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serum IL-18 was increased dramatically at the late phase. In
the present study, we investigated the involvement of IL-18 in
the liver injury and focused on the interactions among IL-18
and NKT cells, neutrophils, macrophages, and monocytes,
which play important roles in various diseases. The results ob-
tained provide new insights into the inflammatory network
among macrophages, neutrophils, and NKT cells during liver

injury.

MATERIALS AND METHODS

Mice

Val4 NKT KO mice were generated as described [7], and C57BL/6 mice
were purchased from Japan SLC (Shizuoka, Japan). All animals were
housed in pathogen-free rooms under strict barrier conditions and re-
ceived humane care according to the guidelines of the Animal Care Com-
mittees of Gifu University School of Medicine (Gifu, Japan) and Tokyo
Metropolitan Institute of Medical Science (Tokyo, Japan).

Antibodies

Mice were injected i.v. with 100 ug aCD40 [16] or 100 ug purified rat
IgG2a as a control (BD PharMingen, San Diego, CA, USA). In addition,
some mice were injected i.p. (200 ug/mouse) at Days —1, +1, and +3 with
a rat mAb against mouse Gr-1 (clone RB6-8C5) and control rat IgG2b
(both from eBioscience, San Diego, CA, USA). At Days —1, +1, and +3,
other mice were injected i.p. with a rat anti-mouse IL-18 mAb (50 ug/
mouse) and rat IgG (both from MBL, Nagoya, Japan).

Cell isolation

To isolate THLs, single-cell suspensions were prepared from liver perfused
with PBS via the inferior vena cava and digested in 10 mL RPMI 1640 (Life
Technologies, Gaithersburg, MD, USA) containing 0.02% (wt/vol) collage-
nase IV (Sigma-Aldrich, St. Louis, MO, USA) and 0.002% (wt/vol) DNase I
(Sigma-Aldrich) for 40 min at 37°C. Cells were overlaid on Lympholyte M
(Cedarlane, Westbury, NY, USA) in PBS. Bone marrow cells were collected
from the femurs and tibias of mice. To isolate PBMCs, peripheral blood
(0.4 mL) was obtained by cardiac puncture under ether anesthesia. After
deunsity separation, cell counts and immunofluorescence analyses were per-
formed.

Tissue RNA analyses

Frozen livers were mechanically pulverized under liquid nitrogen, and total
RNAs were isolated for RPAs as described previously [15]. All reagents for
the RPAs were purchased from BD PharMingen.

ELISA

The serum IL-18, TNF-a, and IFN-y concentrations were assayed using spe-
cific ELISA kits (IL-18, MBL; TNF-a and IFN-y, Genzyme Techne Corp.,
Minneapolis, MN, USA), according to each corresponding manufacturer's
protocols.

Immunohistochemistry

The samples were embedded in OCT compound (Tissue Tek, Miles,
Elkhart, IN, USA) and frozen in liquid nitrogen. Sections were cut at 4 um
thickness using a cryostat and fixed with cold acetone for 10 min. The
fixed sections were treated with rat anti-mouse F4/80, Ly-6C, and Gr-1 mAb
(10 ng/mL), followed by a streptavidin-biotin-HRP complex (Dako,
Glostrup, Denmark). The positive reactions were visualized with 0.035%
H,0, and 0.03% 3,3'-diaminobenzidine (Wako, Tokyo, Japan) in 50 mM
Tris-HCl (pH 7.6) for 2-3 min. After 4% formaldehyde fixation, the
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stained sections were counterstained with hematoxylin and subjected to
microscopic observation.

Flow cytometry

The cells were surface-stained with fluorochrome-conjugated mAb for 20
min on ice. The following antibodies were used: anti-CD3, anti-NK1.1, anti-
CD11b, and anti-CD11c (all from eBioscience). The F4/80 and Ly-6C mAb
(BMA Biomedicals, Geneva, Switzerland) were also used. In addition, the
cells were surface-stained with FITC-conjugated anti-CD3, FITC-conjugated
anti-CD11b, and allophycocyanin-conjugated anti-NK1.1 mAb, together with
anti-IFN-y-PE and anti-TNF-o-PE mAb (all from BD PharMingen) for intra-
cellular cytokine detection. Samples were acquired using a FACSCalibur
flow cytometer, and data were analyzed using the CellQuest software (BD
Immunocytometry Systems, San Jose, CA, USA) and FlowJo software (Tree
Star, San Carlos, CA, USA).

BrdU incorporation

For in vivo BrdU labeling, mice received a 100-uL i.p. injection of a 10-
mg/mL solution of BrdU in PBS at 2 h before sacrifice. Single-cell suspen-
sions of IHLs were prepared at 24 h after «CD40 injection and surface-
stained with PE-CD11b. Following the surface staining, the cells were fixed,
stained for intracellular BrdU using a FITC-BrdU flow kit (BD PharMin-
gen), and analyzed by flow cytometry.

Data analysis

All data are expressed as the mean + sp. Values of P < 0.05 were consid-
ered statistically significant.

RESULTS

A single injection of aCD40 increases serum I1-18
We found that the serum ALT activity began to elevate on Day
1 and was clearly increased on Day 5 after «CD40 injection.
We confirmed further that inflammatory cytokine and chemo-
kine mRNA expressions were increased at Days 1 and 5 in
C57BL/6 mice (Supplemental Fig. 1A). We measured the se-
rum IL-18 level and found that it began to increase at Day 3
and was remarkably increased until Day 5 after the injection.
To determine the infiltration of inflammatory cells in the
same livers, we counted the absolute number of IHLs and cal-
culated the number of cells in each IHL subset. As shown in
Fig. 1B, Gr-1**/CD11b™ cells (mostly neutrophils) were in-
creased until Day 1 and then decreased at Days 3 and 5. On
the other hand, Gr-1*/CD11b* cells (mostly macrophages
and monocytes) were increased and reached a peak at Day 3
and then decreased until Day 5. Furthermore, to evaluate the
numbers of macrophages and their precursors in the liver, the
cells were stained with the CD11b, F4/80, and Ly-6C mAb,
which recognize antigens on macrophages and their precur-
sors at different stages of differentiation [17]. The numbers of
Ly-6C**/CD11b™ cells (mostly monocytes) and F4/80%/
CD11b™ cells (tissue macrophages) began to increase by Day
1, reached a peak at Day 3, and then decreased until Day 5. In
immunohistochemical analyses, Gr-1" cells were increased at
Day 1 in the liver parenchyma, whereas Ly-6C™ and F4/807
cells were increased at Day 3 in the liver (Fig. 1C), consistent
with the FACS data.
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Figure 1. Serum IL-18 levels, cell numbers, and immunohistochemical staining. (A) Serum
IL-18 levels. The serum IL-18 concentrations after «CD40 injection into mice were analyzed
b : at the indicated time-points. Data are expressed as the mean + sp. (B) Cell numbers. IHLs

were isolated from the indicated mice, and the effects of ®CD40 injection on cell recruitment
were analyzed. The numbers in each subset of cells in the liver were calculated by multiplying
the total number of IHLs by the frequency of each subset in the IHL population obtained by
FACS analysis. Data represent the mean + sp. (C) Immunohistochemical staining. Liver sec-

Proliferation and differentiation of macrophages
after «CD40 injection

As reported previously [14], macrophages were key players in
this liver injury. We confirmed that «CD11b mAb treatment
suppressed inflammatory cytokine and chemokine expressions
in the liver and the serum IL-18 levels (Supplemental Fig. 2A
and B), indicating that macrophages are IL-18 producers, con-
sistent with a previous report [11].

Next, to evaluate the function of macrophages after «CD40
injection, we analyzed the proliferation of macrophages by
BrdU staining in the liver, bone marrow, and
PBMGs. We injected 2 mg BrdU i.p. into mice at 2 h before
sacrifice. Proliferation of CD11b* cells peaked in each tissue
at Day 3 after injection and decreased by Day 5
(Fig. 2A), consistent with the numbers of the macrophage
populations in the FACS analysis.

To determine whether differentiation from monocytes to
tissue macrophages was induced in each tissue, we investigated
the changes in the proportions of Ly-6C™* and F4/80% cells
among the CD11b™ cells (Fig. 2B). Ly-6C~/F4/80" /CD11b™
and Ly-6C*/F4/807 /CD11b™ cells comprised the majority of
cells in the liver after injection of the control antibody, and
Ly-6C*/F4/80" /CD11b" cells increased at Day 1 and peaked
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tions obtained from mice killed at 1, 3, and 5 days after injection were stained with H&E
(H.E.) or with anti-mouse F4/80, Ly-6C, or Gr-1 mAb.

at Day 3. These findings demonstrate that the proportion of
Ly-6C~/F4/80" /CD11b™ cells increased from Days 3 to 5, in-
dicating that differentiation from monocytes to tissue macro-
phages had occurred by Day 3. In the bone marrow, Ly-6C*/
F4/80%/CD11b™ cells began to increase at Day 1 after aCD40
injection compared with the findings for the control antibody
but had decreased by Day 5, indicating that «CD40 stimulation
also induced the differentiation of macrophages. Similarly, Ly-
6C*/F4/80"/CD11b™ cells, among the PBMCs, began to in-
crease by Day 1 after «CD40 injection and peaked at Day 3.

