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Fig.5. PA28yisrequired for HCV core-dependent activation of the srebp-7¢
promoter. {(A) Effect of PA28y knackdown on the LXRa/RXRa-DNA complex.
FLAG-LXRa and HA-RXRa were expressed in FLC4 {control} or PA28y-
knockdown (PA28yKD) cells together with or without HCV core protein. Cells
were harvested at 48 h posttransfection, and nuclear extracts were mixed with
the reaction buffer for EMSA. (Upper) The resulting mixtures were subjected
to PAGE and blotted with horseradish percxidase-streptavidin, The mobility
shift of the LXRE probe is indicated by an arrow. {Lower) Expression of HCV
cere, HA-RXRa, FLAG-LXRw, and PA28yin cells was detected by immunablot-
ting. (B) Effect of PA28y knockout on the LXRe/RXRa~DNA complex in the
mouse liver. {Upper) Nuclear extracts were prepared from the livers of
2-month-old PA28y™'~, PA2By*/*CoreTg, PAR8y~/~CoreTg, and PA28y™'*
mice and subjected to EMSA. The mobility shift of the LXRE probe is indicated
by an arrow. (Lower) The expression of HCV core, PA28y, and g-actin in the
livers of the mice was detected by immunebiotting, () Effect of HCV core
protein on srebp-1 promoter activity in PA28y-knockaut fibroblasts, A plasmid
encoding firefly luciferase under the control of the srebp-T¢ promoter was
transfected into MEFs prepared from PA28+** (Left) or PA2By '~ (Right) mice
together with a plasmid encoding 2 Renifla luciferase. An empty plasmid or
plasmids encoding mouse RXRe or LXRa were also cotransfected into the cells
together with (gray bars) or without (white bars) 2 ptasmid encoding HCV core
protein. Luciferase activity under the control of the srebp-1c promoter was
determined, and it is expressed as the fold increase in relative luciferase
activity after standardization with the activity of Renilfa iuciferase.

tiates srebp-Ic promoter activity in an LXRe/RXRa-dependent
manner.

HCV Core Protein Activates the sreph-Tc Promoter in an LXRa/RXRa-
and PA28y-Dependent Manner, To examine whether PA28y is
required for HCV core-induced enhancement of srebp-Jc promoter
activity in human fiver cells, a PA28y-knockdown human hepatoma
cell line (FLC4 KD) was prepared. Enhancement of binding of the
LXRE probe t0 LXRo/RXRa by coexpression of HCV core
protein and LXRa/RXRa in FLC4 cells was diminished by knock-
down of the PA28y gene (Fig. 34). Furthermore, formation of the
LXRa/RXRa-LXRE complex was enhanced in the livers of
PA28**CoreTg mice but not in those of PA28y™~, PA28y*/*,
or PA28y~/~CoreTg mice (Fig. 58). The expression of the HCV
core protein in the mouse embryonic fibroblasts (MEFs) of
PAZ8y™* mice induced the activation of the mouse srebp-lc
promoler through the endogenous expression of LXRa and RXRa
(Fig. 5C Left). Further enhancement of the activation of the srebp-T¢
promoter by HCV core protein in PA28y™ * MEFs was achieved
by the exogencus expression of both LXRe and RXRa. However
no enhancing effect of HCV core protein on srebp-Jc promoter
activity was abserved in PA28y~'~ MEFs (Fig. 3C Right). These
results support the notion that HCV core protein enhances the
activity of the srepb-Ic promoter in an LXRe/RXRer- and PA28y-
dependent manner.
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Table 1. HCC in mice at 16-18 months of age

Total no. No. of mice

Mouse and sex of mice developing HCC Incidence, %
PA28v*~CoreTg

Male 17 5 29.4

Female 28 3 10.7
PA2By -

Male 16 0 0

Female 4 0 0
PA28y~~

Male 23 0 o

Female 13 Q 0
PA28y~~CoreTg

Male 15 0 G

Female 21 0 ¢

PA28y Plays a Crucial Role in the Pevelopment of HCC in PA28y*/*
CoreTg Mice. The incidence of hepatic tumors in male PA28y*/+
CoreTg mice older than 16 months was significantly higher than
that in age-matched female PA28y*/* CoreTg mice {6). We recon-
firmed here that the incidence of HCC in male and female
PA28y**CoreTg mice at 16-18 monihs of age was 29.4% (5 of 17
mice) and 10.7% (3 of 28 mice), respectively. To our surprise,
however, no HCC developed in PA28y™/~CoreTg mice (males, 15;
females, 21}, although, as expected, no HCC was observed ia
PA28y*~ {imales, 16; fernales, 4) and PA28y™"" mice (males, 23;
femnales, 13) (Table 1), These results clearly indicate that PA28y
plays an indispensable role in the devetopment of HCC induced by
HCV core protein.

Discussion

HCV core protein is detected in the cytoplasm and partially in the
nucleus and mitochondria of culture cells and hepatocytes of
transgenic mice and hepatits C patients (6, 23, 24, 26}. Degradation
of HCV core protein was enhanced by deletion of the C-terminal
transmembrane region through a ubiguitin/proleasome-dependent
pathway (27). We previously reported (18) that PA28y binds
directly to HCV core protein and then enhances degradation of
HCV core protein in the nucleus through a proteasome-dependent
pathway because HCV core protein was accumulated in nucleus of
hieman cell line by treatment with proteasome inhibitor MG132. In
this work, accumulation of HCV core protein was observed i
nucleus of hepatocytes of PA28vy~/~CoreTg mice (Fig. 1D). This
result directly demonstrates that HCV core protein migrates into
the nucleus and is degraded througlt a PA28-dependent pathway.
However, HCV core protein accumulated in the nucleus because
knockout of PA28y gene abrogated the ability to cause liver
patholagy, suggesting that interaction of HCV core protein with
PA28yin the nucleus is prerequisite for the liver pathology induced
by HCV core protein. We have previously shown (18) that HCV
core protein is degraded through a PA28y-dependent pathway, and
Mipami e al. {28) reported that PA28y has a cochaperone activity
with Hsp90. Therefore, degradation products of HCV core protein
by means of PAZ8y-dependent processing or correct folding of
HCV core protein through cochaperone activity of PA28ymight be
invalved in the development of liver pathology. We do not know the
reason why knockout of the PA28y gene does not affect the total
amount of HCV core protein in the liver of the fransgenic mice.
PA28v-dependent degradation of HCV core protein may be inde-
pendent of ubiquitination, as shown in SRC-3 (21}, whereas knock-
down of PA28y in a human hepatoma cell line enhanced the
ubiguitination of HCV core protein {supporting information (S1)
Fig. 6], suggesting that lack of PA28y suppresses a ubiquitin-
independent degradation but enhances a ubiquitin-dependent deg-
radation of HCV core protein. Therefore, the total amount of HCV
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core protein in the liver of the mice may be unaffected by the
knockout of the PA28y gene.

Our results suggest that the interaction of HCV core protein with
PA28y leads to the activation of the srebp-I¢ promoter along an
LXRo/RXRe-dependent pathway and the development of liver
steatosis and HCC. HCV core protein was not included in the
LXRa/R¥Ro-LXRE complex (Fig. 34). suggesting that HCV
core pratein indirectly activates the srefp-Ic promoter. Cytoplasmic
HCV core protein was shown to interact with Spl10b, which is a
transcriptional corepressor of RARe-dependent transcription, and
this interaction leads to the sequestering of Spl10b in the eyto-
plasm, resulting in the activation of R ARe-dependent transcription
(29). The sequestration of an unidentified corepressor of the
LXRa/R¥XRw heterodimer in the cytoplasm by HCV core protein
may also contribute to the activation of the srebp-J/c promoter.
Although the precise physiological function of PA28y-proteasome
activity in the nucieus is not known, PA28vy has previously been
shown (21) to regulate nuclear hormone receptors by means of the
degradation of its coactivator SRC-3 and to participate in the fully
Hsp90-dependent protein refolding (28). It appears reasonable to
speculate that degradation or refolding of HCV core protein in a
PA28y-dependent pathway might be invoived in the modulation of
transcriptional regulators of various promoters, including the
srebp-Ic promoter. Saturated or monounsaturated fatty acids have
beer shown to enhance HCV RNA replication in Huh7 cells
containing the full-length HCV replicon (7). The up-regulation of
fatty acid biosynthesis by HCV core protein may also contribule 1o
the efficient replication of HCV and to the progression of HCV
pathogenesis.

Expression of HCV core protein was reported to enhance
production of reactive oxygen species (ROS) (30), which leads to
carbonylation of intraceltular proteins (31). Enhancement of
ROS production may trigger double-stranded DNA breaks and
resultin the development of HCC (30, 32, 33). HCV core protein
could enhance the protein carbonylation in the iiver of the
transgenic mice in the presence but not in the absence of PA28y
(8] Fig. 7), suggesting that PA28y is required for ROS produc-
tion induced by HCV core protein. Development of HCC was
observed in PA28y*/*CoreTg mice but not in PA28y~/~CoreTg
mice (Table 1). Enhancement of ROS production by HCV core
protein in the presence of PA28y might be involved in the
development of HCC in PA28y*/*CoreTg mice.

It is well known that resistant viruses readily emerge during the
treatment with antiviral drugs targeting the viral protease or
replicase, especially in the case of infection with RNA viruses.
Therefore, antivirals targeting the host factors that are indispens-
able for the propagation of viruses might be an ideal target for the
development of antiviral agents because of a lower rate of mutation
than that of viral genome, if they have no side effects to patients.
Importantly, the amino acid sequence of PA28+~ of mice is identical
to that of human, and mouse PA28y is dispensable because PA28y
knockout mice exhibit no abnormal phenotype except for mild
growth retardation, Therefore, PA28y might be a promising target
for an antiviral treatment of chronic hepatitis C with negligible side
effects.

