DT, dendritic well; iDC, immature dendritic cek; LLE, Lawis iung carcinoma,
MOt muttiplicity of infection; NC, negative cantrol; ptu, plague forming unit.
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Figure 2 BV-DCs increased the survival of LLC tumor-bearing mice and showed increased cytotoxicity against LLC cells. LLC cells were intravenously injected into
mice (1x10° cells/mouse) on day 0, followed by one intravenous injection (1x10° cells/mouse) of immature iDCs, CpG-DCs or BV-DCs on day 3. (a) Survival rate of
LLC lung metastasis-bearing mice treated with various DCs. *P<0.01, compared with the negative contral and iDC treatment. **P>0.05, compared with the CpG-DC
treatment. Splenocytes were isolated from immunized mice 28 days after BMDC immunization, and a cytotoxicity assay was performed. Cytotoxicity against LLC (b) or
EL4 cells (c) by splenocytes from tumor-bearing mice treated with various BMDCs. Similar results were obtained in two independent experiments. BMDC, bone
marrow-derived dendritic cell; BV-DC, baculovirus-infected bone marrow-derived dendritic cell; CpG-DC, CpG (1 pM)-treated bone marrow-derived dendritic cell; DC,
dendritic cell; iDC, immature dendritic cell; LLC, Lewis lung carcinoma; NC, negative control.

experimental schedule is shown in Figure 3a. Mice were inoculated
with B16F10 tumor cells and immunized 10, 17 and 24 days later with
iDCs, CpG-DCs or BV-DCs. As shown in Figure 3b and ¢, BV-DCs
inhibited tumor growth as compared with the other control BMDCs.
The survival time of the mice immunized with BV-DCs was signifi-
cantly prolonged as compared with that of the mice inoculated with
control BMDCs (Figure 3d). Cytotoxicity was assessed for each group
of mice, and BV-DC-inoculated mouse splenocytes demonstrated an
upregulation of cytotoxicity against B16F10 cells as compared with
the other groups (Figure 4a). EL4 cells were used as target cells in a
control experiment, and negative results were obtained (Figure 4b).
Furthermore, we investigated the subsets of effector cells that showed
cytotoxicity against B16F10 cells by in vivo depletion analysis. CD4 "
or CD8" T cell-depleted mice were established by injecting ascites
fluid from anti-CD4 or anti-CD8 hybridoma-bearing mice. NK cell-
depleted mice were established by injection with anti-asialo GM1. As
shown in Figure 4c, the efficiency of tumor inhibition was greatly
reduced in CD8 " T cell- and NK cell-depleted mice. However, inhibi-
tion of tumor growth was still observed in CD4™ T cell-depleted mice.
These results suggest that the antitumor effects of BV-DCs against
mouse melanoma, as well as their cytotoxic effector functions, were
dependent on CD8" T cells and NK cells.

Levels of ALT, AST and creatinine were not increased in
BV-DC-inoculated mice

The wild-type baculovirus-induced activation of host immunity and the
inhibition of tumor growth are shown in Figure 1b;***' however, mice
treated with wild-type baculovirus also exhibited increased levels of
serum ALT, AST and creatinine. We further investigated whether ALT,
AST and creatinine increased in response to the administration of BV-
DCs. Mice were injected intravenously with 110 cells/mouse of BV-
DCs or 5X107 pfu/mouse of wild-type baculovirus. After 24 h, the sera
were collected, and the concentrations of AST, ALT and creatinine were
measured (Figure 5). BV-DC administration did not increase serum
levels of ALT, AST or creatinine, and the administration of wild-type
baculovirus increased only serum creatinine and not ALT and AST. This
result is presumably due to the low virus titer (5X107 pfu) administered
in the present study; other studies employed a higher virus titer
(>1X10° pfu)."* These results indicate that the administration of
BV-DCs did not impair liver and kidney functions in mice.
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DISCUSSION

Recent clinical research on cancer immunotherapy performed in can-
cer patients worldwide' has investigated lymphocyte activation ther-
apy, NK cell therapy, biological response modifier therapy, antibody
therapy and DC therapy. In particular, research has focused on DC
therapy because DCs initiate both innate and antigen-specific immune
responses. Various methods are used to activate DCs, including tumor
cell lysates, CpG-oligodeoxynucleotide (CpG-ODN), cytokines and
viral vectors.”>?" Several groups have reported that viral vectors,
including adenoviral and retroviral vectors, infect DCs and subse-
quently, infected DCs express tumor antigens and undergo matura-
tion. Tumor growth is inhibited by inoculation of such tumor
antigen-expressing DCs in tumor-bearing mice, However, in humans,
the presence of neutralizing antibodies against adenovirus has necessi-
tated immunization with a high titer of virus. Retrovirus vectors are
considered unsafe because they can integrate into the host genome.
Furthermore, immunotherapy with deactivated DCs does not sup-
press various cancers. Therefore, we examined the requirement for
DC activation to induce effective antitumor activity with guaranteed
safety in humans.

Baculoviruses have been widely studied as a new viral vector, In
particular, studies have reported the development of various antigen-
expressing baculoviruses that target specific infections.''™'> The
recombinant baculovirus vectors strongly induced host innate and
acquired immunity. We have previously reported that wild-type
baculovirus induces antitumor immunity.”' We also showed that
DCs are the immune cells most efficiently infected with baculovirus
and that baculovirus-infected DCs trigger the activation of NK cells
and T cells.

