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Background: Commercially available prophylactic vaccines
containing hepatitis B surface antigen (HBsAg), which are
used to prevent HBV infections, are not as effective as
a therapeutic immune modulator for treating patients
with chronic hepatitis B (CHB). In this study, the immu-
nogenicity of dendritic cells (DC) loaded with both HBsAg
and hepatitis B core antigen (HBcAg) was tested in HBV
transgenic mice (TM; 1.2HB-BS10) in vivo and in patients
with CHB in vitro.

Methods: Spleen DC from HBV TM were cultured with a
vaccine containing both HBsAg and HBcAg to produce
HBsAg/HBcAg-pulsed DC. HBY TM were immunized twice
at an interval of 4 weeks with HBsAg/HBcAg-pulsed DC
and other immune modulators. Antibody titres to HBsAg
(anti-HBs) were measured in sera. Antigen-specific T-cells
and cytotoxic T-lymphocytes (CTLs) in the spleen and liver

were detected by lymphoproliferative and ELISPOT assays,
respectively. HBsAg/HBcAg-pulsed human blood DC were
cultured with autologous T-cells from CHB patients to assess
their antigen-spedfic immune modulatory capacities.
Results: Significantly higher levels of anti-HBs, HBsAg-
specific and HBcAg-specific T-cells and CTls were
detected in the spleen and liver of HBY TM immunized
with HBsAg/HBcAg-pulsed DC compared with those
immunized with other vaccine formulations (P<0.05).
HBsAg/HBcAg-pulsed human biood DC also induced
HBsAg- and HBcAg-specific proliferation of autologous
T-cells from CHB patients.

Condlusions: Theimmune modulatory capacities of HBsAgf
HBcAg-pulsed DCin HBV TM in vivo, and in patients with
CHB in vitro, inspire optimism about a clinical trial with
this cell-based vaccine in patients with CHB.

Introduction

Important insights about epidemiology, virology,
immunology and pathogenesis of HBV have been doc-
umented during the past four decades. However, no
curative therapy against chronic hepatitis B (CHB) has
been developed. Clinical trials with different antiviral
drugs (type-l interferon [IFN] and nucleoside/nucle-
otide analogues) have inspired considerable optimism
about their use in CHB patients on the basis of inter-
mediate outcomes [1]. However, a systemic review of
a National Institutes of Health Consensus Develop-
ment Conference that analysed all randomized clini-
cal trials (RCTs) with antiviral drugs in CHB patients
from 1989 to 2008 showed that drug treatment did not
improve ultimate clinical outcomes or all intermediate
outcomes in any RCT [2]. Low and moderate quality

92010 International Medical Press 1369-6635 (print) 2040-2058 (online)

RCTs suggested improvement of some intermediate
parameters by using antiviral drugs in CHB patients
[2]. However, these drugs are costly, might require pro-
longed use, and are associated with several side effects,
including the emergence of treatment-induced mutant
HBV. These findings indicate that alternative therapeu-
tic approaches should be developed to treat CHB.

The concept of immune therapy as an alternative
therapeutic approach for treating CHB patients has
emerged for several reasons. First, patients with CHB
exhibit distorted immune responses to various HBV-
related antigens [3]. In addition, sustained control of
HBV replication and liver damage in CHB patients is
usually associated with restoration of host immunity [4].
However, the therapeutic efficacy of polyclonal immune
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modulators, such as immune IFN, growth factors and
cytokines, was not satisfactory in CHB patients [5]. Sub-
sequently, therapeutic vaccines containing hepatitis B
surface antigen (HBsAg) have been used since the early
1990s. However, it is unlikely that the present vaccines
will be able to stand the test of time [6].

We found some limitations to the current thera-
peutic vaccines for CHB patients. First, HBsAg is
administered to CHB patients with the assumption
that it will be internalized, processed and presented
by antigen-presenting cells to induce HBsAg-specific
immune responses [7]. However, because the pheno-
types and functions of dendritic cells (DC), the most
potent antigen-presenting cells, are distorted in CHB
[8], it is unlikely that the DC of CHB patients would
be able to properly process and present HBsAg for
restoration of HBV-specific immunity. Second, vaccine
therapies in CHB patients have been accomplished
with HBsAg-based vaccines only. However, both
HBsAg and hepatitis B core antigen (HBcAg)-specific
immune responses are essential for sustained control
of HBV replication and containment of liver damage
[3]. Third, almost all patients with CHB harbour con-
siderable levels of HBsAg; thus, pug levels of HBsAg in
commercial vaccines might not be sufficient to over-
come the immune tolerance state of these patients. In
addition, clonal deletion of HBV-specific T-cells and
the exhaustion of antiviral cytotoxic T-lymphocytes
(CTLs) by high doses of antigen might also have a
role in the minimal effect of HBsAg-based vaccine
therapy [9]. Taken together, these factors indicate
that a better regimen of immune therapy against HBV
might be created by delivering HBV-related antigens
with adequately activated antigen-presenting DC in
CHB patients.

The immune modulator effects of HBsAg-pulsed DC
have been evaluated in HBV transgenic mice (TM) by
other investigators, as well as our group [10,11]. Jiang
et al [10] have shown that immunization with pep-
tide-pulsed DC could elicit antiviral immunity in HBYV
TM. However, they used a murine model of HBV that
expressed only HBsAg; therefore, the clinical implica-
tions of their study for translation research in patients
with CHB are limited [10]. We found that HBsAg-
pulsed DC induced antibody to HBsAg (anti-HBs) pro-
duction, but not HBsAg-specific cellular immunity, in
HBV TM [11].

Availability of a human consumable vaccine con-
taining both HBsAg and HBcAg led us to perform the
present study. First, we loaded spleen DC from normal
C57BL/6] mice with this vaccine to optimize culture con-
ditions. Then, we assessed the specificity and immune
modulatory functions of HBsAg/HBcAg-pulsed DC in
vitro. Subsequently, a preclinical study was conducted
in HBV TM with HBsAg/HBcAg-pulsed DC and several
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other immune modulators. Finally, we extended this
study to evaluate whether HBsAg/HBcAg-pulsed human
blood DC from CHB patients were capable of activating
autologous immunocytes in an antigen-specific manner
in vitro. The research potential of this study will be dis-
cussed for developing antigen-specific immune therapy
against chronic HBV infection in humans.

Methods

Mice
HBV TM (official designation 1.2HB-BS10) were pre-
pared by microinjecting the complete genome of HBV

plus 619 base pairs (bp) of HBV DNA into the fertilized
eggs of C57BL/6 mice. The HBV TM expressed HBV
DNA and messenger RNA of 3.5, 2.1 and 0.8 kbp of
HBV in the liver. HBV DNA were also detected in the
liver and sera of HBV TM. HBsAg was found in the
sera of all HBV TM [12]. Male C57BL/6] mice that
were 8 weeks old were purchased from Nihon Clea Co.
(Tokyo, Japan). Mice were housed in polycarbonate
cages in our laboratory facilities and maintained in a
temperature- and humidity-controlled room (23 £1°C)
with a 12-h light/dark cycle. All mice received humane
care, and the study protocol was approved by the Eth-
ics Committee of the Graduate School of Medicine,
Ehime University (Ehime, Japan).

