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Introduction

Cytotoxic T lymphocytes (CTLs) have been shown to play
a critical role in viral clearance in many types of viral
infection."” Antigen-specific CTLs are generated during
the T cytotoxic type 1 (Tcl) immune response, which is
important in the immune response to hepatitis B virus
(HBV). However, clearance of, or at least a continuous
suppression of, HBV is not observed in all cases of
chronic hepatitis, possibly, because of a weak CTL
response to the HBV surface antigen (HBsAg). Therefore,
devising an effective therapy for chronic hepatitis B
requires elucidation of the mechanism underlying the
weakness of the CTL response to HBsAg. Previous reports
demonstrated that o-galactosylceramide («-GalCer), a
ligand for Vol14" natural killer T (NKT) cells, strongly
induced the generation of antigen-specific CTLs.>*
Immunization with HBsAg plus o-GalCer enhanced the
induction and proliferation of HBsAg-specific CTLs.
Moreover, immunization with HBsAg plus «-GalCer

614

Summary

Cytotoxic T lymphocytes (CTLs) are thought to be major effectors
involved in viral clearance during acute infections, including hepatitis B
virus (HBV) infection. A persistent HBV infection is characterized by a
lack of or a weak CTL response to HBV, which may be reflective of toler-
ance to HBV. Efficient induction of HBV-specific CTLs leads to the clear-
ance of HBV in patients with a chronic HBV infection. Previously, we
reported that a-galactosylceramide (a-GalCer), a specific natural killer
T (NKT) cell agonist, enhanced the induction of HBV surface antigen
(HBsAg)-specific CTLs. In the present study, we found that inhibition of
indoleamine 2,3-dioxygenase (IDO) activity enhanced the induction of
HBsAg-specific CTLs after immunization with HBsAg and «-GalCer. The
administration of HBsAg and a-GalCer increased the production of inter-
leukin-2 and interleukin-12b, which are crucial for the induction of
HBsAg-specific CTLs. The production of these cytokines was more
strongly enhanced in IDO knockout mice compared with wild-type mice.
In addition, a-GalCer induced the production of IDO in CD11b" cells,
and these cells inhibited proliferation of HBsAg-specific CTLs. Our results
lead to strategies for improving the induction of HBsAg-specific CTLs.

Keywords: 3-dioxygenase; cytotoxic T lymphocyte; hepatitis B virus.
indoleamine 2; vaccination.

enabled the induction of HBsAg-specific CTLs even in
HBsAg transgenic (HBsAg-Tg) mice, which generate an
extremely tolerant cellular and humoral immune response
to HBsAg. Hence, we decided to examine the HBsAg-spe-
cific CTL response generated in HBsAg-Tg mice following
immunization with o-GalCer and HBsAg. This experi-
ment required direct stimulation by HBsAg in vitro,
because a sufficient number of HBsAg-specific CTLs may
be difficult to induce in HBsAg-Tg mice in vivo.
Indoleamine 2, 3-dioxygenase (IDO) is an enzyme that
participates in the catabolism of the essential amino acid
L-tryptophan to r-kynurenine and is a potent immuno-
modulator.>” This enzyme is expressed in epithelial cells,
macrophages and dendritic cells and is induced by pro-
inflammatory cytokines, including type I and type II in-
terferons (IFN).2'® The binding of cytotoxic T lympho-
cyte antigen-4 to CD80/CD86 on the surface of dendritic
cells also stimulates transcription and activity of IDO.**2
Our previous study demonstrated that IDO expression
was enhanced by treatment of mice with a-GalCer."”
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Although the co-administration of HBsAg and «-Gal-
Cer enhanced the induction of HBsAg-specific CTLs, the
o-GalCer-induced IDO may inhibit the induction of the
CTLs to some extent. Hence, in the absence of IDO,
immunization with the HBsAg-o-GalCer combination
may elicit a strong antigen-specific Tcl response and
numerous HBsAg-specific CTLs.

In this work, we examined the effect of IDO on the
induction and proliferation of HBsAg-specific CTLs in
mice immunized with o-GalCer and HBsAg. Our results
indicate that elimination of IDO activity enhances the
antigen-specific Tcl response and increases the number
of HBsAg-specific CTLs in mice immunized with HBsAg
plus a-GalCer.

Materials and methods

Mice

Wild-type (WT) male B10.D2 (H-2%) mice (age 8-
10 weeks; weight 25-30 g) were obtained from Japan SLC
Inc. (Shizuoka, Japan). IDO knockout (KO) mice on a
C57BL/6] background were obtained from Jackson Labora-
tory (Bar Harbor, ME) and backcrossed with B10.D2 (H-
2% mice. All procedures were conducted in accordance
with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals, and with the guidelines
for the care and use of animals established by the Animal
Care and Use Committee of Gifu University, Japan.

Cell lines and reagents

The H-2¢ mastocytoma cell line P815 was obtained from
the American Type Culture Collection (Rockville, MD).
P815 cells expressing HBV-preSl, 2 and S regions
(P815preS1) and the HBsAg-specific CD8" CTL clone
6C2 were generously provided by Francis V. Chisari.'*"”
The HBsAg peptide Sps_30 was synthesized at KURABO
(Osaka, Japan). o-GalCer was obtained from Funakoshi
Co. Ltd. (Tokyo, Japan) and stored as a 200 pg/ml stock
solution in vehicle (0.5% weight/volume polysorbate-20).
1-methyl-p-L-tryptophan (1-MT) was purchased from
Sigma-Aldrich (St Louis, MO).

ELISPOT assay

The WT and IDO-KO mice were intraperitoneally inoc-
ulated with either HBsAg (10 pg/mouse) or HBsAg
(10 pg/mouse) plus o-GalCer (2 pg/mouse). Single-cell
suspensions were prepared from the whole spleen on
day 7 after the inoculation. A total of 2.0 x 10° spleno-
cytes/well were stimulated for 14-16 hr with 0, 0.1 or
1 pg/ml of HBsAg peptide (Sys-30) in 96-well Multi-
Screen filter plates (Millipore, Billerica, MA) pre-coated
with a rat anti-IFN-y monoclonal antibody (mAb;
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R4-6A2; BD Biosciences, Franklin Lakes, NJ). The plates
were washed and then incubated with a biotinylated
polyclonal goat anti-IEN-y antibody (R&D Systems,
Minneapolis, MN) and, after that, with streptavidin-
alkaline phosphatase. Spots were visualized by the addi-
tion of a 5-bromo-4-chloro-3-indolyl phosphatase solu-
tion (Sigma-Aldrich) and counted manually under a
microscope (x 40 magnification). The number of cyto-
kine-secreting cells was determined by a single blinded
observer, and all data were generated by analysing three
separate wells per sample.

Detection of HBsAg-specific CTLs by flow cytometry

Immunodominant HBsAg-specific CTLs in mice are
known to be restricted by H-2LY of MHC class I, and the
shortest peptide that can show the maximal activity is
HBsAg S,g.39, Sequence IPQSLDSWWTSL."* The number
of HBsAg-specific CTLs was assessed by flow cytometry,
as described previously.'® Peptide-loaded recombinant
soluble dimeric murine H-2L%Ig (mouse IgGl; BD
PharMingen, San Diego, CA) was prepared by mixing
soluble dimeric H-2L%Ig for 48 hr at 4° with a 160-fold
molar excess of HBsAg S,g.30. The peptide-loaded dimeric
immunoglobulins were then incubated with CD8" T cells
isolated from either immunized or re-stimulated spleno-
cytes.'® After incubation for 1 hr at 4°, the cells were
stained with an FITC-conjugated anti-mouse CD8a anti-
body and a phycoerythrin (PE) -conjugated anti-mouse
IgGl antibody (BD PharMingen). The proportion of
HBsAg-specific cells was measured by flow cytometry on
a FACSCanto II instrument (Becton Dickinson Immuno-
cytometry Systems, Mountain View, CA).

Cytotoxicity assay

The cytolytic activity of HBsAg-specific CTLs was assessed
using a fluorescence-based dye, 5-(and 6-)carboxyfluores-
cein diacetate succinimidyl ester (CFSE) as described pre-
viously.'” Target cells (P815 or P815preS1) were labelled
with CFSE as follows. The cells were suspended in PBS
and diluted to 1 x 10%ml. For sensitive targets, 0.5 pl of
CFSE stock solution (5 mM) was added to 1 ml of cell
suspension and the mixture was incubated for 4 min at
room temperature. For control targets, 0.5 ul of diluted
CFSE solution (100 pm) was used for labelling, in a simi-
lar fashion. Labelled targets and various numbers of effec-
tor cells were added in a final volume of 200 pl to each
well of 96-well round-bottom plates and incubated for
6 hr at 37°. After incubation, sensitive target cells were
mixed with control target cells in one tube with PBS con-
taining 1% fetal calf serum and 0.1% sodium azide.
Mizxed cells were washed once, suspended in 4% parafor-
maldehyde, and then stored at 4° in the dark before flow
cytometric analysis, which was performed on a FACSCan-
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to II instrument (Becton Dickinson Immunocytometry
Systems). All samples were assayed in duplicate and the
mean percentage of specific lysis was calculated as follows:
% specific lysis = [(number of sensitive target cells in the
control sample — number of sensitive target cells in the
test sample)/number of sensitive target cells in the control
sample] x 100. The control sample consisted of target
cells incubated without added effector cells, whereas the
test sample consisted of target cells incubated with added
effector cells.

