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Table 6 (continued)
Normal ALT Elevated ALT Univariate P value Multivariate test
n =891 n =239 test OR® 95% CI P value
n % n % Upper Lower

High (>18) (o)) 6 2.5)
HOMA-IR

0-1.9 731 (82.0) 130 (54.9) M <.001 1.00

2.0-3.9 148 (16.6) 94 (39.3) 2.44 1.68 3.55 <.001

=4 12 (1.3) 15 (6.3) 4.93 2.14 11.33 <.001
Blood pressure

Normal 336 (377 67 (28.0) C 006

Hypertension 555 (62.3) 172 (72.0)
Smoking habit

Never 821 92.1) 221 (92.5) C 494

Current 44 4.9) 14 (5.9)

Former 26 2.9 4 1.7)
Drinking habit

Never or former 760 (85.3) 210 (87.9) C 312

Current 131 (14.7) 29 (12.1)
Current medication”

No 879 (98.7) 237 (99.2) F 746

Yes 12 (L.3) 2 (0.8)

2 Multiple logistic regression analysis. Age group and the variables with P less than .1 on univariate analysis were included in the model.
b Current medication for hypertension, lipid metabolism abnormality, and diabetes was excluded.

of 957 men, and 188 (16.6%) of 1130 women. The ALT
levels in these subjects were 29.2 £ 17.9 U/L in-men and
24.1 + 13.4 U/L in women; and thus, the mean levels were
close to the cutoff values determined in this study. These
values were significantly higher than those for subjects
who had 0 or 1 metabolic risk factor for both men and women
(P <.001) (Table 4).

3.6. Factors associated with elevated ALT levels

Factors associated with elevated ALT higher than the
upper limits were investigated in 2087 subjects who were
negative for anti-HCV antibody and serum hepatitis B
surface antigen. The results for 957 men and 1130 women
are shown in Tables 5 and 6, respectively. In men; 10 factors
with. a significant association with elevated ALT were
identified in’ univariate analysis: age group, high y-GTP,
low adiponectin, high total cholesterol, high LDL choles-
terol, high' triglycerides, high BMI, high fasting glucose,
high fasting insulin, and high HOMA-IR. In women, 10
factors associated with elevated ALT were identified in
univariate analysis: high y-GTP, low adiponectin, high total
cholesterol, high LDL cholesterol, high triglycerides, high
BMI, high fasting glucose, high fasting insulin, high
HOMA-IR, and hypertension. A current drinking habit was
not associated with elevated ALT in either men or women in
univariate analysis. Multivariate logistic regression models
were constructed for men and women using variables with
low P values in univariate analysis. This analysis revealed
5 factors in men (high y-GTP: odds ratio [OR], 5.57; 95%
ClI, 3.80-8.16; P <.001; low adiponectin: OR, 0.93; 95% CI,
0.88-0.98; P <.02; high LDL cholesterol: OR, 1.58; 95% Cl,
1.06-2.35; P <.03; high BMI: OR; 1.85; 95% CI, 1.28-2.68;

P <.01; and high HOMA-IR [2.0-3.9]: OR, 1.94; 95% CI,
1.26-2.98; P<.01; [>4]: OR, 2.94; 95% CI, 1.26-6.86; P <
.02) and 4 factors in women (high y-GTP: OR, 11.54; 95%
Cl, 6.12-21.75; P <.001; low adiponectin: OR, 0.97; 95%
CI, 0.93-1.00; P <.05; high BMI: OR, 2.02; 95% CI, 1.43-
2.84; P <.001; and high HOMA-IR [2-3.9]: OR, 2.44; 95%
CI,1.68-3.55; P < .001; [>4]: OR, 4.93; 95% CI, 2.14-
11.33; P <.001) with a significant association with elevated
ALT levels.

4. Discussion

Elevated serum ALT levels in the general population are
closely associated with NAFLD, which is a liver phenotype
of ‘metabolic syndrome  [4-8]. ‘Alanine aminotransferase
activities have also been shown to be useful as an indicator
of general health [14], and ALT is a predictor of mortality in
community residents [13]. Mortality may. be due to
unrecognized liver diseases, but may also be due to other
causes of ALT elevation, such as atherosclerosis, hyperten-
sion, and type 2 diabetes mellitus, which are linked to
nonliver. health risks. This suggests the importance of
determining the association of ALT levels with metabolic
factors influencing the occurrence. of metabolic syndrome—
related diseases in a large population sample. Our results
clearly indicate that elevated ALT levels unrelated to
hepatitis virus infection are closely associated with metabolic
syndrome~-related features in a study population that. is
representative of the general Japanese population older than
40 years old. This suggests that measurement of ALT levels
is likely to be a useful primary screening test for metabolic
syndrome in the population.
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In this study, the seroprevalences of hepatitis B and C
were 1.7% and 1.9%, respectively, similar to the standard
rates in the Japanese population [22]. Because hepatitis B
and C infection is associated with elevated ALT levels,
subjects positive for hepatitis markers were excluded from
further analysis. To date, the upper limits of ALT levels in
screening tests for the general population have not been
established clearly; and therefore, we reevaluated these
limits for effective screening of metabolic syndrome in the
Japanese adult population. Previous reports have shown that
sex has a significant influence on ALT levels [23,24]; and
therefore, we assessed ALT levels separately for men and
women. The ALT cutoff levels for effective screening of
individuals with metabolic syndrome for men and for women
were proposed in this study on the basis of the relationship
between ALT levels and the number of the 3 major metabolic
risk factors. Upper limits of 30 U/L in men and 25 U/L in
women gave a good specificity of more than 80% for
exclusion of subjects with none or 1 of the 3 metabolic risk
factors: - hypertension, . lipid - metabolism  abnormality, and
hyperglycemia. Using these cutoff values, we demonstrated
that approximately. 20% of the male and female subjects
older than 40 years had ALT elevation. A current drinking
habit was identified in 694 (72.5%) of 957 men and 160
(14.3%) of 1130 women, but a drinking habit itself was not
significantly associated with elevated ALT in univariate
analyses in this population, although there is no doubt that
excess intake of “alcohol causes liver injury in each
individual. Multivariate analysis clearly showed that meta-
bolic syndrome-related features that reflect obesity and
insulin resistance; including high BMI, high LDLcholes-
terol, high HOMA-IR, and lower adiponectinemia, were
associated with elevated ALT in the study population,

Elevated serum y-GTP also showed a significant
association with elevated ALT in both male and female
subjects. These results were replicable in subjects without a
history of alcohol consumption (data not shown). Previous
studies have documented that elevated serum y-GTP has a
risk for metabolic syndrome and type 2 diabetes meliitus in
middle-aged Japanese male office workers [25] and may
represent an early marker of subclinical inflammation and
increased oxidative stress in healthy individuals [26,27].
Our results are consistent with these studies, and we also
found that elevated y-GTP. was associated with obesity
and insulin resistance in both men and women, Therefore,
y-GTP is a promising marker for metabolic syndrome
and particularly for prediction of development of metabolic
syndrome-related diseases; and this warrants a further
prospective study.

Because high serum ALT levels often reflect hepatic fat
accumulation and inflammation; they are well correlated
with the prevalence of NAFLD in the population in cases of
unexplained ALT elevation. The importance of ALT activity
as’ an indicator of NAFLD has been demonstrated in
association with metabolic abnormalities caused by central
obesity and insulin resistance [28-30]. Nonalcoholic fatty

liver disease is classified into 2 categories: simple fatty liver
and nonalcoholic steatohepatitis (NASH), which is intract-
able and progressive. The population with elevated ALT
levels includes those with NASH [7,8,31] as a phenotype of
metabolic syndrome in the liver. Fat droplets in liver tissue
are often depleted in the advanced stage of NASH, and such
cases may be diagnosed as cryptogenic liver cirrhosis or liver
cancer [32]. In fact, the prevalence of obesity, hypertrigly-
ceridemia, or type 2 diabetes mellitus is significantly higher
in cases of liver cancer that develop from cryptogenic
cirrhosis compared with those caused by HCV infection or
excess intake of alcohol {33]. Because a cohort study showed
prospectively that individuals with NAFLD had a higher
mortality due to liver disease—related deaths [34], people in
the general population with high ALT levels are of particular
concern because those with NASH have a risk for
progression to cirthosis or cancer. :

Individuals with minor elevation of serum ALT levels that
are close to the upper limits of the reference range are also of
concern because elevated ALT itself is closely associated
with insulin resistance, even in the absence of NAFLD and
obesity [35,36]. Recent studies have shown that elevated
ALT could be a prognostic marker for development of
metabolic syndrome [11,12]. Because individuals with ALT
elevation have a potential risk for development of various
metabolic - syndrome~related - diseases, including type 2
diabetes ‘mellitus. [9], cardiovascular disease [10],-athero-
thrombosis [37], and obstructive sleep apnea [38], it may be
worthwhile to notify. those with minor ALT elevation of the
risk of such diseases. In fact, in this study, we found that mean
ALT activities in subjects with:2-or 3 metabolic risk factors
were not particularly high, tending only to be close to the
upper limit. Thus, minor ALT elevation is also an important
feature  for effective screening of metabolic 'syndrome.
Elevation of ALT beyond the cutoff levels determined in
this study was strongly associated with a broad spectrum of
metabolic syndrome-related features, including obesity and
insulin resistance. A prospective study of the association
between elevated ALT levels and the occurrence of metabolic
syndrome-related diseases is now in progress in this
Takahata cohort,” which. includes: more . than: 4000: people
and is representative of the Japanese adult population.