In summary, we observed that a knockout of the PA28vy gene
from PA28y*"*CoreTe mice induced the accumulation of HCV
core protein in the nucleus and disrupted the development of both
steatosis and HCC. Activation of the srebp-Ic promoter was up-
regulated by FICV core protein both in vitro and in vivo through a
PA28vy-dependent pathway, suggesting that PA28y plays a crucial
role in the development of liver pathology induced by HCV
infection.

Materials and Methods

Histology and immunohistochemistry, real-time PCR, and detec-
tion of proteins modified by ROS are discussed in S/ Materials and
Meihiods.
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Plasmids and Reagents. Human PA 28y cDNA was isolated from a
human fetal brain library (18). The gene encoding HCV core
protein was amplified from HCV strain J1 {(genotype 1b) (34) and
cloned into pCAG-GS (35). Mouse cDNAs of RXRa and LXRa
were amplified by PCR from the total cDNAs of the mouse liver.
The RXRa and LXRe genes were introduced into pEF-
FLAGGspGBK (36) and pcDNA3.1 (Invitrogen, Carlsbad, CA),
respectively. The targeting fragment for human PA28v knockdown
(GGATCCGGTGGATCAGGAAGTGAAGTTCAAGAGA.-
CTTCACTTCCTGATCCACCTTTTTTGGAAAAGCTT) was
introduced into the BamHI and HindII sites of pSilencer 4.1 Ub
hygro vector (Ambion, Austin, TX). Mouse anti-FLAG (M2) and
mouse anti-B-actin antibodies were purchased from Sigma (St.
Louis, MO). Rabbit polyclonal antibody against synthetic peptides
corresponding to amine acids 70-85 of PA28+y was obtained from
AFFINITI (Exeter, U.K)). Horseradish peroxidase-conjugated
goat anti-mouse and anti-rabbit IgGs were purchased from ICN
Pharmaceuticals (Aurora, OH). Rabbit anti-HCV core protein was
prepared by immunization with recombinant HCV core protein
(amino acids 1-71), as described in ref. 24, Mouse monoclonal
antibody to HCV core protein was kindly provided by S. Yagi (37).
The plasmid for expression of HA-tagged ubiquitin was described
int ref. 27.

Preparation of PA28y-Knockout HCV CoreTyg Mice. The generation of
C57BL/6 mice carrying the gene encoding HCV core protein
genotype 1b line C49 and that of PA28y™/~ mice have been
reported previously (22, 25). Both strains were crossbred with each
other to create PA28y~"~CoreTg mice. PA28y~/~CoreTg mice
were identified by PCR targeted at the PA28y or HCV core gene
(22, 25). Using 1 pg of genomic DNA obtained from the mouse tail,
the PA28v gene was amplified by PCR with the following primers:
sense, PAZ8-3 (AGGTGGATCAGGAAGTGAAGCTCAA), and
antisense, PA28vy-5cr (CACCTCACTTGTGATCCGCTCTCT-
GAAAGAATCAACC). The targeted sequence for the PA28y-
knockout mouse was detected by PCR using the PA28-3 primer and
the PAKO-4 primer (TGCAGTTCATTCAGGGCACCGGA-
CAG). The transgene encoding HCV core protein was detected by
PCR as described in ref. 25. The expression of PA28y and HCV
core protein in the livers of 6-month-old mice was confirmed by
Western blotting with mouse monoclonal antibody to HCV core
protein, cione 11-10, and rabbit antibody to PA28~. Mice were
cared for according to the institutional guidelines. The mice were
given ordinary feed, CRF-1 (Charles River Laboratories, Yoko-
hama, Japan)}, and they were maintained under specific pathogen-
free conditions.

All animal experiments conformed to the Guidelines for the
Care and Use of Laboratory Animals, and they were approved by
the Institutional Committee of Laboratory Animal Experimenta-
tion (Research Institute for Microbial Diseases, Osaka University).

Preparation of Mouse Embryonic Fibroblasts. MEFs were prepared
as described in ref. 22. MEFs were cultured at 37°C under an
atmosphere of 5% CO, in Dulbecco’s modified Eagle’s medium
(Sigma) supplemented with 10% FBS, penicillin, streptomycin,
sodium pyruvate, and nonessential amino acids.

Transfection and Immunoblotting. Plasmid vectors were transfected
into the MEFs and 293T cells by liposome-mediated transfection
by using Lipofectamine 2000 (Invitrogen). The amount of HCV
core protein in the liver tissues was determined by an ELISA as
deseribed in ref. 37. The cell lysates were subjected to SDS/
PAGE (12.5% gel), and they were then transferred onto PVDF
membranes. Proteins on the membranes were treated with
specific antibody and Super Signal Fernto (Pierce, Rockford, IL).
The results were then visualized by using an LAS3000 imaging
system (Fuji Photo Film, Tokyo, Japan). The method of immu-
noprecipitation test is described in ref. 18.
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Reporter Assay for srehp-1c Promoter Activity. The genomic DNA
fragment encoding the srebp-J¢ promoter region (located from
residues —410 to +24) was amplified from a mouse genome. The
fragment was iniroduced into the Kpnl and Hindlll sites of
pGL3-Basic {(Promega, Madison, WI), and it was designated as
pGL3-srebp-lePro. The plasmids encoding RXRe and LXRa
were transfected into MEFs together with pGL3-srebp-1cPro
and a control plasmid encoding Renille luciferase (Promega).
The total DNA for transfection was normalized by the addition
of empty plasmids. Cells were harvested at 24 i posttransfection.
The ligand of RXRe, 9-cis-retinoic acid (Sigma), and that of
LXRa, 22(R)-hydroxylcholesterol (Sigma) were added at 4 final
concentration of 5 uM each to the culture medium of 2937 cells
transfected with pGL3-srebp-1cPro together with expression
plasmids encoding RXRe, LXRe, and HCV core protein at 24 h
posttransfection. Cells were harvested 24 h after treatment.
Luciferase activity was measured by using the dual-luciferase
reporter assay system {Promega). Firefly luciferase activity was
standardized with that of Renilla luciferase, and the results are
expressed as the fold increase in relative luciferase units.

Flectrophoresis Mobility Shift Assay (EMSA). EMSA was carried out
by using a LightShift Chemiluminescent EMSA kit (Pierce)
according to the manufacturer’s protocol. Nuclear extract of the
cell lines and liver tissue was prepared with an NE-PER nuclear
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and cytoplasmic extraction reagent kit (Pierce). Briefly, double-
stranded oligonucleotides for EMSA were prepared by anneal-
ing both strands of each LXRE of the srebp-Ic promoter
(3'-GCGACGCCCGCTAGTAACCCCGGC-3") (16). Both
strands were labeled at the 5° ends with biotin. The annealed
probe was incubated for 20 min on ice with nuciear exiract {3 ug
of protein) in & reaction butfer containing 10 mM Tris-HC] (pH
7.5} 50 mM KCI, 1 mM DTT, 0.05 pg/nl poly(dl-dC), 2.5%
glycerol, 0.05% Nonidet P-40, and 0.1 nM labeled probe, with or
without 1 mM nonlabeled probe. The resulting mixture was
subjected to PAGE (5% gel) at 120 V for 30 min in 0.5% TBE.
The DNA—protein complex was transferred to a Hybond N+
membrane (Amersham, Piscataway, NJ), incubated with horse-
radish peroxidase-conjugated streptavidin, and visualized by
using ann LAS3000 imaging system.

Statistical Analysis. The results are expressed as the mean * SD.
The significance of differences in the means was determined by
Student’s ¢ test.
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The hepatitis C virus (HCV) core protein is 3 component of nucleocapsids and a pathegenic factor for
hepatitis C. Several epidemiological and experimental studies have suggested that HCV infection is associated
with insulin resistance, leading to type 2 diabetes. We have previously reported that HCV core gene-transgenic
(PA28~**CoreTg) mice develop marked insulin resistance and that the HCV core protein is degraded in the
nucleus through a PA28vy-dependent pathway. In this study, we examined whether PA28vy is required for HCV
core-induced insulin resistance in vivo. HCV core gene-transgenic mice kacking the PA28y gene (PA28vy '~ CoreTg)
were prepared by mating of PA28y**CoreTg with PA28v-knockout mice. Althongh there was no significant
difference in the glucose tolerance test results among the mice, the insulin sensitivity in PA28y ™~ CoreTg mice was
recovered to a normal level in the insulin tolerance test, Tyrosine phosphorylation of insulin receptor substrate
1 (IRS1), production of IRS2, and phosphorylation of Akt were suppressed in the livers of PA28y™* ™ CoreTg
mice in response to insulin stimulation, whereas they were restored in the livers of PA28vy ™'~ CoreTg mice.
Furthermore, activation of the tumor necrosis factor alpha promoter in human liver cell lines or mice by the
HCYV core protein was suppressed by the knockdown or knockout of the PA2Z8~y gene. These results snggest that

the IZCV core protein suppresses insulin signaling through a PA28y-dependent pathway.

Hepatitis C virus (HCV) is the causative agent in most cases
of acute and chronic non-A, non-B hepatitis {15). Over one-
half of patients with the acute infection evolve into a persistent
carrier state (24). Chronic infection with HCV frequently in-
duces hepatic steatosis, cirrhosis, and eventually hepatocellular
carcinoma (22) and is known to be associated with diseases of
extrahepatic organs, including an essential mixed cryoglobu-
linemia, porphyria cutanea tarda, membranoprotiferative glo-
merulonephritis, and type 2 diabetes (13}

HCV is classified into the genus Hepacivirus of the family
Flaviviridae and possesses a viral genome consisting of a single
positive-strand RNA with a nucleotide length of about 8.5 kb.
This viral genome encodes a single polyprotein composed of
approximately 3,000 amino acids (%), The polyprotein is post-
translationally cleaved by host ceflular peptidases and viral
proteases, resulting in 10 viral proteins (6, 10, 12). The HCV
core protein is known to interact with viral-sense RNA of ITCV
to form the viral nucleocapsid {44}. The HCV core protein is
cleaved off at residue 191 by the host signal peptidase to re-
iease it from the El envelope protein and then by the hast
signal peptide peptidase at around amina acid residues 177 to
179 within the C-terminal transmembrane region (30, 39, 4().
The mature core protein is retained mainly on the endoplasmic
reticulum, although a portion moves to the nucleus and mito-
chondria (11, 51).