Role of NKT cells

To evaluate the role of NKT cells in this liver injury, NKT KO and
C57BL/6 mice were injected with «CD40 and killed at Days 1 and 5.
No significant difference between the serum ALT activities was ob-
served after rat IgG injection, which is presented as Day 0, and NKT
KO mice exhibited significantly lower serum ALT activities than WT
mice at Days 1 and 5 (P<0.05; Fig. 3A). We also found that the ab-
solute numbers of NK cells, T cells, macrophages, and neutrophils
among the IHLs were reduced significantly in NKT KO mice (Fig.
3B). Consistent with the reduced number of IHLs in NKT KO mice,
the IFN-y, TNF-o, CCL2, and CCL5 mRNA expressions in the liver
were suppressed at Days 1 and 5 after «CD40 injection (Fig. 3C and
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D). We further found that the IFN-~y production by NK cells and
TNF-a production by macrophages were suppressed in NKT KO
mice (Supplemental Fig. 3). Furthermore, the serum IL-18 levels
were reduced in NKT KO mice at Day 5 but not Day 1.

Finally, the numbers of Ly-6C**/CD11b", Ly-6C*/CD11b",
and F4/80" /CD11b™ cells in NKT KO mice were reduced sig-
nificantly compared with WT mice at Day 5 after injection
(Fig. 3E), demonstrating that NKT cells were involved in the
macrophage and monocyte infiltration in the liver.

Depletion of neutrophils exacerbates the liver injury
To determine whether neutrophils play a role in this liver in-
jury, we injected @CD40 into C57BL/6 mice with aGr-1 mAb
or rat IgG2b at Days —1, +1, and +3. The mice were killed at
Day 5. We confirmed that aGr-1 mAb treatment specifically
depleted IHLs with an efficiency of >95% (Gr-17*/CD11b™
cells), as evaluated by FACS analysis (Supplemental Fig. 4).
Administration of aGr-1 mAb significantly increased the serum
ALT activity at Day 5 compared with the control antibody
(P<0.05; Fig. 4A). Although the total number of IHLs decreased
after «CD40 plus aGr-1 mAb treatment, the numbers of Gr17/
CD11b™ cells, including Ly-6C**/CD11b" and F4/80* /CD11b™
cells, increased (Fig. 4B, C, and E). Immunohistochemical analy-
ses revealed that Ly-6C™ and F4/80™ cells were increased in the
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liver at Day 5 after «CD40 mAb plus aGr-1 mAb treatment (Fig.
4F). Consistent with these observations, the serum TNF-a and
IL-18 but not IFN-y levels were elevated in the neutrophil-de-
pleted state (Fig. 4D). In addition, TNF-a production by Ly-
6CT*/CD11b™ and F4/80" /CD11b™ cells was increased in
aGr-1 mAb-treated mice (Fig. 4G), suggesting that neutrophils
may play a suppressive role in macrophage recruitment and func-
tion in this liver inflammation.

Neutralization of IL-18 suppresses the liver injury

To assess whether IL-18 is responsible for the aCD40-in-
duced liver injury, we injected C57BL/6 mice with alL-18
mAb or rat IgG as a control at -1, +1, and 2 days after
aCD40 injection and then killed the mice at Day 5. Admin-
istration of alL-18 mAb significantly suppressed the serum
ALT activity at Day 5 (P<0.05; Fig. 5A), demonstrating that
IL-18 contributes to the liver injury. Consistent with this
finding, all-18 mAb treatment decreased the IFN-y and
TNF-a mRNA expressions in the liver (Fig. 5B). We also
found that aIL-18 mAb treatment inhibited the recruitment
of macrophage subpopulations, neutrophils, NK cells, and T
cells but not NKT cells into the liver (Fig. 5C). Immunohis-
tochemical analyses revealed that Ly-6C* and F4/807 cells
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were decreased in the liver at Day 5 after «CD40 mAb plus
oIL-18 mADb treatment (Fig. 5D).

IL-18 causes severe liver injury with high levels of
IFN-y

To evaluate the effect of IL-18 on the late-phase liver injury, we
i.p-injected mice with 1 ug murine rIL-18 at 4 days after «CD40
injection and measured their serum ALT activity and inflamma-
tory cytokine levels. The serum ALT activity was increased signifi-

www jleukbio.org

80

50

40

30

20

70

60

50

40

30

80

Cell number

CD3+NK1.1+

CD3-NK1.1+

Total tHLs

Elss
[TINKTKO

[ 1 5 L] 1 5

CD3+NK1.1- Gr-1+CD11b+

Absolute celt number x10*

B ratgG-B6
™ atigG-NKTKO
& aCD40-86
1 aCD40-NKTKO

- Figure 3. Role of NKT cells. (A) Serum

- ALT activities. Three age-matched (8-11
weeks old) male NKT KO mice and
C57BL/6 (B6) mice were injected with
aCD40 or rat IgG and killed after 1 and 5
days. Their serum ALT activities were mea-
sured and expressed in IU/L; *P < 0.05.
(B) IHLs were isolated from the indicated
mice, and the effects of «CD40 injection on
cell recruitment were analyzed. Data repre-
sent the mean + sp; *P < 0.05. (C) Total
hepatic RNA (20 pg) was isolated from liv-
ers at the indicated time-points, and the cy-
tokine and chemokine expression levels
were analyzed by RPAs. The level of ribo-
somal protein L32 mRNA was used to nor-
malize the amount of RNA loaded in each
lane. (D) The serum IL-18 concentrations
after «CD40 injection in C57BL/6 or NKT
KO mice were analyzed at the indicated
time-points. The data are expressed as the
mean + sp; *P < 0.05. (E) Numbers of
differentiated macrophages. IHLs were
stained with anti-CD11b-allophycocyanin,
anti-mouse F4/80, and anti-mouse Ly-6C
mAb; *P < 0.05.

= N

Ly-6C+CD11b+

F4/80+CD11b+

cantly by about four times after rIL-18 treatment compared with
the control, although the number of IHLs, except for the macro-
phage population, was suppressed (Fig. 6A-C). In addition, se-
rum IFN-y was elevated significantly after injection of «CD40 with
rlL-18, and NK cells strongly produced IFN-y after rIL-18 treat-
ment (Fig. 6D and E). In contrast, no difference was seen for
TNF-a production by macrophages (Fig. 6E). Thus, IL-18 mainly
activated NK cells and reduced the numbers of monocytes and
neutrophils in the liver (Fig. 6A and B).
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(D) Serum cytokine concentrations after «CD40 injection in C57BL/6
mice. Data are expressed as the mean + sp; *P < 0.05. (E) Numbers of
differentiated macrophages. IHLs were stained with anti-CD11b-allophy-
cocyanin, anti-mouse F4/80, and anti-mouse Ly-6C mAb; *P < 0.05. (F)
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F4/80, Ly-6C, or Gr-1 mAb. (G) Intracellular cytokine expression levels in macrophages and monocytes. To determine which cell popula-
tions produced TNF-« after injection, we stained the cells with anti-mouse F4/80-FITC, Ly-6C-PE, anti-CD11b-allophycocyanin, and anti-
TNF-a-PE mAb. The cells were analyzed using a FACSCalibur system.