The current study demonstrated that baculovirus-infected DCs
inhibited lung cancer and melanoma in mice. First, we investigated
the efficacy of BV-DCs in the inhibition of mouse lung cancer. BMDCs
were infected with baculovirus at an MOI of 50. We optimized the
virus titer as previously reported.?? Mice used as a model for lung
cancer showed inhibition of tumor growth in response to inoculation
with BV-DCs (Figures 1b—d and 2a). Toura et al. reported a similar
experiment in which they induced antitumor immunity using a-galac-
tosylceramide-activated DCs against LLCs; however, they used fewer
tumor cells (4% 10° cells/mouse) and numerous DCs (3X10° cells/
mouse) were inoculated.*® Furthermore, DCs were injected 1 day after
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Figure 3 BV-DCs mediate antitumor immunity against maianoma. B16F10 cells were subcutaneously. injecied intorning (1% 107 celis/mouse) on day §, Toliowed by
three Intratuior injections {1 x 10" cells/mouse) 6FiDCs, CpG-DCs ar BV-DCs on days 10, 17 and 24. Tumor volume was measured every 3 days. (a) Experimenta
design used 1o assess the antitumor immunity oF various DEs. (b] Tumor volumes were calculated over time in BMDG {reated mice. Ten days after tumor Inosutation,
BMUOCs wera intratumorally infected info sach mouse. BMDCs were inoculated three limes elweekly intervals. (e Chatacterization of the established B18F 10 fumer.
{d) Survival rate of B16F 10 metanoma tumar-bearing mice freated with vardous BMDCs *P<0.01, compared with the negative controiand iDC treatment. **P0.05,
compared with the CpG-DC treatment. Similar resuits were obtained in two independent experiments. BMDC, bane marrow-derived dendritic call; BY-DC, batulovirus-
infacted bong marrow-derived dendritic cell; CpG-DE, CpG (1 uM)-treated bone marrow-derived dendnific cell; DC, dendritic celt: iDC, immature dendritic cell; MOL,
mitiphicity of infection; NC, fiegative control,
tumor inaculation. Previous reports showed that wild-type baculo-  BV-DCs inhibited the growth of both tumor types. Therefore, we
virus could induce innate and acquived immunity,**" and similar  considered concluded that the inhibition of tumer growth by GpG-
results were obtained in the present study using BV-DCs (Figure 2b D is tumor cell type-dependent. To analyze the involvement of
and c). However, the use of baculovirus in clinical applications for  specific immune cell types in this tumor inhibition, CD4™ and
humans is still being analyzed, and there remain some obstacles to CD8™ T cell- and NX cell-depleted mice were produced by injecting
avercome, such as safety concerns and optimal dose, before baculo-  mice intraperitoneally with specific neutralizing antibodies, BY-DCs
virus can beapproved foruse intumor therapy. Here, we examined the  were inoculated into CD4” and CD8™ T cell: and NK cell-depleted
antitumor gffects of BV-DCs against established tumors in mice. tumor-bearing mice. CD8 " T cell- or NK cell-depleted mice showed a
Intratumoral injection of BV-DCs inhibited tumor growth and pro-  reversed effect on the inhibition of tumaor growth (Figure 4c). We
longed survival (Figure 3b-d), Western blot analysis using anti-gp64  therefore speculated that antitumor immunity is dependent on
mAb to detect baculovirus gp64 inthe lysates of BV-DCsat 1 and 3h  CD8” T cells or NX cells but not on CD4”" T-cell activity. Several
post-infection showed the degradation and clearance of baculovirus  groups have reported that regulatory 'I' cells (CD4"CD25 " Foxp3 )
3 h post-infection in BMDCs (Supplementary Figure 1), This result  are induced by tumor cells and inhibit antitumor immunity, whereas
indicates that theantitumor activity of BV-DCs is mediated by the BV~ other groups bave reported an inhibitory effect of tumor cells that
DCs and not by the remaining virus. The spleens of immunized mice  suppresses the host antitumor immune response.”™ Our data sug-
exhibited increased cytotoxicity against BIGFI0 cells (Figure 4a). In  gest that regulatory T cells may inhibit tumor growth suppression.
Figure 4b, E14 target cells showed a negative result, OQur results dem-  Previously, we and other groups reported that wild-type baculovirus
onstrate that CpG-DCs could inhibit LLG, but not melanoma, whereas  impairs liver function in mice.” > As shown in Figure 5, BV-DCs did
Cellular & Molecular immunology
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Figure 4 BV-DCs show increased cytotoxicity against B16F10 melanoma cells and depletion of CD8" T cells or NK cells leads to decreased survival of immunized
mice. B16F10 cells were subcutaneously injected into mice {1 10" cells/mouse) on day O, followed by three intratumaral injections (110" celisymouse) of iDCs,
CpG-DCs or BV-DCs on days 10, 17 and 24. Splenocytes were isolated from immunized mice 7 days after the first immunization with BMDCs, and a cytotoxicity assay
was performed. Cytotoxicity against B16F 10 (a) or EL4 celis (b) by splenocytes from tumor-bearing mice treated with various BMDCs. (¢) Depietion of CD4 ', CD8 ' or
NK cells by treatment with specific antibodies. Tumor-inoculated mice were intraperitoneally injected with ascites from hybridoma-bearing mice or anti-asialo GM1.
The experimental schedule is described in the section on ‘Materials and methods’. *P<0.01, compared with the negative control, anti-CD8 antibody-treated mice and
anti-asialo GM 1-treated mice. **P>0.05, compared with anti-CD4 antibody-treated mice. Similar results were obtained in two independent experiments. BMDC, bone
marrow-derived dendritic cell; BV-DC, baculovirus-infected bone marrow-derived dendritic celi; CpG-DC, CpG (1 pM)-treated bone marrow-derived dendritic cell; iDC,
immature dendritic cell; NC, negative control; NK, natura killer.
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Figure 5 Serum AST, ALT and creatinine levels in BV-DC-immunized mice. Wild-type baculovirus or BV-DC was intravenously inoculated into mice. The sera were
collected after 24 h, and AST {(a), ALT (b) and creatinine (¢} levels were measured. *P>0.05, compared with the negative control and wild-type baculovirus treatment.
**P<0.05, compared with wild-type baculovirus treatment. Similar results were obtained in two independent experiments. BV, baculovirus; BV-DC, baculovirus-
infected bone marrow-derived dendritic cell; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

not cause any impairment of mouse liver or kidney functions; there-
fore, we consider BV-DCs to be safer and more effective than wild-type
baculovirus.

In summary, we showed that BV-DCs induced antitumor immunity
against established tumors in mice. These antitumor effects were
CD8™ T cell- and NK cell-dependent but CD4" T cell-independent.
Therefore, BV-DCs might be a useful tool for immunotherapy against
malignancies.

Note: Supplementary information is available on the Cellular &
Molecular Immunology website (http://www.nature.com/cmi/).
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We previously reported that the baculovirus induced a strong host immune response against infections
and malignancies. Among the immune cells, the dendritic cells were most strongly infected and activated
by the baculovirus, although the exact mechanism remained unclear. Here, we evaluated the non-specific
immune responses of bone marrow-derived dendritic cells (BMDCs) after infection by a wild-type bacu-
lovirus. MHC class I and Il molecules and co-stimulation molecules (CD40, CD80, and CD86) on BMDCs

Keywo"#f were up-regulated by baculovirus infection. At the same time, the BMDCs produced pre-inflammatory
gif]\;l:)i\t/;::se . cytokines (IL-6, IL12p70, and TNF-at) and IFN-o.. NK cells showed IFN-y p.roduction, CD69 up-regulation,
Cytokines and enhanced cytotoxicity when they were co-cultured with baculovirus-infected BMDCs. T cells showed
Cytotoxicity IFN-vy production, CD69 up-regulation, and cell proliferation. Ex vivo analysis performed in vitro produced
Ex vivo similar results. These findings suggested that baculovirus-infected dendritic cells induce non-specific

immune responses and can be used as an immunotherapeutic agent against viral infections and malig-
nancies, together with present therapeutic drug regimens.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The Autographa californica multiple nuclear polyhedrosis virus
(AcMNPV) is an enveloped insect virus (baculovirus) with a circu-
lar double-stranded DNA genome of approximately 130 kbp in
length [1]. Baculoviruses have been used extensively in recombi-
nant protein-expression systems [2,3] and as biopesticides [4,5].
Recently, the use of baculoviruses as vectors in gene therapy has
been investigated [6,7]. Baculoviruses infect a range of mammalian
cell types, but do not replicate [8] and can express foreign genes
under the control of mammalian specific promoters [9]. When
these cells are infected by baculoviruses, the viral envelope protein
gp64 binds to phosphatidyl inositol on the cell surface, and the
baculovirus is incorporated into the intracellular compartment by
endocytosis [10]. GFP, luciferase, and other reporter genes inserted
into recombinant baculoviruses can be expressed in vitro in mam-
malian cells as well as in vivo in animals [11]. Several previous arti-
cles have reported on baculoviruses that have been developed as

Abbreviations: BMDC, bone marrow-derived dendritic cell; DC, dendritic cell;
ELISA, enzyme-linked immunosorbeny assay; iDC, immature dendritic cell; MOI,
multiplicity of infection.
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vaccines against the influenza virus [12,13], the avian influenza
virus [14], malaria [15], and other diseases [16]. Facciabene et al.
reported that HCV E2 protein expressing recombinant baculovirus
vector induced antigen specific CD8" T cell in mice [17]. Shan et al.
[18] reported that a recombinant baculovirus containing the Ep-
stein-Barr virus nuclear antigen-1 (EBNA-1) gene could express
foreign genes for long periods of time in mammalian cells. Re-
cently, Abe et al. [19] reported baculovirus-induced host-cell acti-
vation through Toll-like receptor 9 (TLR9). TLR9 was shown to
recognize unmethylated CpG sequences, comprising single-
stranded DNAs of approximately 20 bp in length, which are abun-
dant within the baculovirus genome. Dendritic cells (DCs) are the
most potent antigen-presenting cells of the immune system, and
play pivotal roles in the initiation and maintenance of immune re-
sponses against viruses [20]. NK cells are the primary effector cells
of the innate immune system, and are important for the immuno-
logical control of virus infection and tumors via the production of
cytokines, mainly IFN-v, and the potent lysis of transformed or in-
fected cells without prestimulation [21]. Here, we demonstrated
that baculovirus infects DCs more potently than other immune
cells, and induced anti-tumor effects via immune activation [22].
The relationships among the immune responses of DCs and other
immune cells are not fully understood. We therefore, investigated
the non-specific immune responses of baculovirus-infected DCs,
and the relationship between activated DCs, CD4" and CD8" T cells,
and NK cells.
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2. Materials and methods
2.1. Mice, cell lines, and reagents