In: conclusion, the results of this study clearly show that
elevated ALT levels in the Japanese population older than
40 years are associated with obesity and insulin resistance,
which in turn are associated with metabolic syndrome. This
suggests that; in ‘addition to detection of ‘liver: disease,
screening of serum ALT levels may contribute to identifying
the potential risk of metabolic syndrome-related diseases in
the general population;
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Biological Effect of Anaphylatoxin C5a on the Generation
of Anti-inflammatory Substances in Leukocyte Adsorption

Shoichi Nishise,! Yuji Takeda,? Yuko Nishise,' Shoichiro Fujishima,' Tomohiko Orii,!
Sayaka Otake,! Takeshi Sato,' Yu Sasaki,! Hiroaki Takeda,' and Sumio Kawata'

IDepartment of Gastroenterology, Yamagata University School of Medicine, Yamagata, and *Department of
Environmental and Preventive Medicine, Hyogo College of Medicine, Nishinomiya, Japan

Abstract: Anaphylatoxins, which are involved in both pro-
inflammatory processes and a variety of anti-inflammatory
effects, are produced during granulocyte and monocyte
adsorptive apheresis. We noticed the anti-inflammatory
effects of CSa, the strongest anaphylatoxin, in granulocyte
and monocyte adsorptive apheresis. The aim of this study
was to investigate the effect of C5a on interleukin-1 recep-
tor antagonist (IL-1ra) and hepatocyte growth factor
(HGF) generation in granulocyte and monocyte adsorp-
tion. Peripheral blood containing nafamostat mesilate as an
endogenous complement activation inhibitor was divided
into four groups: (1) no recombinant C5a added, no contact
with cellulose acetate (CA) beads (control group); (2) no
C5a ‘added; contact: with- CA  beads; (3} C5a added; no
contact with CA beads; and (4) C5a'added, contact with CA

beads. After incubation, IL-1ra and HGF in plasma were
measured, IL-Ira was significantly higher in group 3, in
which only C5a was added in the absence of CA beads,
compared to groups 2 (P < 0.01) and 4 (P < 0.05). HGF was
significantly higher only in group 4,in which C5a was added
in the presence of CA beads (P < 0.05), but did not increase
in the absence of CA beads. C5a can directly induce IL-1ra
generation without the granulocyte and monocyte adsorp-
tion stimuli to CA beads, but can synergistically induce
HGF generation with the adsorption stimuli, indicating
C5a has different effects on IL-1ra and HGF generation.
Key Words: Adsorption, Apheresis, Complement C3a,
Granulocyte, Hepatocyte - growth  factor, Interleukin-1
receptor antagonist.

A granulocyte and monocyte (GM) adsorptive
apheresis (GMA) device (Adacolumn; JIMRO
Institute, Takasaki, Japan) can deplete excess and
activated GMs from the peripheral blood of
patients with ulcerative colitis (UC) (1,2) and rheu-
matoid arthritis (3). The device comprises a column
filled with 2 mm cellulose acetate (CA) beads that
act as carriers for adsorptive leukocyte apheresis
(4). Steroid and GMA therapies are similarly effec-
tive in relieving the symptoms of UC patients, but
the latter causes less severe side-effects (5,6). There-
fore, characterization of the biological responses
to GMA is useful to elucidate the physiological
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anti-inflammatory responses in patients with inflam-
matory. diseases.

A decrease in GMs was initially considered to be
important to the anti-inflammatory effect, but the cell
numbers recover within approximately 24 h after
GMA. Although the precise mechanisms of the clini-
cal efficacy of GMA are unclear, GM adsorption pos-
sibly triggers various biological responses, such as the
release of interleukin-1 receptor antagonist (IL-1ra)
and hepatocyte growth factor (HGF) (4,7). These
substances are returned to the patients along with the
blood and might contribute to the restoration of
normal immune function (8-10). We are interested in
what type of stimulation is able to generate these
anti-inflammatory substances in GMA.

Cellulose acetate was originally used in
membrane-based hemodialysis devices (11-13) and it
is known that CA membranes activate the comple-
ment system by contact with blood (11). Similarly,
complement activation and generation of comple-
ment activation fragments containing anaphylatoxins

— 177 —



510 S Nishise et al.

(such as C3a and C5a) are observed in the GMA
column using CA beads (7,14,15). Anaphylatoxins
C3a and C5a are known causes of pro-inflammatory
processes (16-20); however, they are also involved in
a variety of anti-inflammatory effects, including aug-
mentation of anti-inflammatory cytokines (15,21,22).

GMA is a safe therapy for patients, without
anaphylatoxin-induced side-effects. Thus, under-
standing the anti-inflammatory effects of anaphyla-
toxins in GMA is important for understanding
the mechanisms of apheresis therapy. Based on this
background, in this study we revealed the effects
of complement C5a on the generation of anti-
inflammatory substances (IL-1ra and HGF) in GMA.

MATERIALS AND METHODS

Reagents

Cellulose acetate beads were prepared by JIMRO
Institute (Takasaki, Japan) and nafamostat mesilate
was prepared by Torii Pharmaceutical (Tokyo,
Japan). Recombinant human  complement. CSa
(rhC5a) was purchased from Sigma (St Louis, MO,
USA). All other chemicals were obtained commer-
cially and were of the highest purity available.

Blood samples

After receiving written informed consent from all
participants in the study, we collected peripheral
blood: from four healthy volunteers: into plastic
syringes (Terumo, Tokyo, Japan).

Exposure of blood to CA beads

A mixture of peripheral blood containing serial
dilutions (1=100 pmol/L) of nafamostat mesilate, as
anticoagulant and complement activation inhibitor,
and CA beads at'a 1:2 mL/g ratio in 10 mL syringes
was rotated at 1 rpm for 1 h at 37°C. Blood samples
were removed from the syringes by flash centrifuga-
tion at 80 x g for a few seconds. Fractions of granulo-
cytes adsorbed to the CA beads were measured using
a COULTER Gen-S hematology analyzer (Beckman
Coulter, Fullerton, CA, USA), and then plasma sepa-
rated by centrifugation at 800 x g for 5min at 4°C
was stored at —80°C. The ratio (%) of adsorbed
granulocytes was calculated as follows: adsorbed
granulocytes (%) =100 x (number of granulocytes
incubated without beads — number of granulocytes
incubated with beads)/number of granulocytes incu-
bated without beads. Cytotoxicity was examined by
trypan blue exclusion assay.

Addition of rhC5a to ¢complement activation
inhibited blood

Peripheral blood containing 100 pmol/L. nafamo-
stat mesilate, which can-almost completely inhibit

Ther Apher Dial, Vol. 13, No. 6, 2009
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both endogenous complement activation raised by
contact between blood and CA beads and GM
adsorption to CA beads (15), was divided into four
groups: (1) no rhC5a added, no contact with CA
beads (control group); (2) no rhC5a added, contact
with CA beads; (3) 100 ng/mL rhC5a added, no
contact with CA beads; and (4) 100 ng/mL rhCSa
added, contact with CA beads. These were rotated at
1 rpm for 1 h at 37°C. The plasma was then separated
and stored as mentioned above.

Measurement of anaphylatoxin C5a

Complement CSa was measured using a cytometric
bead array anaphylatoxin kit (BD Biosciences,
San Jose, CA, USA) with a flow cytometer
(FACSCalibur; BD Biosciences) according to the
manufacturer’s instructions. The ratio (%) of in-
creased C5a was calculated as follows: increased CSa
(%) =100 x (concentration of C5a after incubation
~‘concentration - of -~ C5a before incubation)/
concentration of C5a before incubation.