Patients with CHB

Peripheral blood mononuclear cells and DC were iso-
lated from five patients with clinical, biochemical and
histological evidence of CHB. They were attending
Ehime University Hospital (Ehime, Japan) for regular
follow-up. The mean tsp age of the patients was 35
+12 years and the level of alanine aminotransferase was
127 +32 TUA (normal range 548 IU/A). Liver biopsy
revealed a moderate degree of activity of hepatitis and
moderate levels of fibrosis. Patients had not taken any
antiviral or immune modulator drugs during the previ-
ous 6 months. Informed consent was obtained from each
patient included in the study, and the study protocol
conformed to the ethical guidelines of the 1975 Decla-
ration of Helsinki as reflected in a prior approval by the
Ehime University Hospital human research committee.

Detection of HBV-related markers

Levels of HBsAg and anti-HBs in sera were estimated
using a chemiluminescence enzyme immunoassay (Spe-
cial Reference Laboratory, Tokyo, Japan) and were
expressed as IU/ml and mIU/ml, respectively [13]. Anti-
bodies to HBcAg in sera were estimated by the passive
hemagglutination method (Tokyo Institute of Immu-
nology, Tokyo, Japan). HBV DNA in the sera of HBV
TM was assessed by the PCR method (Special Refer-
ence Laboratory).
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Isolation of T-cells, B-cells and DC

The methodologies for isolating spleen cells, T-cells,
B-cells and DC are described in detail elsewhere [14]. In
brief, spleens were removed aseptically, cut into pieces
and incubated at 37°C in $% CO, for 30 min in RPMI
1640 (Nipro, Osaka, Japan) supplemented with 1 pg/
ml collagenase (type IV; Sigma Aldrich Corporation, St
Louis, MO, USA), and a single~ell suspension of spleen
was produced. T-cells were purified from single~cell
suspensions of spleen by a negative-selection column
method (Mouse Pan T Isolation Kit; Miltenyi Biotec,
Bergisch Gladbach, Germany). CD8 T-cells were puri-
fied from T-cells by a column method (Mouse CD$ Iso-
lation Kit; Miltenyi Biotec).

To isolate spleen DC, single-cell suspension of spleen
was centrifuged at 10,000xg for 30 min on a dense
albumin column (specific gravity 1.082) at 4°C and then
cultured on a plastic surface for 90 min at 37°C. The
adherent cells were cultured for an additional 18 h in
culture medium containing RPMI 1640 plus 10% fetal
calf serum (Filtron PTY Ltd, Brooklyn, Australia). Mac-
rophages were discarded from DC populations by two
additional adherent steps on plastic dishes at 37°C.

Liver non-parenchymal cells (NPC) were isolated
as described previously [15]. In brief, liver tissues
were homogenized, suspended in 35% percoll (Sigma
Aldrich Corporation), and centrifuged to get liver NPC.
Liver NPC were suspended in RPMI 1640 plus 10%
fetal calf serum.

Human blood DC were enriched from peripheral
blood of CHB patients by culturing them with granu-
locyte macrophage colony-stimulating factor and inter-
leukin (IL)-4 for € days, as described previously [16].

Preliminary experiments to optimize culture conditions
for preparing immunogenic antigen-pulsed DC

Normal C57BL/6] mice were immunized with HBsAg
(10 pg; Tokyo Institute of Immunology), HBcAg (10 pg;
Tokyo Institute of Imnmunology), HBsAg/HBcAg (10 pg
Center for Genetic Engineering and Biotechnology
[CIGB], Havana, Cuba) and pyruvate dehydrogenase
complex (PDC; 10 pg; Sigma Aldrich Corporation) [17]
in phosphate-buffered saline (PBS) twice at an interval
of 4 weeks. Lymphocytes from immunized mice were
cultured with antigen-pulsed DC from non-immunized
mice to evaluate if antigen-pulsed DC could induce pro-
liferation of antigen-specific lymphocytes in vitro.

Preparation of antigen-pulsed DC for immunization
of HBV TM

HBsAg, HBcAg and HBsAg/HBcAg, used for the
assessment of therapeutic efficacy of antigen-pulsed
DC in HBV TM, were provided by the CIGB [18].
Pichia-pastoris-derived recombinant HBsAg was used.
HBcAg were derived from Escherichia coli purified
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recombinant full-length HBcAg (GenBank accession
number X02763). HBsAg/HBcAg consisted of equal
amounts of HBsAg and HBcAg. HBsAg was produced
asa 22 nm particle to >95% purity at the CIGB pro-
duction facilities as a component of the commercial
anti-HBV vaccine, Heberbiovac-HB1. HBcAg was
purified from E. coli strain W3110, which had been
transformed previously with a plasmid containing the
entire core antigen gene under the control of a tryp-
tophan promoter. The resulting HBcAg had a purity
>95% [18].

Murine antigen-pulsed DC were prepared based on
data from preliminary studies and also according to our
previous report [19]. Briefly, spleen DC were cultured
with PDC (10 pg), HBsAg (10 pg), HBcAg (10 pg) and
HBsAg/HBcAg vaccine (HBsAg 5 ng and HBcAg 5 nug)
in culture medium for 48 h. DC were recovered from
the cultures and washed 5x with PBS. The viability of
DC was assessed by the trypan blue exclusion test. The
T-cell stimulatory capacity of antigen-pulsed DC were
confirmed by lymphoproliferative assays. Human blood
DC was cultured with HBsA g/HBcAg vaccine (HBsAg
5 ng and HBcAg 5 pg) or PDC (10 pg) for 48 h to pre-
pare antigen-pulsed DC, as described elsewhere [16].

Immunization schedule

The immunization schedule is shown in Figure 1. Seven
groups of HBV TM with comparable levels of HBsAg in
the sera were used for this preclinical study. One group
of HBV TM was injected with PBS (#=15). A second and
third group of HBV TM received the HBsAg/HBcAg
vaccine (10 pg; n#=15) and 2x10¢ unpulsed DC (n=15),
respectively. A fourth, fifth and sixth group of HBV TM
received 2x10¢ PDC-pulsed DC (n=5), 2x10¢ HBsAg-
pulsed DC (n=15) and 2x10° HBcAg-pulsed DC (n=15).
Finally, a seventh group of HBV TM received HBsAg/
HBcAg-pulsed DC (7=15). All vaccinations were done by
the intraperitoneal route, twice at an interval of 4 weeks.
HBV TM were bled from the tail vein at different inter-
vals to assess different immunological parameters. The
mice were finally euthanized to estimate vaccine-induced
cellular immune responses in the spleen and liver.