Flow cytometric analysis of splenocytes

Splenocytes were isolated from the immunized mice as
described previously.'® Cell viability and cell number were
assessed using a trypan blue exclusion assay. For flow
cytometry, 2 x 10° splenocytes were stained with labelled
antibodies using a standard protocol. The following anti-
bodies were used: PE-Cy7-labelled anti-mouse CD8 mAb,
clone 53-6.7 (eBioscience, San Diego, CA); PE-Cy7-
labelled anti-mouse CD11b mAb (clone M1/70; eBio-
science); VioBlue-labelled anti-mouse CD11c mAb (clone
N418; Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany), FITC-labelled anti-mouse CD86 mAb (clone
24F; BD Biosciences); FITC-labelled anti-mouse Ly-6G
mAb (clone RB6-8C5; BD Biosciences); PE-labelled anti-
mouse CD80 mAb (clone BBI1; BD Biosciences); PE-
labelled anti-mouse Ly-6¢ mAb (clone AL-21; BD Bio-
sciences); PE-labelled anti-mouse CD40 mAb (clone
FKG45.5; Miltenyi Biotec); and PE-labelled anti-mouse
Foxp3 mAb (clone FJK-16s; Biosciences). Samples were
acquired on a flow cytometer and data analysis was per-
formed using racspiva software (BD Biosciences).

Real-time reverse transcription-PCR

Total RNA was isolated and transcribed into complemen-
tary DNA (cDNA) using an RNeasy Mini Kit (QIAGEN
GmbH, Hilden, Germany) and a high-capacity ¢cDNA
transcription kit (Applied Biosystems, Foster City, CA).
The resulting cDNA was used as a template for real-time
PCR along with primer-probe sets for IDO, interleukin-2
(IL-2), IL-4, IL-6, IL-12b and 18S rRNA (TagMan Gene
Expression Assays; Applied Biosystems) and TagMan uni-
versal PCR master mix (Applied Biosystems) according to
the manufacturer’s instructions (Applied Biosystems).
The 18S rRNA was used as an internal control. Real-time
PCR was carried out using a Light-Cycler 480 system
(Roche Diagnostic Systems, Basel, Switzerland).

Isolation of CD8* and CD11b* cells

Splenocytes were sorted into CD8" or CD11b" cells using
magnetic beads conjugated with an anti-CD8a or anti-
CD11b antibody (Miltenyi Biotec GmbH) as described in

616

previous reports.'”*® The magnetically labelled cells were
purified using a quadroMACS system (Miltenyi Biotec
GmbH).

HBsAg-specific CTL proliferation assays

Isolated CD11b" and CD11b™ cells were co-cultured with
an HBsAg-specific CTL clone (6C2) in a CFSE-based pro-
liferation assay.”’ The 6C2 cells were labelled with CFSE
as previously described.”’ The CFSE-labelled cells were
co-cultured with the purified CD11b* or CD11b™ cells in
96-well plates at the cell-count ratios of 1:2 and 1:5
for the 6C2/CD11b" and the 6C2/CD11b~ combinations,
respectively, for 5 days at 37° in a 5% CO, atmosphere.
To induce proliferation, the 6C2 cells were stimulated
with irradiated P815PreS1 cells.

Statistics

Values were calculated as the mean + SEM. Differences
between experimental and control groups were analysed
using the Kruskal-Wallis test followed by Scheffe’s F-test.
Significance was assumed at P < 0.05.

Results

Induction of the Tcl immune response and HBsAg-
specific CD8" T cells in WT and IDO-KO mice

Our previous study demonstrated that a-GalCer-activated
invariant NKT cells strongly increased the number of
HBsAg-specific CTLs after immunization with HBsAg in
vivo.” Therefore, in the present study, we used a-GalCer as
an adjuvant to enhance the HBsAg-specific immune
response. To determine whether IDO contributes to the
development of the HBsAg-specific immune response, WT
and IDO-KO mice were immunized with HBsAg and a-
GalCer intraperitoneally. As shown in Fig. 1(a), IDO-KO
mice mounted strong Tcl cellular responses against
HBsAg, as indicated by the significant expansion of IFN-
y-producing cells in response to ex vive re-stimulation
with HBsAg peptide 28-39. Next, we examined CTL fre-
quencies in the spleen using recombinant soluble fusion
protein H-2L%Ig, which can be used to stain CD8" T cells
that recognize the H-2L%-bound HBsAg peptide Sis 30
(Fig. 1b,c). a-GalCer enhanced the numbers of WT as well
as IDO-KO HBsAg-specific CD8" T cells. However, the
induction of HBsAg-specific CD8" T cells was enhanced
more strongly for the IDO-KO subset. Moreover, we
examined the HBsAg-specific Iysis caused by CD8™ T cells
from immunized WT and IDO-KO mice ex vivo (Fig. 1d).
After immunization of mice with the HBsAg-o-GalCer
combination, the HBsAg-specific lysis in CD8" T cells iso-
lated from the IDO-KO mice was significantly enhanced
compared with that induced by the WT cells.

© 2014 John Wiley & Sons Ltd, Immunology, 142, 614-623

— 2556 —



Inhibition of IDO enhance HBsAg-specific CTL induction

EEJ WT HBsAg HBSA
@) W W/T HBaAg + o-GalCor (b) HBsAg g

[ IDO-KO H%;{; e + a-GalCer

250 [ZJ1D0-KO HBsAg + o-GalCer = 071 e § px:)

2, wr 2 S
[ = 200 « E . g i3
£ 150 5 Mol
D9 g 20 L. 10710°10010%,
§ 2 100 e
g IDO-KO | &
>+ 50 %
[V
W 0 b

0 01 1
HBsAg peptide concentration (ug/ml)

() -WT (d)
= IDO-KO <
8 d e oy
02 z
T8 6 g 32
g g
xa 4 2 16
@ O %)
Es o L 8
(S Y *6
< D
0 (.[IQJ' 0
HBsAg HBsAg HBsAg +  +  + +
+ o-GalCer o-GalCer — + - +

Figure 1. The induction of an hepatitis B virus surface antigen (HBsAg) Szg so-specific T cytotoxic type 1 response and CD8" T cells in wild-type
(WT) and indoleamine 2,3-dioxygenase knockout (IDO-KO) mice immunized with HBsAg alone or in combination with ¢-galactosylceramide
(o-GalCer). Splenocytes were isolated from the animals 7 days after the immunization. (a) These cells were stimulated ex vivo with the HBsAg
S25-39 peptide and monitored for interferon-y (IEN-p)-secreting cells by means of an ELISPOT assay. Results are shown as mean £ SEM (four or
five mice/group) for three independent experiments. (b) Induction of HBsAg-specific CD8" T cells was assessed by flow cytometric analysis using
fluorescent dimeric H-2Ld-HBsAg Sas.30 complexes (DimerX). FACS profiles are shown for WT and IDO-KO mice immunized with either
HBsAg or HBsAg plus o-GalCer. (c) Quantitative data on the frequency of dimeric H-2L9-HBsAg-positive cell populations (mean & SEM,
n = 4). (d) Isolated effector cells (CD8" T cells) from WT and IDO-KO mice immunized with HBsAg and a-GalCer were incubated for 4 hr with
CFSE-labelled target cells (preS1-transfected P815 cells) at an effector to target cell ratio of 20 : 1. The percentage of specific cytotoxicity was cal-
culated by subtracting the percentage of P815 cells (HBsAg-negative) effector cell cytotoxicity from that for the preSl-transfected P815 cells
(HBsAg-positive). Spontaneous release was always < 20% of the total. Each data point and error bar represents the mean and SEM, respectively,
of results for triplicate samples. *Statistically significant differences.

IDO-KO mice after inoculation with HBsAg and o-Gal-
Cer. Flow cytometry analysis revealed that the percentage
of Treg cells in the spleen of WT and IDO-KO mice
increased equally on day 7 after the immunization
(Fig. 3a). The number of Treg cells did not decrease in
IDO-KO mice after the HBsAg plus a-GalCer immuniza-
tion in the present model. Myeloid derived suppressor
cells (MDSCs) are identified by the expression of IDO,
and were counted using flow cytometry. MDSCs are
broadly defined as CD11b" Ly6G* mononuclear cells. The
administration of HBsAg with «-GalCer expanded the
MDSC population in WT and IDO-KO mice (Fig. 3b).
This increase in MDSC frequency among spleen cells was
observed 7 hr after the immunization, and was similar in
both WT and IDO-KO mice.

Comparison of DC functions between WT and IDO-
KO mice

Since o-GalCer can induce proliferation of the antigen-
specific T cells via the activation of dendritic
cells (CD1ic™ cells), we analysed dendritic cells from
WT and IDO-KO mice immunized with HBsAg plus o-
GalCer.”* «-GalCer can up-regulate the expression of
co-stimulatory molecules such as CD40, CD80 and
CD86 in CD11c" cells (Fig. 2). Although the expression
of these molecules on dendritic cells was enhanced
bythe immunization with the HBsAg-o-GalCer combi-
nation, there was no difference between WT and
IDO-KO mice.