DISCUSSION

models [18-20]. Therefore, it is well established that an inflam-

The present study has clarified several important aspects of liver
pathology in terms of inflammatory cell recruitment and activa-
tion in the liver and provides important findings regarding the
interactions among IL-18, macrophages, neutrophils, and NKT
cells. The innate immune system, which is considered to provide
nonantigen-specific immune responses, can provide emergency
signals from destroyed hepatocytes during liver inflammation,
resulting in an inflammatory response. These inflammatory
events contribute to liver injury and conversely, may also be in-
volved in liver repair based on various experimental liver disease
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matory response is essential for controlling the microenviron-
ment in the liver, but the relationships among macrophages and
other inflammatory cells with regard to liver injury are still ob-
scure. Careful interpretation is required to evaluate the results of
the present study, especially with regard to the interactions be-
tween IHLs and the liver injury in this model. The liver injury
model that we used involves artificial stimulation of macrophages,
monocytes, and B cells that express CD40, and these cells subse-
quently activate NK cells and NKT cells, thereby causing liver in-
jury by way of IFN-y, TNF-a, and IL-12 [14, 15]. In general, it has
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been well understood that the interactions between CD40 and that this liver injury model is useful for analyzing how activated
CD40 ligand reciprocally deliver activating signals to APCs and macrophages or B cells affect the activation of other IHLs and
cognate T cells. This process is critically important for the devel- their recruitment in liver injury, as the agonistic CD40 antibody
opment of adaptive immunity [21-23]. However, we consider mainly activates macrophages and B cells.
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Figure 6. Additional IL-18 treatment exacerbates liver injury after «CD40 injection. (A) Serum ALT activities. C57BL/6 mice were injected with «CD40 or rat
IgG in the absence or presence of rlL-18 and killed after 5 days. The serum ALT activities were measured and expressed in IU/L; *P < 0.05. (B and C) IHLs
were isolated from the indicated mice, and the effects of IL-18 on cell recruitment were analyzed. Data represent the mean + sp; *P < 0.05. (D) Serum cyto-
kine concentrations after «CD40 injection in C57BL/6 mice. Data are expressed as the mean + sp; *P < 0.05. (E) Intracellular cytokine expression levels in
macrophages and monocytes. To determine which cell populations produced TNF- after injection, we stained the cells with antimouse F4/80-FITC, Ly-6CPE,
anti-CD11b-allophycocyanin, and anti-TNF-a-PE mAb. The cells were analyzed using a FACSCalibur system.

First, we determined the characteristics of intrahepatic macro- bers of macrophages. Notably, the highly proliferating macrophages
phages, which became activated on Days 1 and 5 after «CD40 were unable to produce TNF-, and this is considered to be one of
injection, as they are key effector cells for the liver injury [14]. the reasons why aCD40triggered inflammation exhibits a biphasic
We analyzed the proliferation of the macrophages and detected a pattern in the liver. The present study demonstrated that monocyte
peak at Day 3. This finding was consistent with the observed num- subsets differing in Ly-6C expression represented different stages in
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a continuous maturation pathway, and previous in vitro experiments
indicated that this transition occurs within 24-48 h [24]. Based on
these findings, we suggest that not only the increase in Ly-6C"8"
monocytes, which have suppressive functions [25], but also the high
proliferation of macrophages may cause the suppressed inflamma-
tory response at Day 3. Although we investigated the suppressive in-
flammatory cytokine IL-10, we were unable to confirm the elevated
production of this cytokine in the liver at Day 3 compared with Day
5 (Supplemental Fig. 1).

Although tissue macrophages and monocytes increased to
reach a peak at Day 3 after injection, neutrophils increased rap-
idly and were reduced by Day 3. Interestingly, we found that neu-
trophil depletion exacerbated the aCD40-induced liver injury. In
general, neutrophils have an effector function against several liver
injury models, such as those involving carbon tetrachloride- and
ischemic/perfusion-induced liver injury [26, 27]. These previous
studies demonstrated that reactive oxygen from neutrophils is a
key factor for hepatocyte damage. Our findings seem to be con-
tradictory to the well-established paradigm that neutrophils in-
duce tissue damage. However, the outcomes of aGr-1 treatment
may vary depending on the liver injury models involved, as we
have shown already that aGr-1 treatment partially protects against
liver injury in hepatitis B virus transgenic mice [28, 29].

A recent report suggested that Gr-1""CD11b™ cells suppress
T cells in tumor-bearing mice [30] and that Gr-1"8hCD11bv
polymononuclear cell-myeloid-derived suppressor cell popula-
tions have suppressive potential in the healthy spleen [31]. These
reports suggest the possibility that liver injury is exacerbated by
depletion of suppressive, Gr-1-positive cells. Furthermore, we
need to confirm whether antibody-tagged neutrophils accumulate
in the liver and whether Kupffer cells are activated by phagocyto-
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Liver damage

Figure 7. Scheme for how aCD40 triggers liver inflamma-
tion. 1) TNF-o and chemokines are produced by activated
macrophages after «CD40 stimulation. 2) Neutrophils in-
crease rapidly and control the activation of macrophages
or monocytes. 3) At the same time, NKT cells are acti-
vated and produce inflammatory cytokines. 4) IL-18 stimu-
lates the migration of macrophages and monocytes into
the liver and activates NK cells. 5) Inflammatory cytokines
stimulate IFN-y production by NK cells, and the produced
IFN-y further stimulates macrophages and exacerbates the
severe liver injury.

sis. In fact, we found that «Gr-1 treatment induced the migration
of macrophages and monocytes into the liver, and these cells pro-
duced large amounts of TNF-q, indicating that conclusive evi-
dence for whether neutrophils have suppressive effects on this
liver injury may require further investigations.

We further found that NKT cells participated in the aCD40-
induced biphasic liver injury. NKT cells are particularly abundant
in the liver, accounting for 20-30% of IHLs, and are thought to
play roles in immunity against intracellular bacteria and parasites
and certain tumors [8, 32]. It is well established that CD40 cross-
linking induces DCs to up-regulate their expressions of CD40, B7.1,
B7.2, and IL-12, which in turn, enhance NKT cell activation and
cytokine production [32]. In this liver injury, NKT cells activated
other inflammatory cells, including NK cells and macrophages, in
the liver, as IFN-~y production by NK cells and TNF-« production by
macrophages were apparently blocked in the liver of NKT KO mice.
Consistent with the finding that macrophage recruitment was re-
duced in NKT KO mice, infiltration of the various macrophage sub-
populations was also inhibited, indicating that NKT cells have an
influence on macrophage differentiation following «CD40 injection.
It is of note that NKT cells were secondarily activated by way of
CD40 ligation on macrophages and DCs and that NKT KO mice
appear to exhibit protection against inflammatory cell recruitment
into the liver. These findings demonstrate the importance of NKT
cells for the propagation of inflammatory liver disease.

In this study, we have demonstrated that IL-18 is involved in
the late-phase liver injury. Although we found that IL-12 played a
pivotal role in the early-phase liver injury, IL-18 was not necessary
for liver injury to occur, as neutralization of 1L-18 did not in-
crease the serum ALT activity (Supplemental Fig. 5). IL-18 is
known to induce NK and NKT cells to produce IFN-y [12], but it
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requires IL-12 to induce IFN-y production by Thl cells [11]. In
keeping with these findings, we found that rIL-18 treatment rapidly
induced intrahepatic NK cells to produce large amounts of IFN-y
and also to cause severe liver injury. Importantly, these effects did
not involve TNF-« and did not require the recruitment of macro-
phages, monocytes, and neutrophils into the liver. More recently,
intracellular microbial sensors have been identified, including NLRs
[33, 34]. Some of the NLRs also sense nonmicrobial danger signals
and form large cytoplasmic complexes called inflammasomes, which
link the sensing of microbial products and metabolic stress to pro-
teolytic activation of the proinflammatory cytokines IL-13 and IL-18.
Therefore, in this model, the danger signals for early liver damage
may trigger the activation of inflammasomes, resulting in the pro-
duction of 1L-18 and subsequent induction of liver damage.

In conclusion, the present results demonstrate that activation of
intrahepatic macrophages can initiate a cascade of events that begins
with the production of inflammatory cytokines and chemokines and
leads to the activation of intrahepatic NK and NKT cells for the pro-
duction of IFN-y, all of which contribute to the recruitment of addi-
tional inflammatory cells to the liver (Fig. 7). We have shown that
the interactions among macrophages, monocytes, neutrophils, and
NKT cells participate efficiently and closely in the exacerbation of
liver inflammation through cytokine and chemokine production.
Further studies are required to identify the roles of the suppressive
monocyte or neutrophil subpopulations in the liver injury, and clari-
fication of the roles of these cell types will be useful in the treatment
of various liver diseases.
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Incorporation of Biaryl Units into the 5 and 3’ Ends of Sense and Antisense
Strands of siRNA Duplexes Improves Strand Selectivity and Nuclease
Resistance
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Small interfering RNA (siRNA) is a noncoding RNA with considerable potential as a new therapeutic drug for
intractable diseases. siRNAs can be rationally designed and synthesized if the sequences of the disease-causing
genes are known. In this paper, we describe the synthesis and properties of siRNAs modified with biaryl units.
We found that incorporation of biaryl units into the 5" and 3’ ends of sense and antisense strands of siRNA
duplexes improved strand selectivity and nuclease resistance.

INTRODUCTION

RNA interference (RNAI) is a biological process whereby
double-stranded RNAs (dsRNAs) silence gene expression in a
sequence-specific manner (/). Small RNAs, including small
interfering RNA (siRNA) and microRNA (miRNA), are key
intermediates in RNAI. They regulate gene expression through
the RNA-induced silencing complex (RISC), which contains
Argonaute proteins as core components. siRNAs hold consider-
able potential as new therapeutic drugs for intractable diseases,
because they can be rationally designed and synthesized if the
sequences of disease-causing genes are known (2—6).