Female C57BL/6 mice (6 weeks old) were purchased from Nip-
pon SLC (Hamamatsu, Japan), and kept under humane conditions
according to the rules and regulations of our institutional commit-
tee. Spodoptera frugiperda (Sf-9) cells were cultured at 27 °C in BD
BaculoGold Medium (Invitrogen, Carlsbad, CA). The YAC-1 mouse
lymphoma cell line was obtained from the Riken Cell Bank (Wako,
Saitama, Japan) and maintained in RPMI-1640 (Sigma Chemical
Co., St. Louis, MO) supplemented with 10% FBS (Sigma Chemical
Co.), 100U/ml penicillin, and 100 pg/ml streptomycin (Sigma
Chemical Co.). LPS was bought from Sigma Chemical Co. Synthe-
sized CpG-A (ODN-D19) was purchased from Hokkaido System Sci-
ence (Sapporo, Hokkaido, Japan). Recombinant murine GM-CSF and
murine IL-4 were bought from Pepro Tech EC Ltd. (London, UK).
Anti-gp64 mouse IgG, FITC-conjugated anti-mouse CD11c, CD3,
and CD69, and PE-conjugated anti-mouse CD40, CD80, CD86, H-
2kP, MHC-II, NK 1.1, CD4, and CD8 were purchased from eBio-
science (San Diego, CA) and BD Bioscience (San Diego, CA).

2.2. Purification of wild-type baculovirus

Wild-type baculovirus was purchased from BD Bioscience, mul-
tiplied on a large scale using Sf-9 insect cells, and purified as fol-
lows: culture supernatants were harvested 3-4days after
infection, and cell debris was removed by centrifugation at
3000 rpm for 5 min. The virus was pelleted by ultracentrifugation
at 25,000 rpm for 60 min at 4 °C, and then resuspended in 1 ml
sterile physiological saline (PSS). The infectious titer was deter-
mined by a plaque assay.

2.3. Generation of murine bone marrow-derived DCs (BMDCs)

Murine BMDCs were generated as described previously [23].
Briefly, bone-marrow cells were harvested from the tibiae and fe-
murs of C57BL/6 mice, and were depleted of RBCs using RBC lysis
buffer (Sigma Chemical Co.). Bone-marrow cells (2.0-3.0 x 107)
were cultured in a volume of 10 ml RPMI-1640 medium containing
10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glu-
tamine (Invitrogen), and 50 uM 2-mercaptoethanol (Invitrogen),
supplemented with 20 ng/ml murine GM-CSF and 20 ng/ml murine
IL-4 in a 100 mm dish. On day 3, all of the culture medium was re-
placed by fresh medium supplemented with murine GM-CSF and
murine IL-4 at the same concentration. On day 5, one-half of the
culture medium was replaced by fresh medium containing murine
GM-CSF and murine IL-4. On day 7, non-adherent and loosely
adherent cells were harvested, and positively selected by anti-
mouse CD11c microbeads (Miltenyi Biotech, Bergisch Gladbach,
Germany).

2.4. Immunofluorescence staining

BMDCs (2.0 x 10°) were infected with the baculovirus at a mul-
tiplicity of infection (MOI) of 50 for 4 h. Cells were fixed with 2%
paraformaldehyde for 20 min at room temperature, washed with
PBS including 0.1% Tween 20, permeabilized with 0.2% Triton X/
PBS for 15 min at room temperature, and then washed again. The
cells were incubated with anti-gp64 mouse IgG (1:50 dilution) as
a primary Ab for 1h at room temperature, washed three times,
blocked with goat serum for 15 min at room temperature, and then
washed again. The cells were incubated with goat anti-mouse IgG
FITC (1:300 dilution) as a secondary Ab for 1 h at room tempera-

ture, followed by three washes. Baculovirus infection was visual-
ized using fluorescence microscopy.

2.5. PCR analysis

Total DNA was extracted from each cell with the GenElute™
mammalian genomic DNA miniprep kit (Sigma Chemical Co.),
according to the manufacturer’s instructions, and total DNA was
used for PCR analysis. Baculovirus DNA was detected by PCR using
the virus DNA specific primers 5'-CTACTAGTAAATCAGTCACACC-3'
(sense) and 5-CCAAGTTTTTAATCTTGTACGG-3' (antisense). The
PCR amplification conditions were as follows: a denaturation step
at 94 °C for 2 min, followed by 30 cycles of 94 °C for 15 s, 60 °C for
30 s, and 68 °C for 10 s (virus DNA) or 30 s (G3PDH). Each reaction
was done in a volume of 25 pul with 10 ng template DNA.

2.6. Cell-viability assay

BMDCs were infected with the baculovirus at MOI values rang-
ing from 1 to 100. After 48 h, the cells were harvested and their
viability was measured by Trypan blue staining.

2.7. Flow-cytometry analysis

BMDCs (1 x 10%/well) were incubated with the baculovirus at
an MOI of 50, LPS (1 ug/ml), or CpG (1 pg/ml) for 48 h. PE-conju-
gated anti-H2K®, MHC class II, CD40, CD80, or CD86, and FITC-con-
jugated anti-CD11c (BD Bioscience and eBioscience) mAbs were
used as primary mAbs. The cells were harvested, washed, and
blocked using anti-mouse CD16/32 mAb (BD Bioscience) for
10 min at 4 °C. The cells were washed and incubated with primary
Abs for 1 h at 4 °C. Thereafter, the cells were washed and analyzed
using FACSCalibur with the CellQuest software (BD Bioscience).

2.8. ELISA

BMDCs (1 x 10%/well) were incubated with the baculovirus at
an MOI of 50, LPS (1 pg/ml), or CpG (1 pg/ml) for 48 h. The culture
medium was harvested, and the concentrations of mouse IFN-o,
IEN-v, IL-6, IL-10, IL-12p70, and TNF-o. were measured using the
respective ELISA kits (Biosource) according to the manufacturer’s
protocols.

2.9. Co-cultures of DC-NK cells and DC-T cells

NK cells were purified from mice spleens using the mouse NK-
cell isolation kit (Miltenyi Biotech). BMDCs (5.0 x 10*/well) were
infected with the wild-type baculovirus at an MOI of 50, incubated
for 1h at 37°C, and washed with PBS. NK cells (1.0 x 10°/well)
were then added to the culture for 18 h. CD4" and CD8" T cells were
purified from mouse spleens using the mouse CD4" T cell isolation
kit or the mouse CD8" T cell isolation kit (Miltenyi Biotech). BMDCs
(1.0 x 10%/well) were infected with the baculovirus at an MOI of
50, incubated for 1h, and washed. Anti-TCR op Ab (0.5 pg/ml)
was added and cultured for 24 h. The culture medium was har-
vested, and the concentration of IFN-y was measured using the
mouse IFN-y ELISA kit (Biosurce) according to the manufacturer’s
protocol.