Recent epidemiological studies have indicated that type 2
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diabetes is an FICV-associated disease (7, 29). However, it
remains unclear how insulin resistance is induced in patients
chronically infected with HCV, since there is no suitable model
for investigating HCV pathogenesis. Type 2 diabetes is a com-
plex, multisystemic disease with pathophysiology that includes
a high level of hepatic glucose production and insulin resis-
tance, which contribute to the development of hyperglycemiz
(8, 18). Although the precise mechanism by which these factors
contribute to the induction of insulin resistance is difficult to
undeystand, a high level of insulin production by pancreatic B
cells under a state of insulin resistance is common in the
development of type 2 diabetes. The hyperinsulinemia in the
fasting state that is observed relatively early in type 2 diabetes
is considered to be a secondary response that compensates for
the insulin resistance (8, 18).

The HCV cere protein is also known as a pathogenic factor
that induces steatosis and hepatocellular carcinoma in mice
(33. 35). Previously, we reported that insulin resistance occurs
in HCV core gene-transgenic mice due ai least partly to an
increase in tumor necrosis factor alpha (TNF-a) secretion (47)
and that the HCV core protein is degraded through & PA28~/
REG (115 regulator)-dependent pathway in the nucleus (32},
It is well known that PA28y enhances latent proteasome ac-
tivity, although the hiclogical significance of PA28y is largely
unknown, with the exception that PA28y is known to regulate
steroid receptor coactivatar 3 (28). Although several reports
suggested that the degradation of insulin receptor substrate
(IRS) proteins by a ubiquitin-dependent proteasome activity
contributes to insulin resistance (43, 50), the mvolvement of
the HCV core protein in cooperation with PA28y in the sta-
bility of IRS proteins and in the development of insulin resis-

L0GE ‘L2 yoreW Uo SYASIA SNOILSIANI 30 LSNI LN Je Bio'wse Al wouy papeojumod



1728 MIYAMOTOQ ET AL.

tance is not known. In this study, we examined the involvement
of PA28y in the induction of insulin resistance by the HCV
core protein in vivo,

MATERIALS AND METHODS

Preparation of PA28+y-knackout HCV core gene-trunsgenic mice. CS7BL/G
mice carrying the gene encoding HCV core protein genotype 1b (PAZSy™"
CoreTg) line C49 and PA28vy™"~ mice have been deseribed previously (35, 36).
These two genotypes were crossbred to create PA28y*~CoreTg mice.
PA28y™~CoreTg mice were bred to generate PA28y™"CoreTg mice (35, 36).
The HCV core gene and the target sequence 10 knock out the PA28y gene were
identificd by PCR. The mice were given ordinary feed (CRF-1: Charles River
Laboratories, Yokohama, Japan) and were maintained under specific-pathogen-
free conditions. )

Glucose tolerance test. The mice were fasted for more than 16 h hefore
glucose administration. p-Glucose (1 ghkg body weight) was inteaperitoncally
admiristered to the mice. Blood samples were taken fram the orbital sinus at the
indicated time points. The plasma glucose concentration was measured by means
of a MEDI-SAFE Mini bleod glucose monitor (TERUMO, Tokyo, Japan). The
serwn insulin level was determined by a Mercodia (Uppsals, Sweden) ulirasen-
sitive mouse insulin enzyme-finkad immunosorbent wssiy (ELISA).

Insulin tolerance test, The mice were {ed frecly and then fasted during the
study perjod. Human insulin (2 Utkg bedy weight) (Humulin: £ Lilly. India-
napolis, [N) was intraperitoneally administered 1o the mice. The plasma glucose
concentration was measured at the indiciied time and wag normalized based on
the glucose concentration at the time just before insulin administration.

Histological analysis of pancreatic islets. Pancreas tissues were fixed with
paraformaldehyde, ermibedded in paraffin, sectioned, and stained with hema-
toxylin and cosin. The relative islet arca and isicl number were determined
with Image-Pro PLUS image analyzing sofiware (NIPPON RGPER, Tokye.
Japan).

Estimation of tumeor necrosis factor afpha and HCV core protein. Mouose
TNF-i was measured by using 4 mouse TNF-o ELISA kit (Pierce, Rockford. [1)
and normalized based on the amoeun of total protein in cach sumple. The proein
concentration was estimated by using a BCA protein assay kit {Picrce). The
amount of HCV core protein in the tver lissues was determined by using an
EL15A system as described proviously (4).

In vivo insulin stimulation and immunoblod analysis. Mice were Fasted for
more than 18 k before insulin stimulation und then anesthetized with ketamine
and xylazine. Five units of insulin were injected into the mice via the interior vena
cava. Livers of 1he mice were collected 3 min after the insulin injection and
frozen in liguid nitrogen, Immunoblet anadyses of the HCV core protein, PAZ8y,
and cach of the insulin-signaling molecules were carried oul with the Jiver tissue
homoegenates prepared in the hemogenizing bulier containing 23 mM Tris-HCl
(pH 7.4), 10 mM Nax VO, JOO mM NaF. 33 mM Na,P,C», 10 mM EGTA. 10
mM EDTA, 2 mM phenylmethylsuifonyl fluaride, and 1% Nonidet P4l supple-
mented with Complete Protease Inhibitor Cocktail (Roche Diagnostics. Mann-
heim. Germany) (33). Tissue lysates were subjected o sodinm dodecyl sul-
futc-2% 1o 13% gradienm polyacrylamide gel clectrophoresis (PAG Mini
DAICHI 2/15 13W; Daidichi Diagnostics. Tokvo. Jupan) and elecirowransferred
onta polyvinylidene difluoride membrancs (Immobifon-P: Millipore, Bedford,
MA). The pratein transferred ento the membrane was reacted with rabbit anti-
HCV core (32), rabbit anti-Akt (Cell Sigauling, BDanvers. MAY, rabbit anti-
phospho-Serd73-Akt (Cell Signaling), rabbit anti-TRS1 (Upstale. Lake Placid.
NY). rabbit anti-phospho-Tyr608 mause insulin receptor substrate 1 (Sigma, St
Louis, MO). or rabbit anti-]RS2 {Upstate) polyclonal antibody and then incu-
bated with horseradish peroxidase-conjugated anti-rabbit anmibody, Blotied pro-
tein was visvalized using Super Signal Femto (Picree) and an 1LAS3000 imaging
system (Fuji Photo Film, Tokyo, Tapan).

Quantitative reverse transeription-PCR ART-PCR), Total RNA was isolated
from mouse liver using an RNeasy kit (QIAGEN, Valencia, CA), The RNA
preparation was reated with a TURBO DNA-{ree kit (Ambion. Austin, TX) 0
remove DNA contamination in the samples. The firstestrand cDNAs were syn-
thesized by a livst-strand ¢DNA syathesis kit (Amershum Biosclences, Franklin
Lakes, NI}, The targeted cDNA was estimated by vsing Platinum SYBR Green
gPCR Super Min UDC (Invitrogen, Curlsbad, CA) according o the manufic-
turer’s protocol. The fluorescent signal was measured by using an ABI Prism
F000 { Applied Biosystems, Fosier City, CA). The genes encoding mouse TNF-w,
JRS1. IRE2. and hypoxanthine phosphoribosyl wansferase were amplified with
the Tollowing primer pairs: 3'-CGTACAACCCATCGGCTGGCA-S (forward)
and 3-GCOACGTGGAACTGGCAGAAG-Y {reverse) for TNF-w, 5'-ATAG
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FIG. 1. Characterization of HCV core gene-transgenic mice defi-
cient in the PAZ8+ gene. (A) Expression of the HCV core protein and
PA28y in the livers of PA28y™™, PA28y™ " CoreTg, PA28y™"", and
PA28y~ " CoreTg mice. Lysates abtained from tiver tissues of the mice
{100 pg proteinflane) were subjected w sodium dodecy] sulfate-poly-
acrylamide gel electrophoresis and immunceblettisg using antibedies to
the HCV core protein, PA28y, and B-actin. (B) Body weights of the
mice. Body weights of 2-month-old mice were measared (n = 7 in cach
group). There were no statistically significant differences in hody
weights among the mice (# > 0.03).

CTCTGAGACCTTCTCAGCACCTAC-3" (forward) and 5-GGAGTTGCCCT
CATTGCYGCCTAA-Y (reverse) for 1RSI, 3-AGCCTGGGGATAATGGTG
ACTATACCGA-3" {forward) and 3-TIGTGGGCAAAGGATGGGGACAC
T-3 ({reverse) for IRS2, and 3'-CCAGCAAGCTTGCAACCTTAACCA-3
(forward) and 3-GTAATGATCAGTCAACGGGGGAC-Y (reverse) for hypo-
xanthine phosphoribosyl trunsferase. Each PCR product was found as a single
band with the correcl size by agarose gel electrophoresis (dala nel shown).