One strand from an siRNA or miRNA duplex is selected and
loaded onto RISC to become mature siRNA or miRNA. It has
been suggested that RISC preferentially selects and incorporates
one of two strands of the siRNA duplex, depending on its
thermodynamic features. The strand with thermodynamically
lower stability in its 5’-terminus (the guide strand) preferentially
binds the RISC and becomes functional, whereas the other strand
(the passenger strand) is degraded (7—9). However, it has
recently become clear that strand selection does not always
follow this rule (/—14). Recently reported siRNA studies
demonstrated that modifying the 5’-terminus of one strand with
5’-0O-methyl efficiently specifies its antisense strand to be loaded
onto RISC despite thermodynamic disadvantages (/5), because
5’-O-methyl inhibits phosphorylation of the 5’-terminus, which
is an important factor for RISC loading (16—20).

We have reported the synthesis of DNAs containing biaryl
units, 3 and 5, which comprised benzene and naphthalene or
pyrene residues (Figure 1). The biaryl units thermally and
thermodynamically stabilized DNA/DNA duplexes (21). We
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Figure 1. Structures of the aromatic compounds and modified nucleo-
side used in this study.

have also succeeded in improving siRNA nuclease resistance
by introduction of bis(thydroxymethyl)benzene (1) instead of
thymidine at 3’-overhangs without reducing RNAi-inducing
activity (22). From these results and background information,
we planned the synthesis of siRNAs with biaryl units at the 5
and 3’ ends of sense and antisense strands of siRNA duplexes,
respectively. We expected that thermal and thermodynamic
stabilities of the 5" regions of siRNA sense strands would be
increased by these biaryl modifications. Phosphorylation of the
5" ends of sense strands, an important factor for RISC loading,
was expected to be inhibited by biaryl protection of 5-hydroxyls.
We anticipated that these modifications would enhance RISC
loading of antisense strands of siRNA duplexes, suppressing
off-target effects induced by sense strands. We also anticipated
improved nuclease resistance in biaryl-modified siRNAs, which
is important for the therapeutic application of synthetic siRNAs.

In this paper, we report the synthesis and properties of siRNA
duplexes which carry biaryl units at the 5" and 3" ends of sense
and antisense strands, respectively. We assessed the gene
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pyridine, rt, 24 h; (2) CPG, EDCI, DMF, 1t, 48 h, 45 umol/g loading amount.

silencing activities of the modified siRNAs by a dual-luciferase
assay. We also assessed the nuclease-resistance of the modified
siRNAs.

RESULTS AND DISCUSSION

Design and Synthesis of siRNAs. The Argonaute proteins
are core components of RISC, which is responsible for mRNA
cleavage in the RNAi pathway. The proteins are composed of
PAZ, Mid, and PIWI domains. X-ray structural analysis and a
nuclear magnetic resonance (NMR) study have revealed that
the 3’-overhang region of a guide strand of siRNA is recognized
by the PAZ domain and the 2-nucleotide (nt) 3"-overhang is
accommodated by a binding pocket composed of hydrophobic
amino acids (23—26). In order to estimate the appropriate size
for biaryl units in the 3’-overhang region, we assessed the
silencing activities of siRNAs which carried various types of
biaryl units at the 3’-overhangs.

We assessed the biaryl units 2 (B?), 3 (B"), 4 (BY), and 5
(BY), comprising benzene and benzene, naphthalene, phenan-
threne, or pyrene residues, to determine the appropriate size
for the 3’-overhang regions. Phosphoramidites of 3 and 5 were
synthesized according to a previously reported method (27).
Phosphoramidites of 2 and 4 and solid supports carrying 2 or 4
were synthesized according to the methods shown in Schemes
1 and 2. An arylboronic acid derivative 7 was coupled with
iodobenzene (8) in the presence of PdCl,(dppf) (dppf stands
for 1,1’-bis(diphenylphosphanyl)ferrocene) at 65 °C; this cou-
pling reaction produced the biaryl derivative 9; subsequently,
9 was desilylated by treatment with tetra-n-butylammonium
fluoride (TBAF) to give a 93% yield of biaryl unit 2. One out
of the two hydroxy groups of 2 was protected by a 4,4’
dimethoxytrityl (DMTr) group to give a 52% yield of mono-
DMTr derivative 10. 10 was phosphitylated by the standard
procedure to produce the corresponding phosphoramidite 11 at
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Table 1. Sequences of ONs and siRNAs®

Yoshikawa et al.

Table 2. T, Values®

no. of siRNA no. of ON sequence no. of siRNA Tm (°C) AT, (°C)
siRNA18 ON43  5-GGCCUUUCACUACUCCUAC#-3’ siRNA18 79.1 -
ON44  3-#CCGGAAAGUGAUGAGGAUG-5 siRNA19 79.9 +0.8
siRNA19 ON45  5-GGCCUUUCACUACUCCUACBPB?-3’ SiRNA20 80.7 +1.6
ON46  3-B"B’CCGGAAAGUGAUGAGGAUG-5 siRNA21 822 +3.1
siRNA20 ON47  5-GGCCUUUCACUACUCCUACB"B"-3 siRNA22 82.8 +3.7

ON48  3-B"B"CCGGAAAGUGAUGAGGAUG-5
siRNA21 ON49  5-GGCCUUUCACUACUCCUACB"B!-3’
ON50  3’-B"B"CCGGAAAGUGAUGAGGAUG-5
siRNA22 ON51  5-GGCCUUUCACUACUCCUACBYB?-3’
ON52  3-BYBYCCGGAAAGUGAUGAGGAUG-5
siRNA23 ON53  F-5-GGCCUUUCACUACUCCUAC-3’
ON44  3-tCCGGAAAGUGAUGAGGAUG-5
siRNA24 ON54  F-5-GGCCUUUCACUACUCCUACBPBP-3’
ON46  3’-B’B°CCGGAAAGUGAUGAGGAUG-5’
siRNA25 ON55  5-CUUCUUCGUCGAGACCAUG#-3’
ON56  3-tGAAGAAGCAGCUCUGGUAC-5
siRNA26 ON57  5-B’CUUCUUCGUCGAGACCAUG#H-3
ON56  3-tGAAGAAGCAGCUCUGGUAC-5
siRNA27 ONS8  5-B"CUUCUUCGUCGAGACCAUG#-3
ON56  3-#nGAAGAAGCAGCUCUGGUAC-5'
siRNA28 ON55  5-CUUCUUCGUCGAGACCAUG#-3
ONS9  3-#GAAGAAGCAGCUCUGGUACB"-5’
siRNA29 ONS5  5-CUUCUUCGUCGAGACCAUGH-3
ON60  3-1GAAGAAGCAGCUCUGGUACB*-5
siRNA30 ON61  5-UUUCACUACUCCUACGAGCi-3
ON62  3-tAAAGUGAUGAGGAUGCUCG-5’
siRNA31 ON63  5-B"UUUCACUACUCCUACGAGCBB-3’
ON64  3-BB"AAAGUGAUGAGGAUGCUCG-5’
siRNA32 ON63  5-B"UUUCACUACUCCUACGAGCBB-3’
ON65  3’-B"B"AAAGUGAUGAGGAUGCUCG-5’
siRNA33 ON66  5-T™UUCACUACUCCUACGAGC#-3
ON62  3-tAAAGUGAUGAGGAUGCUCG-5
siRNA34 ON67  5-UAAGAUGUUCAUCGAGUCCH#-3’
ON68  3-tAUUCUACAAGUAGCUCAGG-5
siRNA35 ON69  5-B"UAAGAUGUUCAUCGAGUCCBB-3’
ON70  3-BB"AUUCUACAAGUAGCUCAGG-5
siRNA36 ON69  5-B"UAAGAUGUUCAUCGAGUCCBB-3’
ON71  3-B"B"AUUCUACAAGUAGCUCAGG-5
siRNA37 ON72  5-GUCUCGUAGACCGUGCAUCA#-3’
ON73  3-#CAGAGCAUCUGGCACGUAGU-5
siRNA38 ON74  5-GUCUCGUAGACCGUGCAUCABB-3’
ON75  3-BBCAGAGCAUCUGGCACGUAGU-5’
siRNA39 ON76 5-B"GUCUCGUAGACCGUGCAUCABB-3’
ON77  3-BB"CAGAGCAUCUGGCACGUAGU-5
siRNA40 ON76 5-B"GUCUCGUAGACCGUGCAUCABB-3'
ON75  3-BBCAGAGCAUCUGGCACGUAGU-5
siRNA41 ON74  5-GUCUCGUAGACCGUGCAUCABB-3’
ON77  3-BB"CAGAGCAUCUGGCACGUAGU-5
siRNA42 ON78  5-B"GUCUCAUAGGCCAUGCGUCABB-3’
ON79  3-BB"CAGAGUAUCCGGUACGCAGU-5

9 The small italic letters represent 2’-deoxyribonucleosides. The
underlined letters indicate mismatched bases. F shows fluorescein.

an 88% yield. In a similar manner, phosphoramidite 16 was
synthesized from 9-iodophenanthrene (13); the total yield of
16 was 27%.