Regulatory T cells and myeloid derived suppressor

cells are stimulated by immunization with HBsAg and
a-GalCer

Previous reports demonstrated that IDO was involved in
the induction of regulatory T (Treg) cells.”*** We there-
fore examined the proliferation of Treg cells in WT and

© 2014 John Wiley & Sons Ltd, Immunology, 142, 614-623

IDO and cytokine production by WT and IDO-KO
splenocytes in response to the intraperitoneal
injection of HBsAg plus «-GalCer

Next, we examined whether the expression of IDO in
the spleen is enhanced after the intraperitoneal adminis-
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tration of the HBsAg—a-GalCer combination. This
immunization promptly induced IDO expression in the
spleen (Fig. 4a). Previous studies demonstrated that sev-
eral cytokines play critical roles in the activation and
proliferation of antigen-specific CTLs.*?® Accordingly,
we measured mRNA levels for IL-2, IL-4, IL-6, IL-12b
and IFN-y in whole spleens from WT and IDO-KO mice
after the co-administration of HBsAg and o«-GalCer
(Fig. 4b). The expression of IL-2, IL-4, IL-6 and IL-12b
in the spleen of WT and IDO-KO mice was enhanced at
7 hr after the co-administration. In IDO-KO mice, how-
ever, compared with WT mice, the expression of IL-2
was significantly increased at 24 and 72 hr after the co-
administration. Interleukin-12b expression in IDO-KO
mice was also increased at 24 hr after the co-immuniza-
tion with HBsAg and a-GalCer. These data indicate that
after the co-administration, the enhancement of IL-2
and IL-12b expression persisted for longer in the spleen
of the IDO-KO mice.

Induction and function of IDO in CD11b* cells after
the immunization of mice with HBsAg and «-GalCer

As shown in Fig. 4(a), the expression of IDO mRNA
was strongly enhanced at 7 hr after the administration
of HBsAg and o-GalCer. Moreover, the number of
CD11b* Ly6G* cells (MDSCs) in the spleen also
increased at 7 hr after the immunization (Fig. 3b). For
this reason, we examined the expression of IDO in
CD11b* cells'and CD11b~ cells after the immunization
of mice with HBsAg and o-GalCer. As a result of the
immunization, the expression of IDO mRNA in
CD11b* cells significantly increased compared with that
in CD11b™ cells (Fig. 5a). IDO was predominantly
induced in CD11b™ cells from the spleen. Next, we
examined the function of CD11b" cells in HBsAg-spe-
cific T-cell proliferation in WT and IDO-KO mice. 6C2
cells are HBsAg-specific CTL clones. We labelled these
CTLs with CFSE and stimulated them using irradiated
P815PreS1 cells either in the presence or in the absence
of CD11b* cells from WT or IDO-KO mice (Fig. 5c).
6C2 cell proliferation was evaluated by CFSE dilution.
For WT mice, the presence of CD11b* cells inhibited
the proliferation of the HBsAg-specific CTLs 6C2 in
response to the target cells, after immunization of mice
with HBsAg and «-GalCer. In contrast, enhanced cell
proliferation was observed when IDO-KO cells were
used under similar conditions. In addition, the expres-
sion of IL-12b in CD11b" cells from immunized WT
and IDO-KO mice increased compared with that in the
CD11b™ subset (Fig. 5b). The enhanced IL-12b produc-
tion by IDO-KO CD11b" cells may have contributed to
the 6C2 cell proliferation in response to the P815PreS1
cells.
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Effect of 1-MT on the induction of the HBsAg-
specific immune response

1-Methyl-p-tryptophan is a potent inhibitor of IDO, and
hence we used this agent to verify our finding. The WT
mice were given 1-MT orally at either 0 or 5 mg/ml in
drinking water 2 days before the immunization to 7 days
after the immunization. ELISPOT analysis revealed that
the HBsAg peptide Syg_se-specific Tcl response in WT
mice treated with 1-MT was significantly stronger com-
pared with the untreated mice (Fig. 6a). The induction of
HBsAg-specific CD8" T cells was enhanced by treatment
with 1-MT (Fig. 6b,c). These data indicate that the inhi-
bition of IDO activity leads to the enhancement of an
HBsAg-specific Tcl response after immunization with
HBsAg and «-GalCer.

Discussion

In the present study, we demonstrated that inhibition of
IDO activity enhances the HBsAg-specific Tcl response
and induction of CTLs after immunization with HBsAg
and a-GalCer. The expression of IL-2 and IL-12b, which
are critical cytokines for inducing the antigen-specific Tcl
response, increases in IDO knockout mice after immuni-
zation with HBsAg and «-GalCer. Moreover, CD11b"
splenocytes up-regulate their expression of IDO and sup-
press the proliferation of HBsAg-specific CTLs after
immunization of mice with HBsAg and «-GalCer treat-
ment. Hence, the o-GalCer-induced increase of IDO
expression reduced the antigen-specific Tcl immunity.
On the other hand, inhibition of IDO expression after the
HBsAg plus o-GalCer immunization strongly enhanced
the HBsAg-specific cellular immune response.

Previously, we demonstrated that during immunization
with HBsAg, o-GalCer works as an adjuvant and
enhances the induction of an HBsAg-specific CTL
response in vivo.” It appears that IL-2 and CD40-CD40
ligand interactions are involved in the enhancement of
CTL induction caused by a-GalCer through NKT cell
activation. On the other hand, «a-GalCer enhances the
activity of IDO in mice."”® IDO catalyses the conversion of
the essential amino acid i-tryptophan to L-kynurenine
and has been identified as an enzyme that has powerful
immunomodulatory effects. Furthermore, metabolites of
the r-kynurenine pathway have been shown to act as
immunosuppressive molecules in the tissue microenviron-
ment.*”?® IDO and the 1-tryptophan pathway play critical
roles in the generation of immune tolerance against for-
eign antigens in tissue microenvironments. In the present
study, IDO expression in splenocytes also increased after
HBsAg and «-GalCer administration (Fig. 5a). As shown
in Fig. 1(a), the intraperitoneal injection of HBsAg and
o-GalCer increased the HBsAg-specific Tcl immune
response, and this Tcl response was enhanced more

© 2014 John Wiley & Sons Ltd, Immunology, 142, 614-623
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Figure 2. The expression of co-stimulatory molecules on dendritic cells from wild-type (WT) and indoleamine 2,3-dioxygenase knockout (IDO-
KO) mice. At 0, 7 and 24 hr after the inoculation with hepatitis B virus surface antigen (HBsAg) and ¢-galactosylceramide (¢-GalCer) (intraperi-
toneal injection), the expression of CD40, CD80 and CD86 on splenic CD11c" cells was analysed using flow cytometry. The data represent three

independent identical experiments.

strongly in IDO-KO mice compared with WT mice.
Moreover, the number of CD8% T cells that can specifi-
cally recognize HBsAg and cause HBsAg-mediated lysis
also increased in IDO-KO mice ex vivo (Fig. 1b—d). These
results suggest that the absence of IDO activity signifi-
cantly enhances the HBsAg-specific Tcl immune response
after the immunization with HBsAg and o-GalCer. 1-MT
is a competitive inhibitor of the IDO activity. As shown
in Fig. 6, the administration of HBsAg, a-GalCer and 1-
MT also enhanced both the HBsAg-specific Tcl response
and the induction of HBsAg-specific CD8" T cells
(Fig. 6a—c). However, the HBsAg-specific Tcl response in
the mice treated with HBsAg, o-GalCer and 1-MT was
weak compared with that in the IDO-KO mice treated
with HBsAg and «-GalCer. A previous report indicated
that the i-kynurenine level in IDO-KO mice was lower
than that in 1-MT-treated mice during Toxoplasma gondii
infection in vivo.”® Our previous study also indicated a
difference in proliferation of splenocytes and viral replica-
tion between IDO-KO mice and 1-MT-treated mice dur-
ing LP-BM5 murine leukaemia virus infection.” We
assumed that complete local depletion of L-tryptophan is
critical for the immune system, and the oral administra-
tion of 1-MT may fail to fully suppress local IDO activity.
Several reports have demonstrated that the enhancement
of the immune response by a-GalCer involves an up-reg-
ulation of co-stimulatory molecules such as CD80, CD86
and CD40.*>* In the present work, although o-GalCer
enhanced the expression of CD40 and CD86 in CD1lc"

© 2014 John Wiley & Sons Ltd, immunology, 142, 614-623

cells, this effect was similar in WT and IDO-KO mice
(Fig. 2). Real-time PCR analysis revealed that the expres-
sion of IL-2 and IL-12b was elevated at 24 and 72 hr after
the HBsAg plus ¢-GalCer immunization in IDO-KO mice
compared with that in WT mice (Fig. 4b). The expression
of 1L-2, IL-4, IL-6 and IL-12b increased at 7 hr after
administration, and promptly decreased afterwards in WT
mice. On the other hand, in IDO-KO mice, the enhance-
ment of IL-2 and IL-12b expression was maintained
between 24 and 72 hr after the immunization with
HBsAg and o-GalCer. The persistence of the elevated
expression of IL-2 and IL-12b in IDO-KO mice may play
a role in the enhancement of the HBsAg-specific Tcl
immune response induced by HBsAg and o-GalCer in
combination.