2.10. In vitro cytotoxicity assay

Splenic NK cells were co-cultured with baculovirus-infected
BMDCs and used as effector cells. YAC-1 cells (2 x 10*) were used
as target cells. BMDCs were infected with the baculovirus at an
MOI of 50, incubated for 1 h at 37 °C, and washed with PBS. There-
after, BMDCs were added to the NK-cell culture at a DC/NK ratio of
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1:2 for 18 h. The cells were then co-cultured at E:T ratios of 10, 5,
or 2.5 for 4 h, and the cytotoxicity was examined using the CytoTox
96 non-radioactive cytotoxicity assay kit (Promega, Madison, WI)
according to the manufacturer’s protocol.

2.11. Cell-proliferation assay

CD4"* and CD8" T cells were purified from mouse spleens using
the mouse CD4" T cell isolation kit or the mouse CD8" T cell isola-
tion kit (Miltenyi Biotech). BMDCs (1.0 x 10%/well) were infected
with the baculovirus at an MOI of 50, incubated for 1 h, and then
washed with PBS. Thereafter, CD4" T cells or CD8" T cells
(1.0 x 10°/well) were added and cultured for 48 h. Cell prolifera-
tion was determined using the CellTiter 96 Aqueous One Solution
cell-proliferation assay kit (Promega) according to the manufac-
turer’s protocol.

2.12. RT-PCR

BMDCs were infected with the baculovirus at an MOI of 50. After
6 h, total RNA was extracted from each cell with the GenElute™
mammalian genomic RNA kit (Sigma Chemical Co.) according to
the manufacturer’s instructions, RT-PCR was then performed using
an RT-PCR high-plus kit (Toyobo, Osaka, Japan) according to the
manufacturer’s protocol. Rae-1, H60, and Qa-1 genes were detected
by RT-PCR using the following specific primers: 5'-GAAGTGGGGGA
ATGTTTGACACAACC-3' (sense) and 5'-GGACCTTGAGGTTGATCIT
GGCTTTTC-3' (antisense) for Rae-1; 5-TCTGGGCCATCAACACTGA
TGAACAG-3' (sense) and 5-CACCAAGCGAATACCATGAATGCCA-3'
(antisense) for H60; and 5-TCCAAAGGCACATGTGACCCATCA-3'
(sense) and 5'-GCACCATAGCTCCAAATGATGACCACA-3' (antisense)
for Qa-1. The RT-PCR amplification conditions were as follows: re-
verse transcription at 60 °C for 30 min and denaturation at 94 °C
for 2 min, followed by 30 cycles of 94 °C for 15 s, 60 °C for 30 s, and
68 °C for 30 s. Each reaction was carried out ina volume of 25 pl with
500 ng total RNA.

A

DC+BYV

Time after infection (days)

virus DNA

G3PDH

2.13. Ex vivo experiments

BMDCs (1 x 10°%) were incubated with the baculovirus at an
MOI of 50, LPS (1 pg/ml), or CpG (1 pg/ml). At 1 h after incubation,
the cells were washed twice and cultured for 5 h. The cells were
then harvested, washed with PSS, and suspended in 200 pl PSS.
The cells were injected i.v. into five groups of mice (with three
mice per group). After 6 h, the mouse splenocytes and sera were
harvested. The cells were then stained with PE-conjugated anti-
NK1.1 and anti-CD3, and FITC-conjugated anti-CD69, anti-CD4,
and anti-CD8 Abs before FACS analysis. The serum concentration
of mouse IFN-y was measured by an ELISA. The splenocytes and
target cells (YAC-1; 2 x 10*) were co-cultured at E:T ratios of
100, 50, or 25 for 4 h, and the cytotoxicity was determined.

2.14. Statistical analysis

All data are presented as the means + SD. Statistical analysis
was performed using the Student’s t-test.

3. Results
3.1. Baculovirus infectivity in BMDCs

Baculovirus infection of mouse splenic DCs induces the secre-
tion of IFN-ot and IL-12 [19]. Kitajima et al. [22] reported that a bac-
ulovirus could infect splenic DCs in vivo. However, it has not been
clarified whether conventional DCs or plasmacytoid DCs produce
these cytokines. In the current experiment, we used BMDCs be-
cause of the possibility of differentiation into only one phenotype.
We investigated whether a baculovirus could infect BMDCs in vitro.
The BMDCs were infected with the baculovirus at an MOI of 50,
and harvested 4 h later. Baculovirus-infected BMDCs were de-
tected by immunofluorescent staining using a primary Ab to the
baculovirus envelope protein gp64 and a fluorescent-conjugated

B MOI

MOCK 1 5 10 50 00

virus DNA

G3PDH

Celt viability (%)

MO1

Fig. 1. Baculovirus infectivity in BMDCs. (A) BMDCs were infected with baculovirus at an MOI of 50 and cultured for 4 h. Cells were stained with anti-gp64 Ab as a primary Ab,
and anti-mouse IgG FITC as a secondary Ab. Baculovirus-infected BMDCs were analyzed by fluorescence microscopy. (B) BMDCs were infected with baculovirus at MOI values
ranging from 1 to 100 and cultured for 4 h. Baculovirus-infected BMDCs were detected from total DNA by PCR. (C) BMDCs were infected with baculovirus at an MOI of 50,
cultured for the indicated durations, and total DNA was extracted. The baculovirus DNA was examined by PCR analysis. (D) BMDCs were infected with baculovirus at an MOI
values ranging from 1 to 100 and cultured for 48 h. Cell viability was determined by Trypan blue staining. Similar results were obtained in two independent experiments.
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secondary Ab (Fig. 1A). The results suggested that the baculovirus
could infect not only splenic DCs but also BMDCs. Next, we demon-
strated the infectivity of the baculovirus to BMDCs. The BMDCs
were infected with the baculovirus at MOI values ranging from 1
to 100. After 4 h, total DNA from baculovirus-infected BMDCs
was collected, and the baculovirus DNA was detected by PCR. As
shown in Fig. 1B, the baculovirus-infected BMDCs in a dose-depen-
dent manner. We also investigated the degradation of the baculo-
virus DNA in the BMDCs. The BMDCs were infected with the
baculovirus at an MOI of 50 and the total DNA was harvested every
1-6 days. The baculovirus DNA was detected by PCR using the total
DNA. These results showed that the baculovirus DNA began to be
degraded at 3 days post-infection, and had completely degraded
5 days later (Fig. 1C). Finally, we investigated the viability of bacu-
lovirus-infected BMDCs. The results suggested that the baculovirus
did not have a significant cytopathic effect on the BMDCs (Fig. 1D).

3.2. Activation of baculovirus-infected BMDCs

Recent reports showed that mouse splenic DCs and human
monocyte-derived DCs (MDDCs) produced inflammatory cyto-
kines and IFN-o, and that MHC molecules and co-stimulation