Measurement of IL-1ra and HGF

IL-1ra- and HGF were measured: using enzyme-
linked - immunosorbent -~ assays - (ELISAs)" (R&D
Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. The optical density of
test samples at- 450 nm was determined using a
Benchmark Plus microplate reader (Bio-Rad, Her-
cules, CA, USA). The ratio (%) of increased IL-1ra
or HGF was: calculated as follows: increased IL-1ra
or HGF (%) =100 x (concentration of IL-lra or
HGEF after incubation — concentration of IL-1ra or
HGF before  incubation)/concentration. of IL-1ra
or HGF before incubation:

Statistical analysis

Statistical analyses proceeded as described in the
figure legends, and P <0.05 was considered signifi-
cant. Data are presented as mean * standard error
(SE), unless otherwise noted.

RESULTS

Positive correlation between C5a increase and
IL-Ira and HGF generation

We first verified the association between comple-
ment C5a increase and anti-inflammatory substance
generation in the syringe filled with CA beads.
Peripheral blood containing various concentrations
(1-100 pmol/L) of nafamostat mesilate, serving not
only as an anticoagulant but also as a complement
activation inhibitor, was incubated with CA beads for
1 h to make various concentrations of complement

© 2009 The Authors
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FIG. 1. Correlation of the increases in (A) interleukin-1 receptor antagonist (IL-1ra), and (B) hepatocyte growth factor (HGF) with C5a
increase. Peripheral blood from healthy volunteers was mixed with serial dilutions of nafamostat mesilate. Test samples were then incubated
with cellulose acetate beads for 1 h and the plasma was separated by centrifugation for the measurement of C5a, IL-1ra, and HGF after
incubation. The increase ratios (%) of C5a, IL-1ra,and HGF were calculated as described in the Materials and Methods section. The P values

are based on Spearman’s rank correlation,

activation fragment C5a in blood. In the experiments
described here, the number of granulocytes in the
peripheral blood was 3236 *+ 676.3 cells/uL. The C5a
increase ratio was positively correlated with both the
IL-1ra (Fig. 1A) and HGF (Fig. 1B) increase ratios.
These results suggest that C5a generation is related
to the generation of IL-1ra and HGE.

Effect of C5a on the generation of IL-Ira and HGF
in GM adsorption

The C5a concentration in. plasma reflects the
degree of complement activation raised by contact
between blood and CA: beads, and complement acti-
vation induces GM adsorption to CA beads accord-
ing to the degree of activation (15). Furthermore, the
release: of IL-1ra and HGF is related to. the GMs
absorbed to CA beads (7). In other wotds, the three
phenomena (C5a generation, GM adsorption, and
release of IL-1ra and HGF) are closely related. In
this study, Figure 2A and B show that both IL-1ra and
HGF increase ratios were positively correlated with
the ratio of adsorbed granulocytes.

Previous reports were not enough to explain the
relationship between C5a and the generation of
IL-1ra and HGF, because C5a generation occurred
simultaneously. when GM adsorbed to: CA: beads
in previous studies. Thus, to clarify the effect of C5a
on the generation of IL-1ra and HGF, we prepared
the complement inactive condition of blood using

© 2009 The Authors
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100 pmol/L nafamostat mesilate and added rhC5a in
the presence or absence of CA beads. We prepared
four groups: (1) no rhC5a added, no contact with
CA beads; (2) no rhC5a added, contact with CA
beads; (3) rthC5a added, no contact with CA beads;
and (4) rhC5a added, contact with CA beads. The
concentration of plasma CS5a before adding rhCSa
was 6.9 1.0 ng/mL, which is the baseline of C3a.
After incubation, each aliquot of plasma was sepa-
rated by centrifugation, and the' concentrations of
IL-1ra and HGF were measured. The amount of
IL-1ra in the four groups was: (1) 2159 = 15.9 pg/
mL; (2) 332.1 + 89.0 pg/mL; (3) 1379.2 = 1884 pg/
mL; and’ (4) 937.0 1563 pg/mL. The . highest
amount of IL-1ra was in group 3 (rhC5a added, no
contact with CA beads) (Fig. 3A). The amount of
HGF in the four groups was: (1) 773.2 = 24.5 pg/
mL; (2) 704.5 + 93.3 pg/mL; (3) 840.9 = 67.0 pg/mL;
and (4) 1156.3 * 124.8 pg/mL. The highest amount
of HGF was in group 4 (thC5a added, contact with
CA beads) and the amount in" group 3 increased
slightly; but the level was not significant: compared
to the control group (Fig. 3B): These results show
that C5a increases anti-inflammatory. substances in
GM - adsorption to CA' beads. and has different
effects on IL-1ra and HGF generation. We conclude
that C5a can induce IL-1ra release without adsorp-
tion, while HGF release requires adsorption to CA
beads.
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-test.
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DISCUSSION

CA beads are used for GMA therapy, and not only
induce GM adsorption, but also generate C5a and the
release of IL-1ra and HGF. These phenomena are
interrelated; however, the precise role of C5a stimu-
lation is still unclear. In this study we indicated that
C5a can induce IL-1ra release without GM adsorp-
tion, and that C5a and GM adsorption to CA beads
affect HGF release synergistically.

Activation and subsequent cleavage of C5 by C5
convertase produces the complement activation
fragment C5a, an anaphylatoxin. Anaphylatoxins are
involved in a variety of pro-inflammatory processes,
and CSa has the strongest known biological effects
(16). For example, because C5a induces the produc-
tion of mediators that cause both vasodilatation
and an increase in vascular permeability, it is partly
responsible for the pathogenesis of sepsis, including
hypovolemia due to both arterial and venous dilata-
tion and leakage of plasma into the extravascular
space (17-19). On the other hand, it is known that
anaphylatoxins also have anti-inflammatory effects
in some situations. C5a is essential during the early
priming stages of hepatocyte regeneration in mice
(21), and recombinant C5a induces the production of
IL-1ra in peripheral mononuclear cells (22). In GM
adsorption it has been reported that IL-1ra release
is augmented by adding C5a (15). Additionally, an
increase in HGF release by adding CS5a was also
revealed in this study. It has been reported that
patients with UC, who responded to GM apheresis
treatment, show a significant increase in IL-1ra in the
Adacolumn outflow (9), and that HGF administra-
tion accelerates colonic mucosal repair in rats with
dextran sulfate sodium-induced colitis (10). These
reports suggest that IL-1ra and HGF might contrib-
ute to healing in UC patients. Thus, C5a produced
during GMA is believed to provide clinical efficacy
in patients with UC through an increase in anti-
inflammatory substances.

In this study, both IL-1ra and HGF generation
were augmented by adding rhC5a, but different
experimental groups had the highest amount of each.
The IL-1ra amount in group 3 (rhCS5a added, no
contact with CA beads) was the highest. Since IL-1ra
increased by adding only rhC5a in the absence of CA
beads, we believe that in GMA, the C5a produced by
contact between blood and CA beads itself can
induce IL-1ra generation from leukocytes without
the stimulation of GM adsorption to CA beads.
Strangely, the IL-1ra amount in group 4 (thC5a
added, contact with CA beads) was significantly
lower than in group 3, although higher than in group

© 2009 The Authors
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1 (no rhC5a added, no contact with CA beads). The
reason why the presence of CA beads caused sup-
pression of IL-1ra is unclear, though it might be that
rhC5a or IL-1ra adsorbed to the CA beads. Further
study of the effects of CA beads with respect to
IL-1ra generation is necessary.

In contrast, the amount of HGF in group 4 was the
highest. Since HGF did not significantly increase in
the absence of CA beads, even in the presence of
rhC5a, we believe that C5a, which itself induces little
HGF generation from leukocytes, acts synergistically
with CA beads to generate HGF. HGF is released
by degranulation neutrophils (23), and adhesion-
dependent degranulation of neutrophils requires Src
family kinase (24). On the other hand, a C5a signal
via the C5a receptor, known as a protein Gi-coupled
seven membrane-spanning receptor, regulates Ras
and mitogen-activated protein (MAP) kinase (25).
The C5a signal cannot induce activation of the Src
family. Thus, the stimulation caused by GM adsorp-
tion to CA beads may induce outside-in signals syn-
ergistically with C5a receptor signals and then induce
Src family kinase phosphorylation.