IDO is strongly activated by IFN-y or pro-inflamma-
tory cytokines in macrophages/monocytes. As shown in
Fig. 5(a), among splenocytes, the immunization of mice
with HBsAg and «-GalCer induced IDO activity almost
exclusively in CD11b" cells. No enhancement of IDO
expression was observed in CD11b™ cells. In addition,
CD11b* cells from HBsAg-plus-a-GalCer-immunized WT
mice reduced the proliferation of HBsAg-specific CTLs
when the latter were stimulated with the specific antigen
(Pig. 5¢). In contrast, CD11b" cells from HBsAg-plus-o-
GalCer-immunized IDO-KO mice facilitated the prolifera-
tion of HBsAg-specific CTLs. These results indicate that
IDO-deficient CD11b™ cells treated with ¢-GalCer have a
strong ability to enhance proliferation of HBsAg-specific
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Figure 3. The induction of regulatory T cells

and myeloid derived suppressor cells (MDSCs)
in wild-type (WT) and indoleamine 2,3-dioxy-
genase knockout (IDO-KO) mice immunized

with hepatitis B virus surface antigen (HBsAg)
and o-galactosylceramide (a-GalCer). (a) Flow
cytometric analysis of intracellular FoxP3
expression in CD4™ T cells obtained from WT

and IDO-KO mice on day 7 after inoculation

(a) HBsAg HBsAg + a-GalCer
WT
<
[a)
[}
IDO-KO
I o 10 10"
PE-A
ey FOXP3
(b) HBs + a-GalCer O hr HBs + a-GalCer 7 hr HBs + a-GalCer 24 hr
WT
[0}
@
iy
IDO-KO 4

with HBsAg and a-GalCer. The data represent
three independent identical experiments. (b)
Flow cytometric analysis of surface Ly-6G and

Ly-6C expression on CD11b* cells from WT
and IDO-KO mice at 7 and 24 hr after inocu-
lation with HBsAg and o-GalCer. The data

e Ly-6C

CTLs. The expression of IL-12b in CD11b* cells was
increased at 7 hr after the immunization with HBsAg plus
o-GalCer (Fig. 5b). Moreover, the CDI11b* fraction
included the CD11b™ CD11c" cells, and the expression of
co-stimulatory molecules on CD11c* cells increased after
the immunization (Fig. 2). Hence, the CD11b™ cells from
the IDO-KO mice immunized with HBsAg and o-GalCer
may enhance the proliferation of HBsAg-specific CTLs via
an increase in IL-12b production and co-stimulatory mol-
ecule expression. The intraperitoneal administration of
HBsAg and o-GalCer increased the proportion of
CD11b" Ly6G*  cells in the spleen  (Fig. 3b).
CD11b" Ly6G™ cells are known as MDSCs and induce
the expression of IDO, which inhibits the
immune response.31 Hence, the immunization with
HBsAg and o-GalCer increases the proportion of
CD11b" Ly6G™ cells in the spleen as well as the number
of IDO-producing cells and thereby inhibits the induction
of an HBsAg-specific immune response. Although the
immunization with HBsAg and o-GalCer also increased
the proportion of CD11b" Ly6G™ cells in IDO-KO mice,

620

represent three independent identical experi-

Gate : Cd11b* cell ments.

these cells cannot up-regulate IDO and inhibit the
HBsAg-specific immune response. Several reports demon-
strated that IDO stimulates Treg cells and suppresses the
immune response.”>** On the other hand, there was no
difference in the percentage of Treg cells between the
non-treated group and the 1-MT-treated group in a rheu-
matoid arthritis mouse model.>* Our previous report also
demonstrated that the expression of FoxP3 mRNA in WT
and IDO-KO mice was up-regulated after LP-BM5 mur-
ine leukaemia virus infection and there was no difference
in FoxP3 mRNA expression.” The inoculation with
HBsAg and «-GalCer injection increased the proportion
of CD4* FoxP3™ T cells in the spleen (Fig. 3a), but there
was no difference in Treg cell number between WT mice
and IDO-KO mice. Therefore, in this study, Treg cells do
not appear to be involved in the HBsAg-specific immune
response following immunization with HBsAg plus a-Gal-
Cer.

A recent study evaluated the effect of IDO on the
humoral immune response, and they demonstrated that
inhibition of IDO by the administration with 1-MT at

© 2014 John Wiley & Sons Ltd, Immunology, 142, 614-623
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Figure 5. Induction and function of indoleamine 2,3-dioxygenase (IDO) in CD11b* cells from wild-type (WT) and IDO knockout (IDO-KO)
mice after the inoculation with hepatitis B virus surface antigen (HBsAg) and a-galactosylceramide (¢-GalCer). (a, b) Splenic CD11b" and
CD11b™ cells were purified using immunomagnetic separation 7 hr after the inoculation and used to prepare total mRNA. The expression of
IDO and interleukin-12b (IL-12b) mRNA was analysed using real-time RT-PCR. Results were normalized for the expression of 185 rRNA. (c)
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the time of vaccination decreased the serum anti-HBs
antibody level after HBsAg vaccination.”® Another report
showed that 1-MT inhibit the B cells’ ability to differenti-
ate into autoantibody-secreting cells and improve autoim-
mune arthritis.>* These studies indicated that 1-MT
inhibits the humoral immune response. The enhancement
of HBs-antibody induction is critical to prevent HBV
infection. On the other hand, the induction of a cellular
immune response to HBV antigen is pivotal to the com-
plete elimination of HBV during chronic infection.”
Enhancement of the induction of HBsAg-specific CTLs
may be helpful in developing strategies to clear HBV in
patients with chronic hepatitis.

We can conclude that the inhibition of IDO activity sig-
nificantly enhanced the induction of HBsAg-specific CTLs
following immunization with HBsAg and «-GalCer. The
addition of a-GalCer enhances IDO activity, which inhibits
the activation and proliferation of antigen-specific CTLs.
Hence, abrogation of the ¢-GalCer-mediated enhancement
of IDO activity makes the HBsAg-specific Tcl response
much more powerful. These results lead to strategies for
improving the induction of HBsAg-specific CTLs.
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ARTICLE INFO ABSTRACT

Article history: Indoleamine 2,3-dioxygenase (IDO), an enzyme that is ubiquitously distributed in mammalian tissues and cells,
Received 24 December 2013 converts tryptophan to kynurenine, and is also known as a key molecule that promotes apoptosis in lymphocytes
Received in revised form 11 April 2014 and neurons. In this study, we established hepatitis B virus (HBV)-transgenic (Tg)/IDO-knockout (KO) mice
Accepted 14 April 2014

and examined the influence of IDO in a murine fulminant hepatitis model induced by HBV-specific cytotoxic
T lymphocytes (CTL). An increase of IDO expression in the livers of HBV-Tg/IDO-wild-type (WT) mice
administered HBV-specific CTL was confirmed by real-time polymerase chain reaction, western blotting,
and evaluating IDO activity. Plasma alanine aminotransferase (ALT) levels in HBV-Tg/IDO-KO mice after
HBV-specific CTL injection significantly decreased compared with those in HBV-Tg/IDO-WT mice. An inhibitor
of IDO, 1-methyl-p-tryptophan (1-MT), could also attenuated the observed liver injury induced by this
HBV-specific CTL. The expression levels of cytokine and chemokine mRNAs in the livers of HBV-Tg/IDO-WT
mice were higher than those in the livers of HBV-Tg/IDO-KO mice. The administration of kynurenine aggravated
the liver injury in HBV-Tg/IDO-KO mice injected with HBV-specific CTL. Simultaneous injection of recombinant
murine interferon (I[FN-y) and kynurenine also increased the ALT levels in HBV-Tg/IDO-KO mice. The liver injury
induced by IFN-y and kynurenine was improved in HBV-Tg/tumor necrosis factor-a-KO mice. Conclusion:
Kynurenine and IFN-y induced by the administration with HBV-specific CTL are cooperatively involved in the
progression of liver injury in acute hepatitis model. Our results may lead to a new therapy for the acute liver in-
jury caused by HBV infection.
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1. Introduction

Fulminant hepatitis is a severe, rapidly progressive loss of hepatic
function due to viral infection or other cause of inflammatory
destruction of liver tissue [1]. Hepatitis B virus (HBV) infection can
cause fulminant hepatitis; this disease has a high mortality rate de-
spite intensive medical care and the implementation of the latest
therapies, including liver transplantation. HBV is a non-lytic virus
that does not cause direct cell damage [2]. Liver damage and viral
clearance after HBV infection are thought to be mediated by the
host cellular immune response to viral antigens. A fulminant hepatitis
model has been examined in mice by using adoptive transfer of HBV-
specific cytotoxic T lymphocytes (CTL) into HBV-transgenic (Tg) mice
{3-5]. The mice develop a necroinflammatory liver disease that is
histologically similar to acute viral hepatitis in humans. Various studies

* Corresponding author. Tel.: 481 58 230 6430; fax: +81 58 230 6431.
E-mail address: hito@gifu-u.acjp (H. Ito).

http://dx.doi.org/10.1016/j.bbadis.2014.04.015
0925-4439/© 2014 Elsevier B.V. All rights reserved.

have been performed on viral clearance and liver diseases in HBV infec-
tion by using this murine fulminant hepatitis model [4,6,7].
Indoleamine 2,3-dioxygenase (IDO) is an enzyme that is ubiquitous-
ly distributed in mammalian tissues and cells; this enzyme converts
tryptophan to N-formylkynurenine, which is further catabolized to
kynurenine. IDO is induced via an IFN-y dependent and/or an indepen-
dent mechanism as well as other pro-inflammatory cytokines in the
course of an inflammatory response in various cell types, including
macrophages, fibroblasts, and epithelial cells {8,9]. Previously, we re-
ported that IDO expression in hepatocytes is increased after HBV-
specific CTL injection into HBV-Tg mice | 7]. In this model, IFN-y induced
by the CTL injection was involved in the observed increase in the IDO
expression on the liver, which is also reportedly up-regulated in hepati-
tis virus-infected woodchuck [10]. Thus, IDO expression in the liver is
strongly increased in acute and fulminant viral hepatitis. Kynurenine
and other tryptophan metabolites produced by IDO promote cell
death and tissue injury [11]. On the other hand, immune-mediated
diseases such as GVHD are improved by the activation of IDO [12].
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These findings indicate that IDO has conflicting function in tissue in-
jury. The role of increased IDO expression is not defined clearly in the
fulminant hepatitis model induced by HBV-specific CTL. In the pres-
ent study, we established HBV-Tg/IDO-KO mice and examined the
influence of induced IDO during acute liver injury caused by HBV-
specific CTL.