.Y

MHC1 MHC II CDh49

molecules were up-regulated, as a result of baculovirus infection
[19,22,24,25]. In the current study, we investigated whether the
baculovirus could induce BMDC activation. The BMDCs were in-
fected with the baculovirus at an MOI of 50 as a positive control,
stimulated LPS, or CpG. After 48 h, the BMDCs were analyzed for
the activation markers MHC I, MHC II, CD40, CD80, and CD86 by
FACS, and the cytokine levels in the culture supernatant were
measured by an ELISA (Fig. 2A and B). The BMDC surface markers
were strongly activated by baculovirus infection. The baculovi-
rus-infected BMDCs showed up-regulation of MHC I, MHC II,
CD40, CD80, and CD86 compared with the control BMDCs. Imma-
ture BMDCs were induced to mature by the up-regulation of
MHC I and MHC II upon baculovirus infection. The baculovirus-
infected BMDCs produced inflammatory cytokines (IL-6,
IL12p70, and TNF-a) and IFN-a at greater levels than the control
BMDCs. However, the baculovirus-infected BMDCs and control
BMDCs did not produce IL-10. Furthermore, the BMDCs dose-
dependently produced IL-12p70 upon baculovirus infection at
MOI values ranging from 1 to 100 (Fig. 2C). These results sug-
gested that the baculovirus induced the up-regulation of activa-
tion markers on BMDCs, as well as the production of
inflammatory cytokines and IFN-a.
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Fig. 2. Activation of baculovirus-infected BMDCs. (A) FACS analysis of cell-surface markers on baculovirus-infected BMDCs. The BMDCs were either uninfected or infected
with baculovirus at an MOI of 50, or stimulated with LPS (1 pg/ml) or CpG (1 pg/ml) for 48 h. The cells were stained with the respective fluorescence-conjugated Ab, and the
cell-surface markers were analyzed by FACS. Filled histograms represent the unstained cells, and black lines represent the uninfected and baculovirus-infected cells and those
treated with LPS or CpG, respectively. (B) Examination of cytokine production in culture supernatants. The BMDCs were either uninfected or infected with baculovirus at an
MOI of 50, or stimulated with LPS (1 pg/ml) or CpG (1 pg/ml) for 48 h, and the cytokine production was examined by an ELISA. (C) The BMDCs were infected with baculovirus
at MOI values ranging from 1 to 100 and cultured for 48 h. IL12p70 production was examined by an ELISA. All data are shown as the means +SD and done in triplicate

experiments. Similar results were obtained in two independent experiments.
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3.3. NK-cell activation by baculovirus-infected BMDCs

Previous studies reported that NK cells showed IL-2, IFN-o, and
IFN-y production, and increased cytotoxicity, when co-cultured
with cytomegalovirus-infected BMDCs or TLR ligand-stimulated
BMDCs [26,27]. Here, we investigated whether the activation of
NK cells could be induced by co-culturing them with baculovi-
rus-infected BMDCs. The BMDCs were infected with baculovirus
at an MOI of 50, and were co-cultured with NK cells from the
mouse spleen. The early activation marker CD69 was up-regulated
on NK cells co-cultured for 18 h with baculovirus-infected BMDCs
in comparison to NK cells alone and uninfected BMDCs Fig. 3A). We
also investigated whether NK cells showed IFN-y production and
cellular cytotoxicity against NK-sensitive YAC-1 cells (Fig. 3B and
C). NK cells showed IFN-y production and increased cytotoxicity
when co-cultured with baculovirus-infected BMDCs. Andoniou
et al. reported that IFN-o derived from MCMV-activated DCs as
well as increased expression of NKG2D ligand in MCMV-activated
DCs increases NK-cell cytotoxicity. In Fig. 2B, baculovirus-infected
BMDC produced IFN-o and we suggested that BMDC-induced IFN-
o up-regulates NK-cell cytotoxicity. We, therefore, evaluated
whether the expression of the NKG2D ligand was up-regulated in
baculovirus-infected BMDCs. The total RNA levels of the activation
ligand Rae-1, H60, and the inhibitory ligand Qa-1 were examined
in baculovirus-infected BMDCs by RT-PCR (Fig. 3D). The expression

of H60, but not Rae-1 and Qa-1, was increased by baculovirus
infection. IFN-y production from NK cells required IL-12 and IL-
18 production from activated DCs [26]. In this regard, we investi-
gated whether BMDCs produce IL-18 upon baculovirus infection;
however, we could not detect any obvious increase in IL-18 pro-
duction induced by baculovirus infection (Supplementary Fig-
ure S1). These results suggested that NK-cell activation was
induced when the cells were co-cultured with baculovirus-infected
BMDCs. We predicted that NK cells that were activated by baculo-
virus-infected BMDCs up-regulated activation markers and pro-
duced cytokines.

3.4. Baculovirus-infected BMDCs induce T cell activation

As shown in Fig. 3, we compared the immune response between
baculovirus-infected BMDCs and NK cells. We then compared the
immune responses between baculovirus-infected BMDCs and T
cells (CD4" and CD8* T cells). The BMDCs were infected with the
baculovirus at an MOI of 50, and were co-cultured with T cells from
the mouse spleen. The CD69 expression was up-regulated on T
cells co-cultured with baculovirus-infected BMDCs for 18 h in
comparison with T cells alone and uninfected BMDCs (Fig. 4A). In
particular, the CD69 expression increased on CD8" T cells more
than on CD4" cells. NK cells produced IFN-y when co-cultured with
baculovirus-infected BMDCs (Fig. 3B), whereas T cells did not (Sup-
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Fig. 3. Induction of NK-cell activation by baculovirus-infected BMDCs. (A) FACS analysis of CD69 expression on NK cells co-cultured with baculovirus-infected BMDCs. BMDCs
were either uninfected or infected with wild-type baculovirus at an MOI of 50, and then mouse NK cells separated from spleens were added and cultured for 18 h. CD69
expression on NK cells was analyzed by FACS. (B) Examination of IFN-y production by mouse NK cells. BMDCs were either uninfected or infected with wild-type baculovirus
at an MOI of 50, and then mouse NK cells separated from spleens were added and cultured for 18 h. IFN-y was examined by an ELISA in DC/NK co-culture supernatants. (C)
Cytotoxicity assay of NK cells co-cultured with BMDC. The BMDCs were either uninfected or infected with wild-type baculovirus at an MOI of 50, and then mouse NK cells
separated from spleens were added together with YAC-1 target cells at the E:T ratio indicated. After 18 h incubation, cytotoxic activity against YAC-1 was analyzed by a
cytotoxicity assay kit. (D) Detection of NKG2D ligand by baculovirus-infected BMDCs. The BMDCs were either uninfected or infected with wild-type baculovirus at an MOI of
50 and cultured for 6 h. Baculovirus-infected BMDCs were detected from total RNA by RT-PCR using NKG2D ligand-specific primers. All data are shown as the means + SD and
done in triplicate experiments. Statistical analysis was performed using the Student’s t-test. Similar results were obtained in two independent experiments.
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Fig. 4. Induction of T cell activation by baculovirus-infected BMDCs. (A) FACS analysis of CD69 expression on T cells co-cultured with baculovirus-infected BMDCs. BMDCs
were either uninfected or infected with wild-type baculovirus at an MOI of 50, and then mouse T cells separated from spleens were added and cultured for 18 h. CD69
expression on T cells was analyzed by FACS. (B) IFN-y production by mouse T cells. BMDCs were either uninfected or infected with wild-type baculovirus at an MOI of 50, and
then mouse T cells separated from spleens and anti-TCR o Ab (0.5 pg/ml) were added, and cultured for 24 h. IFN-y expression was examined by an ELISA in DC/T cell co-
culture supernatants. (C) Analysis of T cell proliferation. The BMDCs were either uninfected or infected with wild-type baculovirus at an MOI of 50, and then purified mouse
CD4" and CD8" T cells were added and co-cultured for 48 h. T cell proliferation was investigated using a proliferation kit. All data are shown as the means + SD and done in
triplicate experiments. Statistical analysis was performed using the Student’s t-test. Similar results were obtained in two independent experiments.

plementary Figure S3). We investigated whether T cells produced
IFN-vy after TCR stimulation using anti-TCR o Ab. TCR-stimulated
T cells produced IFN-y when co-cultured with baculovirus-infected
BMDCs, but failed to do so when co-cultured with unstimulated
BMDCs or T cells alone (Fig. 4B). T cells proliferated when co-cul-
tured with baculovirus-infected BMDCs (Fig. 4C). These results
suggested that not only NK cells but also T cells were activated
by baculovirus-infected BMDCs.

