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Fig. 4 HCV-Core and NS5A proteins are the proteins that contribute
to the suppression of IFN-y secretion. a HCV E1, E2, Core, NS3, NS4B,
NS5A, and NS5B expression plasmids were used to transfect into
primary CD4* lymphocytes by Nucleofector. The frequencies of IFN-
y-secreting cells among the samples’ CD4™ cells/the frequencies of
IFN-y-secreting cells among the vector's CD4% cells x 100 are shown
in this bar graph. b HCV core and NS5A transfected primary CD4™
lymphocytes were stimulated with IFN-y (500 ng/ml). The relative
expression of T-bet-mRNA was sequentially analyzed by real-time
polymerase chain reaction (PCR). The relative amount of target mRNA
was obtained by using a comparative the threshold cycle (CT) method.
The expression level of mRNAs of the nonstimulation sample of vector
transfected-primary CD4 cells is represented as 1.0 and the relative
amount of target mRNA in a stimulated sample was calculated. Three
independent experiments were carried out. Error bars indicate the
standard deviation. ¢ Immunoblotting assay was carried out to detect
the protein of signal transducer and activator of transcription-1 (STAT-
I), phospho-STAT-1 (p-STAT-1), and actin in the HCV-core, NSSA,
and vector-plasmid transfected human primary CD4% cells with or
without IFN-y stimulation (30 min)

Table 1 Cytokine conditions for various kinds of lymphoid cell culture

SB-HCV infection could induce apoptosis
of naive CD4" cells

Annexin V and PI double staining were carried out to
detect early apoptotic cells. The frequency of Annexin-V-
positive Pl-negative early apoptotic cells in SB-HCV-
infected naive T cells was significantly higher than those in
the control groups (p < 0.01) (Fig. 3a, b). UV-irradiated
SB-HCV did not enhance the induction of apoptosis in
naive T cells with CD3CD28 stimulation. During T-cell
activation, apoptosis is easily induced in order to maintain
an appropriate immune response. In line with this feature,
3.04% of early apoptotic cells were detected in naive
T cells with CD3CD28 beads stimulation and Mock serum.
These data indicate that SB-HCV replication could induce
apoptosis, as seen in Molt-4 cells [14].

HCV core and NS5A proteins could suppress IFN-y
secretion from primary CD4% cells

We investigated the HCV proteins responsible for the sup-
pression of [FN-vy secretion. HCV E1, E2, Core, NS3, NS4B,
NS5A, and NS5B expression plasmids were used to transfect
into primary CD4™ lymphocytes by Nucleofector. The
intracellular staining of these proteins was carried out and
the transfection efficiency was about 35-55% (Suppl.
Fig. 3). Among these proteins, HCV core and NS5A could
significantly suppress the IFN-y secretion (p < 0.05)
(Fig. 4). HCV core and NS5A transfected primary CD4"
lymphocytes were stimulated with IFN-y. The relative
expression of T-bet-mRNA was sequentially analyzed by
real-time PCR. T-bet-mRNA expression in HCV core or
NS5A transfected primary CD4" T lymphocytes was sig-
nificantly suppressed at 90 and 180 min post-transfection in
comparison to vector-transfected primary CD4* T lym-
phocytes. Moreover, the amount of STAT-1 protein in HCV-
Core-expressing CD4™ cells was remarkably lower than the
amounts in vector and HCV-E2 transfected CD4™ cells

Cell viability (%)

Cells Cytokine condition Other stimulant

PBMC IL2 (50 ng/ml) + IL6 (20 ng/ml) + CSF (250 ng/ml) None 80
PBMC-CD8 IL2 (50 ng/ml) + IL6 (20 ng/ml) + CSF (250 ng/ml) None 80
CD3 IL2 (50 ng/ml) CD3CD28 coated beads 70
CD4 IL2 (50 ng/ml) CD3CD28 coated beads 70
CD8 IL2 (50 ng/ml) CD3CD28 coated beads 70
CD14 CSF (250 ng/ml) None 60
CD19 IL-6 (20 ng/ml) None 70

The conditions of the cell culture are shown. Peripheral blood mononuclear cell (PBMC)-CD8 indicates CD8 cell-depleted PBMCs

IL interleukin, CSF colony stimulating factor
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Table 2 Strand-specific hepatitis C virus (HCV)-RNA detection in various kinds of lymphoid cells

Subset PBMC PBMC-CDS8 CD3 CD4 CD8 CD14 CD19
Positive strand-

2 days + + — + — — +

7 days ++ ++ + ++ - ++ +++

7 days UV-irradiated - — — - — — —
Negative strand

2 days - - — - — - —

7 days - + +—- + - + ++

7 days UV-irradiated — — — — — _ -
Subset Whole CD4 ™ CD4"CD45RAYRO™ CD4*CD45RA™RO™
Positive strand

2 days + + +

7 days ++ +4+ +

7 days UV-irradiated — — —
Negative strand

2 days — — -

7 days + ++ +-

7 days UV-irradiated - -

Positive- and negative-strand-specific HCV-RNA was detected by semiquantitative nested polymerase chain reaction (PCR) methods

—, negative detection; +, positive detection without dilution; ++, positive detection with 4 times dilution; +-++, positive detection with 16
times dilution; +, only one detection in three independent experiments. Three independent experiments were carried out. Similar results were

obtained three times

(Fig. 4c). The amount of phosphorylated STAT-1 (p-STAT-
1) after IFN-y stimulation was also analyzed. The amount of
p-STAT-1 in HCV-Core and NS5A expressing CD4 ™" cells
was remarkably lower than that in the vector control.

Discussion

There are many reports about the existence of extrahepatic
HCV replication that might contribute to immune dys-
function [13, 14, 23-25]. We have reported that a specific
SB-HCYV strain could replicate in B- and T-cell lines and
affect various immune systems [13, 14, 25]. However, the
results of these studies were not definitely conclusive, since
the cell lines were inappropriate to investigate the devel-
opment and commitment of the lymphocytes. In the present
study, we demonstrated that the SB-HCV strain could
replicate in primary CD19" B cells, CD4" T cells, and
CD14" monocytes with cytokine stimulation. Among the
CD4% T cells, CD4TCD45RATRO™ naive CD4% cells
were the most susceptible to SB-HCV infection. One of the
speculated reasons to explain why naive CD4™ cells with
stimulation were most susceptible to SB-HCV infection is
that T cells might temporarily express various kinds of
“molecules which may contribute to the HCV infection
during T-cell development. The infectivity of naive CD4"
T cells was not as high as that of Molt-4 cells. However,

significant suppression of cell development and IFN-y
secretion were seen in SB-HCV-infected naive T cells with
CD3, CD28, and IL2 stimulation. UV-irradiated-HCV that
could not replicate in the cells suppressed the IFN-y
secretion slightly. These data indicate that not only the
effect of HCV replication but also the direct binding effects
of HCV structured proteins might contribute to the sup-
pression of IFN-y secretion. One report indicated that
HCV-core protein could interact with the complement
receptor gClqR and upregulate suppressor of cytokine
signaling-1 (SOCS-1), accompanied by downregulation of
signal transducer and activator of transcription-1 (STAT-1)
phosphorylation in T cells [7]. Another possible explana-
tion of the discrepancies between HCV infectivity and
suppression of proliferation and IFN-y secretion might be
the low sensitivity of HCV antigen-immunostaining, since
lower sensitivity of immunostaining in comparison to the
nested PCR method was found in our previous study [13].