To enable attachment to the solid support, the mono-DMTr
derivative 10 was succinated to yield the corresponding succi-
nate, which was linked to controlled pore glass (CPG) to create
the solid support 12 linked to 10 (49 umol/g). Similarly, the
mono-DMTr derivative 15 was succinated and linked to the
CPGs to yield the solid supports 17 linked to 15 (45 ymol/g).
siRNA sequences used in this study are depicted in Table 1.

Thermal Denaturation Study of siRNAs. Thermal stability
of biaryl-modified siRNAs was studied by thermal denaturation
in 0.01 M sodium phosphate buffer (pH 7.0) containing 0.1 M
NaCl (Table 2). The melting temperature (T,s) of unmodified
siRNA18 was 79.1 °C, while those of siRNAs 19, 20, 21, and
22 were 77.9, 80.7, 82.2, and 82.8 °C, respectively. The siRNA
duplexes were found to become more thermostable with
increasing biaryl unit size. This result suggests that thermal

“ The experimental conditions are as described in the Experimental
Section.
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Figure 2. Dual-luciferase assay (1). The experimental conditions are
as described in the Experimental Section.

stabilization of the duplexes is attributable to stacking interac-
tions of the biaryl units with adjacent nucleotides.

Dual-Luciferase Assay. We assessed the silencing activity
of modified siRNAs by performing a dual-luciferase assay using
the psiCHECK-2 vector. siRNA sequences were designed to
target Renilla luciferase. Reporter vectors and synthesized
siRNA duplexes were cotransfected into HeLa cells, and
luciferase activities were measured after 24 h. The signals of
Renilla luciferase were normalized to those of firefly luciferase.

As shown in Figure 2, siRNA18, 19, and 20, which carried
natural thymidines, Bs or B™s at their 3’-overhangs, effectively
reduced luciferase activity in a dose-dependent manner. In
contrast, the silencing activity of siRNA21, which contained
B" comprising a tricyclic phenanthrene residue, was apparently
weaker than that of unmodified siRNA18. Further, siRNA22,
which carried BY with a tetracyclic pyrene residue, had no
silencing activity. Thus, biaryl units smaller than the naphthalene
type are acceptable for the 3’-overhang region of siRNAs. These
results are consistent with a recent report from Somoza et al
27).

Microarray profiling studies have demonstrated that siRNAs
may silence multiple genes in addition to the intended
target (28, 29). This unintended (off-target) transcript silencing
is a critical problem associated with RNAi-based therapeutic
applications. Both the sense and antisense strands of an siRNA
can contribute to the off-target effects. Thus, to minimize the
extent of sense-strand incorporation into an activated RISC, we
next examined the silencing activity of siRNAs, which involved
the biaryl units at the 5" ends of sense or antisense strands of
siRNA duplexes. We expected that inhibition of 5”-O-phospho-
rylation of sense strands with biaryl protection of 5’-hydroxyls
would enhance RISC loading of antisense strands.

Figure 3a shows the results of siRNAs modified at the 5’
ends of sense strands with biaryl units B® and B", whereas Figure
3b represents those modified at the 5" ends of antisense strands.
Modifications at the 5" ends of sense strands did not influence
siRNA silencing activity, whereas modifications at the 5" ends
of antisense strands markedly reduced silencing activity. Thus,
it was found that the biaryl modifications at the 5'-termini of
the sense strands could induce the antisense strand specificity
of the siRNA duplexes.
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Figure 3. Dual-luciferase assay (2). (a) siRNAs modified at 5’~ends of
passenger (sense) strands. (b) siRNAs modified at 5'-ends of guide
(antisense) strands.

Next, we designed siRNAs which carried biaryl units at the
5" and 3’ ends of sense and antisense strands, respectively. We
speculated that incorporation of the biaryl units into the 5" and
3’ ends of sense and antisense strands of siRNAs would increase
the thermal and thermodynamic stabilities of the sense-strand
5" siRNA regions. Further, introduction of the biaryl units at
the 5" ends of sense strands would inhibit phosphorylation, which
is an important factor for RISC loading. We hypothesized that
these modifications would work synergistically, creating more
potent siRNAs.

We selected target sequences containing high frequencies of
U and A bases, which are thought to be unsuitable targets for
siRNA (Table 1). The results of dual-luciferase assays are shown
in Figure 4a and b. Unmodified siRNA30 exhibited almost no
silencing activity, whereas siRNA31 and 32 modified with B
and B" reduced luciferase activity in a dose-dependent manner
(Figure 4a). Silencing activities of biaryl-modified siRNA31 and
32 were greater than that of siRNA33 containing 5’-O-
methylthymidine at the 5" end of the sense strand at all con-
centrations. This indicates that not only inhibition of phospho-
rylation, but also thermal stabilization of the 5" regions of sense
strands, contributes to improving siRNA silencing activity.
Similarly, unmodified siRNA34 had almost no silencing activity,
whereas biaryl-modified siRNA35 and 36 efficiently suppressed
luciferase expression in a dose-dependent manner (Figure 4b).
These results suggest that biaryl modification may provide a
good method for improving siRNA silencing activities of
sequences which are thought to be unsuitable siRNA targets.

Nuclease Resistance. Improving the nuclease resistance of
siRNA is important for the therapeutic application of synthetic
siRNAs. It was expected that biaryl-modified RNAs would be
more nuclease resistant than unmodified RNAs. First, the
susceptibility of the ONs to snake venom phosphodiesterase
(SVPD), a 3’-exonuclease, was examined. Unmodified ON53
and modified ON54, which were labeled at the 5’-ends with
fluorescein, were incubated with SVPD. The reactions were
analyzed using PAGE under denaturing conditions. As shown
in Figure 5a, unmodified ON53 was hydrolyzed randomly after
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Figure 4. Dual-luciferase assay (3). The experimental conditions are
as given in the Experimental Section.
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Figure 5. (a) 20% PAGE of 5’-fluorescein-labeled ONs hydrolyzed by
SVPD. (b) 20% PAGE of 5’-fluorescein-labeled siRNAs incubated in
PBS containing 40% bovine serum. The experimental conditions are
as described in the Experimental Section.

5 min of incubation, while modified ON54 was resistant to the
enzyme. The half-life (¢,,,) of unmodified ON53 was less than
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Figure 6. Effect of siRNAs on HCV replication. (a) Inhibition of HCV replication by siRNAs in R6FLR-N replicon cells. HCV replication was
calculated by measuring the luminescence ratio with a Bright-Glo luciferase assay system. (b) Cell viability was determined by a WST-8 assay.
Data are represented as mean (SD) (n = 3). The experimental conditions are as described in the Experimental Section.

5 min, whereas that of the modified ON54 was 17 min. ON54
carrying B at its 3’-end was significantly more resistant to
SVPD than unmodified ONS53.

Next, the stability of siRNAs in PBS containing bovine serum
was investigated. Unmodified siRNA23 and modified siRNA24,
which were fluorescein-labeled at the 5” ends of sense strands,
were incubated in PBS containing 40% bovine serum. The
reactions were analyzed with PAGE under nondenaturing
conditions. Figure 5b shows the results. After 6 h of incubation,
the band corresponding to the modified siRNA24 duplex was
observed, while that corresponding to the unmodified siRNA23
duplex was not observed. Thus, the biaryl-modified siRNA24
is more stable in PBS containing bovine serum than the
unmodified siRNA23.

Inhibition of HCV Replication. The genome of hepatitis C
virus (HCV) is encoded in an approximately 9.6 kb single-
stranded RNA. Previously, we have shown that HCV replication
is efficiently suppressed by siRNA38 carrying a benzene-
phosphate backbone at its 3’-overhang region (22). To assess
the efficacy of biaryl-modified siRNAs, we compared the HCV
replication-suppressing abilities of modified siRNAs with those
of unmodified siRNAs. HCV replication is efficiently suppressed
by siRNA targeted to an internal ribosome entry site (IRES)
region (30), which was chosen as the target for this study.
siRNA38, 39, 40, and 41 contain B or B" at the 5 or 3" ends of
sense and antisense strands. siRNA42 carries 4 mismatched
bases in its sequence.

Figure 6 shows the results. The modified siRNAs, 38—41,
exhibited dose-dependent inhibition of HCV replication. They
almost completely suppressed HCV replication at a concentra-
tion of 1 nM, while the replication ratio of siRNA42, which
contained the mismatched bases, was 75% at the same concen-
tration (Figure 6a). The siRNAs exerted no cytotoxic effect at
9 nM (Figure 6b). Thus, it was found that the modified siRNAs
38—41 suppressed HCV replication in a sequence-specific

manner. At 0.11 nM, siRNA39, which carries the naphthalene
type of biaryl unit, B", at the 5" and 3" ends of sense and
antisense strands, was the most potent. Thus, B" modification
also effectively improves the silencing activity of siRNAs
targeting HCV.