2. Material and methods
2.1. Reagents

1-Methyl-p-tryptophan (1-MT) and t-kynurenine were purchased
from Sigma-Aldrich (St. Louis, MO). Recombinant murine IFN-y was
purchased from Peprotech (Rocky Hill, NJ).

2.2. Mice

The HBV-Tg mouse lineage 107-5p (official designation Tg [Alb-1,
HBV] Bri66; inbred B10.D2, H-2d), in which the HBV envelope coding
region is under the control of the mouse albumin promoter, was provid-
ed by Dr. F. V. Chisari (Department of Molecular and Experimental
Medicine, Scripps Research Institute, La Jolla, CA). IDO1 gene knockout
(IDO-KO) mice on a C57BL/6] background were obtained from
Jackson Laboratory (Bar Harbor, ME) and backcrossed to B10.D2
(H-2d). HBV-Tg/IDO-KO mice were produced by backcrossing IDO-KO
mice with 107-5D. TNF-«-KO mice were produced by gene targeting
as described previously [13] and backcrossed onto B10.D2 (H-2d).
HBV-Tg/TNF-0-KO mice were produced by backcrossing TNF-c-KO
mice with 107-5D. All animal procedures were conducted in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and guidelines for the care and use of animals
established by the Animal Care and Use Committee of Gifu University.

2.3. Cell lines

P815 cells expressing HBV-preS1, 2, and S (P815preS1) were provided
by Dr. F. V. Chisari. HBV-specific CD8* CTL clones were produced as
described in a previous report [14]. The clones are H-2d restricted, and
can recognize an epitope (IPQSLDSWWTSL) located between residues
28 and 39 of the hepatitis B surface antigen (HBsAg). The CTL were
washed 5 d after a final stimulation with irradiated P815preS1 and then
intravenously injected into HBV-Tg mice.

24. Fulminant hepatitis model and assessment of hepatocellular injury

HBV-specific CD8* CTL clones (1 x 10%/mouse) were intravenously
injected into HBV-Tg/IDO-WT, IDO-WT, HBV-Tg/IDO-KO, and IDO-KO
mice. To monitor hepatocellular injury, plasma alanine aminotransferase
(ALT) activity was measured using an automated clinical analyzer
BM2250 (JEOL, Tokyo, Japan).

2.5. Histological examination

Histopathological examination of the liver was performed at 0 d
and 2 d after CTL injection. The liver was fixed with 10% formalin in
PBS for 48 h and then embedded in paraffin. Tissue sections were
deparaffinized, stained with hematoxylin and eosin, and examined
under light microscopy. TUNEL staining was performed using in situ
apoptosis detection kit (Takara Bio, Shiga, Japan), according to the
manufacturer's instructions. Necroinflammatory foci are defined as the
existence of inflammatory cell infiltration and hepatocyte necrosis
more than three, and inflammatory cell foci are defined as the existence
of inflammatory cell more than ten in paraffin sections of the liver. The
data are represented as the numerical value per area (1 mm?).

2.6. Measurement of kynurenine

Kynurenine was measured using high-performance liquid chro-
matography (HPLC) equipped with a spectrophotometric detector
(Tosoh ultraviolet-8000, Tosoh, Tokyo, Japan) as described in a
previous study [8].

2.7. Assay of IDO activity

IDO activity was assessed using the methylene blue/ascorbate assay, as
described previously |15]. Briefly, the liver lysate was centrifuged at 7000
xg at 4 °C for 10 min. The supernatant (50 jiL) was then reacted with the
substrate solution (50 pL) at 37 °C for 60 min. The substrate solution
comprised 100 mM potassium phosphate buffer (pH 6.5), 50 pM
methylene blue, 20 pg of catalase, 50 mM ascorbate and 0.4 mM
p-tryptophan. After incubation, the samples were acidified with
3% perchloric acid and centrifuged at 7000 xg at 4 °C for 10 min.
The concentration of kynurenine in the supernatant of the reaction
solution was measured using HPLC, and IDO activity was expressed
as the kynurenine content per hour per milligram protein.

2.8. Real-time RT-PCR analysis

Real-time reverse transcription polymerase chain reaction (RT-PCR)
was used to quantify the levels of TNF-«, IFN-y, IL-6, IL-10, MCP-1,
and MIP-2 mRNA in the liver. Total RNA in the liver was isolated using
Isogen (Nippon Gene, Tokyo, Japan) and reverse-transcribed to cDNA
by using a High capacity cDNA transcription kit (Applied Biosystems,
Foster City, CA). Purified cDNA was used as the template for real-time
RT-PCR conducted with pre-designed primer/probe sets for TNF-a,
IFN-v, IL-6, IL-10, MCP-1, MIP-2 mRNA and 18S rRNA (Applied
Biosystems), according to the manufacturer's recommendations.
18S rRNA was used as an internal control. Real-time RT-PCR was car-
ried out using a Light-Cycler 480 system (Roche Diagnostic Systems).

2.9. Western blot analysis

Protein (40 pg) from the liver lysate was subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then trans-
ferred to a nitrocellulose membrane. The membrane was blocked with
5% skim milk and incubated with anti-IDO and anti-B-actin antibodies
for 24 h at 4 °C, followed by incubation with peroxidase-labeled anti-
rabbit IgG for 60 min at room temperature. Immunoreactive protein
bands were visualized using ECL plus (GE Healthcare UK Ltd, England).

2.10. Isolation of liver mononuclear cells and flow cytometry analysis

Hepatic mononuclear cells (MNCs) were isolated as outlined in our
previous report [16]. Briefly, the mouse liver tissue was minced using
a pair of scissors and the resultant liver homogenate was filtered
through a stainless steel mesh. MINCs were obtained by the centrifuga-
tion of liver homogenate with Ficoll-Conray (IBL, Gunma, Japan). Flow
cytometry was used to evaluate the cell phenotypes in the liver MNCs
at 0 h and 24 h after CTL injection. The MNCs were then stained with
below-mentioned antibodies: FITC-conjugated hamster anti-mouse
CD3¢ antibody (clone 145-2C11; BD Biosciences, Franklin Lakes, NJ),
FITC-conjugated rat anti-mouse CD4 antibody (clone RM4-5; BD
Biosciences), PE-conjugated rat anti-mouse CD8 antibody (clone 53-6.7;
BD Biosciences), CD49b PE-conjugated rat anti-mouse CD49b antibody
(clone DX5; BD Biosciences) and FITC-conjugated rat anti-mouse F4/80
antibody (clone BMS; eBioscience, San Diego, CA). The phenotypic
characterization of the MNCs was carried out using a FACScan flow
cytometer (BD Biosciences).
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2.11. Measurement of plasma HBsAg level

Plasma HBsAg level was measured using an automated clinical
analyzer HISCL 2000i and mouse anti-HBsAg antibody (Sysmex,
Kobe, Japan) according to the manufacturer’s recommendations.

2.12. Statistical analysis

In each experiment, the results are expressed as mean =+ SD. The
statistical significance of the difference in mean values was determined
using Student's t test, and p values less than 0.05 were considered
statistically significant.

3. Results

3.1. Up-regulation of IDO expression in the mouse liver following injection
of HBV-specific CTL

HBV-specific CTL clones (1 x 10%/mouse) were intravenously
injected into HBV-Tg/IDO-WT and HBV-Tg/IDO-KO mice. The ex-
pression of IDO mRNA in the livers from HBV-Tg/IDO-WT mice
was markedly up-regulated mainly at 2 d after CTL injection,
whereas that from HBV-Tg/IDO-KO mice was not detected by
real-time RT-PCR (Fig. 1A). The IDO protein and activity in the
liver tissue from HBV-Tg/IDO-WT mice were also increased 2 d
after CTL injection (Fig. 1B, C). Plasma kynurenine concentrations
in HBV-Tg/IDO-WT mice were significantly increased relative
to those in HBV-Tg/IDO-KO mice at 1 d, 2 d, 4 d, and 7 d after
CTL injection (Fig. 1D). These data suggest that IDO expression in
the liver was induced after CTL injection, resulting in increased
kynurenine production.
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3.2. Effects of IDO on liver damage induced by HBV-specific CTL

Plasma ALT levels in HBV-Tg/IDO-KO mice at 1 d and 2 d after
CTL injection significantly decreased compared with the levels in
HBV-Tg/IDO-WT mice (Fig. 2A). Histological changes were ob-
served in the liver tissues from HBV Tg/IDO-WT and HBV-Tg/IDO-KO
mice at 0 d and 2 d after CTL injection. The number of infiltrating cells
and necroinflammatory foci in the livers of HBV Tg/IDO-KO mice 2 d after
CTL injection was much less than that in the livers of HBV-Tg/IDO-WT
mice (Fig. 2B). Moreover, as evaluated by TUNEL staining, a large number
of apoptotic hepatocytes were detected in the livers of HBV-Tg/IDO-WT
mice at 2 d after CTL injection compared to those found in the livers of
HBV-Tg/IDO-KO mice (Fig. 2C).