HCV-Core and -NSS5A proteins were the proteins
responsible for the suppression of IFN-y secretion from
T cells. Lin et al. [26] have documented that HCV-core
protein causes the degradation of STAT-1 protein and
suppresses the Jak-STAT pathway in hepatocytes. In our
previous study, reduction of STAT-1 protein was detected
in HCV-core transfected primary naive T cells and HCV-
replicating Molt-4 cells [13]. Moreover, inhibition of
intrahepatic gamma interferon production by HCV-NS5A
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in transgenic mice was recently reported [27]. Recently,
detection of HCV replicative intermediate RNA in peri-
hepatic lymph nodes was reported [28]. The disturbance of
Thl commitment might influence the development of
HCV-specific CTL in perihepatic lymph nodes. The
selective infection of certain T cells by HCV in vivo may
explain why there is only relative HCV-specific T-cell
suppression without general immune suppression.

Suppression of proliferation activity was seen in HCV-
infected naive T cells as well as HCV-infected Molt-4 cells
[14]. The expression level of CD45RA, which is a surface
marker of T-cell development, gradually declined along with
cell proliferation. However, HCV-infected naive T cells
expressed significantly higher levels of CD45RA than the
control groups. We previously reported that HCV replication
could suppress Ras/MEK/ERK signaling of Molt-4 [14].
During T-cell development, T cells showed strong prolifer-
ation activity that might facilitate HCV replication in T cells.
However, extensive proliferation of HCV in T cells might
interfere with the proper development of T cells.

The induction of apoptosis was seen in SB-HCV-
infected naive T lymphocytes with CD3CD28 and IL2
stimulation. It is known that, during T-cell activation from
naive to effector cells, T cells have to survive activation-
induced cell death (AICD), which may contribute to the
maintenance of an appropriate level of the immune
response [29, 30]. However, some groups reported that

. HCV replication could inhibit apoptosis in hepatoma cell
lines [31, 32]. The developmental stages and characteristics
of naive T cells might explain these contradictory results.
During T-cell activation, apoptosis is easily induced in
order to maintain an appropriate immune response.

In conciusion, HCV replication in human naive T cells
might affect their proliferation activity and Thl develop-
ment, as was shown in the cell lines used in a previous
study. The results suggest that the infectivity of HCV in
human naive T lymphocytes is low, although the biological
effect of this infection might be significant because of its
bystander effects.
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Hepatitis B Virus Replication Could Enhance
Regulatory T Cell Activity by Producing Soluble
Heat Shock Protein 60 From Hepatocytes

Yasuteru Kondo,' Yoshiyuki Ueno,' Koju Kobayashi,? Eiji Kakazu,' Masaaki Shiina,' Jun Inoue,' Keiichi Tamai,'
Yuta Wakui,' Yasuhito Tanaka,” Masashi Ninomiya,' Noriyuki Obara,’ Koji Fukushima,' Motoyasu Ishii,
Tomoo Kobayashi,* Hirofumi Niitsuma,' Satonori Kon,? and Tooru Shimosegawa'

'Division of Gastroenterology, Tohoku University Hospital, “School of Health Science, Tohoku University, *Department of Gastroenterology, Miyagi
Social Insurance Hospital, and ‘Department of Gastroenterology, Tohoku Rosai Hospital, Sendai, and *Clinical Molecular Informative Medicine,
Nagoya City University, Nagoya, Japan

Background. HBcAg-specific regulatory T (T,.,) cells play an important role in the pathogenesis of chronic
hepatitis B. Soluble heat shock proteins, especially soluble heat shock protein 60 (sHSP60), could affect the function
of T, cells via Toll-like receptor.

Methods. We analyzed the relationship between soluble heat shock protein production and hepatitis B virus
(HBV) replication with both clinical samples from HBeAg-positive patients with chronic hepatitis B (n = 24) and
HBeAb-positive patients with chronic hepatitis B (n = 24) and in vitro HBV-replicating hepatocytes. Thereafter,
we examined the biological effects of sHSP60 with isolated T, cells.

Results. The serum levels of sSHSP60 in patients with chronic hepatitis B were statistically significantly higher
than those in patients with chronic hepatitis C (P<.01), and the levels of sHSP60 were correlated with the HBV
DNA levels (R = 0.532; P<.001) but not with the alanine aminotransferase levels. Moreover, the levels of sHSP60
in HBV-replicating HepG2 cells were statistically significantly higher than those in control HepG2 cells. Prein-
cubation of CD4" CD25" cells with recombinant HSP60 (1 ng/mL) statistically significantly increased the frequency
of HBcAg-specific interleukin 10-secreting T,,, cells. The frequency of IL7R™CD4"CD25" cells, the expression of
Toll-like receptor 2, and the suppressive function of T, cells had declined during entecavir treatment.

Conclusion. The function of HBcAg-specific T, cells was enhanced by sHSP60 produced from HBV-infected
hepatocytes. Entecavir treatment suppressed the frequency and function of T, cells; this might contribute to the

persistence of HBV infection.

Hepatitis B virus (HBV) is a noncytopathic DNA virus
that causes chronic hepatitis and hepatocellular carci-
noma as well as acute hepatitis and fulminant hepatitis
(1]. HBV now affects more than 400 million people
worldwide [2], and persistent infection develops in
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~5% of adults and 95% of neonates who become in-
fected with HBV.

It has been shown that the cellular immune system,
including cytotoxic T lymphocytes, CD4* T helper 1
cells, and CD4"C25"FoxP3" regulatory T (T,,) cells,
plays a central role in the control of viral infection [3—
6]. The hyporesponsiveness of HBV-specific T helper
1 cells and the excessive regulatory function of T,,, cells
in peripheral blood in patients with chronic hepatitis
B has been shown elsewhere [7-10]. Lamivudine treat-
ment of chronic hepatitis B has been reported to restore
both CD4* T cells and cytotoxic T lymphocyte hypo-
responsiveness following the decrease of serum levels
of HBV DNA and HBV-derived Ag (8, 11-13]. In our
previous study, we observed that HBcAg-specific in-
terleukin 10 (IL-10)-secreting T, cells could play an
important role in the immunopathogenesis of chronic
hepatitis B [9].

HBYV Replication Enhances T, Activity < JID 2010:202 (15 July) + 000



Table 1.
Included in This Study

Clinical Characteristics of Patients with Chronic Hepatitis B or Chronic Hepatitis C

Patients with chronic hepatitis B

HBeAg-positive, HBeAg-negative, Patients
HBeAb-negative HBeAb-positive with chronic
Characteristic patients patients hepatitis C
Age, years 45.16 {12.46) 48.21 (10.23) 48.63 (7.96)
Sex, no. of patients
Male 12 12 12
Female 12 12 12
ALT level, 1U/L 76.91 (39.82) 75.96 (45.90) 76.21 (33.77)
HBV DNA level, log copies/mL 7.83 (0.86) 6.00 (0.81) NA
Genotype, % of patients
A 0 4.17 NA
B 12.5 3.33 NA
C 87.5 87.5 NA

NOTE. Data are mean values (standard deviations), unless otherwise indicated. ALT, alanine aminotransferase;

HBV, hepatitis B virus; NA, not applicable.

Many research groups have reported the possible induc-
tion of anergy by T, cells, which constitutively express CD25
(the interleukin 2 receptor « chain) in the physiological state
[14-16]. In humans, this population of T, cells, as defined
by CD4"CD25*CTLA4" cells, CD4*CD25'FoxP3* cells, or
CD4'CD25'IL7R™ cells, constitutes 5%-10% of peripheral
CD4" T cells and has a broad repertoire that recognizes various
self and nonself antigens. It has been reported that T, cells
have several different mechanisms in suppressing various kinds
of immune cells [17, 18]. The important mechanisms are cell
to cell contact and secretion of cytokines including IL-10 and
transforming growth factor 8 (TGF-8) [19, 20]. HBcAg derived
from HBV might induce T, cells to escape from immunolog-
ical pressure, as reported in persistent infection with Epstein-
Barr virus, hepatitis C virus (HCV), and human immunode-
ficiency virus type 1 [21-23]. Some results have indicated that
reduction of HBV replication could reduce the frequency and/
or function of T, cells in patients with chronic hepatitis B [4,
5, 8]. However, the key factors that affect HBcAg-specific T,
cells in the replication of HBV remain unclear.