Lymphoproliferative assays

As described previously, murine lymphocytes, murine
liver NPC and human peripheral blood mononuclear
cells were cultured in the absence or presence of differ-
ent immune modulators for 120 h to evaluate antigen-
specific cellular immune responses [14-17,19,20]. All
cultures were performed in 96-well U-bottom plates
(Corning Inc., New York, NY, USA). PPH]-thymidine
(1.0 pCi/ml; Amersham Biosciences, Little Chalfont,
Buckinghamshire, UK) was diluted in sterile PBS,
added to the cultures for the last 16 h and harvested
automatically by a multiple cell harvester (Labo Mash;
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Figure 1. Immunization schedule for assessment of antigen-specific humoral and cellular immune responses in HBY TM

HBV TM injected twice intraperitoneally with 200 ul of phosphate-buffered

HBV TM immunized twice intraperitoneally with 10 pg (each) HBsAg/HBcAg

HBV TM immunized twice intraperitoneally with 2x108 unpulsed dendritic

HBY TM immunized twice intraperitoneally with 2x108 PDC-pulsed dendritic

HBY TM immunized twice intraperitoneally with 2x10° HBsAg-pulsed

HBV TM immunized twice intraperitoneally with 2x10% HBcAg-pulsed

HBV TM immunized twice intraperitoneally with 2x108 HBsAg/HBcAg-pulsed

Group 1

{n=15) q saline at an interval of 4 weeks
Group 2

(n=15) ﬁ vaccine at an interval of 4 weeks
Group 3 .

{n=15) cells atan interval of 4 weeks
Group 4 ﬁ

(n=15) cells atan interval of 4 weeks
Group 5 ﬁ

(n=15) dendritic cells at an interval of 4 weeks
Group 6

(n=15) # dendritic cells at an interval of 4 weeks
Group 7 #

{n=15) dendritic cells at an interval of 4 weeks

HBcAg, hepatitis B core antigen; HBsAg, hepatitis B surface antigen; PDC, pyruvate dehydrogenase complex; TM, transgenic mice.

Futaba Medical, Osaka, Japan) onto a filter paper (LM
101-10; Futaba Medical). The levels of incorporation
of [*'H]-thymidine were determined in a liquid scintilla-
tion counter (Beckman LS 6500; Beckman Instruments,
Inc., Fullerton, CA, USA) from the level of blastogen-
esis. Triplicate cultures were assayed routinely and the
results were expressed as cpm. The stimulation index
was calculated as the ratio of cpm obtained in the pres-
ence of antigen or antigen-pulsed DC to that obtained
without antigen or in presence of only DC or irrelevant
antigen-pulsed DC. A stimulation index >3.0 was con-
sidered significant.

ELISPOT assays

Different types of immunocytes (1x10°) were stimu-
lated with antigen in presence of mitomycin-C-treated
spleen adherent cells in an IFN-y<coated ELISPOT
plate (Mabtech, Nacka Strand, Sweden) for 24 h. After
removing the cells, biotinylated antibody (2A S-biotin)
was added into the wells. After 2 h incubation, the
plates were further incubated with streptavidin—alkaline
phosphatase for 1 h. After washing the plates, the sub-
strate solution, BCIP/NBT, was added. The reaction was
stopped by washing the plates extensively with tap water.
The numbers of spot-forming units were counted using
an ELISPOT reader (KS ELISPOT; Carl Zeiss, Thorn-
wood, NY, USA). Different types of immunocytes were
stimulated with concanavalin A as a positive control.

8%0

Statistical analyses

Data are shown as mean 1sp. Means were compared
using the Student’s f-test. For differences determined by
the F-test, the Student’s #test was adjusted for unequal
variances (Mann-Whitney U test). P<0.05 was consid-
ered statistically significant.

Results

Features of antigen-pulsed DC and their functional
capacities

We first isolated DC from normal C57BL/6 mice spleen
and human blood. Murine spleen DC expressed major
histocompatibility complex (MHC) class IT antigen and
CD386 antigens. Human monocyte-derived DCexpressed
human leukocyte antigen DR and CD86 antigens. A
functional study showed that both murine spleen DC
and human blood DC induced proliferation of allogenic
T-cells in a dose-dependent manner (SMFA ef al., data
not shown).

Antigen-pulsed DC from normal C57BL/6 mice
produced significantly higher levels of IL-12 (HBsAg-
pulsed DC 154.3 +12.3 pg/ml and HBcAg-pulsed DC
213.2 £23.6 pg/ml; n=3) compared with unpulsed DC
(35.3 9.6 pg/ml; n=3; P<0.05). Also, HBsAg-pulsed
and HBcAg-pulsed DC induced proliferation of lym-
phocytes from HBsAg- and HBcAg-immunized normal
C57BL/6J mice (SMFA et al., data not shown). After
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optimizing culture conditions for preparing immuno-
genic HBsAg-pulsed DC and HBcAg-pulsed DC, we
prepared HBsAg/HBcAg-pulsed DC from normal
C57BL/6] mice. HBsAg/HBcAg-pulsed DC expressed
significantly higher levels of MHC class I and CD86
compared to unpulsed DC (P<0.05). Also, HBsAg/
HBcAg-pulsed DC produced significantly higher lev-
els of IL-12 and IFN+ compared with unpulsed DC
(P<0.05). As shown in Table 1, HBsAg/HBcAg-pulsed
DC did not induce significant proliferation of lym-
phocytes from PDC-immunized normal CS57BL/6]
mice (stimulation index 1.0), but induced vigorous
proliferation of lymphocytes from HBsAg/HBcAg-
immunized normal C57BL/6] mice (stimulation index
17.3 £3 2; n=3). By contrast, PDC-pulsed DC induced
significant proliferation of lymphocytes from PDC-
immunized normal C57BL/6] mice (stimulation index
9.6 12.2; n=3). However, PDC-pulsed DC did not
induce proliferation of HBsAg/HBcAg-immunized
normal C57BL/6 mice (stimulation index 1.0). After
assessment of immunogenecity of antigen-pulsed DC
in normal CS7BL/6 mice in vitro, we next evaluated
immunogenecity of antigen-pulsed DC in HBV TM
invivo.

HBsAg and anti-HBs in HBV TM immunized with
antigens and antigen-pulsed DC

When the levels of HBsAg were estimated 4 weeks after
the second immunization, the levels of HBsAg in the
sera were decreased or became undetectable in HBV
TM immunized with HBsAg-pulsed DC and HBsAg/
HBcAg-pulsed DC. However, there was no significant
alteration in HBsAg levels in HRV TM immunized with
other formulations (Figure 24).

Anti-HBs were not detected in PBS-injected HBV TM
(7=15). In addition, anti-HBs were not detected in HBV
TM injected twice with vaccine containing HBsAg/
HBcAg (n=15) or unpulsed DC (n=15), PDC-pulsed
DC (#=5) or HBcAg-pulsed DC (n=15). However, anti-
HBs were detected in all HBV TM after two injections
with HBsAg/HBcAg-pulsed DC (Figure 2B). Anti-HBs
were also detected in HBV TM immunized with HBsAg-
pulsed DC, but the levels of anti-HBs in these HBV TM
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were significantly lower than those in HBV TM immu-
nized with HBsA g/HBcAg-pulsed DC (Figure 2B).