Reporter assay for TNF-o promoter activity, The promoter region of the
TNF-u gene {located from vesidues - 1260 10 +140) was amplilicd from mouse
genomic DNA and was then intraduced into the Kpnl and Bglil sites of pGL3-
Bausic (Promega, Madison, WY (23). The resulting plasmid was desisnated ay
pGL3-wf-aPro. The gene cacoding the HCV core protein was amplificd from
HCV strain J1 (genotype 1h) and cloned into pCAG-GS 1. 38). To aveid
conlamination wilh endotoxin from Escherichia cofi, the plasmid DNA wus pu-
rificd hy using an EndoFree Plusmid Maxi kit (QIAGEN). The (otal emount of
wransfected DNA was normalized by he addition of empty plasmids, Plasmd
veelor was transfectad e heparoma cell fines by lipofection using Lipe-
Tectamine 2000 (Invivogen). Ceils were hinvested at 24 b posttransfection,
Luciferitse activity was determined by using the Dual-Luciferase Reporier Assay
systent [Promega). Firelly luciferase activity was normalized o coexpressed
Renilla lucilerage activily. The amount of firefiy luciferase activity was presented
as the increase (n-fokd) relative 1o the viue Tor the sample lacking the HCV care
protein, which was tuken o be L0, PA28vy-knockdown cell lines were established
by using pSilencer 2.1 Ub Hysro {Ambion) according 10 the manufacturers
protocol,
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FIG. 2. Knockout of the PA28y gene inhibited the hyperinsulinemia induced by HCV core protein. Plasma glucose levels of PA2Sy™,
PA28y*/"CoreTg, PA28y™"~ CoreTg. and PA28y™" mice under fasting (A) or fed (B) conditions (;2 = 7 in each group) are shown. Serum insulin
levels in fasting (C) or fed (I2) mice (i = 7 in each group) are also shown. Values are represented as means * standard deviations. « < 0.05;
*#P < {101, NS. not statistically significant.

Statistical analysis. The results are presented as means = standard deviations.
The stgaificance of the differences was delermined by Student’s 1 test. P vilues
of <005 were considered statistically significant.

mice, we generated HCV core gene-transgenic mice deficient
in the PA28y gene (PA28y~'~CoreTg). A PA2By" "CoreTg
mouse expressing an amount of PA28y equal (o that of its
normal littermates (Fig. 1A) was crossbred with a PA28y™"

RESULTS mouse to generate a PA28vy"" CoreTg mouse. PA28y"/

HCV core gene-transgenic mice deficient in the PA28~ gene.
To investigate the role of PA28y in the development of insulin
resistance in HCV core gene-transgenic {(PA28y™ " CoreTy)

CoreTg mice were bred with each other, and a PA28y™""
CoreTg mouse was selected by PCR. The HCV core protein
was expressed in PA28y ™t CoreTg and PA28y™"CoreTe

A —— PA2BY*" B
—@— PA28y“CoreTg
—f— PA2BY

- 300 —d— PA28y” CoreTg

S E)
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FIG. 3. Knockout of the PA28y gene inhibits the insulin resistance induced by the HCV core protein. {A) Glucose tolerance test. D-Glucose
wis intraperitonealiy administered to mice fasted for more than 16 h at | @/kg of body weight, Plasma ghucese levels were estimated ot the indicared
Limes {71 = 5 in cach group). There were no significant differences in glucose levels among the mice (7 > 0.03). (B) [nsulin wlerance lest. Human
insulin (2 units/kg body weight) was intraperitoneaily administered 1o the mice, and the plasma ghicose {evels were estimated at the indicated rimes.
Values were normalized to the baseline glucose concentration at the time of insulin adminisuration (n = 3 in each group). The values for the
PA28y* (open circles). PA28y"  CoreTe (closed circles), PA28y™"" (open wiangles). and PA28y~ ~CoreTg (closed tiangles) mice are
represented as means and = standard deviations. Significant differences in insulin sensitivity (P < 0.01) in PA28y™ "CoreTg mice compared o
that in PAZ8y ™, PA28vy~"", or PA28y~/~CoreTg mice are indicated by double asterisks {#*). There were no significant differences among
PA28vy™", PA28y™™, and PA28y ™~ CoreTg mice (P > 0.03).
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FIG. 4. PA28y participated in the enlargement of pancreatic islets
induced by the HCV core protein, (A) Histological sections prepared
from pancreas tissues of PAZ8y™/*, PA28y* " CoreTe. PAZSy™ ™, and
PA28y™ CoreTg mice were stained with hematoxylin and eosin, Doi-
ted circles indicate pancreatic islets. (B} The area occupied by pancre-
atic islets was measured by computer software in three different fields
of every six randomiy selected sections of 10 mice per genotype and is
represented as a percentage of the total pancreatic area. »+P < 0.01;
*%x% < (.001. The scale bar indicates 100 @m.

g —r=

mice but not in PA28y (normal littermates} or PA28y
mice. PA28y was found at a similar level in PA28y**CoreTg
and PA28+y™/" mice but was not present in either PA28v™"~ or
PA28y~~CoreTg mice (Fig. 1A). The expression of the HCV
core protein in the livers of 2-month-old male mice was slightly
higher in PA28v~/~CoreTg (1.36 = (.44 ngimg of total pro-
tein; 1 = 7) than in PA28y™*CoreTg (1.23 * 0.22 ng/mg of
total protein; # = 7) mice, but these values were not signifi-
cantly different (£ > 0.03). Insulin sensitivity is dependent on
several conditions such as body weight, obesity, and liver ste-
atosis (26). PA28y™ ~ mice were slightly smaller than their
normal littermates {PA28y  } at more than 3 months old, as
described previously (36), but this was not significantly differ-
enl in Z-month-cld mice (Fig. 1B). PA28y™""CoreTg mice
exhibited severe hepatic steatosis from 4 months of age (33).
Ta avoid the influence of hepatic steatosis and body weight on
the examination of insulin resistance, 2-month-old mice were
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FIG. 3. PA28v participated in the inhibition of the tyrosine phos-
phrorylation of TRS1 induced by the HCV core protein. Liver tissues
from PA28y'"', PA28y /" CoreTg, PA28y ™", and PA28y™ " CoreTg
mice were prepared after administration of insulin (+) or phosphate-
buffered saline (). The sampies (100 pg of total protein) were exam-
ined by imnwunobiotting with antibodies against IRS1 and phospho-
Tyr608 of mouse IRS (A). Phosphorylated 1RS1 was estimated from
the density on the immunoblotted membrane by using computer soft-
ware (B) {(# = 5 in each group). The data presented are representative
of three independent experiments. £ < (.05; »+2 < 0.01.

used in this study. Figure IB shows the body weights of
2-month-old mice. There were no significant differences in
hody weight among PA28y™ 7 CoreTg, PA28y™ '~ CoreTg,
PA28v™"", and PA28y™'™" mice. Steatosis was not detected in
the fivers of the 2-month-old mice (data not shown).

PA28y is involved in the development of hyperinsulinemia
and insulin resistance in PA28vy*'~CoreTg mice. In our pre-
vious study, we found a significant difference in serum insulin
levels, but not in plasma glucose levels, between PA28y*/"
CoreTg mice and normal littermates {47). To determine the
involvement of PAZ8y in the development of insulin resistance
in PAZ8vy*/" CoreTg mice, we examined here the plasma glu-
cose and insulin [evels in the mice under fasting and fed con-
ditions. Although no significant difference in plasma glucose
levels was observed in the mice under either fasting (Fig. 2A)
or fed {Fig. 2B) conditions, serum insulin levels were signifi-
cantly higher in PA28y™"CoreTg mice than in PAZ28y™"™
mice under both conditions (Fig. 2C and D), as described
previously {47). In contrast, the serum insulin concentration in
PAZ8y~"" CoreTg mice was recovered to a normal level similar
1o that of PAZ8y" " and PA28y™'" mice under either fasting
{Fig. 2C) or fed (Fig. 2D} conditions.

Te determine the glucose intolerance among the mice, glu-
cose was administered to the mice after fasting, and the plasma
glucose level was then determined. There was no significant
difference among the genotypes at any time point in the glu-
cose tolerance test (Fig. 3A), suggesting that the volume of
glucose was maintained at 2 normal level by the higher con-
centration of insulin in PA28y*"* CareTg mice. In our previ-
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F1G. 6. PA28y participated in the inhibition of the IRS2 expression and Akt phosphorylation induced by HCV core protein. Fhe transcription
of IRS1 (A) and IRS2 (B) was estimated by quantitative RT-PCR (i1 = 5 in each group). {C) The expression levels of IRS1 and IRSZ in the livers
of the mice were determined by immunoblotting with specific antibodies. (D) Phosphorylation of Akt in the livers of the mice was examined by
immunoblotting with antibodies against Aki and phosphorylated Akt The ratio of Akt phosphorylation was determined by computer software
based on the densities of phosphorylated Akt and a total amount of Akt (7 = 3 in each group). The data presenied are representative of three
independent experiments, 7 < 0.05; #+P < {L01. NS, nol statistically significant; HPRT, hypoxanthine phosphoribosyl transferase.

ous study, the reduction in the plasma glucose concentration
after insulin administration was impaired in PA28vy*"" CoreTg
mice (47} In this study, PA28y™ " CoreTg mice exhibited a
normal iosulin level comparable to those of PA28y™™ and
PA28y™"" mice by an insulin lolerance Llest, in contrast 1o
PA28y"'*CoreTg mice, in which a high concentration of
plasma glucose was detected at all time points, as previously
reported (Fig. 3B). These data suggest that hyperinsulinemia
was induced in PA28y* " CoreTg mice to compensate for in-
sulin resistance and retain a physiological level of plasma glu-
cose and that PA28y participates in the development ol hy-
perinsulinemija and insuiin resistance in PA28y*'* CoreTg
mice.

Morplhology of pancreatic islets. Hyperinsulinemia and in-
sulin resistance are expected to enlarge the pancreatic islet
mass due to the overexpression of insulin. Qur previous report
showed the enlargement of the pancreatic islets in PA28y "
CoreTg mice. To clarify whether a knockout of the PA2S8y
gene restores the enlarged pancreatic islets to their normal
size, the morphology of the pancreatic islels of the mice was
evaluated by histologic examination (Iig. 4A). The relative
islet area in the pancreatic cells of the PA28y™" CoreTg mice
was smaller than that of PA28v  CoreTg mice and compa-
rable to that of PA28v™  and PA28y™™ mice {Fig. 4B}
Infiltration of inflammatory cells within or surrounding the
islets was nol found in all genotypes of mice. These results
suggest thai PA28y also participates in the enlargement of
pancreatic islets induced in PA28y™ " CoreTg mice.