In conclusion, we have demonstrated the synthesis of siRNAs
modified with biaryl units. It was found that incorporation of
the naphthalene biaryl unit, B, at the 5" and 3’ ends of sense
and antisense strands of siRNA improves silencing activity and
nuclease resistance. Further, it was revealed that the modified
siRNA suppressed HCV replication more efficiently than
unmodified siRNA. Thus, the B" modification may hold promise
as a method for improvement of the silencing activity and
nuclease-resistance of siRNAs. Recently, it has been reported
that lipophilic conjugates of oligonucleotides stimulate nonspe-
cific immune response (37). The effects of the biaryl modifica-
tions of siRNAs on immune response are now under investigation.

EXPERIMENTAL SECTION

General Remarks. The NMR spectra were recorded at 400
MHz ('H) and 100 MHz (**C) and were reported in ppm
downfield from tetramethylsilane. The coupling constants (J)
are expressed in Hertz. Thin-layer chromatography was carried
out on Merck coated plates 60F,s4. Silica gel column chroma-
tography was carried out on Wakogel C-300.

1-[3,5-Bis(hydroxymethyl)phenylJbenzene (2). A solution of
3,5-bis(tert-butyldimethylsilyloxymethyl)phenylboronic acid (1.00
g, 2.44 mmol) (27) in THF/H,O (5:1, 12 mL) was added to a
solution of 1-iodobenzene (0.50 g, 2.44 mmol) and PdCl,(dppf)*
CH,Cl, (dppf is 1,1"-bis(diphenylphosphanyl)ferrocene) (0.089
g, 0.122 mmol) in THF/H,O (5:1, 12 mL). 2 M NaOH (3.66
mL) was added to the mixture, and the whole was stirred at 65
°C for 24 h. The reaction mixture was filtered through Celite
pad. The eluant was partitioned between EtOAc and H,O. The
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organic layer was washed with aqueous NaHCO; (saturated)
and brine, dried (Na,SO,), and concentrated. The residue was
dissolved in THF (12.2 mL). TBAF (1 M in THF, 7.3 mL) was
added to the solution, and the mixture was stirred at room
temperature for 2 h. The solvent was evaporated in vacuo, and
the resulting residue was purified by column chromatography
(Si0,, 2% MeOH in CHCL) to give 2 (0.486 g, 93%): 'H NMR
(CDCls) 6 7.61—7.34 (m, 8H), 4.77 (s, 4H), 1.84 (s, 2H). °C
NMR (DMSO-dg) 6 133.9, 133.2, 132.9, 120.3, 118.8, 118.5,
116.0, 116.0, 55.7. Anal. Calcd for C14H40,: C, 78.48; H, 6.59.
Found: C, 78.29; H, 6.46.
1-[3-(4,4’-Dimethoxytrityloxymethyl)-5-(hydroxymethyl)phe-
nyljbenzene (10). A mixture of 2 (0.48 g, 2.24 mmol) and
DMTrCl (0.76 g, 2.24 mmol) in pyridine (11 mL) was stirred
at room temperature for 4 h. The mixture was partitioned
between EtOAc and aqueous NaHCO; (saturated). The organic
layer was washed with brine, dried (Na,SO,), and concentrated.
The residue was purified by column chromatography (SiO,,
15—45% BtOAc in hexane) to give 10 (0.601 g, 52%): 'H NMR
(CDCls) 6 7.61—7.21 (m, 17H), 6.87—6.83 (m, 4H), 4.77 (d,
2H, J = 5.6), 4.25 (s, 2H), 3.79 (m, 6H). 3C NMR (CDCl;) d
158.5, 145.0, 141.5. 141.4, 141.0, 140.2, 136.2, 130.1, 128.7,
128.2, 127.8, 127.3, 127.2, 126.7, 125.1, 124.6, 124.5, 113.1,
86.5, 65.6, 65.4, 60.4, 55.2. Anal. Calcd for C35H3405°H,0: C,
78.63; H, 6.41. Found: C, 78.64; H, 6.16.
1-[3-[[(2-Cyanoethoxy)(N,N-diisopropylamino )phosphanyl |-
oxymethyl]-5-(4,4’-dimethoxytrityloxymethyl)phenyl Jbenzene (11).
A mixture of 10 (0.42 g, 0.82 mmol), N,N-diisopropylethylamine
(0.71 mL, 4.10 mmol), and chloro(2-cyanoethoxy)(V,N-diiso-
propylamino)phosphane (0.39 mL, 1.64 mmol) in THF (8 mL)
was stirred at room temperature for 1 h. The mixture was
partitioned between CHCl; and aqueous NaHCO; (saturated).
The organic layer was washed with brine, dried (Na,SOy,), and
concentrated. The residue was purified by column chromatog-
raphy (a neutralized SiO,, EtOAc) to give 11 (0.52 g, 88%):
3P NMR (CDCl3) 6 149.0.
1-[3,5-Bis(hydroxymethyl)phenyl]phenanthrene (4). A solu-
tion of 7 in THF/H,O (5:1, 12 mL) was added to a solution of
9-iodophenanthrene (0.74 g, 2.44 mmol) and PdCl,(dppf)*
CH,Cl, (0.089 g, 0.122 mmol) in THF/H,0 (5:1, 12 mL). 2 M
NaOH (3.66 mL) was added to the mixture, and the whole was
stirred at 65 °C for 24 h. The reaction mixture was filtered
through a Celite pad. The eluant was partitioned between EtOAc
and H,O. The organic layer was washed with aqueous NaHCO;
(saturated) and brine, dried (Na,SO,), and concentrated. The
residue was dissolved in THF (12.2 mL). TBAF (1 M in THF,
7.3 mL) was added to the solution, and the mixture was stirred
at room temperature for 2 h. The solvent was evaporated in
vacuo, and the resulting residue was purified by column
chromatography (Si0,, 2% MeOH in CHCls) to give 4 (0.47 g,
60%): "H NMR (CDCls) 6 8.76 (dd, 2H, J = 8.0 and 21.2),
7.89—7.87 (m, 2H), 7.70—7.48 (m, 8H), 4.82 (s, 4H), 1.80 (s,
2H). BC NMR (CDCl3) 6 141.3, 140.9, 138.4, 131.4, 130.9,
130.5, 129.8, 128.5, 127.6, 127.3, 126.7, 126.6, 126.5, 126.4,
126.3, 124.4, 122.8, 122.4, 64.5. Anal. Calcd for C;H;50,°1/
5H,0: C, 83.10; H, 5.83. Found: C, 83.14; H, 5.86.
1-[3-(4,4’-Dimethoxytrityloxymethyl)-5-(hydroxymethyl)phe-
nylJphenanthrene (15). A mixture of 4 (0.46 g, 1.46 mmol) and
DMTrCl (0.50 g, 1.46 mmol) in pyridine (7 mL) was stirred at
room temperature for 3 h. The mixture was partitioned between
EtOAc and aqueous NaHCO; (saturated). The organic layer was
washed with brine, dried (Na,SOy), and concentrated. The
residue was purified by column chromatography (SiO,, 15—45%
EtOAc in hexane) to give 15 (0.55 g, 61%): 'H NMR (CDCls)
0 876 (dd, 2H, J = 8.0 and 22.0), 7.96—7.89 (m, 2H),
7.70—7.19 (m, 17H), 6.84—6.81 (m, 4H), 4.81 (s, 2H), 4.29 (s,
2H), 3.78 (m, 6H). *C NMR (CDCls) 6 158.4, 145.0, 141.0,
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139.8, 138.5, 136.2, 131.5, 131.0, 130.6, 130.1, 129.9, 128.6,
128.2, 128.1, 127.8, 127.5, 127.4, 126.9, 126.8, 126.7, 126.6,
126.5, 126.4, 124.7, 122.9, 122.5, 113.1, 86.5, 65.6, 65.4, 55.2.
Anal. Calcd for C43H3604+7/10H,0: C, 82.06; H, 5.99. Found:
C, 82.04; H, 6.18.

1-[3-[[(2-Cyanoethoxy)(N,N-diisopropylamino )phosphanyl Joxy-
methyl]-5-(4,4 -dimethoxytrityloxymethyl)phenyl Jphenanthrene (16). A
mixture of 15 (0.35 g, 0.56 mmol), N,N-diisopropylethylamine
(0.49 mL, 2.80 mmol), and chloro(2-cyanoethoxy)(N,N-diiso-
propylamino)phosphane (0.26 mL, 1.12 mmol) in THF (7 mL)
was stirred at room temperature for 1 h. The mixture was
partitioned between CHCl; and aqueous NaHCO; (saturated).
The organic layer was washed with brine, dried (Na,SO,), and
concentrated. The residue was purified by column chromatog-
raphy (a neutralized SiO,, EtOAc) to give 16 (0.34 g, 74%):
3P NMR (CDCl3) 6 149.0.