Antigen-specific cellular immune responses caused
by vaccination with HBsAg/HBcAg-pulsed DC

We checked antigen-specific cellular immune responses
in different groups of HBV TM. Lymphocytes from HBV
TM immunized with HBsA g/HBcAg-pulsed DC prolifer-
ated in response to both HBsAg and HBcAg (Figure 3).
However, lymphocytes from PBS-injected HBV TM,
HBsAg/HBcAg vaccine-immunized HBV TM, unpulsed
DC-injected HBV TM and PDC-pulsed DC-immunized
HBV TM did not proliferate because of stimulation
with HBsAg or HBcAg. Lymphocytes from HBV TM
immunized with HBsAg-pulsed DC and HBcAg-pulsed
DC proliferated in response to respective antigens only,
but not to both HBsAg and HBcAg (Figure 3).

These data revealed that immunization with HBsAg/
HBcAg-pulsed DC was capable of inducing HBsAg-
specific humoral, HBsA g-specific cellular and HBcAg-
specific cellular immune responses in HBV TM. Next,
we checked if antigen-specific CTLs were produced in
the spleen as a result of immunization of HBV TM with
HBsA g/HBcAg-pulsed DC.

Detection of IFN-y producing CTL in HBV TM
immunized with HBsAgfHBcAg-pulsed DC

Spleen T-cells from HBV TM injected with HBsAg/
HBcAg-pulsed DC, but not those from HBV TM
immunized with HBsAg/HBcAg vaccine, unpulsed DC
or PBS, or PDC-pulsed DC, produced significant num-
bers of IFN-y-secreting T-cells in response to stimula-
tion with HBsAg and HBcAg in the ELISPOT assay
(Table 2). Also, abundant numbers of [FN-y-secreting
T-cells were detected in ELISPOT assays when spleen
T-cells were stimulated with concanavalin A (positive
control; SMFA et al. data not shown).

Antigen-specific inmunocytes in the liver resulting
from immunization with HBsAg/HBcAg-pulsed DC
Although antigen-specific lymphocytes and CTLs were
detected in the spleen, it was important to assess if
antigen-specific lymphocytes and CTLs were induced

Table 1. Antigen-specific proliferative capacities of antigen-pulsed dendritic cells

Lymphocyte DC Stimulation index
HBsAgfHBcAg-immunized mice PDC-pulsed 1.0
HBsAgfHBcAg-immunized mice HBsAg/HBcAg-pulsed 17.313.2
PDC-immunized mice HBsAg/HBcAg-pulsed 1.0
PDC-immunized mice PDC-pulsed 9.6+22

Normal C57BL/6) mice were immunized with hepatitis B surface antigen (HBsAg)hepatitis B core antigen (HBeAg) or pyruvate dehydrogenase complex (PDC)-pulsed
dendritic cells (DC), as described in Methods. Mice were euthanized 4 weeks after the second immunization, and spleen cells were injected with different stimulants.
The levels of blastogenesis in cultures containing T-cells and irreverent antigen-pulsed DC were regarded as a stimulation index of 1.0. Data for stimulation indices are

mean 5o of three separate experiments.
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Figure 2. Levels of HBsAg and anti-HBs in HBY TM before and after immunization with vaccines and antigen-pulsed DC
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HBV TM treatment

(A) HBV transgenic mice (TM) were immunized with different immunization regimens, as described in Figure 1. The levels of hepatitis B surface antigen (HBsAg) in the
sera of differen t groups of mite before immunization and 4 weeks after second immunization are shown. (B) Antibody to HBsAg (anti-HBs) was not detected in HBY
TM 4 weeks after injection with phosphate-buffered saline (PBS), vaccine containing HBsAg/hepatitis B core Antigen (HBeAg), unpulsed dendritic cells (DC), pyruvate
dehydrogenase compl ex (PDC)-pulsed DC or HBeAg-pulsed DC. However, anti-HBs was detected in all HBY TM 1 month after immunization with HBsAg/HBcAg-pulsed
DC. Data are mean +so of the levels of anti-HBs in sera. °P<0.05 compared with the levels of HBsAg before immunization. *P<0.05 compared with other groups.

Figure 3. Antigen-specific cellular immune responses caused by vaccination with HBsAg/HBcAg-pulsed DC
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HBY TM treatment

Hepatitis B surface antigen (HBsAg)- and hepatitis B core antigen (HBcAg)-specific proliferation was observed in T-cells from HBY transgenic mice (TM) immunized
with HRsAg/HBcAg-pulsed dendritic cells (DC); however, praliferation did not result from immunization with other vaccine or DC formulations. Data are mean 1so of
levels of proliferation. °P<0.05 compared with other groups. PBS, phosphate-buffered saline; PDC, pyruva te dehydrogenase complex.
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in the liver of HBV TM as a result of vaccination with
HBsAg/HBcAg-pulsed DC. Liver NPC from HBV TM
immunized with HBsA g/HBcAg-pulsed DC proliferated
in response to stimulation with HBsAg (stimulation
index 12.8 £3.2; n#=5) and HBcAg (stimulation index
16.4 t4.5; n=5). However, liver NPC from HBV TM
injected with PBS, HBsAg/HBcAg vaccine, unpulsed
DC and PDC-pulsed DC did not proliferate in response
to HBsAg or HBcAg (stimulation index <3.0). In addi-
tion, significantly higher numbers of IFN-y-secreting
CD8* T-cells were detected among liver NPC only
from HBV TM immunized with HBsAg/HBcAg-pulsed
DC, but not from other HBV TM (Figure 4). However,
we did not observe an increase of alanine aminotrans-
ferase (before vaccination 29 14 IU/ versus 4 weeks
after vaccination 27 13 IU/) or evidence of liver dam-
age in liver biopsy specimens in any HBV TM immu-
nized with HBsAg/HBcAg-pulsed DC (SMFA et al.,
data not shown).

Induction of antigen-specific lymphocytes from CHB
patients by HBsAg/HBcAg-pulsed DC in vitro

To assess a clinical implication of this study regarding
immunogenecity of HBsAg/HBcAg-pulsed DC in HBV
TM, we performed an in vitro study using lymphocytes
from patients with CHB. Autologous T=cells from
patients with CHB were cultured with HBsAg/HBcAg-
pulsed DC, unpulsed DC, PDC-pulsed DC or HBsAg/
HBcAg vaccine. T<cells from CHB patients did not
exhibit significant proliferation in response to unpulsed
DC or PDC-pulsed DC. However, T-cells from CHB
patients proliferated in the presence of HBsAg/HBcAg-
pulsed autologous DC (Figure S). Low levels of prolif-
eration of autologous Tcells from one of five patients
with CHB were also detected when these were cultured
with HBsAg/HBcAg (Figure 5).