CONCLUSION

The present study found that the generation of
IL-1ra and HGF in GM adsorption was positively
correlated with the degree of generation of anaphy-
latoxin C5a. C5a induced IL-1ra generation by itself
and increased HGF generation synergistically with
CA beads. Our results indicate that anaphylatoxin
C5a plays important, anti-inflammatory roles in
GMA therapy. This provides important insight into
the various biological responses induced by GM
adsorption and into understanding physiological
anti-inflammatory responses.
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Hepatitis C virus (HCV) nonstructural protein 5A (NS5A) is a component of the replication complex
consisting of several host and viral proteins. We have previously reported that human butyrate-induced
transcript 1 (hB-ind1) recruits heat shock protein 90 (Hsp90) and FK506-binding protein 8 (FKBPS) to the
replication complex through interaction with NS5A. To gain more insights into the biological functions of
hB-ind1 in HCV replication, we assessed the potential cochaperone-like activity of hB-indl, because it has
significant homology with cochaperone p23, which regulates Hsp90 chaperone activity. The chimeric p23 in
which the cochaperone domain was replaced with the p23-like domain of hB-ind1 exhibited cochaperone activity
comparable to that of the authentic p23, inhibiting the glucocorticoid receptor signaling in an Hsp90-dependent
manner. Conversely, the chimeric hB-ind1 in which the p23-like domain was replaced with the cochaperone
domain of p23 resulted in the same level of recovery of HCV propagation as seen in the authentic hB-ind1 in
cells with. knockdown of the endogenous hB-indl: Immunofluorescence analyses revealed that hB-ind1 was
colocalized with NS5A, FKBPS, and double-stranded RNA in the HCV replicon cells, HCV replicon: cells
exhibited a more potent unfolded-protein response (UPR) than the parental and the cured cells upon treatment
with an inhibitor for Hsp90. These results suggest that an Hsp90-dependent chaperone pathway incorporating
hB-indl is involved in protein folding in the membranous web for the circumvention of the UPR and that it

facilitates HCV replication.

Hepatitis. C virus (HCV) is the major causative agent of
non-A, non-B hepatitis in humans and infects approximately
170 million people worldwide (64). HCV belongs to the genus
Hepacivirus of the family Flaviviridae and is classified into six
major genotypes (39). The virus forms small, round, enveloped
particles and possesses a genome consisting of a single posi:
tive-stranded RNA with a nucleotide length of 9.6 kb. The viral
genome encodes: a single precursor polyprotein consisting of
approximately 3,000 amino acids, which in turn is posttransla:
tionally processed into 10 viral proteins by host and viral pro-
teases. The structural proteins are cleaved from the N-terminal
one-fourth of the polyprotein by the host signal peptidase and
signal peptide peptidase (36, 43, 44), resulting in the matura-
tion of capsid protein, two envelope. proteins, and viroporin
p7.. The nonstructural protein 2 (NS2) protease cleaves its
own carboxyl terminus; and then NS3 cleaves the appropri-
ate downstream: positions to produce NS3, NS4A, NS4B,
NS5A; and NS5B (24; 60); which form the replication complex,
together with several host proteins (14, 35).

NS5A is:a membrane-anchored zinc-binding phosphopro-
tein that appears to. possess: diverse functions, including the
suppression of host defense and the regulation of virus repli-
cation (1,15, 58), but its biological function remains unclear.
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Several groups, including ours, have suggested that the molec-
ular chaperone; heat shock protein. 90 (Hsp90), and several
cochaperones participate in the replication coniplex of HCV
through interaction with NS5A or: other NS proteins (45, 56,
65). Hsp90 is the highly conserved and ubiquitously expressed
protein that acts as a key regulator for the turnover and the
activities of more than 200 signaling proteins, including steroid
receptors-and cell-signaling kinases (66). The chaperone activ-
ity of Hsp90 contributes to the refolding of an unfolded protein
in an ATP-dependent manner, and the execution of Hsp90-
dependent protein folding requires the formation of a multi-
chaperone complex containing other chaperones (e.g., Hsp70,
Hsp104, and Hsp40) and cochaperones (e.g., p23, Hop; and
immunophilins) (4, 18, 48). Geldanamycin or ifs derivatives,
which are represented as specific inhibitors of Hsp90, can de-
stabilize and then degrade client proteins: (41, 55).

The host chaperone mechanism is involved in the folding of
viral polymerase to support viral replication (6, 27). Moreover,
host chaperones have been reported to play roles in the as-
sembly of viral particles and the sorting of virus proteins (9, 32,
38). We have previously reported that Hsp90 chaperome activ-
ities and chaperone-associated proteins are required for the
efficient propagation of HCV (45, 56) and that human bu-
tyrate-induced transcript 1 (hB-indl) is involved in the prop-
agation of HCV. through interactions with-NSSA and Hsp90
via the coiled-coil domain and the FXXW motif, respectively
(56). hB-ind1 was first reported to be a multiple-membrane-
spanning protein consisting of 362 amino acids that possesses
a significant homology with a cochaperones; p23; that regulates
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Hsp90 function by its cochaperone activity (11). However, the
roles of hB-ind1 in the life cycle of HCV have not been precisely
clarified. In this study, we investigated the role of the HspS0-
related chaperone system, including hB-ind1, in the regulation of
the RNA replication and particle production of HCV.

MATERIALS AND METHODS

Plasmids. The plasmids encoding hB-ind1, NS5A, Hsp90, and FK506-binding
protein 8 (FKBP8) were prepared by methods described previously (45, 56).
The DNA fragments encoding hB-ind1 mutants were prepared by PCR with the
introduction of a silent mutation that is resistant to the short hairpin RNA in the
hB-ind1 knockdown cells, as described previously (56). The human p23 gene and
glucose-regulated protein 78 (GRP78) promoter region (—151 to +22) were
amplified by PCR from the total cDNA and genomic DNA of Huh7 cells,
respectively. The DNA fragments encoding mutants of hB-ind1 and p23 were
prepared by the method of splicing by overlap extension (26) and introduced into
pEF FLAGGs pGKpuro (28). The GRP78 promoter region was introduced
between the Kpnl and HindHT sites of pGL3-basic (Promega, Madison, WI) and
designated pGRP78-luc. The reporter plasmid carrying a firefly luciferase gene
under the control of the GR promoter (pGR-lic) was purchased from Paniomics
(Fremont, CA). The: internal-control: plasmid encoding 4 Renilla: luciferase
(pRL-TK) was purchased from Promega. The plasmid: pFK-I 35 neo/NS3-3'/
NKS5.1 (47) was kindly provided by R. Bartenschlager. The plasmids used in this
study were confirmed by sequencing them with an ABI Prism 3130 genetic
analyzer (Applied Biosystems, Tokyo, Japan).

Cells and virus infection. All cell lines were cultured at 37°C under a humidi-
fied atmosphere and 5% CO,. The human embryonic kidney 293T and hepato-
cellular carcinoma’ Huh7 cell lines were maintained in’ Dulbecco’s modified
Eagle’s medium (DMEM) (Sigima, St. Louis, MO) supplemented with 100 U/ml
penicillin, 100-pg/ml streptomycin; and 10% fetal calf serum (FCS). The human
hepatocellular carcinoma cell line Huh7.5.1 was kindly provided by F. Chisari
(70) and was maintained. in DMEM containing nonessential amino: acids, 100
Ufml penicillin, 100 pg/ml streptomycin, and 10% FCS. The Huh9-13 cell line;
which is'a Huh7 cell line harboring a subgenomic HCV RNA replicon (35), was
maintained in DMEM containing 10% FCS, nonessential amino acids, and 1
mg/mi G418 (Nakalai Tesque; Kyoto, Japan). The hB-ind1 knockdown cell line
Hub-KD and control cell line Huh-ctrl were described previously (56). Huh-KD
cells were transfected with each of the expression plasmids encoding wild-type or
mutant hB-ind1 and culturéd for 1 week in' the presence of 10 jug/ml of puro-
mycin. The remaining cells were used for the experiments described below. The
viral RNA of JFHL1 was introduced into Huh7.5.1 cells according to the method
of Wakita et al.’ (62) for preparation of the infectious HCV particles in cell
culture:

Antibodies. The rabbit anti-hB-ind1 antibody was prepared as described pre-
viously (56). Mouse monoclonal antibodies to HCV. NS5A, influenza virus hem-
agglutinin (HA). and. FLAG: tags, and B-actin were purchased from Austral
Biologicals (San Ramon, CA), Covance (Richmond, CA), and Sigma, respec-
tively: Mouse | anti-protein: disulfide | isomerase (PDI) immunoglobulin. G2a
(IgG2a): was ‘from -Affinity  Bioreagents (Golden, CO). Mouse: anti-double-
stranded RNA (dsRNA) IgG2a (J1 and K2) antibodies were from Biocenter Ltd.

- (Szirak, Hungary). ‘Alexa: Fluor 488 (AF488)-conjugated anti-mouse IgG1;
AF647-conjugated: anti-rabbit IgG, and ‘AF594-conjugated. anti-mouse: IgG2a
and IgG2b antibodies were from Invitrogen (San Diego, CA).