The mammalian 60-kDa heat shock protein is a many-fac-
eted molecule. In addition to serving as a chaperone, heat shock
protein 60 (HSP60) is expressed by different types of cells fol-
lowing their exposure to stress or immune responses and is
present in the blood during inflammation [24-27]. Recently,
HSP60 was reported to enhance the function of CD4*CD25*
regulatory T cell function via Toll-like receptor 2 (TLR2) sig-
naling [28].

In this study, we investigated the serum level of HSP60 in
patients with chronic hepatitis B and the relevance of HBcAg-
specific [L-10-secreting T, cells and HSP60. We report evi-
dence of the production of soluble HSP60 (sHSP60) from HBV-
replicating hepatocytes, by use of clinical samples from patients

with chronic hepatitis B and an in vitro HBV replication system.
In addition, reductions of CD4*CD25"IL7R"™ T, cells and TLR2
expression on T,,, cells were observed during entecavir therapy.
This study could contribute to better understanding of the
immunopathogenesis of chronic hepatitis B and the develop-
ment of immune-based treatment.

MATERIALS AND METHODS

Patients. Forty-eight patients with chronic hepatitis B were
enrolled in this study (Table 1). The patients had serum levels
of HBV DNA of >5.0 log copies/mL and had elevated alanine
aminotransferase (ALT) levels (reference range, <40 [U/L) for
>6 months prior to the study. To focus the analysis on the
active phase of chronic hepatitis B, we excluded asymptomatic
carriers and patients with immune tolerance by age (<30 years
old), ALT values (<40 IU/L), and HBV DNA levels (<5.0 log
copies/mL). Twenty-four patients were seropositive for HBeAg,
and 24 patients were seropositive for anti-HBeAb. None of the
patients tested positive for antibodies to hepatitis C virus or
had liver disease due to other causes, such as alcohol, drugs,
congestive heart failure, and autoimmune disease. Twenty-four
patients with chronic hepatitis C and 10 healthy subjects were
included as control subjects. Permission for the study was ob-
tained from the Ethics Committee at Tohoku University Grad-
uate School of Medicine (pérmission no. 2006-194]). Written
informed consent was obtained from all the participants en-
rolled in this study. Participants were monitored for 6 months,
and peripheral blood samples were obtained and assessed at 1,
2, 3, and 6 months. At each assessment, patients were evaluated
for serum levels of HBV DNA, HBeAg, and anti-HBe, blood
chemistry, and hematology. Levels of HBsAg, anti-HBs, total
and immunoglobulin anti-HBc, HBeAg, anti-HBe, and anti—
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hepatitis C virus were determined by means of commercial
enzyme immunoassay kits (Abbott Laboratories). Serum levels
of HBV DNA were measured by means of an Amplicor poly-
merase chain reaction (PCR) assay (lower limit of detection,
2.6 log copies/mL; Roche). High titers of HBV DNA were mea-
sured by means of a transcription-mediated amplification-hy-
bridization protection assay (TMA; lower limit of detection,
3.7 log genome equivalents per milliliter). Data were adjusted
by means of the following formula: Amplicor value = 0.83 X
(TMA value) + 0.67.

Reagents. The following antibodies were used: CD3-allo-
phycocyanin (APC), CD4-peridinin chlorophyll protein com-
plex (PerCP), CD25—fluorescein isothiocyanate (FITC), CD25-
phycoerythrin (PE), CD127-PE, Alexa Fluor 488 mouse anti—
human CD282 (TLR2), CD284 (Toll-like receptor 4 [TLR4}),
and isotype-matched control antibodies purchased from BD
Bioscience. Recombinant HBcAg was obtained from Biodesign
International. Recombinant HSP60 (rHSP60) was purchased
from Stressgen.

Quantification of sHSP60 and soluble heat shock protein
70 (sHSP70) levels. Levels of HSP60 and heat shock protein
70 (HSP70) were quantified by use of HSP60 and HSP70 en-
zyme-linked immunosorbent assay (ELISA) kits (Stressgen).
The serum samples from patients and supernatants from cell
cultures were collected at sampling points and stocked at
—20°C. The ELISA procedure was performed according to the
manufacturer’s protocol. First, 100-uL prepared samples were
" added to wells of anti-HSP60-coated plates. Then the reaction
of the anti-HSP60 and horseradish peroxidase conjugate was
performed after incubation and washing. Absorbance was mea-
sured at 450 nm. The HSP60 sample concentration was cal-
culated by use of a standard curve.

Isolation of peripheral blood mononuclear cells (PBMCs)
and T, cells. PBMCs were isolated from fresh heparinized
blood by means of Ficoll-Hypaque density gradient centrifu-
gation. T cells were isolated By use of a Dynabeads regulatory
CD4°CD25" T cell kit (Invitrogen). T, cells were isolated ac-
cording to the manufacturer’s protocol. In brief, CD4" cells
were isolated from PBMCs by means of negative selection. The
remaining cells included the PBMCs depleted of CD4" cells.
Then the CD4"CD25" cells were selected positively by use of
CD25" antibody combined with beads. Finally, the beads were
detached by means of Detachabead (Invitrogen), because the
function of T, cells might be modified by anti-CD25 antibody.

Coculture of vy-irradiated HBcAg-presenting antigen-pre-
senting cells (APCs) and T, cells. During the isolation of
T, cells, PBMCs depleted of CD4" cells could be obtained for
use as APCs. PBMCs depleted of CD4" cells were stimulated
at 1 X 10° cells/mL in Roswell Park Memorial Institute 1640
medium containing 10% fetal bovine serum with HBcAg (10
pg/mL) for 12 h at 37°C. Then these y-irradiated cells were

coincubated with I X 107 isolated T,., cells that were untreated
pretreated with TLR2 and TLR4 neutralizing antibody and
rHSP60 (1 ng/mL) (Figures 1A and 2).

IL-10 secretion assay. Isolated T, cells were stimulated
with HBcAg-presenting autologous vy-irradiated APCs for 12 h
at 37°C. IL-10-secreting cells were stained by adding 10 uL of
IL-10-detection antibody (PE-conjugated) together with anti-
CD4-PerCP, anti-CD25-FITC, and anti-CD3-APC.

Flow cytometry. PBMCs were stained with CD3-APC,
CD4-PerCP, CD25-FITC, and CD127-PE antibodies for 15 min
on ice to analyze the frequency of CD4*CD25"IL7R™ cells. CD4-
PerCP, CD25-PE, and Alexa Fluor 488 mouse anti~human
CD282 (TLR2) or CD284 (TLR4) were used for the analysis
of TLR2 and TLR4 expression on CD4*CD25" cells. Isotype-
matched control antibodies were used for adjustment of the
fluorescence intensity.

Construction of plasmids.
structed as described elsewhere, with minor modifications [29].
In brief, a serum sample from one of the consecutive patients
with fulminant hepatitis B (fulminant hepatitis clone 2), whose
serum level of HBV DNA was the highest of the 5 patients,
was used to extract total DNA (QlAamp DNA blood mini kit;
Qiagen), which was subjected to nested PCR for 2 overlapping
fragments; the amplified fragments were nucleotides 1051—
3215/1-327 (2492 nucleotides; fragment A) and nucleotides
180-1953 (1774 nucleotides; fragment B). Then the vectors
were digésted with Xbal, and the Xbal-Xbal site of fragment
A-pUC118 was ligated to the Xbal-Xbal site of fragment B-
pUCL118. Finally, a plasmid containing a 1.3-fold HBV genome
(nucleotides 1051-3215/1-1953) was constructed and named
pBFH2. "

Cell culture and transfection.
cells were incubated in Dulbecco modified Eagle medium sup-
plemented with 10% bovine serum at 37°C and 5% carbon
dioxide. For the assay of HBV replication, 6-well plates were
seeded with 5 X 10° HepG2 or Huh7 cells each. On the next
day, 1.5 pg of plasmid DNA were transfected to these cells by
use of TransIT LT-1 transfection reagent (Mirus), and the cul-
ture supernatant and cells were collected 3 d later. The trans-
fection efficiency was evaluated with a Great EscAPe secreted
alkaline phosphatase reporter system 3 (Clontech), in which
10 ng/mL of a reporter plasmid expressing secreted alkaline
phosphatase was cotransfected. Experiments were performed

The HBV plasmids was con-

Human hepatoma HepG2

at least in triplicate.