Solid Support Synthesis. A mixture of 10 (0.26 g, 0.50 mmol),
succinic anhydride (0.15 g, 1.49 mmol), and DMAP (12 mg,
0.10 mmol) in pyridine (5 mL) was stirred at room temperature.
After 24 h, the solution was partitioned between CHCl; and
H,0, and the organic layer was washed with H,O and brine.
The separated organic phase was dried (Na;SO4) and concen-
trated to give a succinate. Aminopropyl controlled pore glass
(1.03 g, 0.12 mmol) was added to a solution of the succinate
and EDCI (95 mg, 0.50 mmol) in DMF (12 mL), and the
mixture was kept for 48 h at room temperature. After the resin
was washed with pyridine, a capping solution (15 mL, 0.1 M
DMAP in pyridine/Ac,O = 9:1, v/v) was added and the whole
mixture was kept for 24 h at room temperature. The resin was
washed with MeOH and acetone, and dried in vacuo. The
amount of loaded compound 10 to solid support was 49 umol/g
from calculation of released dimethoxytrityl cation by a solution
of 70% HCIOL/EtOH (3:2, v/v). In a similar manner, solid
support with 15 was obtained in 45 yumol/g loading amount.

RNA Synthesis. Synthesis was carried out with a DNA/RNA
synthesizer by phosphoramidite method. Deprotection of bases
and phosphates was performed in concentrated NH,OH/EtOH
(3:1, v/v) at room temperature for 12 h. 2”-TBDMS groups were
removed by 1.0 M tetrabutylammonium fluoride (TBAF,
Aldrich) in THF at room temperature for 12 h. The reaction
was quenched with 0.1 M TEAA buffer (pH 7.0) and desalted
on a Sep-Pak C18 cartridge. Deprotected ONs were purified
by 20% PAGE containing 7 M urea to give the highly purified
ON45 (23), ON46 (21), ON47 (27), ON48 (35), ON49 (28),
ONS50 (36), ON51 (24), ON52 (17), ONS3 (20), ON54 (45),
ONS57 (12), ON58 (31), ON59 (16), ON60 (19), ON63 (30),
ON64 (25), ON65 (11), ON66 (23), ON69 (26), ON70 (28),
ON71 (13), ON74 (38), ON75 (38), ON76 (16), ON77 (24),
ON78 (17), ON79 (26). The yields are indicated in parentheses
as OD units at 260 nm starting from 1.0 gmol scale. Extinction
coefficients of the ONs were calculated from those of mono-
nucleotides and dinucleotides according to the nearest-neighbor
approximation method (32).

MALDI-TOF/MS Analysis of RNAs. Spectra were obtained
with a time-of-flight mass spectrometer. ON45: calculated mass,
6443.9; observed mass, 6449.2. ON46: calculated mass, 6753.0;
observed mass, 6751.8. ON47: calculated mass, 6543.9; ob-
served mass, 6547.9. ON48: calculated mass, 6853.0; observed
mass, 6853.2. ON49: calculated mass, 6644.0; observed mass,
6646.4. ON50: calculated mass, 6953.1; observed mass, 6951.0.
ONS51: calculated mass, 6696.0; observed mass, 6693.1. ON52:
calculated mass, 7005.1; observed mass, 7004.8. ON53: calcu-
lated mass, 7067.0; observed mass, 7065.5. ON54: calculated
mass, 7011.0; observed mass, 7007.9. ON57: calculated mass,
6859.2; observed mass, 6852.0. ON58: calculated mass, 6909.0;
observed mass, 6902.4. ONS&9: calculated mass, 7008.3; ob-
served mass, 7004.9. ON60: calculated mass, 7058.4; observed
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mass, 7052.4. ON63: calculated mass, 6641.9; observed mass,
6645.5. ON64: calculated mass, 6688.0; observed mass, 6685.9.
ONG65: calculated mass, 6814.0; observed mass, 6820.1. ON66:
calculated mass, 6522.9; observed mass, 6526.2. ON69: calcu-
lated mass, 6745.9; observed mass, 6746.1. ON70: calculated
mass, 6568.9; observed mass, 6565.5. ON71: calculated mass,
6695.0; observed mass, 6696.0. ON74: calculated mass, 6739.9;
observed mass, 6739.0. ON75: calculated mass, 6802.9; ob-
served mass, 6801.4. ON76: calculated mass, 7066.0; observed
mass, 7061.8. ON77: calculated mass, 6929.0; observed mass,
6933.2. ON78: calculated mass, 7066.0; observed mass, 7067.1.
ON79: calculated mass, 6929.0; observed mass, 6931.6.

Thermal Denaturation Study. Each solution containing each
siRNA (3 uM) in a buffer composed of 10 mM Na,HPO./
NaH,PO, (pH 7.0) and 100 mM NaCl was heated at 95 °C for
3 min, then cooled gradually to an appropriate temperature, and
used for the thermal denaturation studies. Thermally induced
transitions of each mixture were monitored at 260 nm with a
spectrophotometer.

Dual-Luciferase Assay. HelLa cells were grown at 37 °Cin a
humidified atmosphere of 5% CO, in air in Minimum Essential
Medium (MEM) (Invitrogen) supplemented with 10% fetal
bovine serum (FBS). Twenty-four hours before transfection,
HelLa cells (4 x 10%mL) were transferred to 96-well plates (100
uL per well). They were transfected, using TransFast (Promega),
according to instructions for transfection of adherent cell lines.
Cells in each well were transfected with a solution (35 uL) of
20 ng of psiCHECK-2 vector (Promega), the indicated amounts
of siRNAs, and 0.3 ug of TransFast in Opti-MEM I Reduced-
Serum Medium (Invitrogen), and incubated at 37 °C. Trans-
fection without siRNA was used as a control. After 1 h, MEM
(100 uL) containing 10% FBS and antibiotics was added to each
well, and the whole was further incubated at 37 °C. After 24 h,
cell extracts were prepared in Passive Lysis Buffer (Promega).
Activities of firefly and Renilla luciferases in cell lysates were
determined with a dual-luciferase assay system (Promega)
according to a manufacturer’s protocol. The results were
confirmed by at least three independent transfection experiments
with two cultures each and are expressed as the average from
four experiments as mean £ SD.

Partial Hydrolysis of ONs with Snake Venom Phosphodi-
esterase. Each ON (300 pmol) labeled with fluorescein at the
5’-end was incubated with snake venom phosphodiesterase (3
ng) in a buffer containing 37.5 mM Tris-HCl (pH 7.0) and 7.5
mM MgCl, (total 100 uL) at 37 °C. At appropriate periods,
aliquots (5 uL.) of the reaction mixture were separated and added
to a solution of 9 M urea (15 uL). The mixtures were analyzed
by electrophoresis on 20% polyacrylamide gel containing 7 M
urea. The labeled ON in the gel was visualized by a Typhoon
system (Amersham Biosciences).

Stability of siRNAs in the PBS Containing Bovine Serum.
Each siRNA (600 pmol) labeled with fluorescein at the 5-end
of a sense strand was incubated in PBS (300 L) containing
40% bovine serum at 37 °C. At appropriate periods, aliquots
(5 uL) of the reaction mixture were separated and added to a
loading solution (15 uL), and then the whole was immediately
frozen in dry ice. The mixtures were analyzed by electrophoresis
on 20% polyacrylamide gel under nondenaturing conditions. The
labeled siRNA in the gel was visualized by a Typhoon system
(Amersham Biosciences).

Subgenomic HCV Replicon Cells. Subgenomic HCV replicon
cells (R6FLR-N) were conditional expression system of the
HCV-nonstructure region and luciferase gene. These cells were
cultured in DMEM-GlutaMAX High glucose (GIBCO) supple-
mented with 10% FBS, 1 unit penicillin (GIBCO), 100 ug/mL
streptomycin (GIBCO), and 500 pg/mL G418 (GIBCO).
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Transfection and Evaluation of Virus Replication. The
subgenomic HCV replicon cells (R6FLR-N) were transfected
with the siRNAs by reverse transfection. The cells were plated
in 96-well plate (Falcon) at a density of 4 x 10% cells/well.
Each siRNA (100 aM — 1 nM) was transfected to the cells
using Lipofectamine RNAIMAX (Invitrogen) and Opti-MEM
(GIBCO-BRL). The cells were incubated for 72 h after being
transfected with siRNAs. HCV replication was evaluated by
luminescence in a Mithras LB940 (Berthold Technologies,
Wildbad, Germany) using Bright-Glo Luciferase Assay System
(Promega) according to the manufacturer’s protocol.