Antiviral capacity of HBsAgfHBcAg-pulsed DC in
HBV TM

All HBV TM expressed HBsAg; however, free HBV
DNA could be detected in some but not all HBV TM.
To assess the antiviral capacity of HBsAg/HBcAg-
pulsed DC, we immunized five HBV TM with detect-
able levels of HBV DNA using HBsAg/HBcAg-pulsed
DC, unpulsed DC or PDC-pulsed DC. Levels of HBV
DNA in the sera were decreased in all HBV TM as a
result of immunization with HBsAg/HBcAg-pulsed DC.
HBV TM expressed a2 mean +sp level of 354 +14 cop-
ies/ml of HBV DNA in the sera before vaccination. At
4 weeks after two vaccinations with HBsAg/HBcAg-
pulsed DC, HBV DNA could not be detected in any
HBV TM (level of detection; 200 copies/ml). However,
no significant changes of HBV DNA levels were seen
in HBV TM immunized with two injections of HBsA g/
HBcAg vaccine, unpulsed DC or PDC-pulsed DC.
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Discussion

Several RCTs have documented the low therapeutic
efficacy and considerable side effects of antiviral drugs
used for CHB patients [2]. However, these drugs will
remain the most useful and powerful tools for man-
agement of CHB patients [21] until more effective
therapeutic regimens with fewer side effects can be
developed. As an alternative therapeutic approach,
polyclonal immune modulators have been used for

Table 2. |FN-y-secreting T-cells in the spleen of HBV TM resulting
from immunization with HBsAg/HBcAg-pulsed DC

HBVTM HBsAg-specific HBeAg-specific
treatment ELISPOT ELISPOT

PBS 7412 912
HBsAg/HBcAg vaceine 1343 5+1

Unpulsed DC 1144 1243
PDC-pulsed DC 1616 1947
HBsAg/HBcAg-pulsed DC 198 £23° 365 £34°

HBV transgenic mice (TM) were injected with phosphate-buffered saline (PBS)
or immunized with hepatitis B surface antigen (HBsAg)/hepatitis B core antigen
(HBcAg)-based vaccines, unpulsed dendritic celis (DC), pyruvate dehydrogenase
complex (PDC)-pulsed DC or HBsAgfHBcAg-pulsed DC, twice at an interval of

4 weeks. HBV TM were euthanized 4 weeks after the second immunization, and
T-cells were stimulated with HBsAg or HBcAg on an ELISPOT plate to assay the
production of inteferon -y spot. The spots were counted after deducting spots
from control plates. Data are mean 1sp of three separate experiments. *P<0.05
compared with other groups.

Figure 4. IFN-y-producing CTL in HBY TM immunized with
HBsAg/HBcAg-pulsed DC
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HBY TM treatment

Significant numbers of interferon (IFN)-y producing cytotoxic T-lymphocytes
(CTL) were detected among liver non-parenchymal cells from HBV transgenic
mice (TM) immunized with hepatitis B surface antigen (HBsAg)fhepatitis

B core antigen (HBcAg)-pulsed dendritic cells (DC). Data are mean sk of
four separate experiments. °R<0.05 compared to HBV TM immunized with
other vaccine or DC formulations. PBS, phosphate-buffered saline; PDC,
pyruvate dehydrogenase complex
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Figure 5. Antigen-specific lymphocytes from CHB patients by
HBsAg/HBcAg-pulses DC in vitro
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Human T-cell culture

Antigen-specific proliferation of human peripheral blood T-cells from patients
with chronic hepatitis B (CHB) resulting from stimulation with hepatitis B surface
antigen (HBsAg)/hepatitis B core antigen (HBcAg)-pulsed dendritic cells (DC).

The levels of blastogenesis in cultures containing T-cells and unpulsed DC were
regarded as a stimulation index of 1.0. Data are mean and 1so of five separate
experiments. °P<0.05 compared with HBV transgenic mice (TM) immunized with
other vaccine or DC formula tions. PDC, pyruvate dehydrogenase complex.

more than three decades in CHB patients; however, the
clinical outcome with these agents has not been satis-
factory [5]. To develop more effective immune therapy
against HBV, vaccine therapy in which vaccines con-
taining HBsAg were administered alone as well as in
combination with other antiviral drugs in CHB patients
[22,23]. Although some intermediate outcomes of CHB
patients has been improved by this vaccine therapy, the
present regimen of vaccine therapy still has limitations
[6], as described in the Introduction.

The immune modulator effects of antigen-pulsed DC
have been evaluated in HBV TM by other investiga-
tors, as well as our group [10,11]. Jiang et &l. [10] used
a murine model of HBV that expressed only HBsAg;
the clinical implications of their study for translation
research in patients with CHB are limited. We found
that HBsAg-pulsed DC induced anti-HBs, but almost
no HBsAg-specific cellular immunity, in HBV TM [11].
Also, we did not find therapeutic potentiality of HBsAg
pulsed in CHB patients [24].

The present study has some noteworthy features.
First, we used a vaccine that contains both HBsAg and
HBcAg. We also prepared HBsAg/HBcAg-pulsed DC
vaccine using a technique that we have been work-
ing with for more than a decade [14-16,19,20]. Next,
an in vitro study revealed that HBsAg/HBcAg-pulsed
DC could induce proliferation of both HBsAg- and
HBcAg-specific lymphocytes from normal C57BL/é
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mice. Subsequently, a preclinical trial using HBsAg/
HBcAg-pulsed DC was accomplished in HBV TM. The

"data conclusively showed that HBsAg/HBcAg-pulsed

DC induced anti-HBs in the sera, HBsAg and HBcAg-
specific lymphocytes in the spleen, and HBsAg and
HBcAg-specific CTLs in the spleen and the liver. Also,
HBsAg/HBcAg-pulsed DC were able to reduce HBV
DNA levels in HBV TM. Despite extensive immune
modulating capacities of such preparations in HBV
TM, we did not find any biochemical or histological
evidence of liver injury with this approach, suggest-
ing the viral clearance was mediated by non-cytotoxic
effects of DC-based vaccine.

Our main target was to develop an effective immune
therapeutic strategy for patients with CHB. Accord-
ingly, we used a vaccine preparation that was a human-
grade HBsAg and HBcAg. Indeed, clinical trials with
this vaccine have already been performed in normal
volunteers [18]. Accordingly, data from this study can
be used to support the need for clinical trials using this
vaccine. Further support of this concept was accumu-
lated from data that showed that HBsAg/HBcAg-pulsed
DC induced proliferation of both HBsAg- and HBcAg-
specific T-cells from CHB patients (Figure 5).

The synergistic effect on the resulting immune
response of HBsAg/HBcAg stimulation could be
explained by the simultaneous stimulation of diverse
Toll-like receptor (TLR) on DC. The nuclear content
inside the E.-cofi-derived recombinant HBcAg has
been characterized as RNA (TLR3 and TLR7 lig-
ands) [25-27]. Also, there is a recognized interaction
between HBsAg and CD14, a component of TLR4
[28]. Finally, the aggregation of HBsAg and HBcAg in
the liquid combined HBsAg/HBcAg formulation has
been previously reported [25,29]. When these antigens
were loaded on DC, antigen-pulsed DC were able to
induce or activate HBsAg- and HBcAg-specific immune
responses in HBV TM.