Transfection, immunoblotting, and immunoprecipitation.: Transfection and
immunoprecipitation analyses were carried out as described previously (25, 45).
Immunoprecipitates boiled: in loading buffer were subjected to.12.5% sodiiim
dodecyl sulfate-polyacrylamide gel electrophoresis.. The: proteins were trans-
ferred to. polyvinylidene difluoride membranes (Millipore, Bedford, MA) and
were teacted with' the appropriate’ antibodies.  The immune ‘complexes were
visualized with Super Signal West Femto substrate (Pierce, Rockford, IL) and
detected by an LLAS:-3000 image analyzer system (Fujifilm; Tokyo, Japan). The
protein bands: of GRP78 and: B-actin were quantified by Multi Gauge software
(Fujifilm), and the values of GRP78 expression were normalized with those of
B-actin.

Quantitative reverse transcriptase PCR. HCV, RNA was estimated by the
method described previously (56). Total RNA was prepared from cells by using
an ' RNeasy minikit (Qiagen, Tokyo, Japan). First-strand cDNA was synthesized
using an’ RNA LA PCR in vitro cloning kit (Takara Bio Inc., Shiga, Japan) and
random primers. Each cDNA was estimated with Platinum SYBR green qPCR
SuperMix UDG (Invitrogen) according to the manufacturer’s protocol. Fluores-
cent signals were analyzed with an ABI Prism 7000 (Applied Biosystems). The
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internal ribosomal entry site regions of HCV and mRNAs of GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase), GRP78, and growth arrest- and DNA
damage-inducible gene 153 (GADD153) were amplified using the primer pairs
5'-GAGTGTCGTGCAGCCTCCA-3' and 5'-CACTCGCAAGCACCCTATC
A-3', 5'-GAAGGTGAAGGTCGGAGTC-3' and 5'-GAAGGTGAAGGTCGG
AGTC-3, 5'-CGCCAAGCGGCTCATC-3' and 5'-AACCACCTTGAACGGC
AAGA-3', and 5'-AGCTGGAACCTGAGGAGAGA-3' and 5'-TGGATCAGT
CTGGAAAAGCA-3’, respectively. The values of the HCV genome or each
mRNA were normalized with those of GAPDH mRNA. Each PCR product was
detected as a single band of the correct size on agarose gel electrophoresis (data not
shown).

In vitro transcription and RNA transfection. The plasmid pFK-I;g9 neo/NS3-
3'/NK5.1 was linearized by treatment with Scal and then transcribed in vitro
using the MEGAscript T7 kit (Applied Biosystems) according to the manufac-
turer’s protocol. The in vitro-transcribed RNA was electroporated into cells at 4
million cells/0.4 m! under conditions of 270 V and 960 pF using a Gene Pulser
(Bio-Rad, Hercules, CA). The colony formation assay was carried out by a
method described previously (45).

Indirect immunofluorescence assay. Cells cultured on glass slides were fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS) at room temper-
ature for 30 min. After being washed twice with PBS, the cells were permeabil-
ized for 20. min at room temperature with PBS' containing 0.25% saponin and
blocked with PBS containing 0.2% gelatin (gelatin-PBS). for 60" min at room
temperature. The cells were incubated with gelatin-PBS containing rabbit anti-
hB-ind1 antibody, mouse anti-NS5A IgG1, mouse anti-PDI IgG2a, mouse anti-
FKBPS8 IgG2b, or mouse anti-dsRNA IgG2a (J1 and K2) at 37°C for 60 min;
washed three times with PBS containing 1% Tween 20; and' incubated with
gelatin-PBS containing AF488-conjugated - anti-mouse IgG1l or  AF647-conju-
gated anti-rabbit or AF594-conjugated anti-mouse IgG2a or IgG2b antibodies at
37°C for 60 min. Finally, the cells were washed three times with PBS containing
1% Tween 20.and observed with a: FluoView FV1000 laser scanning confocal
microscope {Olympus; Tokyo; Japan).

Correlative. FM-EM. Correlative fluorescence: microscopy-electron micros-
copy.(FM-EM) allows individual cells to be examined both in an overview with
FM and in a detailed subcellular-structure view with EM (51). The endogenous
hB-ind1 and NS5A were stained and observed in the HCV replicon cells by the
correlative FM-EM method as described previously (45).

Luciferase assay.' Each plasmid was transfected into Huh7, Huh9-13, and
interferon (IFN)-cured cells seeded in a 12-well plate, and the cells were treated
with: 1 pM dexamethasone (Sigma) for 12 h or with 17-dimethylamino-ethyl-
amino-17-demethoxygeldanamycin (DMAG): (Sigma) for 6 h at 36 h posttrans-
fection and: lysed in 200 i of passive lysis buffer (Promega). Luciferase activity
was measured in 20-pl aliquots of the cell lysates using a Dual-Luciferase Re-
porter Assay System (Promega). Firefly luciferase activity was standardized with
that of Renilla luciferase cotransfected with the internal-control plasmid pRL-
TK. The resulting values were expressed as: the increase in relative light units
(RLU).

Statistical analysis. Results were expressed as the mean =+ stanidard deviation.
The significance of differences in' the means was determined by Student’s ¢ test.

RESULTS

The p23-like domain of hB-indl has cochaperone activity.
Although we had previously reported that hB-ind1 regulates
HCV RNA replication through interaction with NS5A-and
Hsp90, the molecular mechanisms underlying the regulation of
HCV: replication remained to be clarified. To gain more in-
sights into the potential cochaperone activity of hB-ind1 in the
Hsp90 chaperone system, we prepared. expression: plasmids
encoding a wild-type p23 and three p23 mutants—one in which
the FXXW motif was replaced with AXXA (p23AxxA), one in
which the cochaperone domain of p23 was replaced with the
p23-like domain of hB-ind1 (cp23), and one in which both
substitutions were made (cp23AxxA) (Fig. 1A). HA-tagged
Hsp90 was coexpressed with FLAG-tagged p23 or the FLAG-
tagged p23 mutants in 293T cells (Fig. 1B). Hsp90 was coim-
munoprecipitated with wild-type p23 and a cp23 mutant, but
not with the p23AxxA or cp23AxxA mutants, indicating that
the FXXW motif of hB-ind1, as is the case with that of p23
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FIG. 1. Construction “and ~characterization of 'p23 ~mutants,
(A) Structures of hB-ind1; p23, and the three p23 mutants. hB-ind1
consists of a p23-like domain, an' FXXW motif; a coiled-coil domain
(CC), and a transmembrane domain (TM). p23 consists of a cochap-
erone domain, an FXXW motif, and a chaperone domain (CD). The
three p23 mutants, p23AxxA, cp23, and cp23AxxA, were constructed
by replacing the FXXW motif with AXXA,; the cochaperone domain of
p23 with the p23:like domain of hB-ind1, and both of the regions,
respectively. (B) FLAG-tagged p23, p23AxxA, cp23, or cp23AxxA was
coexpressed with HA-tagged Hsp90 in 293T cells and immunoprecipi-
tated (IP) with anti-FLAG antibody. The immunoprecipitates: were
subjected to immunoblotting (I1B). (C) The expression plasmid encod-
ing FLAG-tagged p23, ¢p23, p23AxxA, or cp23AxxA was cotransfected
with pGR-lic and pRL-TK plasmids into 293T cells and treated with
1 mM dexamethasone [Dex(+)] at 36 h posttransfection or untreated
[Dex(—)], and:the luciferase. activities were determined at 12 h of
incubation. The firefly luciferase activity was normalized with that of
Renilla luciferase, and the GR-responsive promoter activity was indi-
cated as the RLU. The érror bars indicate standard deviations. The
asterisks indicate significant differences (P.< 0.01) versus the control
value. The data shown are representative of three independent exper-
iments.
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(67), is also involved in binding to Hsp90. Hsp90 participates in
the folding and stabilization of the ligand-binding domain of
the glucocorticoid receptor (GR), together with p23 and other
cofactors (49). p23 was shown to act not only in the activation
(30), but also in the inhibition, of GR signaling (67). To ex-
amine whether hB-ind1 has the ability to work as a cochaper-
one in an Hsp90-dependent manner, each of the plasmids
encoding p23 or the p23 mutants was cotransfected with a
reporter plasmid carrying a firefly luciferase gene under the
control of the GR promoter (pGR-luc), together with an in-
ternal-control plasmid (pRL-TK), and GR-mediated transcrip-
tional activity was determined at 12 h after treatment with
dexamethasone, a ligand of GR. Expression of the p23 or cp23
mutant, but not of the AXXA mutants, significantly inhibited
GR-mediated transcription (Fig. 1C). These results indicate
that the p23-like domain of hB-indl possesses cochaperone
activity comparable to that of p23.