PA28vy impairs the insulin-signaling pathway through the
suppression of both tyrosine phosphorylation of IRS1 and
expression of IRS2. Insulin binds 1o insulin receptors, resuiting
in the activation of downstream signaling (26). The activated
insulin receptors phosphorylate themselves, IRS1, and IR82,
Phosphorylated IRS1 and IRS2 can activate phosphatidyl-
inositol 3 (PI3}-kinase signaling, leading to the activation of
glucose metabolism and cell growth. Our previous report
showed that tyrosine phosphoryiation of IRSI is suppressed in
the livers of PA28vy™ " CoreTg mice and that the administra-
tion of anti-TNF-« antibody restores insulin sensitivity (47).
We examined whether a knockout of the PA28y gene could
restore the tyrosine phosphorviation of IRS1. Tyrosine phos-
phorytation of IRS]1 was suppressed in the livers of PA28y™™
CoreTg mice in respense 10 insulin stimulation, whereas it was
recovered in PAZ8y "~ CoreTg mice to levels comparable to
those in PA28y / and PA28y™" mice (Fig. 5).

Chronic hyperinsulinemia downregulates the expression of
IR52. which is one of the essential components of the insulin-
signaling pathway in the liver (46). However, in our previous
study, we showed that there was no significant difference in the
phospherylation of 1RS2 hetween PA28y™ "CoreTg mice and
their normal littermates {47}, To gain more insight into the mech-
anisms of regulation of IRS expression, we determined the ran-
scription and translation of IRS1 and 1RS2 in the livers of the
mice by real-time PCR and Western blotting, respectively. Al-
though there was no significant difference in IRS1 expression at
either the transcriptionai or franslational Jevel among the mice
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F1G. 7. PA23v was required for activation of the TNF-o promoter by the HCV core protein, {A) Expression of TNF-a in the livers of mice
was determined by ELISA (n = 5 in each group). (B) TNF-c mRNA in the livers of mice was examined by quantitative RT-PCR {n = 5 in each
group). (C) Knockdown of the expression of PA28y in the HepG2 and FLC-4 cel} lines by the introduction of a plasmid enceding a short hairpin
RNA (shRNA} targeted to the PA2Sy gene. The expression levels of PA28y and peactin were determined by immunoblotting with specific
antibodies. (D) Pramoter activity of TNF-o in the presence or absence of the HCV core protein was determined by luciferase assay in the
PA28y-knockdown and control cell lines. The data presented are representative of three independent experiments. HPRT, hypoxanthine

phosphoribosyl transferase.

(Fig. 6A and C), the expression of IRS2 was cleasly impaired in
PA28y**CoreTg mice at both the transcriptional and transla-
tional levels compared with that in other mice (Fig. 6B and C).
The serine/threcnine protein kinase Akt is phosphorylated by
phosphoinositide-dependent kinase ! (PDKI1)} under the acti-
vated condition of IRS family proteins (26). The insulin-induced
phosphorylation of Akt was suppressed in the livers of PAZ8y™/"
CoreTg mice but not in those of PA28y™™, PA2Sy™, or
PA28y ™'~ CoreTg mice (Fig. 6D). These results suggest that
the expression of the HCV core protein in the livers of mice in
the presence of PA28y impairs the insulin-signaling pathway
through the suppression of both the tyrosine phosphorylation
of IRS1 and the expression of IRS2.

PA28v is required for activation of the TNF-a promoter by
HCV core protein. TNF-« is an adipokine (54) and suppresses
the signaling pathway of IRS1 and IRS2 (14, 42). Several
reports suggested that the serum TNF-« level is higher in HCV
patients than in healthy individuals (19, 37). Elevations of
TNF-a levels have also been demonstrated in the hivers of
PA28y™*CoreTg mice (47). To determine the involvement
of PA28y in the enhancement of TNF-« expression, the expres-
sion of TNF-w in the livers of each genotype was determined by
ELISA and real-time PCR (Fig. 7A and B). Transcription and
transiation of TNF-w were increased in the livers of PA28y
CoreTg mice but were restored in the livers of PA28y™ ~
CoreTg mice to levels comparabde to those of PA28~v"  and
PAZ8vy™"" mice. To determine the effect of PA28y expression
on the promoter activity of TNF-o in human liver cells. PA28~-
knockdown human hepatoma cel) lines HepG2 and FLC4 were

established by the introduction of a plasmid encoding a short
hairpin RNA targeting the PA28vy gene in the cell lines. The
expression of PA28y was clearly suppressed in the ccll lines
(Fig. 7C). The expressicn of HCV core protein in the hepa-
toma cell lines potentiated TNF-a promoter activity, whereas
the promoter activation by the HCV core protein was sup-
pressed in the PA28y-knockdown cell lines (Fig. 7D). These
resuits suggest that PA28y is required for the activation of the
TNF-u promoter induced by the expression of the HCV core
protein in human hepatoma cell lines.

DISCUSSION

HCYV infection has a close association with type 2 diabetes,
which is a polygenic disease with a pathophysiology that in-
cludes a defect in insulin secretion, increased hepatic glucose
production, and resistance to the action of insulin (2, 8, 18).
Insulin binds Lo insulin receptlors. which exhibit tyrosine kinase
activity, leading to the autophosphorylation and phosphoryla-
tion of IRS (36). Tyrosine phosphorylation in IRS proteins
leads to the interaction between [RS proteins and the reguia-
tory subunit p83 of PI3-kinase, which enhances glucose uptake
and inhibits lypolysis (21). Activated PI3-kinase phosphor-
ylates phosphatidylinositol 4.5-biphosphate to produce phos-
phatidylinositol 3,4,5-triphosphate. which contribuies 1o the
activation of PDK1 (55). Activated PDKI1 phosphorylates
downstream substrates including Akt and other kinases (53). A
diabetic phenotype that included insulin resistance was found
in IRS2-knockout mice with normai growth (57), although a
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knockout of the IRS1 gene has been shown to lead to growth
retardation and insulin resistance but not overt diabetes (3,
52). The double knockdown of IRS1 and IRS2 genes in the
liver induces hyperinsulinemia and insulin resistance in mice
(53). The reduction of both IRS1 and IRS2 under conditions of
insulin resistance and hyperinsulinemia (3) and in the livers of
obfob mice, an obese diabetic mouse model (20), has been
reported previously, In the present study, the expression of the
HCV core protein reduced the phosphorylation of tyrosine on
IRS1 and the production of IRS2 in the livers of mice but did
not completely abolish the activities of these genes, suggesting
that residual activities of IRS transfer a faint signal to the
downstream region of IRS. Therefore, PA28y™/* CoreTg mice
may exhibit a miider phenotype than IRSI- and/or TRS2-
knockout mice. In this study, knockout of the PA28vy gene
restored the insulin sensiivity and signaling of IRS1 and IRS2 in
PA28~""*CoreTg mice, suggesting that the expression of the
HCV core protein leads to the dysfunction of both IRS1 and
IRS2 through a PA28vy-dependent pathway.

Our previous study suggested that the induction of TNF-« by
the HICV core protein plays a role in insulin resistance (47). An
increase in TNI-a levels has been correlated with obesity and
insulin resistance in anirnal models and humans (14, 42). How-
ever, the mechanism by which TNF-« induces insulin resistance is
not completely known. The expression of TNF-w has been shown
to be increased in PA28y"* " CoreTg mice, resulting in the sup-
pression of phosphorylation of IRSI, and insulin sensitivity in
PA28y** Core'Tg was improved by the administration of an anti-
TNF-e antibody {47). In the present study. the expression level of
TNF-o in PA28y~ "CoreTg mice was similar to that in
PA28y™" mice or their normal littermates. The expression of the
HCV core protein enhanced the promoter activity of the TNF-«
gene in human liver cell Jines but not in those with a knockdown
of the PA28y gene by RNA interference (Fig. 7D). These data
suggest that PA28y plays a crucial role in HCV core-induced
expression of TNF-w. Sterol regulatory element-binding proteins
(SREBPs) were shown to be increased at the stage of viremia in
HCV-infected chimpanzees (49). SREBPs are known to regulate
not only the biosynthesis of lipid but also the transcription of
IRS2 and TNF-a (17, 45). Therefore, it might be feasibie to
specutate that the HCV core protein may cooperate with PA28y
10 regulate the expression of SREBPs.

Houstis et al. previously reported that reactive oxygen species
(ROS) are increased in both cellular and mouse models of insuiin
resistance induced by treatment with TNF-« or dexamethasone
and that insulin sensitivity was restored by freatment with small
antioxidant molecuies (16). The HCV core protein potentiates
ROS production in hepatoma cells and HCV core gene-trans-
genic mice (23, 34, 41). Accelerated production of ROS resuits in
mitochondrion dysfunction, which contributes to a decrease in
fatty acid oxidation. Defects in mitochondriai fatty acid oxidation
enhance the production of intracellular fatty acyl coenzyme A
(CoA) and diacylglycerol (48, 58). Mitochondrion dysfunction
and accemulation of lipid droplets in mice expressing the HCV
core or the full-length HCV polyprotein have been reported (27,
34). An increase in lipid droplets also leads 1o the aceumulation of
fatty acid CoA and diacylglycerol (48, 58). Fatty acyl CoA and
diacylgiyeerol nonspecifically activate the Ser/Thr kinase cascade,
leading to the enhancement of the serine phosphorylation of
IRS1 (26). Serine phosphorylation on IRS1 blocks the tyrosine
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phosphorylation of IRS1 by insulin receptors (26). In the present
study, however, serine phosphorviation of IRST in PA28y*/"
CoreTg mice was similar to that in PA28y™"~ CareTy mice {data
not shown). TNF-a signaling pathways other than the accumula-
tion of ROS and fafty ncid intermediates may also participate in
the inhibition of tyrosine phosphorylation on IRS1 in PA28y™ "
CoreTg mice.