In conclusion, we have shown an improved immune
therapeutic approach against chronic HBV infection.
The antigens that we used are safe for human consump-
tion and have been used in normal volunteers [18]. We
prepared immunogenic antigen-pulsed DC with these
antigens. HBsAg/HBcAg-pulsed DC induced both
humoral and cellular immune responses in HBV TM in
vivo; in addition, these DC induced proliferation of lym-
phocytes from CHB patients in vitro. We have already
used HBsAg-pulsed DC in patients with CHB and con-
firmed its safety; however, only HBsAg-pulsed DC was
not sufficiently effective to contain HBV replication and
liver damages [24]. The next challenge will be to assess
if HBsAg/HBcAg-pulsed DC can cause sustained con-
trol of HBV replication and reduction of liver damage
in CHB, a finding that could not be completely assessed
in HBV TM. The answer to that question will depend
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on results of clinical trials in CHB patients, which are
warranted based on the findings of this study.
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Abstract
Background: Abundant amounts of natural killer (NK) cells are present in the
liver, most of which are endowed with direct cytotoxic and inflammatory

Keywords
hepatic NK cells —immune tolerance -
interleukin-10 - liver immunity - regulatory

NK cells cytokine production capacities. However, the control of compromised im-
munity in the liver may be accomplished by a population of regulatory NK
cells possessing suppressive or tolerogenic functions. Aims: To identify and
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characterize regulatory NK cells in murine liver. Methods: NK cells were
isolated from the liver of C57BL/6 mice by magnetic-activated cells sorting
(MACS). NK cells were stimulated with different agents and those cells that
produced interleukin (IL)-10 were detected by flow cytometry and isolated by
MACS. IL-10-producing NK cells were regarded as regulatory NK cells and the
functional capacities of liver-derived regulatory NK cells were assessed in vitro.
Results: The frequencies of regulatory NK cells in the liver were 4.1 £+ 0.3% of
hepatic NK cells and 0.45 £ 0.02% of liver nonparenchymal cells. Regulatory
NK cells produced abundant amounts of IL-10 in culture. These cells also
suppressed the proliferative capacities of T cells and B cells in vitro. However,
another population of NK cells that did not produce IL-10 (immunogenic NK
cells) could not suppress lymphocyte proliferation. Conclusions: The presence
of regulatory NK cells in the liver and their immunosuppressive capacities
endowed these cells with the critical function of maintaining homeostasis
under normal conditions. Exaggerated or impaired functions of these cells
may also contribute to different pathological processes.
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Hepatic immunity is a complex and poorly defined area Studies have revealed that most of the immunocytes

because the exact mechanisms that regulate immunolo-
gical events of the liver in health and diseases are poorly
understood. The liver is composed of hepatic parenchy-
ma cells (nearly 70% of total cellular population), liver
nonparenchymal cells (NPCs, nearly 30%) and intracel-
lular matrix (1). The liver remains at the centre of
immune tolerance and immune responses. Different
food products, inflammatory substances, allergens and
drug metabolites constantly enter the liver through the
gut or the bloodstream. Under physiological conditions,
the liver induces a state of immunological tolerance to
these substances to prevent extreme and detrimental
immune reactions (2). On the other hand, many hepato-
trophic viruses including hepatitis A to E viruses,
parasites and bacteria enter the liver and induce anti-
microbial immunity, which ultimately leads to the in-
flammation and destruction of hepatocytes (3, 4). Taken
together, hepatic homeostasis is maintained by a highly
regulated and well-coordinated balance between the
tolerogenic and immunogenic properties of different
immunocytes.
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are capable of inducing both tolerance and immunity.
Macrophages are well known for their phagocytic activ-
ities and production of abundant amounts of inflamma-
tory cytokines, but some specific cells of their lineage
have tolerogenic capacities (5, 6). Dendritic cells (DC)
are initiators and regulators of immune responses be-
cause they can recognize, process, and present antigens
to lymphocytes for the induction of immunity (7).
However, regulatory DC downregulate the magnitude
of immunity and thus play an important role in the
maintenance of homeostasis (8). Similarly, immuno-
genic T cells and regulatory T cells ensure balanced
immunity (9).

In this context, natural killer (NK) cells have occupied
an interesting and puzzling position in hepatic immunity
(10-12). They are regarded as basic pillars of innate
immunity by virtue of their potent capacities to contain
microbial agents, viral-infected cells and cancer cells.
These functions are mediated by their direct cell-killing
properties (cytotoxic NK cells) or by the production
of inflammatory cytokines (immunogenic NK cells).
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However, how compromised innate immunity can be
regulated in the presence of only one population of
cytotoxic or immunogenic NK cells remains unknown.
The issue becomes more important because the fre-
quency of NK cells is usually higher in the liver compared
with those in other parenchymal organs (13). In this
context, the existence of immunosuppressive NK cells
that produce interleukin (IL)-10, an anti-inflammatory
cytokine, has been reported in murine decidua and
human peripheral blood (14, 15). However, it remains
unclear whether immunosuppressive or immunoregula-
tory NK cells are present in the liver.

This study was performed to detect immunoregula-
tory NK cells in the liver by looking for a population of
IL-10-producing NK cells in murine liver. A trace
population of hepatic NK cells produced IL-10 in cul-
ture. We isolated IL-10-producing regulatory NK cells
and assessed their functional capacities in vitro.

Materials and methods
Mice

Adult male C57BL/6) (H-2KP) mice were purchased from
Nihon Clea (Tokyo, Japan). The mice were housed in
polycarbonate cages in a temperature-controlled room
(23 £ 1 °C) with a 12-h light/dark cycle in the pathogen-
free animal housing facility at Ehime University Gradu-
ate School of Medicine. All animals received humane care
and study protocols were in compliance with the institu-
tion’s guidelines.

Isolation of T lymphocytes and B lymphocytes from the
spleen and the liver

We have previously described in detail the methodologies
for isolating spleen cells and liver NPCs (16, 17). To
produce a single cell suspension from the spleen, the
spleens were cut into pieces and passed through a 40-um
pore-size nylon filter (BD Falcon, Durham, NC, USA);
the resulting cells were collected and suspended
in a culture medium [RPMI 1640 (Iwaki, Osaka, Japan)
plus 10% fetal calf serum (Filtron PTY Ltd., Brooklyn,
Australia)].

To retrieve liver NPCs, liver tissues were cut into
pieces, homogenized, passed through 70-pm pore-size
steel meshes (Morimoto Yakuhin Co., Matsuyama,
Japan) and suspended in 35% percoll (Sigma Chemical,
St Louis, MO, USA). After centrifugation for 15 min at
450g at room temperature, a high-density cell pellet was
collected and suspended in a culture medium.

T lymphocytes and B lymphocytes were isolated from
a spleen single-cell suspension and liver NPCs by a
negative selection column method using a mouse pan T
isolation kit and a mouse pan B isolation kit (Miltenyi
Biotec, Bergish Gladbach, Germany) according to the
directions of the manufacturer (18).