Quantification of extracellular HBV DNA, HBsAg, and
HBeAg levels. To digest the input plasmid DNA in the culture
supernatant, 5 uL of the supernatant was treated with 5 U of
DNase I (TaKaRa Bio) at 37°C for 1 h, and the reaction was
stopped with edetic acid. Then total DNA was extracted with
a QlAamp DNA blood mini kit, and 10 uL of 200-uL. DNA
solution was subjected to real-time PCR by use of a LightCycler
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Figure 1. Effects of heat shock protein 60 (HSP60) on HBcAg-specific interleukin 10 {IL-10}-secreting regulatory T (T, ) cells. A, Flow chart of the
methods. B, Representative dot plots of IL-10-secreting cells in the CD4*CD25* cells. The mixed cells (antigen-presenting cells [APCs; CD4~] and
isolated CD4*CD25* cells) were stained with anti-CD4—peridinin chlorophyll protein complex (PerCP), anti-CD25—fluorescein isothiocyanate (FITC), and
anti-IL-10-phycoerythrin {PE). The numbers in each top right quadrant indicate the frequencies of CD25' IL-10-secreting celis among the CD4* cells.
The numbers in each bottom right quadrant indicate the frequencies of CD4*CD25*IL-10~ cells among the CD4* cells. The numbers in each box in the
top right quadrant indicate the frequencies of CD25* IL-10-secreting cells among the CD4 cells. C, Representative results for a sample from 1 patient
with chronic hepatitis B (samples were obtained from 3 patients with chronic hepatitis B; this experiment was repeated 3 times). Bars indicate the
percentage of IL-10-secreting cells among the CD4* cells with various kinds of pretreatment. D, Percentage of high—IL-10-secreting cells among the
CD4* cells. Error bars indicate the standard deviation of 3 independent experiments with a sample from 1 patient with chronic hepatitis B. Three
independent experiments yielded similar results to those shown in panels € and D. *P<.05.

IL10-High secreting Tregs (%)



This figure is available in its entirety in the online
version of the Journal of Infectious Diseases.

Figure 2. Effect of recombinant heat shock protein 60 (rHSP60) on the
interfeukin 10 (IL-10}-secreting activity of C04'CD25' cells.

system (Roche). ELISA kits were used to assay HBsAg (Hope
Laboratories) and HBeAg (BioChain Institute) in 50 uL of the
culture supernatant.

Sequence analysis of HBY DNA. The presence of HBV
DNA in the serum samples was determined by means of PCR,
as described elsewhere [30]. Nucleic acids were extracted from
100 mL of serum and subjected to nested PCR for the S gene.
The amplification product of the first-round PCR was 461 bp,
and that of the second-round PCR was 437 bp. The amplifi-
cation products were sequenced directly on both strands by use
of the BigDye Terminator Cycle Sequencing Ready reaction kit
on an ABI Prism 3100 genetic analyzer (Applied Biosystems).

Carboxyfluorescein succinimidyl ester (CFSE) staining and
suppression assay. The suppressive activity of regulatory T
cells was analyzed by use of a CellTrace CFSE cell proliferation
kit (Molecular Probes). Staining methods were followed ac-
cording to the manufacturer’s protocol. Briefly, the collected
CD4*CD25" cells were washed and resuspended in prewarmed
phosphate-buffered saline with 0.1% bovine serum albumin at
a final concentration of 3 X 10° cells/mL. CFSE solution (5 yum)
was added and incubated at 37°C for 10 min. Stained cells were
washed 3 times and incubated with unstained CD4*CD25" T,
cells and CD3CD28-coated stimulation beads (T cell expander)
for an additional 3 d. The cells were analyzed by means flow
cytometry with 488-nm excitation and emission filters.

Statistics. The data in Figures 3, 4, 1C, 1D, and 5 were
analyzed by use of the independent ¢ test. Statistical correlation
analysis of the data in Figure 6 was performed by use of the
Kendall 7, test. The data in Figure 7 were analyzed by use of
the Wilcoxon rank sum test. All of the statistical analyses were
performed with SPSS software (version 10.0; SPSS). Results for
which P<.05 were considered to be statistically significant.

RESULTS

Levels of sHSP60 and sHSP70 in samples from HBeAg-positive
patients with chronic hepatitis B, HBeAg-negative patients
with chronic hepatitis B, and control patients with chronic
hepatitis C. The patients’ characteristics, including age, sex,
and ALT level, were matched among the different patient groups
because the levels of sHSP60 and sHSP70 might be influenced
by these factors (Table 1). The mean (+ standard deviation
[SD]) serum level of sHSP60 was 5.77 + 1.19 ng/mL in HBeAg-
positive patients with chronic hepatitis B, 4.12 = 1.37 ng/mL
in HBeAg-negative patients with chronic hepatitis B, 2.11 +

0.96 ng/mL in patients/ with chronic hepatitis C, and 0.54 =
0.46 ng/mL in healthy subjects. The levels of sSHSP60 in patients
with chronic hepatitis B (HBeAg-positive and HBeAg-negative)
were statistically significantly higher than those in patients with
chronic hepatitis C (Figure 3). On the other hand, the mean
(£ SD) serum level of sHSP70 was 7.89 = 3.51 ng/mL in
HBeAg-positive patients with chronic hepatitis B, 7.73 = 3.71
ng/mL in HBeAg-negative patients with chronic hepatitis B,
8.09 & 3.64 ng/mL in patients with chronic hepatitis C, and
3.54 + 046 ng/mL in healthy subjects. There were no statis-
tically significant differences in the level of sHSP70 between
the chronic hepatitis B and chronic hepatitis C patient groups
(Figure 3). Then we examined the correlations between the
HSP60, HSP70, and HBV DNA or ALT levels. The levels of
sHSP60 were correlated with the HBV DNA levels (r =
0.532; P<.001) but not with the ALT levels (r = 0.101; P =
.315) (Figures 6A and 6B). On the other hand, the levels of
sHSP70 were correlated with the ALT levels (r = 0.520; P<
.001) but not with the HBV DNA levels (r = 0.076; P< .449)
(Figure 6C and 6D).