How does the HCV core protein induce TNF-o production?
OQur previous report suggests that the HCV core protein is
degraded through a PAI8y-dependent pathway (32). Recently,
PA28y has been shown to participate in the proteasome-de-
pendent degradation of steroid receptor coactivator 3 (28).
Degradation products of the HCV core protein via the PAZSy-
dependent pathway may regulate the promoter activily of the
TNF-a gene. PA28 proteins are necessary and sufficient to
fully reconstitute Hsp90-initiated refolding together with
Hsc70 and Hsp40 (31). Therefore, it might also be feasible to
speculate that the HCV core protein refolded by an HspS0/
PA28y-dependent pathway activates the promoter of the
TNF-« gene together with an unknown transcription factor(s)
or regulator(s).

In conclusion, the data obtained in this study suggest that the
expression of the HCV core protein enhances the praduction
of TNF-o and suppresses the phosphorylation of tyrosine on
IRSI and the production of IRS2 through a PA28v-dependent
pathway, thereby leading to insulin resistance. PAZ8y may be
a novel target for the treatment of HCV-induced diabetes.
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Introduction

Summary

Natural killer (NK) cells have the ability to control dendritic cell (DC)-
mediated T cell responses. However, the precise mechanisms by which
NK receptor-mediated regulation of NK cells determines the magnitude
and direction of DC-mediated T cell responses remain unclear. In the
present study, we applied an in vitrg co-culture system to examine the
impact of NK cells cultured with hepatic cells on DC induction of regula-
tory T cells. We found that interaction of NK cells and non-transformed
hepatocytes (which express HLA-E) via the NKG2A inhibitory receptor
resulted in priming of DCs to induce CD4% CD25" T cells with regulatory
properties. NKG2A triggering led to characteristic changes of the cytokine
milieu of co-cultured cells; an increase in the transforming growth factor
(TGF)-B involved in the generation of this specific type of DC, and a
decrease in the tumour necrosis factor-o capable of antagonizing the
effect of TGF-B. The regulatory cells induced by NK cell-primed DCs
exert their suppressive actions through a negative costimulator pro-
grammed death-1 (PD-1) mediated pathway, which differs from freshly
isolated CD4" CD25% T cells. These findings provide new insight into the
role of NK receptor signals in the DC-mediated induction of regulatory
T cells.

Keywords: NK receptor; regulatory T cell; HLA-E; liver; HCV

roles of PD-1 in CD4* CD25" Treg cell functions remain
elusive.

CD4™ CD25" regulatory T {Treg) cells have been identi-
fied as the main suppressors of immune responses.'™
Although the mechanisms by which CD4™ CD25% Treg
cells exert their suppressive actions have not been fully
elucidated, negative costimulatory signals via cytotoxic T
lymphocyte antigen-4 (CTLA-4) or inducible costimulator
(ICOS)-mediated signals, have been suggested to play a
key role in the activation of CD4* CD25% Treg cells.®’
Programmed death-1 (PD-1), another molecule identified
as a negative costimulatory receptor, has also serves as a
negative regulator for effector immune responses.® Recent
reports have demonstrated that PD-1 is expressed in
CD4" CD25% Treg cells, suggesting its potential roles in
the regulation of T cell tolerance.” However, the precise

The mechanisms by which CD4" CD25" Treg cells are
generated have been extensively investigated. Dendritic
cells (DCs), the sentinels between innate and adaptive
immunity, have recently emerged as candidate cells
involved in the differentiation andfor activation of
CD4" CD25% Treg cells.!® Various kinds of factors
have been identified as involved in DC induction of
CD4* CD257 Treg cells. Mouse immature DC promotes
the differentiation of CD4™ CD25* Treg cells through the
DEC 205-mediated targeting of self-antigen in the steady
state.'™"' The immune regulatory cytokines interleukin
(IL}-10/transforming growth factor (TGF)-B have also
been reported to play important roles in DC generation
and activation of CD4™ CD25" Treg cells.'*™"*

Abbreviations: CTLA-4, cytotoxic T lymphocyte antigen-4; DC, dendritic cell; ELISA, enzyme-linked immunosorbent assay;
GITR, glucocorticoid-induced TNF receptor; HCV, hepatitis C virus; HLA, human leucocyte antigen; NH, human non-
transformed hepatocyte; NK, natural killer; PD-1, programmed death-1; PDL-1, programmed death ligand 1; PBMC, peripheral

blood mononuclear cell; Treg, regulatory T.
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Several lines of evidence have revealed that natural
killer (NK) cell-mediated innate immunity regulates DC
functions 1o determine the direction and magnitude of
adaptive T cell immunity.’*"*® It has also been established
that NK cell function is regulated by positive and negative
signals through their receptor and ligand interactions.'?
We previously reported that, upon exposure to non-
transformed hepatocytes (NHs), IL-2-primed NK cells
negatively regulated DC functions, which appeared
to be dependent on NKG2A inhibitory signals during co-
culture of NK cells and NHs. Immunosuppressive cyto-
kines such as IL-10 and TGF-P, but not direct NK-DC
contact, were responsible for this action.® However, it
remains unclear whether these NK/hepatocyte co-cultures
can alse influence the induction as well as activation of
CD4* CD25" Treg cells.

In the present study, we investigated whether DCs sti-
mulated with the co-culture supernatant of IL-2-prestim-
ulated NK cells and NHs can modulate Treg cell
functions. We found that TGE-B produced from NK cell/
hepatocyte co-culture via NKG2A activation is responsible
for modulating DCs to induce and maintain regulatory
phenotypes and functions of CD4" CD25% Treg cells.
Furthermore, the generated CD4" CD25" Treg cells sup-
pressed T cell activation via interaction between PD-1
and programmed death ligand 1 (FDL-1). These findings
represent new evidence that NK receptor-mediated modu-
lation of NK cells may dictate DC-induced adaptive
immunity toward an immunogenic or tolerogenic status
via induction of Treg cells.

Materials and methods

Antibodies

Anti-NKG2A monoclonal antibody (mAb) (Z199), PC5-
labefled CD25 mAb or isotype-matched control IgGl and
lgGZa mAb were purchased from Beckmann-Coulter
{Fullerton, CA). Anti-IL-10, anti-TGF-B, anti-CTLA-4,
anti-GITR  {glucocorticoid-induced TNF receptor) and
anti-PD-1 polyclonal Abs were purchased from R & D
Systerns (Minneapolis, MN) and phycoerythrin (PE)-
labelled mAb CTLA-4 from B> Biosciences (San Jose,
CA). Anti-HLA-E mAb 3D12 was kindly provided by Dr
E. Geraghty (Fred Hutchinson Cancer Research Institute,
Seattle, WA) and used as reported previously.”" Anti-MIC
mAb 6D4, anti-ULBP1 mAb 3F1 and anti-ULBP2 mAb
DH1 were kindly provided by Drs T. Spies and V. Groh
(Fred Hutchinson Cancer Research Institute) and used as
reported previously.??

Human hepatic cells
Human non-transformed hepatocytes (NHs} derived from

mixed heterogeneous donors were purchased from the
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Applied Cell Biology Research Institute (Kirkland, WA)
and cultured in CS5-C complete medium according to the
manufacturer’s instructions.

Isolation of peripheral blood lymphocyte populations

Resting NK cells {CD36" CD3"), naive CD4" T cells
{CD45RA™ RO} or CD8™ T cells were isolated from per-
ipheral blood mononuclear cells {PBMCs) with a positive
cell isolation kit according to the manufacturer's pro-
tocol {Miltenyi Biotec, Bergisch Gladbach, Germany).
CD4™ CD25% T cells were further separated from naive
CD4* T cells using anti-CD25 microbeads (Miltenyi
Biotech). Their purity was >90% by flow cytometry.
Informed consent was obtained from all blood donars.

Generation of monocyte-derived DC

Monocytes were isolated by plastic adherence from
PBMCs and cultured in RPMI-1640 supplemented with
granulocyte—macrophage colony stimulating factor (GM-
CSF) (PeproTech, London, UK) and IL-4 (PeproTech):
At day 6, they were stimulated with or without the
co-culture supernatant of NK cells and hepatic cells. At
day 7, non-adherent ceils were harvested and used as des-
cribed below.

Stimulation of DCs by co-culture supernatants
of NK cells and hepatic cells

Freshly isolated NK cells were cultured with or without
IL-2 for 24 hr, IL-2-prestimulated or non-stimulated NK
cells were seeded in 24-well plates and then co-cultured
for 24 hr with NHs (1 x 10° cells/well), respectively.
Monocyte-derived DCs were cultured for 24 hr with 1 mi
of the co-culture supernatant of [L-2-prestimulated NK
cells and NHs (NH/IL-Z NK-primed DC). In some
experiments, anti-NKG2A mAb (Z199) or isotype-
matched control Ab was added during the co-cultures
of NK cells and hepatic cells. Z199 mAb was previously
confirmed to block the NKG2A-mediated signal® In
some experiments, the supernatant of NK/hepatic cell co-
cultures was also treated with anti-IL-10 or anti-TGF-B
neutralizing Ab and used for DC stimulation for 24 hr.
In some experiments, tumour necrosis factor (TNF}-a,
TGF-8 or both were used for DC stimulation for 24 hr.

Isolation of CD4" CD25" T cells

DCs (1 x 10%) were stimulated for 24 hr with the super-
natant obtained from the co-cultured medium. After
washing three times, DCs were cultured with allogeneic
CD4™ T cells for 48 hr; CD4™ CD25" fractions were isola-
ted from DC and CD4" co-culture and subjected to fur-
ther analysis. CD4" CD25% fractions were also isolated
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from PBMCs and cultured with 1 pg/ml plate-bound
anti-CD3 mAb (UCHTI; Beckmann-Coulter) for 24 hr to
efficiently induce their suppressive properties as described
previously.” These cells are referred to as natural
CD4" CD25* T cells.