Liver International (2010)
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Isolation of natural killer cells

Spleen NK cells and liver NK cells were isolated from
single-cell suspensions of the spleen and liver NPCs,
respectively, by a negative cell selection method using an
NK isolation kit (Miltenyi Biotec) with a magnetic-
activated cell sorting (MACS) system (AutoMACS,
Miltenyi Biotec).

Estimation of interleukin-10- and interferon-y-producing
natural killer cells by the cytometric bead array method

Freshly isolated NK cells were stimulated with CpG
oligodeoxynucleotide (CpG ODN; 1pg/ml, Invitrogen,
San Diego, CA, USA), concanavalin A (Con A, 1pg/ml,
Sigma), lipopolysaccharides (LPS, 1 pg/ml, Sigma), CL-
097 (1 pg/ml, Invitrogen) and herpes simplex virus-1
(HSV-1, 1 x 10> plaque-forming units, kindly provided
by Prof. Masaki Yasukawa, Department of Bioregulatory
Medicine, Ehime University Graduate School of Medi-
cine, Ehime, Japan) for 72h. The levels of IL-10 and
interferon (IFN)-y in culture supernatants were esti-
mated using a commercial kit for the cytometric bead
array method, as described previously (18). The levels of
IL-10 and IFN-y in the culture supernatants were cali-
brated from the mean fluorescence intensities of the
standard negative control, standard positive control and
samples by cytometric bead array software (BD Bios-
ciences Pharmingen, San Jose, CA, USA) using a Macin-
tosh computer (SAS Institute, Cary, NC, USA). The
amounts of IL-10 and IFN-y were expressed as pg/ml.

Flow cytometric detection of regulatory natural killer
cells

Because we found that CpG ODN was the most potent
stimulator of IL-10 in NK cells, CpG ODN was used in
subsequent experiments to detect regulatory NK cells.
The detection of IL-10-producing NK cells was per-
formed according to a method described previously
(19). We stimulated freshly isolated NK cells with CpG
ODN (1 pg/ml) overnight. After stimulation, cells were
labelled with anti-IL-10/CD45 antibody—antibody con-
jugates (Miltenyi Biotec) for 10 min. After washing, cells
were resuspended in 37 °C medium to secrete IL-10 for
45 min. Subsequently, cells were washed and stained with
phycoerythrin (PE)-conjugated anti-IL-10 for 10 min.
After washing with a washing buffer, cells were incubated
with FITC-conjugated anti-NK1.1 (BD Biosciences
Pharmingen) and PE-conjugated anti-IL-10. Next, IL-
10-secreting NK cells were detected by two-colour flow

cytometry.

Isolation of interleukin-10-producing regulatory and
immunogenic natural killer cells by magnetic-activated
cell sorting

We stimulated NK cells with CpG ODN for their detec-
tion by flow cytometry as well as for the isolation of
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regulatory NK cells. After detecting IL-10-producing NK
cells with PE-conjugated anti-IL-10, we additionally
labelled the cells with anti-PE microbeads, as described
previously (19). The IL-10-producing NK cells (regula-
tory NK cells) were isolated by a positive selection
method using MACS (15). The cells of negative fraction,
non-IL-10 producing cells, were regarded as immuno-
genic NK cells. These cells were suspended in RPMI 1640
medium plus 10% fetal calf serum.

Enzyme-linked immunospot assay

Freshly isolated 1 x 10°NK cells were stimulated with
CpG ODN in an IL-10-coated enzyme-linked immuno-
spot (ELISPOT) plate (Mabtech, Nacka Strand, Sweden)
for 24 h. After the cells were removed, a detection anti-
body (2A5-biotin) was added to the wells. After 2h of
incubation, the plates were incubated with streptavidi-
n-alkaline phosphatase for 1h. After the plate was
washed, the substrate solution, BCIP/NBT, was put into
each well. The reaction was stopped by washing the plates
extensively with tap water. The numbers of spot-forming
units (SFU) were counted using an ELISPOT reader (KS
ELISPOT, Carl Zeiss, Thornwood, NY, USA) and were
deducted from number of background SFU of control
wells. The data were finally shown as numbers of SFU/
well.

Lymphoproliferative assays

T cells and B cells (1 x 10° cells/200 pl well) were stimu-
lated with Con A and LPS in a U-bottom 96-well plate
(Corning, Tokyo, Japan) with or without regulatory NK
cells and immunogenic NK cells for 120 h. [*H]-thymi-
dine (1.0 pCi/ml, Amersham Biosciences UK Ltd., Little
Chalfont, Buckinghamshire, UK) was diluted in sterile
RPMI 1640 medium and added to the cultures for the
last 16 h. The cells were harvested automatically by a
multiple cell harvester (LABO MASH, Futaba Medical,
Tokyo, Japan) onto filter paper (LM 101-10, Futaba
Medical). The levels of incorporation of [*H]-thymidine
(1.0 mCi/L, Amersham Biosciences UK Ltd., Little Chal-
font, Buckinghamshire, UK) were determined in a liquid
scintillation counter (Beckman-LS 5000, Beckman In-
struments Inc., Fullerton, CA, USA) from the level of
blastogenesis. The levels of blastogenesis in cultures
without regulatory NK cells or immunogenic NK cells
were regarded as the control. The data were expressed as
counts per minute (CPM).

Statistical analysis

Data were analysed by unpaired t-tests if the data were
normally distributed and by the Mann—Whitney rank-
sum test if they were skewed. Data were expressed as
means =+ standard error of mean (mean £+ SEM). Differ-
ences were considered significant if P<0.05.

Yoshida et al.

Results

Interleukin-10 production by natural killer cells in
response to stimulation by CpG oligodeoxynucleotide

We checked the capacity of IL-10 production of freshly
isolated NK cells from the liver because of stimulation
with various stimulants, as described in the ‘Methods’
section. The production of IL-10 by liver NK cells was
stimulated with all stimulants; however, stimulation with
CpG ODN induced the maximum amounts of IL-10
(Fig. 1a). Conversely, CpG ODN induced relatively
lower amounts of IFN-y compared with other stimulants
(Fig. 1). Accordingly, CpG ODN was used to induce IL-10
in successive experiments to detect regulatory NK cells.