HBYV replication could directly induce sHSP60 production
in vitro. Two kinds of plasmids carrying a 1.3-fold HBV ge-
nome that could replicate in HepG2 cells were used to analyze
whether HBV replication could affect the production of sHSP60
in culture medium. The transfection efficiency was almost the
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Figure 3. Quantification of serum levels of heat shock protein 60
(HSP60) and heat shock protein 70 (HSP70} in HBeAg-positive patients
with chronic hepatitis B (CH-B), HBeAb-positive patients with CH-B, and
patients with chronic hepatitis C (CH-C). Serum levels of HSP60 and
HSP70 were quantified by means of enzyme-linked immunaosorbent assay.
The bar represents the means of the levels of HSP60 and HSP70. Dotted
lines indicate the mean value plus 2 times the standard deviation (SD}
of the levels of healthy subjects.
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Figure 4. Direct effect of hepatitis B virus (HBV} on the production of heat shock protein 60 (HSP60) and heat shock protein 70 (HSP70). Two kinds
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Figure 5. Suppression assay of regulatory T (T,,,) cells. The suppressive
activity of T, cells was analyzed by means of coincubation of unstained
isolated T, cells and autologous CD4'CD25™ cells with carboxyfluorescein
succinimidyl ester {CFSE) staining. A, Representative histogram of CFSE-
stained CD4'CD25~ effector cells and unstained CD4'CD25* T, cells. B,
Various levels of cell division in CD4*CD25 effector cells observed 3 d
after coincubation with CD3CD28-coated beads. £, Mean fluorescence
intensity (MFl) of CFSE staining of CD4*CD25 cells before treatment, 3
months after the start of entecavir (ETV) treatment, and 6 months after
the start of entecavir treatment. The bars show the MFI of the samples
divided by the MF of the pretreatment samples X100. The error bars
indicate the standard deviations of the data.

same among the different plasmids (data not shown). The mean
(+ SD) HBV DNA levels of pBAH2 and pBFH2 were
1.85 X 10° + 2.08 X 10* and 9.36 X 10" &= 2.77 X 10’ copies/
mL, respectively. The levels of sHSP60 in the supernatant of
the pBAH2- and pBFH2-transfected HepG2 cells were statis-
tically significantly higher than that of the mock-transfected
HepG2 cells (P<.05) (Figure 4A). However, the levels of

sHSP70 in the supernatant of the pBAH2- and pBFH2-trans-
fected HepG2 cells were comparable with that of the mock-
transfected HepG2 cells (Figure 4B). The addition of HBV-
derived antigen in the culture supernatant could not increase
the level of sHSP60 (data not shown). We performed the ex-
periment on the suppression of HBV replication by nucleoside
analogues in vitro. The suppression of HBV replication could
statistically significantly reduce the production of sHSP60 (Fig-
ure 4C). These data indicate that HBV replication could in-
crease the level of sHSP60 in the supernatant of the hepato-
cyte culture.

The effect of HSP60 on the HBcAg-specific IL-10-secreting
T, cells. Previously, we found that HBcAg-specific IL-10-
secreting cells could play an important role in the hyporespon-
siveness of T cells in patients with chronic hepatitis B [9]. The
effects of HSP60 on HBcAg-specific [L-10-secreting T, cells
were analyzed. The appropriate dose of rHSP60 pretreatment
was determined by use of PBMCs from healthy subjects (Figure
2). Pretreatment with rHSP60 could increase the frequency of
HBcAg-specific 1L-10-secreting cells statistically significantly
(P<.01) and enhance the function of IL-10 secretion of
HBcAg-specific T, cells, because the frequencies of high-in-
tensity cells with IL-10 staining in HSP60 pretreatment T, cells
were statistically significantly higher than those of control
groups (Figure 1D). Moreover, these effects were completely
blocked by neutralizing TLR2 antibody but not by TLR4 an-
tibody. These data indicate that HSP60 might enhance the sus-
ceptibility and function of IL-10 secretion of HBcAg-specific
T, cells.

Sequential analysis of clinical samples collected during en-
tecavir therapy. Ten patients were selected for sequential anal-
ysis during entecavir therapy. The titers of HBV DNA and the
ALT level rapidly decreased during entecavir therapy (Fig-
ures 7A and 7B). The serum levels of HSP60 had statistically
significantly decreased at 3 months and at 6 months after the
start of entecavir therapy. The frequency of T, cells and
the expression level of TLR2 during entecavir treatment
were quantified sequentially for up to 6 months during treat-
ment by means of flow cytometry analysis. The frequency of
CD4"CD25" cells decreased, although not statistically signifi-
cantly. On the other hand, the frequency of CD4"CD25'IL7R™
cells (subpopulation of CD4"CD25" cells) had statistically sig-
nificantly decreased at 3 months and at 6 months after the start
of entecavir therapy. The reason for the discrepancy could be
that CD4"CD25" cells included not only T, cells but also ac-
tivated CD4" effector cells. Previously, some research groups
had found that CD4*CD25"FoxP3" cells are almost the same
as CD4*CD25'IL7R™ cells. Therefore, our data indicate that
entecavir therapy could reduce the frequency of T, cells. We
also investigated the frequency of CD4'CD25'FoxP3" cells
during lamivudine therapy (Figure 8). The frequency of
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Figure 8. Frequency of CD4*CD25'FoxP3* cells.

CD4"CD25"FoxP3" cells was also decreased during lamivudine
therapy. Moreover, the expression level of TLR2 on CD4"CD25"
cells gradually declined during entecavir therapy (Figure 7G).

Suppressive activity of T,,, cells. The suppressive activity
of T,,, cells was analyzed by means of coincubation of unstained
isolated T, cells and autologous CD4*CD25~ cells with CFSE
staining. Ex vivo peripheral blood samples from 10 selected
patients were analyzed before treatment, 3 months after the
start of treatment, and 6 months after the start of treatment.
The mean fluorescence intensity of the CFSE staining of the
CD4"'CD25™ cells was statistically significantly decreased at 6
months after the start of treatment (P<.05). These data in-
dicate that the suppressive activity of T, cells was gradually
decreased during entecavir treatment.

DISCUSSION

In this study, we have demonstrated that the levels of sHSP60
in patients with chronic hepatitis B were statistically signifi-
cantly higher than those in patients with chronic hepatitis C.
Moreover, the levels of sSHSP60 were correlated with the HBV
DNA levels but not with the ALT levels. On the other hand,
the levels of sHSP70 were correlated with the ALT levels but
not with the HBV DNA levels. This discrepancy in the cor-
relation might be due to differences in the mechanism of heat
shock protein production or secretion. The release of such heat
shock proteins from cells is triggered by physical trauma and
behavioral stress as well as by exposure to immunological dan-
ger signals [31, 32]. Stress protein release occurs both through
physiological secretion mechanisms and during cell death by
necrosis [33, 34]. HSP60 might be induced by the stress of
HBV replication, because the levels of HSP60 were clearly cor-
related with the HBV DNA levels. On the other hand, HSP70
secretion might also be caused by cell death, because the levels
of sHSP70 were correlated with the ALT levels. However, we
should wait for more detailed studies about the HBV-specific
induction of HSP60 to confirm this correlation. Extracellular
stress proteins of the heat shock protein and glucose-regulated
stress protein families, including HSP60, have powerful effects
on the immune response [35]. Moreover, various kinds of im-
mune cells such as macrophages, dendritic cells, CD4*effector
T cells, and T, cells are affected by heat shock proteins [28,
35]. Most recently, Cohen-Sfady et al [36] reported that HSP60
enhanced the activity of IL-10 secretion from B cells. This effect
could support our findings of the immune-suppressive effect
of HSP60. However, we can not draw conclusions about the

whole effects of immune responses because the various kinds
of immune cells might affect each other by means of cytokines, -
chemokines, stress-related proteins, and direct binding.

In this study, we focused on the effect of HSP60 on T, cell
function by isolating T, cells, because many research groups
had reported that the function and frequency of T, cells might
be related to HBV replication. T, cells play an important role
in the immune-hyporesponsiveness of patients with chronic
hepatitis B. Previously, we demonstrated that the polarization
of CD4* T cells was suppressed when the cells were stimulated
with HBcAg in patients with chronic hepatitis B. T,,, cells are
important cells in the suppression of the T helper 1 cell response
by HBcAg, as demonstrated by the increased population of IL-
10-secreting CD4"CD25" cells. This indicates the presence of
an inducible T, cell population, which is specific for HBcAg
and produces IL-10, as well as a natural T, cell population in
patients with chronic hepatitis B. Pretreatment with rHSP60
increased the frequency of HBcAg-specific IL-10-secreting
CD4'CD25" cells and enhanced the IL-10-secreting activity.
These results indicate that pretreatment with rHSP60 might
enhance the susceptibility of the HBcAg response and the func-
tion of IL-10 production by T,, cells. These data might not
imply that there was an expansion of HBcAg-specific T, cells
as a result of the rHSP60 pretreatment, because the incubation
phase was for only 16 h (4 h of pretreatment with rHSP60 plus
12 h of coincubation with HBcAg-presenting APCs). However,
there is a possibility that continuous exposure to sSHSP60 might

induce an expansion of T,,, cells by enhancing the sensitivity

reg
of the expansion signal.