The p23-like domain of hB-indl is interchangeable with
the p23 cochaperone domain during complex formation with
NS5A, Hsp90, and FKBPS. Previous reports have suggested
that HCV. NS5A interacts with several host proteins, including
FBL2 (63), vesicle-associated membrane protein-associated
protein subtype A (VAP-A) (61), VAP-B (25), FKBPS8 (45),
and hB-ind1 (56), and that these interactions participate in the
replication of HCV. We have shown that hB-indl interacts
with NS5A and Hsp90 through the coiled-coil domain and the
FXXW. motif in the p23-like domain, respectively, and that
coexpression of FKBP8 enhances the interaction of Hsp90 with
hB-ind1 (56). To determine the effect of the mutation in the
p23-like domain of hB-ind1 on interaction with Hsp90, NS5A,
and FKBPS, we prepared an expression plasmid encoding wild-
type hB-ind1 and three hB-ind1 mutants, one in which the
p23-like domain was replaced with the cochaperone domain of
p23 (chB-ind1), one in which the FEXXW motif was replaced
with AXXA (hB-ind1AxxA), and one in which both' replace-
ments were made (chB-ind1AxxA) (Fig. 2A). The FLAG-
tagged wild-type or mutant hB-ind1 was coexpressed with HA-
tagged Hsp90 (Fig. 2B, left) or HA-tagged NSS5A (Fig. 2B,
right) in 293T cells and immunoprecipitated with anti-FLAG
antibody. Hsp90 was coprecipitated with wild-type hB-ind1
and the chB-ind1 mutant, but not with the hB-indTAXXA and
chB-ind1AXXA mutants (Fig. 2B, left), confirming that the
FXXW ‘motif is: crucial for ‘the interaction with Hsp90. In
contrast, NS5A was coprecipitated with each of the hB-ind1
proteins, suggesting that mutation in the p23-like domain of
hB-ind1 has no effect on the binding of hB-indl to NS5A
through the coiled-coil domain (Fig: 2B, right). To determine
the effect of FKBP8 expression on the interaction between
hB-ind1 and Hsp90, FLAG-tagged wild-type hB-ind1 or the
chB:ind1 mutant was coexpressed with HA-tagged FKBP8
and/or Hsp90 in 293T cells and immunoprecipitated with anti-
FLAG antibody. The amounts of Hsp90 coprecipitated with
hB-ind1 or chB-ind1 were increased by coexpression of FKBP8
(Fig. 2C). To further examine the interaction of hB-indl with
Hsp90 and NS5A at an endogenous expression level in Huh9-13
cells harboring an HCV subgenomic RNA replicon, lysates of
the replicon cells were subjected to immunoprecipitation anal-
ysis. Endogenous Hsp90 and NS5A were specifically coimmu-
noprecipitated with endogenous hB-indl (Fig. 2D). These
results suggest that the p23-like domain of hB-ind1 is inter-
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FIG. 2. Construction -and characterization of hB-indl mutants.
(A) Structures of p23, hB-indl, and the three hB-indl mutants. The
three hB-ind1 mutants, hB-ind1AxxA; chB-ind1, and chB-ind1AxxA,
were constructed by replacing the FXXW motif with AXXA, the
p23-like domain of hB-ind1 with the cochaperone domain of p23, and
both of the regions, respectively. (B) FLAG-tagged hB-ind1; hB-ind1
AxxA, chB-ind1, or chB-ind1AxxA was coexpressed with either HA-
tagged Hsp90 (left) or NS5A (right) in293T cells and immunoprecipi-
tated (IP) with anti-FLAG antibody. The immunoprecipitates were
subjected to immunoblotting: (IB). (C) HA-tagged Hsp90 and HA-
FKBPS were expressed with FLAG-tagged hB-ind1 and chB-indl in
various combinations in 293T cells and immunoprecipitated with anti-
FLAG antibody, and the immunoprecipitates were detected by immu-
noblotting. (D) ‘Endogenous. hB-ind1 in Huh9-13 cells harboring
subgenomic HCV replicon RNA was immunoprecipitated with anti-
hB-ind1 rabbit IgG (lane 2). The cell lysate was mixed with normal
rabbit IgG as a negative control (lane:1). The immunoprecipitates
were analyzed by immunoblotting with an antibody to Hsp90, NSSA,
or:hB-ind1. The data shown are representative of three independent
experiments.
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changeable with the cochaperone domain of p23 during com-
plex formation with NS5A, Hsp90, and FKBPS.

Cochaperone activity in the p23-like domain of hB-indl is
required for propagation of HCV. The p23-like domain of
hB-ind1 has been suggested to be required for HCV propaga-
tion (56). However, the involvement of the cochaperone activ-
ity of hB-ind1 in HCV propagation has not been examined. To
assess the effect of cochaperone activity in the p23-like domain
of hB-ind1 on the RNA replication and particle production of
HCV, each of the expression plasmids encoding the FLAG-
tagged wild-type or mutant hB-ind1 carrying the silent muta-
tions resistant to small interfering RNA was transfected into
hB-ind1 knockdown (Huh-KD) cells and cultured for a week in
the presence of puromycin. The expressions of FLAG-tagged
hB-ind1 and the mutants in the Huh-KD cells were compara-
ble to that of the endogenous hB-ind1 in the control (Huh-ctrl)
cells transfected with an empty vector (Fig. 3A). Subgenomic
HCV replicon RNA transcribed from pFK-I 4 neo/NS3-3'/
NK35.1 was transfected into these cells and cultured for 4 weeks
in the presence of G418. Although the number of colonies was
reduced in the Huh-KD cells compared with the Huh-ctrl cells
after transfection with an empty vector, as described previously
(56), the colony numbers were recovered by the expression
of the hB-ind1 or chB-ind1 mutant, but not by that of the
hB-ind1AXXA or chB-ind1AXXA mutants (Fig. 3B). Sim-
ilarly, intracellular HCV RNA and infectious viral titers in
the culture supernatants of Huh-KD. cells infected with
JFH1 virus were partially recovered by the expression of the
hB-indl or chB-ind1 mutant, but not by that of the hB-
ind1AXXA or chB-indIAXXA mutant (Fig. 3C). These re-
sults suggest that cochaperone. activity in the p23-like do-
main of hB-ind1 is required for HCV propagation and that
the cochaperone domain of p23 can substitute for the p23-
like domain of hB-indl1.

hB-ind1 colocalizes with NS5A, FKBPS, and dsRNA on the
membranous web. Our previous report revealed the interplay
among hB-ind1, Hsp90, FKBPS, and NS5A and showed that
these interactions play an important role in HCV replication
(56). However, the subcellular localization of the endogenous
hB-ind1 in the replicon cells and JFH1 virus-infected cells has
not been precisely assessed.. To determine the subcellular lo-
calization of hB-indl in the context of HCV replication, the
expression. of hB-indl and NS5A in the replicon: cells and
JFH1 virus-infected cells was examined by immunofluores-
cence analyses (Fig. 4A). Endogenous hB-ind1 was colocalized
with the endoplasmic reticulum (ER)-marker PDI and NS5A
as dot-like structures in the Huh9-13:replicon cells (Fig. 4A,
top) and in cells infected with JFH1 virus (Fig. 4A, bottom),
and these dot-like structures disappeared in concert with the
loss of NS5A expression by treatment with IFN-a in the rep-
licon cells and was not observed in the mock-infected Huh7.5.1
cells. Furthermore; FKBPS8 (Fig. 4B, top) and dsRNA (Fig. 4B;
bottom) were colocalized with hB-indl and NSSA in the dot-
like structures in Huh9-13 replicon cells. These results indicate
that HCV replicating RNA is localized with hB-ind1, FKBPS;
and NS5A in the dot-like compartments. HCV RNA replica-
tion or expression of viral proteins leads to formation of the
convoluted membranous structures designated the membra-
nous web (14, 23). The large structures of the replication com-
plexes in the replicon cells indicate membranous webs with
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FIG. 3. Effects of the cochaperone activity of hB-ind1 on the prop-
agation of HCV. (A) Huh-KD cells were transfected with either an
empty vector or an‘expression plasmid encoding FLAG-tagged hB-
ind1, hB-ind1AxxA, chB-ind1, or chB-ind1AxxA, which are resistant to
small interfering RNA due to the introduction of silent mutations, and
cultured for a week in the presence of 10 wg/ml of puromycin. The
surviving cells were used in the subsequent experiments. The endog-
enous and: exogenous expression: of hB-indl:and the mutants was
detected by immunoblotting. The control cell line (Huh-ctrl) or the
Huh-KD cell line transfected with an empty vector (EV) was used as
a control; (B) Huh-KD cells: were transfected with the plasmids and
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restricted motility (68). To further analyze the subcellular com-
partments, including hB-ind1 and NS5A, the same field of the
Huh9-13 replicon cells was observed under FM and EM by
using the correlative FM-EM technique (Fig. SA, upper two
rows). The large structures that included hB-ind1 and NSSA in
the replicon cells were observed under FM and EM (white-
boxed areas) and further magnified (black-boxed areas). Con-
voluted membranous structures that consisted of small vesicles
and that were similar to the membranous web were observed.
Another field of view yielded similar results (Fig. SA, lower two
rows). The membranous web resembling the convoluted struc-
tures was not observed in the Huh9-13 cells depleted of viral
RNA by IFN treatment (Fig. 5B). Together, these results sug-
gest that hB-ind1 interacts with NS5A on the membranous web
in cells replicating HCV RNA.