Flow cytometry

The expressior: of NK inhibitory ligands (human ieuco-
cyte antigen, HLA, class I, HLA-E} was examined on NHs
by using w6/32 or 3D12, respectively. MIC, ULBPI or
ULBP2Z expression on hepatocytes was also evaluated by
mAb 6D4, 3F1 or DH1, respectively. For CD4* CD25* T
cell staining, the cells were costained with PC5-labelled
CD25 mAb with PE-labelled mAb of CTLA-4, GITR or
PD-1 polyclonal Ab. The cells were analysed by flow
cytometry using a fluorescence-activated cell sorter
(FACScan) systern, and data analysis was performed using
CELLQUEST software.

Measurements of cytokine production in culture
supernatant

The culture supernatants of interferon (IFN)-y, TNF-q,
IL-10 and TGF-P were examined using enzyme-linked
immunosorbent assay (ELISA) kits according to the man-
ufacturers’ instructions (IFN-y, TNF-o and 11-10, Endo-
gen, Tokyo, Japan; TGF-B, R & D Systems).

Analysis of Foxp3 mRNA expression

Polymerase chain reaction (PCR) analysis was performed
to determine Foxp3 mRNA expression of CD4™ T cells
using a commercial PCR panel according to the manufac-
turer’s instructions (Gibco BRL, Rockville, MD). The fol-
lowing primers were used: 5'-CCCACTTACAGGCACT
CCTC-3 (forward) and 5-CTTCTCCTTCTCCAGCAC
CA-3' (reverse).” Amplification was carried out for 35
cycles of 20 seconds at 95° 20 seconds at 58 ° and
30 seconds at 72°. As a control for the integrity of
mRNA, primers specific for GAPDH (glyceraldehyde
3-phosphate dehydrogenase) were used as follows:
5'-GCCACCCAGAAGACTGTGGATGGC-3 (forward) and
5-CATGTAGGCCATGAGGTCCACCAT-3 (reverse). The
PCR products were analysed by ethidium bromide-stained
1-59% agarose gel electrophoresis.

Analysis of CD4% CD257 T cell suppressor functions

DCs (5 x 10%well) were cultured with allogeneic CD4*
T cells (5 x 10%/wel}) for 48 hr, after which CD4a* CD25%
T “cells were isolated from the co-cultured cells.
CD4* CD25” T cells were freshly isolated from the same
donors and activated with 1 pg/ml plate-bound anti-
CD3 mAb in the presence or absence of autologous
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CD4* CD25% T cells for 48 hr. The ability of CD4*
CD25" T cells to suppress proliferation and IFN-y pro-
duction of activated CD4" CD25™ T cells was determined
by [*H]thymidine incorporation and ELISA assay, res-
pectively. To further examine the mechanisms of CD4”
CD25% T cell suppressive actions, neutralizing Ab of
IL-10 or TGEF-B, enti-CTLA-4, anti-GITR or anti-PD-1
was added at the beginning of CD4* CD25 T cell and
CD4™ CD25™ T cell co-cultures.

Statistical analysis

Comparisons between groups were analysed by t-test with
Welch’s correction or anova for experiments with more
than two subgroups. Differences were considered signifi-
cant when the P-value was < 0-05.

Results

IL-2-primed NK cells upon exposure to
NH-modulated DCs on the induction of regulatory
CD4% CD25% T cells

Natural CD4" CD25" T cells from human peripheral
blood lymphocytes (PBLs) expressed CTLA-4 and GITR,
both of which have been identified as regulatory mark-
ers,*® but did not express PD-1 (Fig. la). To examine
whether DCs can modulate the expression of these regula-
tory markers on CD4* CD25" T cells, we stimulated
monocyte-derived DCs for 24 hr, either by the culture
supernatant of IL-2-stimulated NK cells (IL-2 NK) or by
the co-culture supernatant of NH/IL-2 NK. After washing,
the resulting DCs were cultured for 48 hr with CD4" T
cells isolated from allogeneic donors. CD4" CD25% T cells
were isolated from the DC and CD4™ T cell co-culture
and subjected to analysis for regulatory markers. The
expression levels of CTLA-4 and GITR decreased on
CD4™ CD25" T cells after stimulation of IL-2 NK-primed
DCs (Fig. 1b). By contrast, CD4" CD25" T cells stimula-
ted with NH/IL-2 NK-primed DCs remained positive for
CTLA-4 and GITR on their surface. Of note is the finding
that PD-1 was induced on these cells, showing their
phenotypic properties to differ from natural CD4” CD25*
T cells (Fig. 1b, ¢}. The induction of PD-1 on CD4%
CD25" T cells was further confirmed when IL-2NK/
NH-primed DCs from different donors were used as
stimulators {Fig. 1d). The supernatant of NH without
NK cells had little effect on phenotypic changes of
CD4* CD25* T cells by DCs (data not shown).

The forkhead transcription factor Foxp3 has been
recently identified as a master gene for defining Treg
cells.”® We therefore performed reverse transcription-PCR
(RT-PCR) analysis of CD4" T cells to evaluate the mRNA
expression of Foxp3. Foxp3 expression was detected in
natural CD4" CD25% T cells. When CD4* T cells were
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Figure 1. Human non-transformed hepatocyte (NH) modulation of activated natural killer (NK) cells endows dendritic cells {DCs) with the
ability to induce CD4* CD25” regulatory T cells. () Freshly isclated CD4™ CD25" T cells were cultured in the presence of plate-bound anti-CD3
antibody (Ab) for 24 hr, and then subjected to flow cytometry to examine their expression of cytotoxic T lymphocyte antigen-4 (CTLA-4), gluco-
carticoid-induced TNF receptor {GITR} and programmed death-1 {PD-1) (closed histograms}. Open histograms represent the staining of control
Ab. Numbers on the upper right indicate the mean fluorescence intensity (MFI) of each type of stained cells. (b) NK cells were preactivated with
50 ng/ml interleukin (3L)-2, and co-cultured in the absence (IL-2 NK) or presence (IL-2 NK/NH) of NHs at a ratio of 1:1 for 24 hr. DCs
(1 % 10% were stimulated for 24 hr with the supernatant obtained from the co-cultured medium. After washing three times, DCs were cultured
with allogeneic CD4™ T cells for 48 hr. CD4* CD25" fractions were isolated from the DC/CD4" T co-culture and subjected to flow cytometry for
expression of CTLA-4, GITR or PD-1 (closed histograms). Open histograms show isotype control staining. Numbers on the upper right indicate
the MFI of each type of stained cell. {c) All experiments in (a) and (b} were performed three times and the composite results with statistical ana-
lysis are shown as the MFI of the staining cells. *P < 0-05 vs. responses of IL-2 NK/NH group. The experiment was performed with a different
set of donors and similar results were obtained. (d) PD-] expression on CD4* CD25% T cells stimulated with allogencic DCs from three different
donors, shown as the MFL (e} CD4* CD25" T cells were prepared as described above. The mRNA expression of Foxp3 and GAPDH (glyceralde-
hyde 3-phosphate dehydrogenase) was examined by reverse transcription-polymerase chain reaction (RT-PCR). (f} CD4* CD25" fractions were
isolated from DC/CD4* T cell co-cultures. Different numbers of these CD4™ CD25™ T cells were co-cultured with freshly isolated awtologous
CD4* CD25~ T cells (1 x 10%well) in the presence of plate-bound anti-CD3 Ab (CD4* CD25%/CD4™ CD257). The anti-CD3 Ab-activated
CD4* CD25™ T cells alone were used as a paositive control (CD4* CD257). IFN-y was measured for each supernatant obtained after 48 hr of
co-culture by enzyme-linked immunosorbent assay. *P < 0-05.
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stimulated with [L-2 NK-primed DCs for 24 hr, Foxp3
was not expressed on CD4™ CD25" T cells. By contrast,
they dominantly transcribed Foxp3 at levels comparable
with those of nmatural CD4" CD25" T cells when stimu-
lated with NH/IL-2 NK-primed DCs (Fig. le). Taken
together, CD4™ CD25" T cells, when stimulated by NH/
IL-2 NK-primed DCs, maintained regulatory phenotypes
such as CTLA-4, GITR and Foxp3, and properties distinct
from those of natural CD4" CD25% Treg cells in terms of
PD-1 expression.

CD4" CD25™ T cells on stimulation of NH/IL-2
NK-primed DC suppressed effector cell functions

We next analysed the functions of CD4™ CD25" T cells
stimulated by NH/IL-2 NK-primed DC. CD4* CD25* T
celis were co-cultured for 72 hr with CD4* CD25™ T cells
freshly isolated from the same donors. During the co-
cultures, CD4" CD25™ T cells were stimulated with plate-
bound anti-CD3 Ab. The CD4" CD25° T cells induced
by NH/IL-2 NK-primed DCs dose-dependently sup-
pressed the proliferation of co-cultured cells, whereas
those induced by IL-2 NK-primed DC did not {data not
shown). CD4* CD25" T cells induced by NH/IL-2 NK-
primed DCs also dose-dependently inhibited IFN-y pro-
duction of the co-cultured cells, by contrast with those
induced by IL-2 NK-primed DCs (Fig. 1f). The suppres-
sive activities of these CD4* CD25" Treg cells were sim-
ilar to those of natural CD4* CD25% Treg cells (data not
shown). These results demonstrate that CD4* CD25% T
cells induced by NH/IL-2 NK-primed DCs exert suppres-
sive actions to effector cell functions, consistent with
their expression of regulatory markers. Taken together,
these results indicated that NK celi modulation of DCs
leads to the CD4™ CD25% Treg cell-mediated suppre-
ssion of effector cell responses when NK cells encounter
hepatocytes.