Cell Viability. In order to evaluate cytotoxic effects of the
siRNAs, cell viabilities were measured by metabolic conversion
of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disul-
fophenyl)-2H-tetrazolium, monosodium salt (WST-8) using a
Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to
the manufactuer’s protocol.
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Abstract: Chronic hepatitis C virus (HCV) infection affects approximately 170 million people
and is a major global health problem because infected individuals can develop liver cirrhosis
and hepatocellular carcinoma. Despite significant improvements in antiviral drugs, only
around 50% of treated patients with genotype 1 and 4 demonstrate HCV clearance.
Unfortunately, an anti-HCV vaccine is still not available. To progress treatment of HCV, it is
necessary to understand the mechanism(s) by which HCV infects hepatocytes, and how the
host immune response prevents the spread of the virus. Because HCV infects only humans
and chimpanzees, it is difficult to evaluate immune response mechanisms, and the effects
of chemicals and new technologies on these response mechanisms. These difficulties
underline the importance of establishing a small HCV-infected animal model. This review
focuses on the progress made in recent years towards the development of an experimental

mouse model for HCV.
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Introduction

Hepatitis C virus (HCV) is a non-cytopathic, hepa-
totropic member of the Flaviviridae family, causing
acute and chronic necroinflammatory liver diseases [25].
Chronic HCV infection has caused an epidemic with
approximately 170 million people infected worldwide
and three to four million people newly infected each year
[25, 35]. Natural history studies show that 5-20% of
patients develop cirrhosis after about 20 years of infec-
tion [1, 42, 49]. An increasing number of patients with
cirrhosis will develop hepatocellular carcinoma. End-
stage liver disease due to chronic HCV infection is the
leading cause of liver transplantation in the western

world [36]. Furthermore, co-infection with HCV and
human immunodeficiency virus (HIV) results in more
serious liver cirrhosis than HCV infection alone and the
mortality of HIV-infected HCV patients is a serious
problem in the USA [44. 55].

The HCV genome is a 9.6-kb, uncapped, linear, single-
strand RN A molecule with positive polarity that serves as
a template for both translation and replication. Translation
of the plus-strand RNA initiates at an internal ribosomal
entry site, resulting in the production of a single polypro-
tein precursor that is processed into structural (C,E1,E2,
p7) and non-structural (NS2, NS3,NS4A, NS4B,NS5A,
and NS5B) protein subunits by host and viral proteases
[8,9,37,46]. Because of the lack of a proofreading func-
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tion for the RNA-dependent RNA-polymerase (NS5B),
HCYV has a high mutation rate and exists as a genetically
heterogeneous quasispecies in individual patients [8].

It is well established that the pathogenesis of HCV
infection is controlled by host-virus interactions medi-
ated by the immune response [4, 5, 13]. It has been
difficult to clarify the relationship between HCV and the
host immune response because of the fact that HCV is
only infectious in humans and chimpanzees [3, 11]. It
has also been demonstrated that viral clearance during
self-limited acute HCV infection is characterized by a
vigorous, polyclonal CD4 and CD8 T-cell response [6,
12,29, 38, 43]. However, the lack of activity in induc-
ing an effective antigen-specific CD4 and CD8 T-cell
response in chronically infected HCV cases has been
studied in chimpanzees [50], and also in humans in-
fected via needle stick accidents [47]. These studies
suggest that a poor immunological response to HCV
probably leads to persistent infection. Failure to effec-
tively produce antigen-specific T-cells is possibly the
result of viral overload [15-17] and the high level of
regulatory T cells present [40]. However, it remains
unknown why HCV infection causes persistent infection.
It has also been demonstrated that viral replication is
inhibited by antigen-specific T cells as well as natural
killer (NK) cells, natural killer T (NKT) cells and mac-
rophages in the liver of hepatitis B virus (HBV) trans-
genic mice [18, 21, 22], indicating that viral clearance
requires innate and acquired immune responses.

In this review, we describe an experimental mouse
model for HCV infection which allows us to analyze the
mechanisms of chronic persistent infection.

HCV Transgenic Mice Models

Generation of HCV transgenic mice using the Cre/loxp
switching system

A transgenic mouse model using a stable expression
system generates immunotolerance to transgene prod-
ucts. Therefore, an HCV protein switching expression
system may be suitable for in vivo assays of HCV protein
effects, as HCV is thought to infect humans with a ma-
ture immune function [1]. Using the Cre/loxP system,
we developed a transgenic mouse model with efficient
conditional transgene activation of HCV ¢cDNA (core,

4555bp

Hind 1l Xbal Xba! Hind

[pcac P neo Jor B[ mecnancveon A pA

loxp loxP
+ Cre DN A recombinase (AxCANCre)

3348bp
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| N2
pcAG Pl R6CN2HCV DN A pA
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Fig. 1. Structure of CALNCNZ2, the Cre-mediated activation
transgene unit. R6CN2 HCV cDNA (nucleotides
294-3435) was cloned downstream of the CAG pro-
moter, neomycin-resistant gene (neo) and poly(A)
signal that was flanked by two loxP sequences.
R6CN2 HCV cDNA contains the core, E1, E2, and
NS2 regions.

El, E2, and NS2) (Fig. 1), and two transgenic lines,
CN2-8 and CN2-29, were generated [48]. The Cre/loxP
system has been used in combination with a recombinant
adenovirus vector expressing Cre to alter gene expres-
sion in the livers of transgenic mice [34]. Temporal
control of viral gene expression using a conditional trans-
gene activation system enables detailed analysis of the
immune responses in the host, and observation of cyto-
pathic effects due to viral proteins. HCV proteins were
mainly detected in the livers of conditionally expressing
transgenic mice. Efficient recombination was observed
in transgenic mice livers upon intravenous administra-
tion of adenoviruses expressing Cre DNA recombinase.
After transgene activation, most hepatocytes were stained
with anti-core polyclonal antibody, and 21-, 37-, and
64-kDa proteins were detected by western blot analysis
in liver lysates using anti-core, -E1, and -E2 monoclonal
antibodies, respectively. Serum core protein was de-
tected in transgenic mice 7 days after transgene activa-
tion with concurrent increases in serum alanine amin-
otransferase levels. Importantly, we observed no
significant histopathological changes between infected
and uninfected CN2 transgenic mice when CD4- and
CDS8-positive cells were depleted in the infected mice
(Fig.2). These results suggest that HCV structural pro-
teins are not strongly cytopathic to hepatocytes in the
absence of an immune response.
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Fig. 2. Histopathology of livers of HCV Tg mice.
A, uninfected CN2-8 mouse. B, CD4" and
CD8" cell-depleted CN2-8 mouse infected
with AXCANCre and analyzed at day 7. C,
CN2-8 mouse infected with AXCANCre and
analyzed at day 7. (x250 magnification).
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HCV transgenic mice are resistant 1o Fas antibody-
mediated lethality

The role of apoptosis in HCV infection is not well de-
fined. Furthermore, the kinetics and extent of hepatocyte
apoptosis as well as the pro- and anti-apoptotic mecha-
nisms involved remain unclear. We demonstrated that
transgene expression in HCV transgenic mice causes
resistance to Fas antibody-stimulated lethality [27].
Apoptotic cell death in the livers of HCV protein-express-
mg mice was significantly reduced compared to non-
expressing mice. Histopathological analysis and DNA
fragmentation analysis revealed that the HCV proteins
suppressed Fas-mediated apoptotic cell death. To iden-
tify the target pathway of HCV proteins, we characterized
caspase activity and showed that the activation of cas-
pase-9 and caspase-3/7, but not caspase-8, was inhibited
by HCV proteins. In addition, cytochrome ¢ release from
mitochondria was inhibited in HCV protein-expressing
mice. These results indicate that the expression of HCV
proteins may have directly or indirectly inhibited Fas-
mediated apoptosis and cell death in mice by repressing
the release of cytochrome ¢ from mitochondria, thereby
suppressing caspase-9 and caspase-3/7 activation. Fur-
thermore, HCV might cause persistent infection as a result
of suppression of Fas-mediated cell death and inhibition
of HCV-infected hepatocyte rejection in the liver, given
that numerous viruses have been reported to evade apop-
totic mechamisms resulting persistent infection [23].

HCV (-)

HCQV (4)

Fig. 3. Serum ALT level and histological analysis of livers after anti-Fas antibody administration.
A, serum ALT levels of anti-Fas antibody-injected HCV non-expressing (open circles) and
expressing (closed circle) mice. ALT levels are expressed as the mean = SD of three indi-
vidual experiments. B, hematoxylin and eosin staining of liver sections from transgenic
mice at pretreatment and 4 h after anti-Fas antibody injection.
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