3.5. Immune activation of baculovirus-infected BMDCs ex vivo

The baculovirus strongly induced the activation of BMDCs,
which in turn induced the activation of NK cells and T cells
in vitro. Here, we investigated whether baculovirus-infected
BMDCs induced the activation of NK cells and T cells ex vivo. The
BMDCs were either stimulated with the baculovirus at an MOI of
50, LPS, or CpG, or were left unstimulated. After 6 h, the stimulated
BMDCs were injected i.v. into syngeneic mice, and the CD69 levels
were analyzed on splenic NK cells and T cells. We also evaluated
the splenocyte cytotoxicity and determined the serum IFN-vy levels.
The CD69 expression on NK cells and T cells was up-regulated
approximately 8-10-fold by inoculation with baculovirus-infected
BMDCs compared with inoculation by other stimulated BMDCs
(Fig. 5A). Increased splenocyte cytotoxicity and IFN-y production
were induced by inoculation with baculovirus-infected BMDCs
(Fig. 5B and C). These results suggested that baculovirus-infected
BMDCs induced the activation of splenic NK and T cells in vivo, sim-
ilar to the results reported in vitro.

4. Discussion

Viral vectors derived from baculovirus are commonly used as
tools for producing proteins in insect cells. Baculovirus transfer
vectors have also shown promise in the development of vaccines.
Baculovirus is well suited to gene-therapy applications due to its
low cytotoxicity in mammalian cells even at high MOIs, its inher-
ent inability to replicate in mammalian cells, and the absence of
pre-existing Abs against baculoviruses in animals. We previously
reported that baculoviruses could infect DCs and B cells more po-
tently than other immune cells, and induced the up-regulation of
activation markers on DCs [22]. However, the exact mechanisms
of immune activation, such as DC-induced cytokine production,
and the relationship between DCs and other immune cells are still
not fully understood. Here we showed that a baculovirus induced
the activation of BMDCs, and that baculovirus-infected BMDCs
activated NK cells and T cells more effectively than LPS-stimulated
or CpG-stimulated BMDCs.

The current study demonstrated that the immune responses of
DCs were induced by baculovirus infection. Initially, we investi-
gated whether the baculovirus could infect BMDCs in vitro. Our re-
sults showed that the BMDCs could be infected at an MOI as low as
1 (Fig. 1A and B). Other workers have reported that baculoviruses
can also infect MDDCs [25], and that foreign genes are expressed
with low efficiency after recombinant baculovirus vector infection
of BMDCs [15]. We previously showed that the viral genome was
degraded at 5-6 days after infection in various cell lines [28]. In
the current study, the baculovirus genome was degraded 5 days

— 267 —



T. Suzuki et al./Cellular Inmunology 262 (2010) 35-43 41

2

NK1.1

1.8%

CDh4

1.3%.

CD8

B
80
-8~ DC+BV
;: 60 - iDC
L “de~ untreated
-y
£ 40
k=3
z
-
o
0 » "
100 30 28
E:T ratio

CD69

250

IFN-y (pg/ml)
2

100

30
0 : E] .
untreated iDC  LPS CpG BV

Fig. 5. Induction of NK-cell and T cell activation by baculovirus-infected BMDCs ex vivo. (A) Analysis of the expression of activation marker CD69 by NK cells and T cells in the
mouse spleen. The BMDCs were either uninfected or infected with wild-type baculovirus at an MOI of 50, or stimulated with LPS (1 pg/ml) or CpG (1 pg/ml) and incubated for
6 h. Activated BMDCs as well as control BMDCs were inoculated (i.v.) into mice, and after 6 h the splenocytes were collected for FACS analysis of activation marker CD69. (B)
Cytotoxicity assay of mouse splenocytes with or without inoculation of the control or baculovirus-activated BMDCs. The BMDCs were either uninfected or infected with wild-
type baculovirus at an MOI of 50 and cultured for 6 h. Each type of BMDC was inoculated (i.v.) into mice, and after 6 h the splenocytes were collected and mixed with the YAC-
1 target cells at the E:T ratio described. Cytotoxic activity was measured by a cytotoxicity assay kit. (X) Measurement of I[FN-y production from serum. The BMDCs were either
uninfected or infected with wild-type baculovirus at an MOI of 50, or stimulated with LPS (1 pg/ml) or CpG (1 pg/ml) and incubated for 6 h. Activated BMDCs and control
BMDCs were inoculated (i.v.) into mice, and after 6 h the serum was harvested and IFN-y expression was measured by an ELISA. All data are shown as the means + SD and
done in triplicate experiments. Similar results were obtained in two independent experiments.

after infection in the BMDCs (Fig. 1C). The cytotoxicity due to the
baculovirus infection was low even at higher MOIs (Fig. 1D). Previ-
ous studies have reported on the activation of DCs by baculovirus
infection in vitro and in vivo. Baculovirus-infected MDDCs were
shown to express cell-surface markers of activation and to produce
TNF-a [25]. Mouse splenic DCs were also reported to express acti-
vated cell-surface markers and to produce cytokines upon baculo-
virus inoculation [22,24]. Our current results showed that BMDCs
expressed activated cell-surface markers and produced inflamma-
tory cytokines and IFNs due to baculovirus infection, but did not
produce IL-10 (Fig. 2A-C). These findings suggested that the bacu-
lovirus could induce cellular immunity more potently than humor-
al immunity. NK cells produce IFN-y through IL-12 and IL-18,
secreted by activated DCs, and NK-cell cytotoxicity is increased
through IFN-a and up-regulated NKG2D ligand expression by acti-
vated DCs [26]. We examined the production of IL-18 from baculo-
virus-infected BMDCs. However, we could not detect IL-18
production (Supplementary Figure S1), which was consistent with
previously published reports [26]. Andoniou and coworkers sug-
gested that IL-18 production by DCs might be restricted to the syn-
aptic cleft [26,29]. Other authors reported that the production of
IFN-y by NK cells requires the formation of a synapse leading to
IL-12 polarization in the DCs [30]. NK cells produced IFN-y when
co-cultured with baculovirus-infected BMDCs (Fig. 3B). As shown
in Figs. 2A and 3B, it appeared that baculovirus-infected BMDCs
produced IL-12 and NK cells produced IFN-y. Gerosa et al. [31] re-
ported that the expression of the early activation marker CD69 on

NK cells was up-regulated when they were co-cultured with TLR
ligand-stimulated DCs. The expression of CD69 required IFN-o
and IFN-B secretion by DCs, and direct interaction between DCs
and NK cells. We confirmed that CD69 expression was up-regu-
lated on NK cells by baculovirus-infected BMDCs (Fig. 3A), and that
NK-cell cytotoxicity was also increased (Fig. 3C). The NKG2D ligand
H60 mRNA was up-regulated by baculovirus-infected BMDCs
(Fig. 3D). Andoniou et al. [26] suggested that weak expression of
the NKG2D ligand on mouse cytomegalovirus (MCMV)-infected
BMDCs might have been sufficient to activate NK-cell cytotoxicity.
Next, we investigated the relationships between baculovirus-in-
fected BMDCs and CD4" and CD8" T cells. We confirmed that
CD69 expression was up-regulated on T cells by baculovirus-in-
fected BMDCs (Fig. 4A), and that T cell proliferation was also in-
creased (Fig. 4C), although the T cells did not produce IFN-y
(Supplementary Figure S2). Feili-Hariri et al. [32] demonstrated
IFN-y production by T cells that were stimulated with anti-TCR
op Ab. We also demonstrated that baculovirus-infected BMDCs in-
duced IFN-y production by T cells upon stimulation with anti-TCR
ap Ab. These results suggested that T cells produced IFN-y when
co-cultured with baculovirus-infected BMDCs (Fig. 4B). By con-
trast, the controls without anti-TCR af Ab showed no significant
effects. Finally, we investigated whether baculovirus-infected
BMDCs induced the activation of NK cells and T cells ex vivo as well
as in vitro. Mouse splenic NK cells did not show CD69 activation in
response to subcutaneous injection of BMDCs (Supplementary Fig-
ure S3). Eggert and coworkers reported that DCs accumulated in
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the spleen more than in other organs in intravenously injected
mice [33]. Unstimulated BMDCs, baculovirus-infected BMDCs,
and LPS-stimulated or CpG-stimulated BMDCs were injected intra-
venously into respective mice, and the expression of CD69 on NK
cells and T cells was examined by FACS analysis. The results sug-
gested that the CD69 expression on splenic NK cells and T cells
was up-regulated by baculovirus-infected BMDCs more than the
controls (Fig. 5A), and the splenocyte cytotoxicity also increased
(Fig. 5B). The presence of IFN-y in the serum was confirmed in mice
injected with baculovirus-infected BMDCs (Fig. 5C). These results
indicated that baculovirus-infected BMDCs induced the non-spe-
cific activation of splenic NK cells and T cells ex vivo, the same as
in vitro results. We have previously shown that wild-type baculo-
virus induces anti-tumor acquired immunity against challenged
tumor cells in the form of increased CTL activity and tumor-specific
antibody production [34].