Detection of interleukin-10-producing natural killer cells
by enzyme-linked immunospot

We obtained evidence that NK cells produced consider-
able amounts of IL-10 because of stimulation with CpG
ODN. To obtain further evidence of IL-10 production by
NK cells, we performed an IL-10-specific ELISPOT assay.
As shown in Fig. 2, NK cells stimulated with CpG ODN
produced IL-10-specific spots in the ELISPOT assay;
however, almost no spot was detected in unstimulated
NK cells. The SFU value in the control culture with-
out stimulation was 3.0 = 1.0/1 x 10°cells. On the other
hand, the SFU value was 163.7£7.1/1 x 10° cells
(P < 0.01) in cultures containing CpG ODN-stimulated
NK cells.
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Fig. 1. Induction of interleukin (IL)-10 from liver natural killer (NK)
cells. Liver-derived NK cells were stimulated with CpG ODN (CpG
oligodeoxynucleotide, a double-stranded DNA), CLO97 (an agonist
of toll-like receptor 8), herpes simplex virus-1 (HSV-1), and
lipopolysaccharide (LPS) for 24 h. The amounts of IL-10 (a) and
interferon (IFN)-y (b) in culture supernatant were measured by the
cytometric bead array method and expressed as pg/ml. The mean
and SEM of five separate experiments are shown. *P < 0.05,
compared with control (not stimulated with any stimulant).
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Increased frequency of regulatory natural killer cells in
the liver

A representative staining pattern of NK cells and IL-
10-producing regulatory NK cells in the spleen and the

200 ~
* n=9
E 3
§ 150 -
S 100+
x
B s0
0 -
Control CpG ODN CL097

Fig. 2. Interleukin (IL)-10 production by liver natural killer (NK) cells
in an enzyme-linked immunospot (ELISPOT) assay. Liver-derived NK
cells isolated by a magnetic cell sorter were checked for IL-10
production in an ELISPOT assay after stimulation with CpG
oligodeoxynucleotide (CpG ODN) and CL-097. Almost no IL-10 was
produced by NK cells without activation by stimulators (Control).
Abundant numbers of IL-10-specific spots because of stimulation
with CpG ODN and CL-097. Data of five separate experiments have
been shown. *P < 0.05, compared with controls.

Regulatory NK cells in murine liver

liver is shown in Fig. 3. First, we estimated the frequency
of NK cells in the spleen and the liver [cells in the upper
left quadrant (NK1.1* and CD37)] (Fig. 3a). The
amounts of NK cells in the liver were about three times
of those in the spleen. Next, we stimulated freshly
isolated NK cells with CpG ODN to induce IL-10
production. Subsequently, regulatory NK cells that pro-
duced IL-10 were detected by flow cytometry and their
frequencies were assessed. The frequency of IL-10-pro-
ducing NK cells was almost similar in the liver and the
spleen (Fig. 3b). However, the frequencies of total NK
cells were significantly higher in the liver (Fig. 3a).
Accordingly, the ultimate proportion of regulatory NK
cells was significantly higher in the liver (0.4540.02%,
n=>5) than in the spleen (0.15 + 0.03%, n=5) (P < 0.05)
(Table 1).

Suppressive effects of regulatory natural killer cells on T
cells proliferation

To assess the functional capacities of regulatory NK cells,
the effect of these cells on mitogen-induced lymphocyte
proliferation was evaluated. T cells and B cells were
stimulated with Con A and LPS, respectively, without or
in the presence of regulatory NK cells. The levels of
blastogenesis of T cells (1 x 10° cells) owing to stimula-
tion with Con A were 77502+ 13407 CPM (n=5).
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Fig. 3. Flow cytometric detection of natural killer (NK) cells and regulatory NK cells in the spleen and the liver. A representative staining pattern
of NK cells and interleukin (IL-10)-producing regulatory NK cells have been shown. {a) Natural killer cells were defined by NK1.1* and CD3~
fraction by dual-colour flow cytometry. The cells in the upper left quadrant indicate NK cells. (b) NK cells were isolated from the spleen and the
liver. NK cells were stimulated with CpG oligodeoxynucleotide and regulatory NK cells were confirmed by expressions of IL-10, as described in
the Methods section. Cells in the right upper quadrant are IL-10-producing regulatory NK cells.
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Regulatory NK cells in murine liver

However, the addition of 1 x 10* IL-10-producing reg-
ulatory NK cells caused a significant reduction of levels of
blastogenesis (56 326 + 3286 CPM (n=>5, P < 0.05) (Fig.
4). Similarly, the levels of LPS-induced proliferation of B
cells (1 x 10 cells) were 34950 = 599 CPM (n=5). The
addition of regulatory NK cells (1 x 10*cells) caused a
significant suppression of levels of B cells proliferation
(25073 £ 971 CPM) (n=5) (P < 0.05) (Fig. 4).

Immunogenic effect of nonregulatory natural killer cells

To develop more insights on the role of NK cells and
regulatory NK cells in T and B cells proliferation, we
isolated a population of NK cells that did not produce IL-
10. These cells were regarded as immunogenic NK cells.
As expected, the immunogenic NK cells induced an
increased proliferation of T cells in the presence of Con

Table 1. Frequencies of different immunocytes in spleen cells and
liver nonparenchymal cells

Liver Spleen
Tcells 346+16 40.5+33
B cells 322+15 47.1+£1.2
Natural killer (NK) cells 11.0+0.5* 46+04
Regulatory NK cells 0.45+0.02* 0.15+0.03
Natural killer T cells 146+1.2 3.9+05
Monocytes 126+23 86+19

Different populations of immunocytes among single cell suspensions
from the spleen and nonparanchymal cells of the liver were assessed by
flow cytometry. Data of five separate experiments are shown.

*P < 0.05, compared with that of spleen.
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A (levels of blastogenesis; without immunogenic NK cells
vs with immunogenic NK cells, 60179 £ 3642 CPM vs
85475 + 4753 CPM, n=5, P < 0.05) (Fig. 5). Similarly,
immunogenic NK cells induced a significantly higher
proliferation of B cells in the presence of LPS (P < 0.05)
(Fig. 5).

Discussion

Natural killer cells represent a primary pillar of innate
immunity and are endowed with excellent capacities to
destroy different types of cells. They also produce various
proinflammatory cytokines. It is natural to assume that
NK cells ensure an inflammatory mucosal milieu in vivo.
However, an exception to this rule is observed in the
context of hepatic immunity. The liver harbours in-
creased frequencies of NK cells compared with other
parenchymal organs (13). However, the liver is recog-
nized as a tolerogenic organ because most of the danger-
ous and nonself elements entering the liver do not induce
immune responses (20). Moreover, the liver is compara-
tively resistant to transplant rejection even in the context
of HLA mismatch transplantation (21). These realities
suggest that some immunocytes of the liver may have a
potent tolerogenic activity; however, the nature of these
cells has not been properly explored until now.

We targeted NK cells to determine the role of these
cells in hepatic tolerance because tolerogenic NK cells
have been detected in placental decidua and peripheral
blood and they have been referred to as regulatory NK
cells (14, 15).
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Fig. 4. Suppression of the proliferation of lymphocytes by liver regulatory natural killer (NK) cells. T cells and B cells were stimulated by
concanavalin A (Con A) (a) and lipopolysaccharides (LPS) (b), and with or without regulatory NK cells. The levels of proliferation of Tcells and B
cells were shown as counts per minute (CPM). Data are shown as mean and standard error of mean of five separate experiments. The addition
of hepatic regulatory NK cells suppressed the proliferation of Tand B cells. Data of five separate experiments have been shown. *P < 0.05,
compared with proliferation of Tand B cells in the absence of regulatory NK cells.
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