In this study, we found that the effect of HSP60 could be
blocked by TLR2 neutralizing antibody but not by TLR4 neu-
tralizing antibody. These data indicate that the effect of HSP60
could depend on TLR2. During entecavir therapy, not only the
frequency of T, cells but also the serum levels of HSP60 and
surface expression of TLR2 on T, cells gradually decreased.
Therefore, we performed the suppression assay to detect the
activity of T, cells by use of ex vivo isolated T, cells. The
results of this suppression assay indicate that the reduction of
the HBV DNA level could suppress the excessive activity of T,
cells. In our previous study, the frequency and the function of
HBV-specific cytotoxic T lymphocytes were partiaily recovered
after therapy with nucleoside or nucleotide analogues [11]. The
results clearly indicate that this restoration might be due to not
only the reduction of HBV antigens but also the reduction of
the frequency and function of T, cells.

On the basis of genomic analysis, 8 genotypes (A-H) of HBV
have been defined, among which genotypes A, B, and especially
C are prevalent in Japan [37-40]. Previous studies suggested
that the clinical outcome of chronic hepatitis B was more severe
in patierits infected with genotype C, compared with those
infected with genotype B (38, 39]. In this study, most of the
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samples had HBV genotype C because of the high frequency
of HBV genotype C infection in Japan. However, the expression
levels of HSP60 were different among samples with the various
genotypes in preliminary in vitro studies (data not shown). In
addition, the expression patterns of chemokines in HBV-rep-
licating Huh7 cells are apparently different among the various
genotypes (Y. Kondo et al, unpublished data, May 2009). How-
ever, during entecavir treatment, the level of sHSP60 produc-
tion in patients with genotype Bj HBV infection was quite
similar to that in patients with genotype C HBV infection. We
could not determine the relevance of the HBV genotypes and
sHSP60 production levels because of the small numbers of
genotype Bj-infected patients in this study.

In conclusion, we found that HSP60 was produced by HBV-
replicating hepatocytes and determined the relevance of sHSP60
to T, cells functions, especially for IL-10-secreting activity. The
understanding of the immunopathogensis of chronic hepatitis
B could contribute to the development of novel kinds of im-
mune therapy. Combination therapy with nucleoside or nu-
cleotide analogues should be a reasonable method, because the
suppression of HBV replication could reduce the excessive im-
mune tolerance induced by T, cells.
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Possible involvement and the mechanisms of excess trans-fatty
acid consumption in severe NAFLD in mice
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Background & Aims: Excessive trans-fatty acids (TFA) consump-
tion has been thought to be a risk factor mainly for coronary
artery diseases while less attention has been paid to liver disease.
We aimed to clarify the impact of TFA-rich oil consumption on
the hepatic pathophysiology compared to natural oil.

Methods: Mice were fed either a low-fat (LF) or high-fat (HF) diet
made of either natural oil as control (LF-C or HF-C) or partiaily
hydrogenated oil, TFA-rich oil (LF-T or HF-T) for 24 weeks. We
evaluated the liver and body weight, serological features, liver
lipid content and composition, liver histology and hepatic lipid
metabolism-related gene expression profile. In addition, primary
cultures of mice Kupffer cells (KCs) were evaluated for cytokine
secretion and phagocytotic ability after incubation in cis- or
trans-fatty acid-containing medium.

Results: The HF-T-fed mice showed significant increases of the
liver and body weights, plasma alanine-aminotransferase, free
fatty acid and hepatic triglyceride content compared to the HF-
C group, whereas the LF-T group did not differ from the LF-C
group. HF-T-fed mice developed severe steatosis, along with
increased lipogenic gene expression and hepatic TFA accumula-
tion. KCs showed increased tumor necrosis factor secretion and
attenuated phagocytotic ability in the TFA-containing medium
compared to its cis-isomer.

Keywords: trans-Fatty acid; NASH; NAFLD; Metabolic syndrome; Kupffer cell.
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Abbreviations: NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic st-
eatohepatitis; FFA, free fatty acid; LPS, lipopolysaccharide; TFA, trans-fatty acid;
ALT, alanine-aminotransferase; LF(-C or -T), low-fat (control or TFA-rich) diet;
HF(-C or -T), high-fat (control or TFA-rich) diet; KCs, Kupffer cells (KCs); AST,
aspartate-aminotransferase; TG, triglyceride; ELISA, Enzyme-Linked ImmunoSor-
bent Assay; HDL, high density lipoprotein; (V)LDL, (very) low density lipoprotein;
NAS, NAFLD activity score; TBARS, thiobarbituric acid reactive substances; TNFa,
tumor necrosis factor o; IL-6, interleukin-6; SD, standard deviation; iNOS, indu-
cible nitric oxide synthase; TGF-B, transforming growth factor-g; SREBP-1, sterol
regulatory element-binding protein-1; FAS, fatty acid synthase; ACC, acetyl CoA
carboxylase; PPAR, peroxisome proliferator activated receptor; PGC-18, PPARY
coactivator-1p; PUFA, polyunsaturated fatty acid; MUFA, monounsaturated fatty
acid; SFA, saturated fatty acid.

Conclusions: Excessive consumption of the TFA-rich oil up-regu-
lated the lipogenic gene expression along with marked hepatic
lipid accumulation. TFA might be pathogenic through causing
severe steatosis and modulating the function of KCs. The quantity
and composition of dietary lipids could be responsible for the
pathogenesis of non-alcoholic steatohepatitis.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

In concordance with the prevalence of obesity, the incidence of
non-alcoholic fatty liver disease (NAFLD) has increased and is
nowadays recognized as the most common liver disease [2]. It
is known that a part of NAFLD can progress to non-alcoholic steato-
hepatitis (NASH), liver fibrosis, cirrhosis and hepatocellular
carcinoma [9]. Nevertheless, the mechanisms of NAFLD-to-NASH
transition remain to be clarified; NAFLD appears to originate from
the dysregulation of hepatic lipid metabolism as a part of the
metabolic syndrome accompanied by visceral obesity, dyslipide-
mia, atherosclerosis, and insulin resistance [25]. According to the
hypothetical theory named the 2-hit theory [5}, the secondary hit
to NAFLD that can be due to free fatty acid (FFA)s, oxidative
stress, lipopolysaccharide (LPS) and inflammatory cytokines,
causes NASH as a consequence.

In terms of the “first hit", the lipid accumulation in the liver is
induced by high-fat diets [6,23] that include various lipid species.
Such dietary lipid species uniquely affect the obesity phenotype,
liver histology and gene expression pattern in the rat liver {3]. In
this context, lipid species could play a potential role in the path-
ogenesis of NAFLD and/or NASH.

trans-Fatty acid (TFA) is produced through the industrial hard-
ening of the vegetable oils to make the products more stable and
robust, and thus easier to handle or store. Excess consumption of
TFA is known as a risk factor for coronary artery diseases, insulin
resistance and obesity accompanied by systemic inflammation,
the features of metabolic syndrome [20,29]. Nevertheless, little
is known about the effects on the liver induced by lipids.
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Fast-foods, containing large amount of TFA in the form of mar-
garine, spreads or frying oils, cause body-weight gain and abnor-
mal serum alanine-aminotransferase (ALT) elevations in healthy
subjects [15]. In addition, TFA-rich chow leads to hepatic steato-
sis [30], ALT elevations and insulin resistance in mice {17];
although the mechanisms have not been completely clarified.
Therefore, we aimed to investigate the impact of the dietary lipid
species and their quantities on the pathogenicity of hepatic
inflammation and steatosis in mice. Comparing in particular nat-
ural oil and industrially produced partially hydrogenated TFA-
rich oil of the same origin.