Although specific immune responses against viral infections
and tumors are the essential arm of immunity, non-specific im-
mune responses are also reported to be an important factor in con-
trol of viral infections such as HIV infection. The presence of
functional HIV-specific CTL responses and CD4" T helper responses
do not protect against progression to AIDS in the chronic phase of
HIV infection [35]. Recently, it has been apparent that a CD8" T
cell-inducing vaccine has failed in a phase IIB clinical trial. The
presence of high numbers of cytokine-producing HIV-specific
CD8* T cells does not guarantee a better clinical outcome [36]. Tak-
ing these reports into account, we emphasized to examine non-
specific immune responses induced by wild-type baculovirus in
this report.

In conclusion, the baculovirus induced the expression of activa-
tion markers on DCs, and the production of inflammatory cyto-
kines (IL-6, IL-12p70, and TNF-a) and IFN-o. Furthermore, the
baculovirus-infected BMDCs induced stronger activation of NK
cells and T cells than LPS-stimulated or CpG-stimulated BMDCs.
The NK cells showed IFN-y production, up-regulated cytotoxicity,
and CD69 expression. The T cells showed IFN-y production, up-reg-
ulated proliferation, and increased CD69 expression. Baculovirus-
infected BMDCs might therefore be a useful tool as an immuno-
therapy in the treatment of viral infections and malignancies to
be used in association with present therapies to achieve most
effective results.
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Background: Hepatitis C virus (HCV) infection is a major
cause of chronic liver disease. Here, we report a new and
effective strategy for inhibiting HCV replication using
an inhibitor of heat-shock protein 90, 17-AAG (17-
allylamino-17demethoxygeldanamycin), and a protea-
some inhibitar, MG132.

Methods: To explore the virological basis of combination
therapy, we analysed the effects of 17-AAG and MG132,
singly and in combination on HCV replication in an HCV
replicon cell system.

Results: In HCV replicon cells, HCV RNA replication was sup-
pressed by 17-AAG in a dose-dependent manner. As shown
in the present study, the 50% inhibitory concentration val-
ues were 0.82 nM for 17-AAG and 0.21 nM for MG132. Low
concentrations of MG132 had strong synergistic inhibitory
effects with low toxicity on HCV replicon cells.
Conclusions: The results of this study suggest that the
different effects and synergistic actions of 17-AAG and
MG132 could provide a new therapeutic approach to
HCV infection.

Introduction

Infection by the hepatitis C virus (HCV) is a major
public health problem, with 170 million chronically
infected people worldwide [1,2]. Combined treatment
with interferon-ot and ribavirin induces sustained anti-
viral response in 80% of patients with HCV genotype
2 or 3 [3,4]. Chronic infection with HCV results in
liver cirrhosis and can lead to hepatocellular carcinoma
[5,6]. Although interferon-ot plus ribavirin therapy is
effective for approximately 50~80% of patients with
HCYV, the development of improved therapies and pre-
ventative vaccines is urgently needed [7].

Heat-shock protein 90 (Hsp90) exerts chaperone
activity together with a number of cochaperones,
playing an important role in the folding of at least
200 specific proteins of various signalling pathways
and in the refolding of proteins that have been dena-
tured hy stress [8-11]. Hsp90 is considered to be
of prime importance to the survival of cancer cells.
The constitutive expression of Hsp90 is 2- to 10-fold
higher in tumour cells compared with their normal
counterparts, suggesting that Hsp90 is critically

©2010 International Medical Press 1359-6535 (print} 2040-2066 (online)

important for tumour cell growth and/or survival. A
small molecule inhibitor of Hsp90, the benzoquinone
ansamycin 17-AAG (17-allylamino-17-desmethoxy-
geldanamycin; Figure 1A), exhibits antitumour activ-
ity in several human xenograft models, including
colon, breast and prostate cancer [12~14]. The drug
is currently completing multi-institution Phase I clini-
cal trials, and Phase II trials are being planned.

The HCV non-structural protein 3 (NS3) forms a
complex with Hsp90 [8,10,11] that is critical for HCV
replication {15]. Treatment of the #50-1 HCV repli-
con cells with the Hsp90 inhibitor 17-AAG [8,16,17]
suppresses HCV RNA replication and NS3 is the only
HCV protein degraded in these cells [15]. This finding
led us to suggest a crucial role for Hsp90-NS3 com-
plexes in the HCV life cycle. By contrast, the protea-
some is a large protein complex that also participates
in protein degradation [18]. Among the 28 subunits
of the 20S proteasome, the o-subunit 7 (PSMA7) is
one of the o-ring subunits at the barrel centre of the
proteasome complex. The 20S proteasome is activated
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Figure 1. Schematic representation of the HCV replicon and the structures of 17-AAG and MG132
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(A) Structure of the heat-shock protein 90 inhibitor 17-AAG. (B) Structure of the proteasome inhibitor MG132. {C) Structure of the hepatitis C virus (HCV)

replicon RNAs comprising the HCV 5™-untvanslated region, including the HCV internal ribosome entry site {IRES), the neomycin phosphotransferase gene (Neo'), the
encephalomyocarditis virus (EMCV] IRES or the HCV IRES, and the coding region for HCV proteins NS3 to NSSB (in the HCV subgenomic replicon) or core protein to
NSS5B (in the HCV full-length replicon). (D) Effect of 17-AAG and MG132 on expression of the NS3 protein, B-Actin was used as a lysate control. The HCV full-length
replicon (NNC#2 cells) was analysed by western blotting after 17-AAG treatment with or without MG132.
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upon association with its regulatory protein complex,
classified as PA700 (19S regulator) and PA28 (11S
regulator) [18]. Ribozymes and small interference
RNAs that specifically target the putative HCV cofac-
tor PSMA?7 inhibit HCV expression [19,20].

In the present study, we describe our findings of HCV
combination therapy with the Hsp90 inhibitor 17-AAG
and the proteasome inhibitor MG132 (Figure 1B).
Combining these different inhibitors produced signifi-
cant synergistic inhibitory effects on HCV replicons,
indicating that the inhibitors might be useful as an effi-
cient dual strategy of molecular HCV therapeutics.

Methods

Cell culture and reagents

The HCV replicon cell line #50-1 (NN/1b/SG) [21],
which carries a subgenomic replicon, and NNC#2
{NN/1b/FL) [22], which carries a full genome rep-
licon, were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum,
non-essential amino acids, L-glutamine, penicillin—
streptomycin, and 300-1,000 pg/ml G418 (Invitrogen,
Carlsbad, CA, USA) at 37°C in 5% CO,. Huh-7 cells
were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 100 U/ml
penicillin and 100 mg/ml streptomycin. 17-AAG and
MG132 were purchased from Sigma-Aldrich Chemical
Co. (St Louis, MO, USA).