3.3. Effect of IDO on cytokine and chemokine expression in mouse liver after
injection of HBV-specific CTL

Cytokine (TNF-c, [FN-v, [L-6, 1L-10) and chemokine (MCP-1, MIP-2)
mRNA expression was determined in the livers of HBV-Tg/IDO-WT and
HBV Tg/IDO-KO mice at 0 d, 1 d, 2 d and 7 d following CTL injection.
The mRNA expression of TNF-c, IFN-vy, IL-6, MCP-1 and MIP-2
examined in the livers from HBV-Tg/IDO-KO mice was decreased
relative to those from the HBV-Tg/IDO-WT mice (Fig. 3A). Additionally,
cytokine (TNF-x, IFN-v) mRNA expression was up-regulated in non-
parenchymal cells after CTL injection (Fig. 3B), but there was no signif-
icant difference between HBV-Tg/IDO-WT mice and HBV-Tg/IDO-KO
mice in cytokine mRNA expression of non-parenchymal cells (Fig. 3B).

3.4. Effect of IDO on the phenotype of MNCs in the liver after injection of
HBV-specific CTL

Next, we examined the phenotypes of the MNCs in the livers (CD4 +,
CD8 +, CD3 4 CD49b —, CD3 —CD49b +, CD3 + CD49b + and F4/80+)

B
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4 % --HBV-Tg/IDO-WT
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[ )
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Fig. 1. Increases in IDO expression and activity were observed in HBV-Tg/IDO-WT mice after HBV-specific CTL injection. (A) The relative expression level of IDO mRNA in livers of
HBV-Tg/IDO-WT and HBV-Tg/IDO-KO mice administered HBV-specific CTL was measured by quantitative real-time RT-PCR. The resultant data are represented as means == SD of
the results of 4 mice in each group. (B) Expression of IDO protein in the livers of HBV-Tg/IDO-WT mice at 0d, 1d, 2 d, and 7 d after HBV-specific CTL injection was examined by
western blot analysis and was normalized to B-actin protein. Data are representative of at least 3 independent experiments with similar results. (C) IDO activity in the livers of
HBV-Tg/IDO-WT mice at 2 d after receiving HBV-specific CTL injections: Data are represented as mean + SD of the results from 4 mice in each group. (D) Kynurenine concentrations in
plasma were determined using HPLC for HBV-Tg/IDO-WT and HBV-Tg/IDO-KO mice injected with HBV-specific CTL. Data are represented as mean =+ SD of the results from 4 mice in

each group. *, p < 0.05.
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with CTL. Data are represented as mean = SD of the results from 5 mice in each group. Scale bars, 200 um (low-power field) and 50 pm (high-power field). *, p < 0.05.

of HBV-Tg/IDO-WT mice and HBV Tg/IDO-KO mice at 0 d and 2 d after CTL
injection. The total number of MNCs in the livers of HBV-Tg/IDO-WT mice
and HBV-Tg/IDO-KO mice was increased at 24 h after CTL injection. The
increase in cell number was more reduced in HBV-Tg/IDO-KO mice
compared with HBV-Tg/IDO-WT mice. Although there was no significant
difference between HBV-Tg/IDO-WT and HBV-Tg/IDO-KO with regard
to the number of CD4 +, CD8 +, CD3 4 CD49b —, CD3 — CD49b +, and
CD3+CD49b + cells at 0 d and 24 h after CTL injection, F4/80+ cells in
HBV-Tg/IDO-KO mice significantly decreased compared to those in
HBV-Tg/IDO-WT mice at 24 h after the CTL injection (Table 1).

3.5. Effects of 1-MT treatment or kynurenine on liver damage induced by
HBV-specific CTL

Because the liver damage in HBV-Tg/IDO-KO mice improved in
comparison with that in HBV-Tg/IDO-WT mice, we evaluated the effects

of 1-MT, a potent inhibitor of IDO, on liver damage. HBV-Tg/IDO-WT
mice were orally administered 1-MT (5 mg/mL) in drinking water for
3 d prior to CTL injection. The plasma ALT levels in HBV-Tg/IDO-WT
mice that received 1-MT were significantly decreased compared to
HBV-Tg/IDO-WT mice that did not receive 1-MT at 1d, 2d and 4 d
after CTL injection (Fig. 4A). The number of necroinflammatory foci in
the liver of HBV-Tg/IDO-WT mice administered 1-MT at 2 d after CTL
injection was lesser than that in the livers of HBV-Tg/IDO-WT mice
that were not administered 1-MT, whereas there was no significant
difference in inflammatory cell foci with or without the 1-MT
administration (Fig. 4B).

HBV-Tg/IDO-KO mice were intraperitoneally administered kynurenine
(50 mg-kg~!-day~") in 0.2 mL of PBS for 7 d after the CTL injection.
The plasma ALT level in HBV-Tg/IDO-KO mice that were adminis-
tered kynurenine was significantly increased compared to that
in HBV-Tg/IDO-KO mice that were not administered kynurenine
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at 2 and 4 d after the CTL injection (Fig. 4C). The number of
necroinflammatory foci in the liver of HBV-Tg/IDO-KO mice adminis-
tered kynurenine at 2 days after the CTL injection was significantly
increased compared with those in the liver of HBV-Tg/IDO-KO mice
not administered kynurenine, but no significant difference was not
confirmed in the inflammatory cell foci with or without the kynurenine
administration (Fig. 4D).

3.6. Effect of IDO on circulating HBsAg after injection of HBV-specific CTL

HBsAg expression in HBV-Tg mice may affect the liver damage after
CTL injection. Therefore, we next examined plasma HBsAg levels in
HBV-Tg/IDO-WT mice and HBV-Tg/IDO-KO mice after CTL injection.
There was no difference among HBV-Tg/IDO-WT mice, HBV-Tg/IDO-
KO mice and HBV-Tg/IDO-WT mice in plasma HBsAg levels after CTL

injection (Fig. 5). It was confirmed that HBsAg was not detected in
plasma from non-HBV-Tg mice (data not shown).

3.7. Effect of kynurenine treatment on liver damage and TNF-oc mRNA
expression induced by recombinant IFN-y

HBV-Tg/IDO-KO mice were intraperitoneally injected with
L-kynurenine (50 mg-kg~!-day~!)in 0.2 mL PBS for 2 d after receiv-
ing a recombinant IFN-y injection. Plasma ALT levels in HBV-Tg/IDO-KO
mice that were administered L-kynurenine were significantly increased
compared to those in HBV-Tg/IDO-KO mice that were not administered
kynurenine at 2 d after the recombinant IFN-+v injection (Fig. 6A).
Moreover, ALT levels in HBV-Tg/TNF-a-KO mice that were adminis-
tered L-kynurenine and recombinant IFN-y were decreased com-
pared to those in HBV-Tg/IDO-KO mice. These data indicated that
co-administration of t-kynurenine and recombinant IFN-y induced

Table 1 .
The cell number of the MNCs in the livers of HBV-Tg/IDO-WT and HBV-Tg/IDO-KO mice following HBV-specific CTL injection.
Day O Day 1
HBV-Tg/IDO-WT HBV-Tg/IDO-KO HBV-Tg/IDO-WT HBV-Tg/IDO-KO
Total cell number (x10%) 18.0 £ 2.2 193 4+ 3.0 337 £ 47 277 £ 36
F4/80+ (x10%) 26+ 09 23405 107 + 13* 74+ 16
CD4+ (x10%) 39+£10 45 4+ 0.8 46+ 13 3.7 £ 06
CD8+ (x10%) 13403 17+ 04 29+ 12 26 £ 07
CD3+4-CD4%b— (x10%) 34406 38+ 06 80+ 24 62+ 13
CD3—(CD49b+ (x10%) 33+£07 3.0+ 1.1 87+ 15 74 £ 1.1
CD3+CD49b+ (x10%) 08 £ 02 09 + 04 224+ 06 21+03

Means following the superscript * showed significant differences at p < 0.05.
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liver injury in HBV-Tg and this liver injury depended on TNF-c.. TNF-&
mRNA expression was significantly up-regulated by recombinant
IFN-vy injection in the liver from HBV-Tg/IDO-KO mice, but .-kynurenine
administration had no influence on the TNF-o« mRNA expression in the
liver without IFN-y injection (Fig, 6B).