Materials and methods
Animal treatment

All the animal experiments were conducted under the approval of the Institu-
tional Animal Care and Use Committees of Tohoku University. Female C57BL/
6Njcl mice (8-10 weeks) were randomly assigned to four groups (n = 6 per group)
and fed the designated chows (ORIENTAL YEAST Co. Ltd., Tokyo, Japan) ad libitum
for 24 weeks, respectively. Low-fat diet (LF) and high-fat diet (HF) were made of
either natural canola oil as contro} oil (LF-C and HF-C) or industry produced par-
tially hydrogenated canola oil as TFA-rich oil (28.5% TFA/total fat, LF-T and HF-T),
respectively (Table 1). After 12 h of fasting, the mice were sacrificed under dieth-
ylether anesthesia and the livers were removed and weighed. The divided livers
were either stored at —80 °C for lipid, protein and gene expression analysis, or
fixed in 4% paraformaldehyde and embedded in paraffin for histological evalua-
tion. Standard chow-fed female C57BL/6Njcl mice (6-10 weeks) were used as a
source of primary Kupffer cells (KCs).

Chemistry

Plasma aspartate-aminotransferase (AST), ALT, triglyceride (TG) and total cho-
lesterof were measured with FUJI DRI-CHEM 7000 (FUJIFILM, Tokyo, Japan) at
Biomedical Research Core of Tohoku University Graduate School of Medicine.
Plasma adiponectin (AdipoGen, Seoul, Korea) and leptin (RayBio, GA, USA) were
measured by Enzyme-Linked ImmunoSorbent Assay (ELISA). Plasma FFA, high
density lipoprotein (HDL)-cholesterol and (very) low density lipoprotein
((V)LDL)-cholesterol were measured by enzymatic assay kits (BioVision, CA,
USA).

Histology and immunohistochemistry

The thin-sliced specimens were stained with hematoxylin and eosin to eval-
uate steatosis and inflammation or Sirius red to evaluate fibrosis of the liver.
The histology was scored by the NAFLD activity score (NAS) [16]. KCs were
stained with anti-F4/80 monoclonal antibody (Abcam, Cambridge, UK) and
neutrophils were detected by myeroperoxidase immunostaining {(Abcam).
Apoptosis was evaluated by TUNEL method using an ApopTag kit (Chemicon,
CA, USA).

Table 1. Diet compositions.

Low-fat diet High-fat diet
Control oil TEA-rich oil Contro! TEA-rich
(LF-C) (LF-T) (HF-C) (HF-T)
kcal% kcal% keal% keal%
Diet compositions
Protein 138 138 ~ 1838 188
Carbohydrate 744 744 17.6 17.6
Over all fat -~ 1.8 118 636 ' 636
Fat composition (g/100 g)
Saturated . . " 78 217 - 7.8 217
(cis-)Monounsaturated 62.5 453 62.5 453
Polyunsaturated 29.7 45 29.7 45
trans- (%) 285 285

Immunoblot analysis and real-time RT-PCR

Liver protein extracts were evaluated by immunoblot analysis with the following
primary antibodies: phosphor-AKT (Thr308 and Ser473), total AKT (Cell Signaling
Technology, Danvers, MA) and $-actin (Sigma, MO, USA). RNA extracted from the
livers was subjected to real-time RT-PCR analysis using the specifically designed
primer sets purchased form TAKARA BIO Perfect Real Time Support System
(TAKARA BIO INC., Tokyo, Japan) and One Step SYBR Prime Script RT-PCR Kit [I
(TAKARA BIO INC.), and only PGC-18 was analyzed using the specifically designed
TagMan primer set and 1-step kit (Applied Biosystems, CA, USA). All results were
normalized by GAPDH as the internal control.

Lipidomic analysis of the liver

Hepatic TG and FFA content were measured by enzymatic assay kit (BioVision)
and were normalized by the liver weight. Hepatic lipid peroxide was evaluated
by measuring TBARS (thiobarbituric acid reactive substances, Cayman Chemical
Company, USA) in the liver and was normalized by the protein level {18}. Total
lipids from the liver were extracted by Folch’s procedure [10]. The lipids were
methylated and evaluated by gas chromatography as previously reported {31].

Isolation and culture of primary Kupffer cells

KCs were isolated as reported previously [28}. Briefly, the mice livers were
digested by two-step collagenase perfusion. The minced livers were subjected
to the gradient centrifugation of Percoll (Sigma) and succeeding counterflow cen-
trifugal elutriation. The viabilities of the obtained cells evaluated by trypan blue
staining were more than 85%, and the purity was more than 90% determined by
the population of CD11b positive cells counted by FACS Calibur (Becton Dickin-
son, Tokyo, Japan). KCs were suspended in RPMI1640 medium with 10% fetal
bovine serum and antibiotics (100 U/ml penicillin G, 100 pg/ml streptomycin sul-
fate) and incubated overnight at 37 °C in 5% CO, incubator for the succeeding
examinations.

Fatty acid treatment

Fatty acids (Larodan Fine Chemicals, Malmo, Sweden) were dissolved in
RPMI1640 medium with 1% fatty acid-free bovine serum albumin (Calbiochem,
Darmstadt, Germany) and adjusted to a final concentration of 200 uM with 1%
bovine serum albumin, 1% ITS-A supplement (GIBCO, CA, USA) and antibiotics
same as above. After overnight incubation, KCs were washed and the medium
was changed to fatty acid-containing medium or fatty acid-free medium as the
control, and incubated for another 24 h.

Cytokine production by KCs stimulated with lipopolysaccharide

After 24 h incubation, KCs were stimulated by LPS (100 ng/ml, SIGMA) com-
bined with LPS-binding protein (200 pg/ml, ALEXIS BIOCHEMICALS, Lausanne,
Switzerland) for 6 h, and the cell viability was determined by MTS assay (3-
(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl )-2H-
tetrazolium, inner salt and phenazine ethosulfate, Promega, Tokyo, Japan). The
supernatants were subjected to ELISA (Thermo Fisher Scientific Inc., IL, USA)
for the evaluation of the tumor necrosis factor-alfa (TNFa) and interleukin-6
(IL-6) production.

Phagocytotic ability of KCs

After 24 h incubation, KCs were incubated at 37 °C for 1 h with 1 pum latex beads
(75 ng/ml, SIGMA) or at 4 °C in the fatty acid-free medium as control. After incu-
bation, the cells were washed 3 times, detached with trypsin/EDTA and analyzed
by FACS calibur {1]. ’

Statistical analysis

The results are shown as the mean * standard deviation (SD), and were analyzed
by SPSS software (SPSS INC,, Tokyo, Japan).

The differences between the groups were tested by ANOVA, followed by
Tukey post hoc test. A p values less than 0.05 were considered statistically
significant.

2 Journal of Hepatology 2010 vol. xxx | XXX-Xxxx




Results

Physiological and biochemical characteristics

Body weight was similar between LF-fed mice, increased in HF-
fed mice compared to LF-fed mice, and strikingly HF-T-fed mice
weighed 1.3-fold more than HF-C-fed mice (Table 2). Liver weight
was significantly increased in only HF-T-fed mice by approxi-
mately 2-fold compared to the other groups. The liver-body
weight ratio was significantly increased by 1.2- and 1.6-fold in
LF-T-fed and HF-T-fed mice, respectively, compared to the corre-
sponding control groups with the same dietary composition, and
decreased by approximately 20% in the HF-C-fed mice compared
to the LF-C-fed mice.