Hsp90 is involved in the circumvention of the UPR during
HCY replication. Hsp90 regulates the folding and stability of
proteins in all eukaryotes (59), and inhibition of the chaperone
pathway suppresses correct protein folding, which leads to
induction of proteasome-mediated degradation of the un-
folded proteins and the unfolded protein response (UPR). Our
previous: (46) and present studies (Fig. 4 and 5) showed that
several cochaperone components are recruited in the membra-
nous web, suggesting that the Hsp90 chaperone system partici-
pates in the replication complex to circumvent the induction of
the UPR and to maintain the folding of the host and viral
proteins in a replication-competent state. To determine the
induction of the UPR by HCV replication, Huh9-13 replicon
cells were transfected with a reporter plasmid carrying a firefly
luciferase gene under the control of the GRP78 promoter,
which is activated by the induction of the UPR, together with
an internal-control plasmid. Although the GRP78 promoter
activity was slightly enhanced in the Huh9-13 cells compared to
that in the parental cells, a fourfold increase of GRP78 pro-
moter activity in: the replicon cells was observed after treat-
ment with an Hsp90 inhibitor, DMAG, in contrast to the two-
fold increase in similarly treated parental Huh7 cells, and the
activation of the GRP78 promoter was canceled by treatment
with IFN-o despite DMAG treatment (Fig. 6A), suggesting
that the Hsp90 chaperone system’ participates in the circum-
vention of the UPR induced by the replication of HCV RNA.
In addition, activation of GRP78 at transcriptional and trans-
lational levels after treatment with DMAG was higher in the

then selected with puromycin. The resulting cells were further trans-
fected with a replicon RNA transcribed from pFK-I 5 neo/NS3-3'/
NKS5.1, cultured for 4 weeks in the presence of 1 mg/ml of G418, and
stained with' crystal violet after fixation with 4% paraformaldehyde.
The Huh-KD cell line transfected with an empty vector (EV) was used
as a positive control. (C) The cells prepared as described above were
infected with' JFHI virus and harvested at 3 days postinfection.. The
amount of intracellular HCV. RNA was estimated by quantitative re-
verse transcriptase PCR and normalized with that of GAPDH mRNA.
The values of HCV RNA are presented as percentages versus those of
Hubh-ctrl cells transfected with an empty vector. The culture superna-
tants were subjected to: a focus-forming assay. Virus titers are pre-
sented as focus-forming units (FFU) per ml. The error bars indicate
standard deviations. The asterisks indicate significant differences (P <
0.01) versus the value of the control. The data shown are representa-
tive of three independent experiments.
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FIG. 4.  Intracellular localization of hB-ind1 in replicon cells and infected cells. (A} Huh9-13 replicon cells with. IFN-« or untreated and
Huh7.5.1 cells infected with JFH1 virus or naive cells were stained with antibodies against NS5A; hB-ind1; or PDI and examined by immunoflu-
orescence assay. The boxed areas in the merged images are magnified and displayed on the right. The arrowheads indicate intracellular positions
colocalized with NS5A, hB-ind1, and PDI (B) Huh9-13 replicon cells were fixed, permeabilized, and stained with appropriate antibodies to NS5A,
hB-ind1, and FKBPS (top) or dsRNA (bottom). The boxed areas in the merged images are magnified and displayed on the right. The arrowheads
indicate intracellular positions colocalized with NS5A, hB-ind, and FKBP8 or dsRNA. The images shown are representative of three independent

experiments.

HCV replicon cells than in the parental cells or in cured cells,
which were depleted of HCV. RNA by treatment with IFN-a
(Fig. 6B). Furthermore, DMAG treatment enhanced the tran-
sctiption-of the UPR marker protein GADD153 at a higher
level in: the replicon cells than in the parental Huh7 or the
cured cells (Fig. 6C). These results suggest that the Hsp90-
dependent chaperone system plays a crucial role in the folding
of the host and viral proteins involved in HCV replication and
in the regulation of UPR induction.

DISCUSSION

Studies of the relationship between Hsp90 and steroid re-
ceptors, such as GR, have revealed the activities of cochaper-
ones (52, 67). Cochaperones, such as p23, appear to:interact
with and dissociate from Hsp90 and the client protein complex
in a defined order. These cochaperones participate in the chap-
erone complex in a late step and promote the dissociation of
the client:proteins from Hsp90 to facilitate formation of the
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hB-ind1

hB-ind1

FIG. 5. hB-indl interacts with NSSA in' the membranous web. Huh9-13 replicon cells were stained with specific antibodies to hB-indl and
NS5A. Identical fields of Huh9-13 (A) or the cured cells (B) were observed under EM by using the correlative FM-EM technique. The white-boxed
areas indicate the colocalized areas of hB-ind1 with NSSA. Magnified views of the white-boxed areas are displayed in the third column from the
left. The right column contains further-magnified images of each of the black-boxed areas. Another field of view is presented in the lower two rows.

chaperone complex in the next chaperone cycle (16-18). Inthis  range the ER membrane into the small convoluted membra-
study, we have shown that hB-ind1 participates in HCV repli-  nous vesicles that are collectively known as the membranous
cation and that the p23-like domain of hB-ind1 possesses co- ~ web, and these vesicles have been suggested to be the intra-
chaperone activity comparable to that of the cochaperone do-  cellular compartments in which. HCV replication takes place
main of p23, suggesting that hB-ind1 is involved in the recycling of (14, 23, 68). In the living replicon cells, two forms of replication
the chaperone complex in the membranous web to maintain  complexes, small and large vesicles, are detected; both of which
the function of the replication complex of HCV. include the viral replication ‘complexes  (68). Large: vesicles,

Previous studies have indicated that HCV proteins rear-  corresponding to membranous webs, exhibit restricted motil-
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FIG. 6. Effect of Hsp90 inhibitor on the induction of the UPR in
HCYV replicon cells. (A) Huh7 and Huh9-13 replicon cells were trans-
fected with a reporter plasmid, pGRP78-luc, and an internal-control
plasmid, pRL-TK. The transfected cells were treated with IFN-a
(+IFN) from 6 to 36 h posttransfection or left untreated and then
further incubated for 6 hin the presence or absence of 1 uM DMAG.
The resulting cells were harvested and subjected to a dual-luciferase
assay. The firefly luciferase activity is indicated as the RLU (top) after
standardization with that of Renilla luciferase. The enhancement of
promoter activity by treatment with DMAG is presented as the in-
crease (bottom). (B) Huh7 cells, Huh9-13 cells; and Huh9-13 cells
cured by IFN-a treatment (Cured) were cultured for 6 h in the pres-
ence or absence of 1 pM DMAG, and the amount of GRP78 mRNA
was measured by real-time PCR. The value of the mRNA was nor-
malized with the amount of GAPDH mRNA (upper left), and the
transcriptional enhancement by treatment with DMAG is presented as
the increase (lower left). The expression levels of GRP78 and B-actin
in the cells were determined by immunoblotting (upper right) and are
presented as the increase (lower right). (C) The amounts of GADD153
mRNA in Huh7 cells; Huh9-13 cells, and the cured cells cultured for
6 h in the presence or absence of 1 uM DMAG were measured by
teal-time PCR. The values of the mRNA were normalized with: the
amount of GAPDH mRNA (top), and the transcriptional enhance-
ment by treatment with DMAG is presented as the increase (bottom).
The error bars indicate” standard deviations. The asterisks indicate
significant differenices (P < 0.01) versus the control value. The data
shown are representative of three indépendent experiments.
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ity, while small vesicles show fast movement (68), and FM and
EM have tevealed that NS5A is colocalized with ‘hB:ind1; as
well as FKBPS (45), in the membranous webs. hB-ind1 was first
identified as a regulator of Racl that activates JNK and NF-«B
(11). Racl is'a member of the Rho GTPase family and plays
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crucial roles in cytoskeletal dynamics, membrane ruffling, and
gene transcription through the effectors of the Rho GTPase
family members. IQGAP1 and PAKI1 are Racl effectors that
bind to Rac proteins and are also involved in the replication of
HCV (5, 7,19, 31,:50). The tetratricopeptide repeat domain
of immunophilin family members, such as FKBPS, has been
shown to interact with Hsp90 (12, 45) and the GR-Hsp90
complex that leads to-association with dynein for retrograde
transport; along with microtubules (12). Hsp90 has been shown
to play an important role in the interaction of transcriptase
with genomic RNA of hepatitis' B virus (27) and the nuclear
transportation of the polymerase of influenza virus (40). Flock
house virus also recruits Hsp90 in the polymerase synthesis in
the early step of infection (9). Hsp90 may be involved in the
regulation of the movement and arrangement of the HCV
replication complexes through interaction with Racl, hB-ind1,
and FKBPS. Further investigation is needed to clarify the role
of the Hsp90 chaperone system in the life cycle of HCV.