4. Discussion

HBV is a DNA virus that is known to infect and cause disease in
humans. Infection with HBV is a serious worldwide health problem
resulting in fulminant hepatitis, a clinical syndrome consisting of sud-
den and severe liver injury that leads to hepatic encephalopathy and
acute liver failure [1,17,18]. The mortality rate attributed to fulminant
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Fig. 5. Effect of IDO on circulating HBsAg after injection with HBV-specific CTL. Plasma
HBsAg levels after CTL injection in HBV-Tg/IDO-WT mice with or without 1-MT and
HBV-Tg/IDO-KO mice were measured. Data are represented as mean = SD of the results
from 3 to 4 mice in each group.

hepatitis is approximately 40%. The HBV-Tg mouse model] has been
useful for defining mechanisms associated with the development
of fulminant hepatitis {3-5]. This same mouse model enabled us to
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Fig. 6. The effect of recombinant IFN-y in HBV-Tg mice. (A) HBV-Tg/IDO-KO or HBV-
Tg/TNF-o-KO mice were intravenously administered recombinant murine IFN-vy
followed by intraperitoneal injections of KYN, and plasma ALT levels in those mice
were measured. (B) IFN-vy induced TNF-oc mRNA expression in HBV-Tg/IDO-KO
with or without KYN treatment was measured. Data are represented as mean = SD
of the results from 3 to 6 mice in each group. *, p < 0.05.
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investigate the mechanisms underlying the development of fulmi-
nant hepatitis as well as to evaluate drug therapies for curing HBV
infection. Previously, we had reported that the IDO expression in
the hepatocytes was increased in the murine fulminant hepatitis
model [7]. IFN-vy induced by HBV-specific CTL enhances the expres-
sion of IDO in HBV-Tg mouse hepatocytes. However, the role of
enhanced hepatocyte IDO expression following HBV-specific CTL
injection is unclear. In this study, we have established an HBV-
Tg/IDO-KO mouse strain and evaluated the effects of IDO on liver injury
induced by HBV-specific CTL.

IDO is an enzyme that catabolizes tryptophan via the kynurenine
pathway to form nicotinic acid, niacin, and nicotinamide adenine
dinucleotides. IDO is induced by proinflammatory cytokines, including
IFN-v. Furthermore, IDO is expressed in human and mouse tumor
cells, DCs, and macrophages following microbial or viral infections. We
recently demonstrated that IDO is induced in the hepatocytes of mice
injected with a-galactosylceramide which has an agonistic effect on
natural killer T (NKT) cells [19]. Moreover, hepatocyte IDO expres-
sion was increased after HBV-specific CTL was administered to the
HBV Tg mouse |7]. In the fulminant hepatitis model used in this previ-
ous study, IFN-y directly up-regulated the hepatocyte IDO expression.
In our present study, IDO expression was similarly increased in the
livers of HBV-Tg/IDO-WT mice following CTL injection, and IDO activity
was up-regulated in the liver (Fig. 1). Plasma kynurenine level in HBV-
Tg/IDO-WT mice also increased after CTL injection. On the other hand,
the expression of IDO mRNA in the liver and plasma kynurenine level
were not enhanced by CTL injection in HBV-Tg/IDO-WT mice. Our cur-
rent data demonstrate that IDO deficiency in the HBV-Tg mice can at-
tenuate liver injury after HBV-specific CTL injection (Fig. 2A and B).
Additionally, the number of apoptotic hepatocytes decreased in HBV-
Tg/IDO-KO mice compared to HBV-Tg/IDO-WT mice (Fig. 2C). Recent
study dernonstrated that the enhancement of IDO activity inhibited
HBV replication in vitro [20]. HBsAg expression affects liver injury in-
duced by HBV-specific CTL in HBV-Tg mice. In the present model,
HBsAg expression was not affected by the suppression of IDO activity
in mice after CTL injection (Fig. 5). Therefore, the difference between
HBV Tg/WT and HBV Tg/IDO-KO mice in liver injury was not dependent
on HBsAg expression in these mice. Real time RT-PCR experiments re-
vealed that the mRNA expression of proinflammatory cytokines and
chemokines was decreased in HBV-Tg/IDO-KO mice relative to the
HBV-Tg/IDO-WT mice (Fig. 3A). These cytokine expressions were en-
hanced in non-parenchymal cells but not in hepatocytes. However,
there was no significant difference in TNF-& and IFN-y mRNA expres-
sion after CTL injection between HBV-Tg/IDO-WT and HBV-Tg/IDO-
KO mice (Fig. 3B). The difference in infiltrating cell number be-
tween HBV-Tg/IDO-WT and HBV-Tg/IDO-KO mice contributes to the
difference in inflammatory cytokine expression in the whole liver
(Table 1). The reduction on the expression of these cytokines and
chemokines in the liver indicated that the inflammation in the liver of
HBV-Tg/IDO-KO mice administered CTL was decreased. In general, in-
creased hepatic IDO expression induces apoptosis in activated T cells
and NK cells {21}]. Our previous report has also shown that the number
of activated lymphocytes in WT mice is obviously decreased compared
to those in IDO-KO mice in a-galactosylceramide-induced hepatitis
mode] [19]. Several studies have shown that tryptophan metabolites
can induce apoptosis in some kinds of cells in vitro and in vivo
[21-23]. IDO exerts an immunosuppressive effect via the induction of
apoptosis in T cells and NK cells. Moreover, tryptophan metabolites (in-
cluding kynurenine, 3-hydroxy-kynurenine, 3-hydroxyanthranilic acid,
and quinolinic acid) produced by IDO catalysis have neurotoxic effects
[24,25]. Our current data also indicate that tryptophan metabolites, in
particular kynurenine, can aggravate liver injury in HBV-Tg mice fol-
lowing HBV-specific CTL injection (Fig. 4C, D). However, administering
kynurenine alone did not promote liver injury in the HBV-Tg mice
(Fig. 4C and D). HBV-specific CTL injection was also required to induce
the observed hepatotoxicity caused by kynurenine in HBV-Tg mice.

In this hepatitis model, the increase of IFN-y production after HBV-
specific CTL injection is required for the progression of liver injury.
Our results strongly suggested that IFN-vy in cooperation with
kynurenine is involved in liver injury induced by HBV-specific CTL.
Previously our study demonstrated that TNF-o also deeply contrib-
utes to liver injury promoted by HBV-specific CTL [7]. The progres-
sion of liver injury depended on the TNF-a produced by non-HBsAg-
specific inflammatory cells stimulated with IFN-y. TNFR1 expression
in hepatocytes was up-regulated after HBV-specific CTL injection, and
it was considered that hepatocytes became more susceptible to TNF-o
after CTL injection [4]. Therefore, the effect of the administration with
IFN-v and kynurenine was examined in HBV-Tg/TNF-a~-KO mice. The
liver injury induced by HBV-specific CTL in HBV-Tg/TNF-o-KO mice sig-
nificantly improved compared to that in HBV-Tg/IDO-KO mice (Fig. 6A).
These data suggested that TNF-a is also involved in IFN-y and
kynurenine induced liver injury in HBV-Tg mice. Moreover, IFN-y in-
creased the expression of TNF-a with or without kynurenine in HBV-
Tg/IDO-KO mice (Fig. 6B). We suspected that the cooperative effect of
TNF-a from non-HBsAg-specific inflammatory cells stimulated with
IFN-v and the increase of kynurenine in the liver are critical on the ac-
complishment of acute liver injury. Recent report demonstrated that
the livers of HBV-Tg mice are susceptible to liver injury by some cyto-
kines (IFN-y and TNF-a) because of the accumulation of HBV anti-
gens [26]. Therefore, IDO activity and expression should be
suppressed in viral hepatitis to reduce liver injury. Our present re-
sults suggest that 1-MT can reduce liver injury in HBV-Tg mice ad-
ministered HBV-specific CTL (Fig. 4A and B). 1-MT may be available
in clinical therapy for severe acute hepatitis caused by HBV infection.

5. Conclusion

In conclusion, we have found that IDO deficiency attenuated liver
injury in HBV-Tg mice injected with HBV-specific CTL, which caused
HBV-specific CTL and other immune cells in the liver to secrete a large
amount of IFN-vy. Hepatocytes with accumulated HBV antigen are
susceptible to apoptosis in the simultaneous presence of both IFN-vy
and kynurenine. The observed reduction in IDO activity following
1-MT treatment could facilitate the development of effective therapies
for patients with fulminant hepatitis caused by HBV infection.
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The next-generation droplet digital polymerase chain reaction (ddPCR) assay employs an emulsion-based
endpoint to quantitate the amount of target DNA and is more robust than real-time PCR when analyzing
sequence variations. However, no studies have applied this technique to quantitate mutations in poly-
morphic viral genomes. To develop this approach, a ddPCR-based assay was designed to quantitate with
high-throughput and sensitivity mutations and their frequencies in codon 70 of the hepatitis C virus
(HCV) gene that encodes the Core protein. The assay was linear from 2.5 to 10° copies per assay, and
the limit of detection of mutants in the presence of a 20,000-fold excess of wild type was 0.005%. The
results correlated well with those obtained using the COBAS® TagMan® HCV Test, which is a real-time
PCR assay for the quantitative detection of HCV RNA in human serum (n = 87; range, 2.3-7.7 logyo IU/mL;
Pearson’s R? =0.9120; p<0.0001). The median frequencies of mutations by ddPCR were 0.262% (n=55;
range, 0-37.951%) and 99.687% (n=32; range, 52.191-100%) for the wild-type and mutant sequences,
respectively, by direct sequencing. The ddPCR assay should be useful for quantitating mutations in other
polymorphic viral genomes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The development of quantitative polymerase chain reaction
(gPCR) technology has a rich and diverse history (Syvinen et al.,
1988, Becker-andr and Hahibrock, 1989 Gilltland et al, 1880;
Porcher et all, 1892). Over the past few decades, the overwhelming
majority of qPCR technology has relied on some version of real-
time PCR using TagqMan® probe (Higuchi ot al., 199%). However,
the accuracy of real-time PCR is limited by relative quantitation
using a standard curve, and this technique cannot detect less than
1% mutant DNA in a wild-type DNA background (Hindsan et al.,
2011). In 1999, digital PCR (dPCR) (Vogelstein and Kinzler, 1998)
was developed for the absolute quantitation of target DNA. This
technique does not require generation of a standard curve by the
real-time PCR. Recently, new next-generation digital PCR-droplet
PCR (ddPCR) has been developed, which is more precise than
the real-time PCR (Morisset et al,, 2013; Strain et al, 2013) as a

* Corresponding author. Tel.: +81 47 372 3501; fax: +81 47 375 4746.
E-mail address: dmkorenag. asploncgmgo.p (M. Korenaga).
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high-throughput assay using conventional TagMan assays with a
96-well plate format (Hindson ef al, 2011).