Plasma AST, ALT, TG, FFA'and leptin were similar between the
LF groups irrespective of the dietary lipid source, but in the LF-T
group, total cholesterol, HDL-cholesterol, (V)LDL-cholesterol and
adiponectin were significantly decreased compared to the LF-C
group (Table 2). In contrast, some serum markers were elevated
in the HF-T group compared to the HF-C group, particularly
AST, ALT, TG, total cholesterol, (V)LDL-cholesterol, FFA and leptin
were significantly increased. As for the control oil-fed mice, total
cholesterol, HDL-cholesterol, (V)LDL-cholesterol and adiponectin
were lower, whereas plasma leptin was higher in HF-C-fed than
in LF-C-fed mice. Between TFA-rich oil-fed mice, all serum
markers except adiponectin were also significantly higher in
HF-T-fed than in LF-T-fed mice.

Liver histology

There were few lipid droplets in LF-C-fed mice liver. Mild micro-
vesicular and macrovesicular steatosis was present around zone
1 in LF-T-fed mice livers and abundant large lipid droplets around
zones 1 and 2 in HF-C-fed mice livers. Inflammation and balloon-
ing degeneration were minimal in these groups (Fig. 1A). How-
ever, the HF-T-fed mice livers were characterized by foamy,
prominent microvesicular steatosis throughout the lobe and
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some macrovesicular lipid droplets in zones 1 and 2. Most of
the hepatocytes were expanded with marked small lipid droplets
that surrounded the nuclei, and the severely expanded hepato-
cytes presented the phenotype of ballooning degeneration
-(Fig. 1A); moreover, some of the fatty hepatocytes were sur-
rounded by infiltrated neutrophils confirmed by immunostaining
for myeloperoxidase, forming lipogranuloma (Fig. 1B) accompa-
nied by ballooning hepatocytes (Fig. 1C). The number of neutro-
phils was increased in HF-T-fed mice livers (Fig. 1D). However,
when evaluated by NAS, the HF-T group did not show significant
differences (Table 2).

To investigate the involvement of KCs in the pathological dif-
ference between the HF-C group and HF-T group, we performed
immunohistochemical staining for F4/80, a macrophage-
restricted surface glycoprotein. F4/80-positive cells were more
prevalent in the HF-T group (Fig. 1E). Although fibrosis was not
identified visually by Sirius red staining in any of the groups
(not shown), collagen typel, a1 mRNA expression in the liver,
as an early fibrosis marker, increased only in HF-T-fed mice by
3.6-fold compared to LF-C-fed mice (Fig. 1F). TUNEL assay did
not reveal conspicuous apoptotic hepatocytes in each group,
however some non-parenchymal cells were TUNEL positive (Sup-
plementary Fig. 1).

Lipid and lipid peroxide content and fatty acid composition of liver

The hepatic total lipid (Fig. 2A), TG (Fig. 2B), FFA (Fig. 2C) and
lipid peroxide contents (Fig. 2D) did not differ between the
LF-C and LF-T groups. On the other hand, reflecting the marked
liver weight gain and histological steatotic changes, hepatic
total lipid, TG and lipid peroxide content were significantly
increased in the HF-T group compared to the HF-C group, while
FFA content did not differ. All of these markers had a tendency
to be elevated in the HF groups compared to the LF groups and
when compared between the corresponding dietary oil-fed
groups, although the TG increase in HF-C-fed mice was not sta-
tistically significant.

Table 2. influence of trans-fatty acid-rich oil intake for the physiological and biochemical characteristics.

Low-fat diet High-fat diet
Control oil (LF-C) TFA-rich oil (LF-T) Control oil (HF-C) TFA-rich oil (HF-T)
Body weight (g).- 244121 231+£13 31.8+3.6° 409+7.0%
Liver weight (g) 1.08+0.16 1.22 +0.08 1.11+0.11 2.40+1.01°%
Liver-body weight ratio (¥). . 45+04 - 54+02° 35%£0.3 56+167 -
Plasma characteristics
Aspartate-aminotransferase (IU/L) © 952124 82.5+20.8 136.8£47.0 2622£7207%
Alanine-aminotransferase (1U/L) 48.8+15.0 370473 50.4+10.9 2440+ 1057
Triglyceride (mg/dl) - 603+19.2. 51.0£12.8 62.4+14.8 124.8 +450""
Total cholesterol (mg/dl) 77.0+89 475+6.1° 552+5.0 87.8+10.17
HDL-cholesterol (mg/dl) " : 51683 . 0 ©.262+39" 333+72¢ 38:6+ 5.0
(V)LDL~cholesterol (mg/dl) 16.8%2.1 12015 119+ 1.0° 174177
Free fatty acids (nmolfml) - 1.77+0.38 143 £031 1.99+0.58 3.64+0.42"%
Adiponectin (pg/ml) 255+14 18214 200+ 1.5° 20014
Leptin (ngfL) . : 5607 0 53+0.6 13.8£2.0° 237237
Total: HDL-cholesterol ratio 1.54+0.06 233205 1.71+£037 2.25+0.87°
NAFLD activity: score LE g : s
Steatosis 0.33+£0.52 0.17 £0.41 1.67 £0.82° 1.17 £ 0417
Inflammation: - 0.33+052 0.33+0.52 083+0.75 1.00: 063
Ballooning 0.00 +0.00 1.00+063" 1.00 £ 0.00° 1.67 £0.82°
All values are means + SD (n = 6 per each group).
" Significantly different from the corresponding contro! group with the same dietary composition; p <0.05.
* Significantly different from the low-fat diet with the same dietary lipid as a source; p < 0.05.
" Significantly different from low-fat control diet group; p < 0.05.
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Fig. 1. Distinct steatotic features of the liver. (A) Representative liver histology stained with H&E. Remarkably expanded hepatocytes with extensive small lipid droplets
make a feature of ballooning degeneration (arrows). Neutrophils confirmed by myeloperoxidase staining were (B) forming lipogranulomas and (C) surrounding the
ballooning degenerated hepatocytes. (D) The number of neutrophils is increased in HF-T-fed mice liver. (E) KCs were detected by anti-F4/80 immunohistochemical staining
(arrow heads). (F) Quantitative RT-PCR revealed elevation of collagen type 1, a1 mRNA expression in liver of HF-T-fed mice. P, portal tract; C, central vein. *p < 0.05.

We evaluated the lipid composition of the liver to examine the
pathological condition in the model. Compared to the LF-C group,
the sum of total polyunsaturated fatty acid (PUFA), n-6 PUFA and
n-3 PUFA was decreased in the LF-T group, but did not differ sig-
nificantly in the other groups (Fig. 2E.). In the HF-C group, the
sum of saturated fatty acid (SFA) and monounsaturated fatty acid
(MUFA) was decreased, and total PUFA, n-6 PUFA and n-3 PUFA
were increased compared to the LF-C group. However, in the
HF-T group, total PUFA and n-6 PUFA decreased significantly
compared to the LF-C group, and their proportions were similar
to those of the LF-T group. The potentially beneficial lipid n-3

PUFA that is thought to prevent insulin resistance and hepatic
steatosis [11], was increased even in the HF-T group compared
to the LF-T group, the level of which was similar to that of the
LF-C group.

The content of individual fatty acids in the liver coordinated
nearly synergistically with the sum of the content of the fatty
acids in the same unsaturation grade (Fig. 2E and Table 3). The
unique accumulation of elaidic acid (18:1(9-trans)), chief compo-
nent of dietary TFA, was noteworthy in the LF-T and HF-T groups.
The content of arachidonic acid (20:4n-6) alone decreased to 70%
only in the HF-T group, which was similar to the LE-T group in
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