Real-time reverse transcriptase PCR analysis

HCV replicon cells were seeded at 1.5x10° cells in
24-well plates and cultured for 72 h. Total RNA was
then isolated using Trizol (Invitrogen) according to the
manufacturer’s instructions. HCV RNA was quantified
by real-time reverse transcriptase (RT)-PCR using an
ABI 7700 sequence detector (Perkin-Elmer Applied Bio-
systems, Foster City, CA, USA), and the following prim-
ers and TagMan probes located in the 5"-untranslated
regton: forward primer (nucleotides [nt] 130-146),
5-CGGGAGAGCCATAGTGG-3; reverse primer
(nt 272-290), 5-AGTACCACAAGGCCTTTCG-3%;
and TagMan probe {nt 148-168),
5-CTGCGGAACCGGTGAGTACAC-3" (all pur-
chased from Applied Biosystems). The probe sequence
was labelled with the reporter dye 6-carboxyflurores-
cein at the 5’-end and with the quencher dye TAMRA
at the 3’-end [23].

Western blotting

NNC#2 cells were seeded at 1.5x10° cells in 24-well
plates, treated with 17-AAG alone, MG132 alone, or
combined 17-AAG and MG132, and cultured for 48 h.
Western blotting analysis was performed using a previ-
ously described method [15]. The primary antibodies
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were monoclonal or polyclonal antibodies against
PSMA7 (Abcam, Cambridge, MA, USA) and B-actine
(SIGMA, Sigma-Aldrich). The anticore antibody was a
kind gift from M Kohara (Tokyo Metropolitan Institute
of Medical Science, Tokyo, Japan). Anti-NS3 antibody
was a kind gift from Y Matsuura (Osaka University,
Osaka, Japan).

Transfection and reporter assay

Huh-7 cells were seeded at 1.5x10° cells 24 h before
transfection. Huh-7 cells were treated with MG132
(100 nM) following transfection with the plasmid DNA
pHCV internal ribosome entry site (IRES) luciferase
(luc) or pEMCV IRES luc using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol.
Luc activity was measured in the cell lysates using a
luminometer (Berthold, Bad Wildbad, Germany).

MTS assay

HCV replicon cells were sceded in 96-well plates at
3x10* cells per well in a final culture volume of 100 pl
for 72 h before adding increasing concentrations of
17-AAG and MG132. After incubation for 3 days, via-
ble cell numbers were determined using the CellTitre
96® Aqueous non-radioactive cell proliferation assay
(Promega Corp., Madison, WI, USA). The value of
the background absorbance at 490 nm (A,,) of wells
without cells was subtracted from the A,,, value of
wells with cells. The percentages of viable cells were
then calculated using the following formula: (A,
17-AAG-, MG132- or 17-AAG+MG132-treated cells/
A,,, untreated cells)x100.

Drug synergism analysis

The effect of treatment of HCV replicon cells with
17-AAG and MG132, alone and in combination, was
analysed by measuring HCV RNA with real-time PCR.
The combination index (CI) for each combination of
17-AAG and MG132 treatment was calculated by the
following formula using the 50% inhibitory concentra-
tion (IC,): Cl= IC, (17-AAG combined)IC,(17-AAG
alone) +IC((MG132 combined)/IC (MG132 alone).
For such plots, the combined effects of the two drugs
can be assessed as either additive {CI=1), synergistic
(CI<1) or antagonistic (CI>1) [24].

Results

In a previous study, we examined the inhibitory effects
of 17-AAG on HCV replication in an HCV replicon
cell culture system. In HCV replicon cells treated with
17-AAG, HCV RNA replication was suppressed in a
dose-dependent manner, and the only HCV protein
degraded in these cells was NS3 [15]. To determine
whether 17-AAG promoted the degradation of NS3,
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Figure 2. Effect of proteasome inhibitor MG132 on HCV IRES activity
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(A) Vector construct for hepatitis C virus (HCV) internal ribosome entry site (IRES)-mediated (pHCV IRES luc) or encephalomyocarditis virus (EMCV) IRES-mediated
(pEMCV IRES luc) translation of firefly luciferase. (B) Huh-7 cells were transfected with pHCV IRES luc alone or pEMCV IRES luc alone (PC), or also treated wilh MG132
100, 200 and 250 nM. After 24 h, HCV IRES activity was determined by luciferase assay. Data are means 5o of triplicate experiments.

we evaluated the effect of 17-AAG on #50-1 cells in
which proteasomal degradation was also inhibited with
the proteasome inhibitor MG132. Although 17-AAG
treatment reduced NS3 levels in #50-1 cells, this NS3
degradation was completely blocked in the presence of
MG132 [15]. In the present study, we used HCV full-
length replicon NNC#2 cells (Figure 1C) [22] instead of
the HCV subgenomic replicon #50-1 cells used in previ-
ous studies [15,21]. Treatment with 17-AAG decreased
NS3 levels, but the presence of MG132 did not block
the reduction in HCV NS3 (Figure 1D). Indeed, MG132
in combination with 17-AAG induced the complete
disappearance of the NS3 (Figure 1D), suggesting that
the reduction of HCV NS3 induced by treatment with
the proteasome inhibitor MG132 was dependent on
the HCV IRES. NNC#2 and #50-1 cells have different
virus IRESs, known as the HCV IRES {25-27] and the

encephalomyocarditis virus (EMCV) IRES [28], and

HCV IRES-mediated translation is induced by PSMA7
[29]. The PSMA7 activity is blocked by MG132 [30).
Similar effects were observed when PSMA7-directed
ribozyme or small interfering RNAs inhibited HCV
replication [19,20].

We examined the effects of combination therapy with
17-AAG and MG132 on HCV. To evaluate the MG132-
mediated effect on HCV IRES activity, Huh-7 cells were
treated with MG132 (100, 200 and 250 nM) and then
transfected with pHCV IRES luc or pEMCV IRES luc
(Figure 2A). MG132 inhibited luc activity of HCV IRES
in dose-dependent manner, but did not inhibit transla-
tion derived from EMCV IRES (Figure 2B), indicating
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a preferential effect of MG132 on HCV IRES activity
[19]. NNC#2 cells were then treated with 17-AAG or
MG132 for 3 days. HCV RNA was quantified by real-
time RT-PCR using an ABI 7500 Fast (Perkin-Elmer,
Applied Biosystems). Dose-dependent cytotoxicity
was not observed upon application of MG132 and/or
17-AAG (99% at concentrations ranging between 5 and
25 nM; Figure 3A), but was observed at MG132 con-
centrations of 10 pM (data not shown). Cells treated
with increasing doses of 17-AAG or MG132 showed
reduced levels of HCV RNA (Figure 3B). Low concen-
trations (1 nM) of MG132 had inhibitory effects similar
to those of 15 nM 17-AAG (Figure 3B). In NNC#2 cells
treated with S nM MG132, HCV RNA replication was
suppressed by 85%, and this effect was dose-dependent
(Figure 3B). The IC,, values were 0.82 nM for 17-AAG
and 0.21 nM for MG132 (Table 1 and Figure 3B).

We also investigated combination therapy with
17-AAG and MG132 on HCV in NNC#2 cclls. In
combination with 5 nM, 15 nM or 25 nM of 17-AAG,
0.5 oM, 1 nM or 5 nM of MG132 was applied to
NNC#2 cells, respectively. The combination of 5 nM
17-AAG and 1 nM MG132 suppressed HCV RNA rep-
lication by 90% in the NNC#2 cells (Figure 3B). The
CI was 0.42, demonstrating that 17-AAG and MG132
had synergistic inhibitory effects on HCV replicon cells
(Table 1). The combination of 17-AAG with MG132
inhibited HCV RNA replication with an approximately
2.5-fold reduction in the dose {Table 1). To determine
the effects of 17-AAG and MG132 on the expression of
core and PSMA7 proteins, NNC#2 cells were treated
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