On the other hand, the mutation rate of RNA viruses is high,
ranging from 10-! to 10~4 base substitutions per genome per
year (Holland et al., 1982), because of the absence of proofreading
enzymes that assure the fidelity of DNA replication. This high muta-
tion frequency is coupled with high replication rates. The rates of
viral genomic RNA mutation exceed those of chromosomal muta-
tions of the host by a factor of one million. The ddPCR proved
useful for the quantitative detection of single nucleotide poly-
morphisms in the human genome (BRAF-V600E, EGFR, and KRAS)
(Hindson et al, 2011 Pekin et al, 2011 Hubers et al, 2013), but its
application to quantification of highly polymorphic viral genome
mutations has not been reported.

The hepatitis C virus (HCV) is an RNA virus of the family
Flaviviridae, genus Hepacivirus, and it infects approximately 185
million people worldwide, with 3-4 million new infections annu-
ally (Thomas, 2013). Persistent HCV infection is usually clinically
mild, but 20% of infections progress to severe chronic hepatitis
and cirrhosis that occasionally culminate in hepatocellular carci-
noma (HCC) (Nisdevau et al., 1998, Liang et al, 2000). More than
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350,000 people die each year from HCV-related liver failure and
HCC (Kiyosawa et al., 1990; Yang and Roberts, 2010). The HCV
genome consists of a 9.6-kb RNA with a large open reading frame
that encodes a polyprotein of 3010 amino acids (Grakoui et al,
1993). Putative structural proteins, located in the N-terminal one-
fourth of the polyprotein, include the capsid protein (Core protein),
followed by two possible virion envelope proteins (E1 and E2) and
nonstructural proteins (NS), including NS2, NS3, NS4A, NS4B, NS5A,
and NS5B, which are required for RNA replication. Amutation in the
sequence of amino acid 70, encoding the Core protein (Core a.a.70),
is associated with the progression of liver disease and is an inde-
pendent risk factor for the development of HCC (Miura et al, 2011,
2013; Akuta et al,, 2012). Although the mutation can generally be
detected by direct sequencing (Akuta et al., 2005), it is difficult to
determine the presence of substitutions when the sequencing data
are superimposed. This has hindered attempts to elucidate the rela-
tionship between the progression of liver disease and mutations in
the HCV genome. Ultra-deep pyrosequencing (UDPS) results show
that 89.9% hepatitis C viruses harbor mutations in the genomes
(Miura et al., 2013). However, performing UDPS analysis requires
skill, considerable effort, and does not generate sufficiently repro-
ducible and accurate data (Noguchi et al., 2000; Hoff, 2009; Glenn,
2011).

As mentioned earlier, ddPCR can be used for the quantita-
tive detection of single nucleotide polymorphisms in the human
genome (Hindson er al, 2011, Pekin et al, 2071 Hubers et al,
2013). However, its application for the quantitation of mutations in
highly polymorphic viral genomes (such as those of HIV and HCV)
has not been reported. Therefore, the goal of the present study was
to design a novel ddPCR assay to quantitate mutations in HCV Core
a.a.70.

2. Materials and methods
2.1. Sample collection

From May 2011 through May 2013, serum samples were
obtained from 87 to 69 patients infected with HCV-1b. The patients
were from a hospital in Japan, which was located within the same
premises as our participating institutions. The serum samples were
stored at —80°C for further use. All patients were positive for anti-
bodies against HCV antigen (anti-HCV)and for HCV RNA. To confirm
false positives in the ddPCR assay, twenty clones in 32 clinical sam-
ples were picked up and analyzed the frequency of aa70 mutations
by direct sequencing (Supplementary data 1), and seven samples,
whichwere HCV RNA negative using the COBAS TagMan® HCV Test,
were used (Supplementary data 2). Two different sample groups
were used in the assay to alleviate bias. The first group of 87 sam-
ples (38% were obtained from men; mean age, 67.0 + 12.28 years)
was used for design purposes, and the other group of 69 samples
(Supplementary data 3; 34% were obtained from men; mean age,
54.5+10.13 years) was used for validation purposes. The ethics
committees of the participating institutions approved the study
protocol, which conforms to the 2008 Declaration of Helsinki. Writ-
ten informed consent was obtained from each patient.

2.2. RNA extraction and cDNA synthesis

Total nucleic acids from clinical samples were isolated using
the MagNA Pure LC Total Nucleic Acid Isolation Kit-High Perfor-
mance (Roche Diagnostics, Tokyo, Japan) on a MagNA Pure LC 2.0
instrument (Roche Diagnostics), according to the external lysis pro-
tocol provided by the manufacturer (Edelmann et al., 2013). HCV
RNA was extracted from 0.5 mL of serum and eluted in 0.05 mL of
elution buffer included in the kit. cDNA synthesis was performed

using SuperScript 1l reverse transcriptase (Invitrogen, Carlsbad,
CA, USA) with random primers, following the manufacturer’s
protocol.

2.3. Detection of mutations in Core a.a.70 using direct nucleotide
sequence analysis

The Core gene was amplified using nested PCR and sequenced
using the BigDye Terminator V3.1 Cycle Sequencing Kit and Genetic
Analyzer 3130xl1 (Life Technologies, Tokyo, Japan). The Core a.a.70
substitutions were identified as described by Akuta et al. (2005).

2.4. Production of a plasmid standard

The amplicons containing the region encompassing wild-
type and mutant Core a.a.70 sequences (nucleotide position:
330-684 bp) were cloned into the pCR4-TOPO vector (Life Tech-
nologies, Japan), and the identities of eight clones were verified
by nucleotide sequencing. The concentration of plasmid DNA was
measured using a Nanoview Spectrophotometer (GE Healthcare,
Baie d'Urfe, Quebec, Canada), and optical density (OD) at 260 nm
and the ratio of ODs at 260/280nm, respectively, were used to
determine the quantity and purity of plasmid DNA. The initial copy
number of standard plasmids per microliter was calculated using
a DNA copy number calculator (Thermo Scientific, 20132). Serial
dilutions of plasmid DNA were prepared in Easy Dilution Solution
(Takara Bio, Otsu, Japan).

2.5. Analysis of Core a.a.70 and assay design

Direct nucleotide sequence analysis of the 87 patients with
HCV infection was performed to determine mutation patterns in
and around the target Core a.a.70 site. Throughout this article, the
nucleotide positions of the amino acids were numbered according
to the full-length genome sequence of HCV genotype 1b strain NC1
(GenBank accession number AB691953.1). Different complex pat-
terns of mutations were revealed; however, polymorphisms within
13 nucleotides (544556 bp) up- or downstream of the target codon
were limited to seven patterns. Bases presented in italics indi-
cate mutations and those underlined indicate the codon of Core
a.a.70 (Tabie 1). The Mutant type changed from arginine to glu-
tamine (pattern 3 and 4) or histidine (pattern 7) at position 70 of
amino acids encoding the HCV Core protein. The sequence of Core
a.a.70 obtained from 84 of the 87 patients (96.55%) included the
top 1-4 nucleic acid sequence patterns. These common sequences
were confirmed in 69 patients with HCV infection (Supplemen-
tary data 3). Real-time PCR primers were designed according to
the conserved sequences using DNA database (Hepatitis Virus
DataBase Server, l1tip://sZas02.genesnig.ac.ip/) and PrimerExpress
3.0 software (Applied Biosystems, Foster City, CA, USA) as fol-
lows: sense, 5-CGT GGA AGG CGR CAA CCT AT-3/ (516-535bp);
antisense, 5'-CRC GGG GKG ACA GGA GCC A-3' (645-627 bp). Fluo-
rescence resonance energy transfer probe sequences were designed
according to the sequence patterns (Tab¥e 1 and Supplemental
data 3) as follows: 5'-VIC-CTCGCCGRCCCGA-MGB-3' (wild-type
probe: 544-556bp) for detecting the wild-type sequences and
5'-FAM-CTCGCCARCCCGA-MGB-3’ (mutant probe: 544-556 bp) for
detecting the mutant sequences.

2.6. ddPCR

The QX100™ Droplet Digital™ PCR System (BioRad, Hercules,
CA, USA) was used according to the manufacturer’s instructions.
The reaction mixtures for ddPCR contained the following compo-
nents: 10 pL of ddPCR Master Mix (Bio-Rad, Pleasanton, CA, USA),
3 pL of primers (final concentration, 900nM each), 2 iL of probes
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