The surrounding membranes, including the membranous
web, may protect the viral replication complex and RNA ge-
nome against digestion by the host proteases and nucleases
(69). The replication complex is composed of viral nonstruc-
tural proteins and host proteins, including chaperone and co-
chaperone proteins. HCV NS5A has been shown to interact
with various host proteins, including cochaperones, such as
FKBPS8 and hB-indl, and to recruit a chaperone, Hsp90, into
the replication complex through interaction with these cochap-
erones. Recruitment of the chaperone complex into the repli-
cation complex is crucial for the correct folding of newly syn-
thesized viral proteins to maintain the efficient replication of
the viral genome. HCV replication has been shown to be im-
proved by the adaptive mutations suppressing the phosphory-
lation status of NSSA in the replicon cells (3). Although sup-
pression of the hyperphosphorylation of NSSA by treatment
with kinase inhibitors improves the replication of the replicons
that have no adaptive mutations (42), several kinase inhibitors
have been shown to suppress the replication of the HCV rep-
licon carrying the adaptive mutations (29), and phosphoryla-
tion of NSSA by casein kinase II was shown to improve virus
production but not HCV RNA replication (57). Hsp90 is ca-
pable of directly modulating the activities of several kinases
(37, 53, 54), and thus, it might be feasible that cochaperones,
including hB-ind1 and FKBPS, participate in the propagation
of HCV by regulating the phosphorylation status of NSSA in
cooperation with Hsp90.

The host chaperone system regulates the quality of client
proteins; and impairment of the chaperone activity induces
accumulation of misfolded proteins and affects the natural
cellular function and viability (20, 21, 33). In this study, DMAG
treatment induced a higher level of UPR in HCV replicon cells
than in parental and cured cells, indicating that the Hsp90
chaperone system: participates in the maintenance of correct
folding of the viral and host proteins in the replication complex
in the membranous web and in the circumvention of the UPR
induced by HCV replication. Treatment with geldanamycin or
its derivatives has been shown to inhibit GRP94, which is the
Hsp90 paralog located in the ER (10); and to disrupt the ER
chaperone pathway, leading to the induction of ER-associated
protein degradation; transcriptional attenuation; and eventu-
ally induction: of apoptosis: (34). ER: chaperones; such as
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GRPY4, may also participate in the correct folding of the viral
and host proteins in the replication complex for efficient rep-
lication of the HCV genome.

Geldanamycin and its derivatives have been reported to
remarkably inhibit poliovirus replication in vivo without any
emergence of drug-resistant escape mutants (22), suggesting
that an inhibitor of the chaperone system may be a promising
candidate for the treatment of viral infectious diseases with low
risk of the emergence of drug-resistant viruses. In addition,
Hsp90 inhibitors exhibit anticancer activities through the sup-
pression of various cell signals essential for cancer growth and
the enhancement of radiation sensitivity (2, 8, 13). In conclu-
sion, our data indicate that hB-indl is included within the
HCV replication complex and regulates HCV RNA replication
through its own cochaperone activity. Hsp90 and' cochaper-
ones, including hB-ind1 and FKBPS, which are required for
efficient HCV replication, should be ideal targets for the treat-
ment of chronic hepatitis C with a low frequency of emergence
of drug-resistant breakthrough viruses.
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We have previously reported on the ubiquitylation and degradation of hepatitis C virus core protein. Here we
demonstrate that proteasomal degradation of the core protein is mediated by two distinct mechanisms. One leads
to polyubiquitylation, in which lysine residues in the N-terminal region are preferential ubiquitylation sites. The
other is independent of the presence of ubiquitin, Gain- and loss-of-function analyses using lysineless mutants
substantiate the hypothesis that the proteasome activator PA28y, a binding partner of the core, is involved in the
ubiquitin-independerit degradation of the core protein. Our results suggest that turnover of this multifunctional
viral protein can be tightly controlled via dual ubiquitin-dependent and -independent proteasomal pathways.

Hepatitis C virus (HCV) core protein, whose amino acid
sequence is highly conserved among different HCV strains, not
only is involved in the formation of the HCV virion but also has
a number of regulatory functions, including modulation of
signaling pathways, cellular and. viral gene expression, cell
transformation, apoptosis, and lipid metabolism (reviewed in
references 9 and:15). We have previously reported that the
E6AP E3 ubiquitin (Ub) ligase binds to. the core protein and
plays an important role in polyubiquitylation and proteasomal
degradation of the core protein (22). Another study from our
group identified the proteasome activator PA28y/REG-v as an
HCV core-binding partner, demonstrating degradation of the
core protein via a PA28y-dependent pathway (16, 17). In this
work, we further investigated the molecular mechanisms un-
derlying proteasomal degradation of the. core protein and
found that in addition to regulation by the Ub-mediated path-
way, the turnover of the core protein is also regulated by
PA28y in a Ub-independent manner.

Although ubiquitylation of substrates generally requires at
least one Lys residue to serve as a Ub acceptor site (5), there
is' no consensus as to the specificity of the Lys targeted by Ub
(4, 8). To determine the sites of Ub conjugation in the core
protein, we used site-directed mutagenesis to replace individ-
ual Lys residues or clusters of Lys residues with Arg residues in
the N-terminal 152 amino acids (aa) of the core (C152), within
which is contained all seven Lys residues (Fig. 1A). Plasmids
expressing a variety of mutated core proteins were generated
by PCR and inserted into the pCAGGS (18). Each core-ex-
pressing construct was transfected into human embryonic kid-
ney 293T cells along with the pMT107 (25) encoding a Ub
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moiety tagged with six His residues (His,). Transfected cells
were treated with the proteasome inhibitor MG132 for 14 h to
maximize the level of Ub-conjugated core intermediates by
blocking the proteasome pathway and were harvested 48 h
postiransfection. His-tagged proteins were purified from the
extracts: by’ Ni**-chelation chromatography. Eluted protein
and whole lysates of transfected cells before purification were
analyzed by Western blotting using anticore antibodies. (Fig.
1B). Mutations replacing one or two Lys residues with Arg in
the core protein did not affect the efficiency of ubiquitylation:
detection of multiple Ub-conjugated core intermediates was
observed in the mutant core proteins comparable to the results
seen with the wild-type core protein as previously reported
(23). In contrast, a substitution of four N-terminal Lys residues
(C152K6-23R) caused a significant reduction in ubiquitylation
(Fig. 1B, lane 9). Multiple Ub-conjugated core intermediates
were not detected in the Lys-less mutant (C152KR), in which
all seven Lys residues were replaced with Arg (Fig. 1B, lane
11).-These results suggest that there is not a particular Lys
residue in the core protein to act as the Ub acceptor but that
more than one Lys located in its N-terminal region can serve as
the preferential ubiquitylation site. In rare cases, Ub is known
to be conjugated to the N terminus of proteins; however, these
results indicate that this does not occur within the core protein.

To investigate how. polyubiquitylation correlates with pro-
teasome degradation of the core protein; we performed kinetic
analysis of the wild-type and mutated core proteins by use of
the Ub protein reference (UPR) technique, which can com-
pensate for data scatter of sample-to-sample variations such as
levels of expression (10, 24). Fusion proteins expressed from
UPR-based constructs (Fig. 2A) were cotranslationally cleaved
by deubiquitylating enzymes, thereby generating equimolar
quantities of the core proteins and the reference protein; di-
hydrofolate reductase-hemagglutinin (DHFR-HA) tag-modi-
fied Ub, in which the Lys at aa 48 was replaced by Arg to
prevent its polyubiquitylation (UbR*®). After 24 h of transfec-
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