NKG2A signal of NX cells is responsible for the
modulation of DCs to activate CD4™ CD25" Treg
cells

We examined the expression of various ligands for NK
cell receptors on NHs. NHs expressed HLA-E, the ligand
of NKG2A, but did not express NKG2ZD receptor ligands,
MIC and ULBP1-2 (Fig. 2a). Given our previous findings
that NHs negatively regulated IL-2 NK-mediated modula-
tion of DC functions through the interaction of the
NKG2A inhibitory receptor and its ligand HLA-E* we
evaluated the role of these receptor signals in the induc-
tion of CD4% CD25" Treg cells by DCs. When anti-
NKG2A Ab was added during the co-culture of NH and
IL-2 NK and DCs were stimulated with the resultant
supernatant, the expression of CTLA-4, GITR and PD-1
was diminished on CD4" CD25% T cells (Fig. 2b, c).
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NKG2A blockade also suppressed PD-1 expression on
CD4" CD25% T cells stimulated with IL-2NK/NH-primed
DCs from three different donors {Fig. 2d), The anti-
NKG2A neutralizing Ab treatment also abrogated Foxp3
expression in CD4™ CD25™ Treg cells (Fig, 2e}). Moreover,
the blockade of NKG2A signals during NH and IL-2 NK
co-cultures resulted in inhibition of the DC ability to
induce CD4" CD25" T cells with regulatory functions;
these CD4™ CD25% T cells did not suppress proliferation
or IEN-y production (Fig. 2f and data not shown) of
CD4™ CD25 T cells. Altogether, the activation of NKG2A
inhibitory signals during NK cell and hepatocyte interac-
tion was required for the DC induction of CD4" CD25"
T cells with regulatory phenotypes and functions.

Change of cytokine milieu, triggered by NKG2A
signals, plays a critical role in DC-mediated induction
of CD4" CD25% Treg cells

TNF-ot has been well known as a eritical factor for NK
cell-mediated maturation of DCs.*’ By contrast, IL-10
and TGF-B are known to act as suppressive factors of
effector immune responses, and their roles in modulating
DCs for Treg cell induction has recently been valid-
ated.'”™"* These findings led us to evaluate the change
in cytokine production patterns in NH and 1L-2 NK co-
cultures in the presence or absence of anti-WKGZA Ab.
ELISA data showed that the production of IFN-y and
TNF-o from NH and IL-2 NK co-cultures were substan-
tially increased in the presence of anti-NKG2A Ab. By
contrast, the addition of NKG2A masking Ab during the
co-culture resulted in the marked reduction of IL-10 and
TGEF-$ from co-cultured cells (Fig. 3a).

We next examined whether these changes of cytokine
profiles were responsible for the DC induction of the
CD4" CD25% Treg cells. For this purpose, the NH and
IL-2 NK co-culture supernatant was treated with neutral-
izing Ab of IL-10 or TGF-B before DC stimulation,
and suppressive activity was evaluated by analysing
CD4" CD25" T cells obtained from CD4™ and DC mix-
tures. The neutralization of IL-10 did not reverse the
suppressive actions of CD4" CD25% Treg cells, but the
blockade of TGF-f led to reversal of CD4™ CD25" Treg
cell activities (Fig. 3b).

We directly examined the effect of TGF-f on the
modulation of DC ability to induce CD4% CD25" Treg
cells. TGF-B endowed DCs with the ability to induce
CD4* CD25" Treg cells. TNF-t1 inhibited TGE-B-medi-
ated DC induction of CD4* CD25* Treg cells (Fig. 3c).
By contrast, IFN-y had little effect on the modulation of
DC by TGF-PB (data not shown). Taken together, these
results  strongly suggest that increased TGF-f and
decreased TNF-¢ production, the change of cytokine pro-
files mediated by the NKG2A signals, are involved in
DC-mediated CD4" CD25" Treg cell induction.
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Figure 2. NKG2A signals of naturat killer (NK} cells are required for the dendritic cell {DC) induction of CD4% CD257 T cells with the regulatory
phenotype. (a) Surface expression of the ligands of NKG2A {HLA-E) as well as NKG2D (MIC, ULBPI and ULBP2) in human nen-transformed
hepatocytes {NHs) were assessed by flow cytometry (closed histograms). Open histograms show isotype control staining. (b, ¢} Interleukin
{IL}-2-preactivated NK cells were co-cultured with NHs in the presence of 30 pg/ml of anti-NKG2A neutralizing antibody (Ab) (anti-NKG2A) or
control 1gG. DCs (1 % 10°) were then stimulated with the supernatant obtained from the co-cultured medium for 24 he. After washing three times,
DCs were cultured with allogeneic CD4* T cells for 48 hr. CD4* CD25™ cells isolated from the co-culture were subjected to FCM for their surface
expression of cytotoxic T lymphocyte antigen-4 (CTLA-4}, glucocerticoid-induced TNF receptor (GITR) and programmed death-1 (PD-1) (closed
histograms). Open histograms show isotype control staining. Numbers on the upper right indicate the mean fluorescence intensity (MFI) of each
type of stained cell. All experiments were performed three times. Representative data {b) and compaosite resuits with statistical analysis (¢} are
shown as the MFI of the staining cells. *P < 0-05 vs. responses of IgG group. The experiment was performed in different set of donors and similar
results were obtained. (d} The inhibitory effect of anti-NKG2A Ab on PD-1 expression of CD4* CD25% T cells stimulated with allogeneic DCs
from three different dorors. Data are shown as MFL (e} CD4* CD25" T cells were stimulated and purified as described above. The mRNA expres-
sion of Foxp3 and GAPDH (glyceraldehyde 3-phosphate dehydrogenase} was examined by reverse transcription-polymerase chain reaction
(RT-PCR. {f) CD4* CD25" T cells (1 X 10°%/well} isolated from DC and CD4" T cell co-cultures were cultured with freshly isolated autologous
CD4* CD25” T cells at a ratio of 1: 1 in the presence of plate-bound anti-CD3 Ab (CD257/CD257). The anti-CD3 Ab-activated CD4" CD25~
T cells alone were used as a positive control {CD257). Interferon (IFN)-v was measured for each supernatant obtained after 48 hr of co-culiure by
enzyme-linked immunosorbent assay (ELISA). *P < 0-05. All experiments were performed three times; representative resuits are shown.

PD-1, recently identified as a negative costimulatory
receptor of the B-7 family, is expressed in CD4* CD25%
Treg cells, indicating that PD-1-mediated negative signals
may be involved in the regulatory functions of
The suppressive activides of CD4" CD25" Treg cells CD4" CD25% Treg cells.” Thus, we evaluated the invalve-
reportedly depend on various kinds of mediators, such as ment of these molecules in the suppressive activities of
CTLA-4, TIL-10 and/or TGE-B, but the exact mechanisms CD4" CD25% Treg cells. For this purpose, the blocking
of the actions have not been fully elucidated V&' Ab of CTLA-4, GITR, PD-1, TGF-§§ or IL-10 was added

Suppressive actions of CD4" CD25" Treg cells,
induced by NH/IL-2 NK-primed DCs, depends on
PD-1-mediated negative costimulatory signals
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Figure 3. Change of cytokine production pattern of natural killer (NK) eelis through NKG2A signals is responsible for the dendritic cell (DC)
induction of CD4™ CD25" Treg cells. {a) NK cells prestimulated with interleukin (IL)-2 were cultured with human non-transformed hepatocyies
(NHs) in the presence of masking antibodies (Abs) of NKG2A (IL-2 NK/NH + anti-NKG2A) or isotype control 1gG (IL-2 NKANH + IgG) for
24 hr, *P < 0-05, (b} IL-2 activated NK cells were co-cultured with NHs (IL-2 NK/NH). DCs (1 % 10%) were stimulated with the culture superna-
tant in the presence of anti-I1L-10, anti-transforming growth factor {TGF)-B neutralizing Ab or controt IgG for 24 hr, DCs were washed thor-
oughly and co-cultured with allogeneic CD4" T cells for 48 hr. Next, the isolated CD4™ CD25% T cells (1 x 10%well) were co-cultured with
autologous CD4™ CD25™ T <ells in the presence of plate-bound anti-CD3 Ab at a ratio of 1 : 1. Interferon (JEN)-y production from the culture
supernatant was examined by enzyme-linked immunosorbent assay. *P < .05 vs. responses of anti-CD3 Ab-stimulated CD4™ CD25™ T cells.
{c) DCs (1 x 10°) were stimulated with 50 ng/ml TNF-e, 100 ng/ml TGF-B or both for 24 hr. After thomugh washing, they were co-cultured
with allogeneic CD4* T <ells for 48 hr. CD4" CD25% T cells (1 x 10%/well) were isolated from the DC and CD4* co-cultures and cultured with
freshly isolated autologous CD4* CD25™ T cells at a ratio of 1: 1 in the presence of plate-bound anti-CD3 Ab. IEN-y production was examined
as described above. *P < 0-05 vs. responses of anti-CD3 Ab-stimulated CD4™ CD25 T cells.

during co-cultures of CD4™ CD25%/CD4" CD25™ T cells
in the presence of anti-CD3 Ab. In case of natural
CD4™ CD25" T cells, their suppressive action was parti-
ally reversed on addition of anti-CTLA-4 Ab. By contrast,
they preserved their suppressive capacity even in the pres-
ence of the blocking Ab of GITR, PD-1, TGF-B or IL-10
(Fig. 4a). When CD4"* CD25" Treg cells induced by NH/
IL-2 NK-primed DCs were used instead of natural
CD4" CD25" T cells, their suppressive activity was mark-
edly reduced on addition of the blocking Ab of PD-1 but
not CTLA-4, IL-10, TGF-§ or GITR (Fig. 4a). The regula-
tory functions of these Treg cells were required for direct
cell-to-cell contact because separation of CD4* CD25*
Treg cells and CD4" CD25™ T cells in transwell chambers
virtually abolished their suppressive effects (data not
shown). We also confirmed the presence of PDL-1

© 2006 Blackwell Publishing Ltd, immunology, 120, 73-82

expression on CD4™ CD25™ T cells when they were activa-
ted with anti-CD3 Ab (Fig. 4b), suggesting that effec-
tor cells themselves induce suppressive activities of
CD4* CD25" Treg cells. Taken together, these results fur-
ther reinforced the hypothesis that CD4* CD25% Treg
cells induced by NH/IL-2 NK-primed DCs were different
from natural CD4" CD25" Treg cells in their PD-1-
dependent suppressive functions.

Discussion

Recent studies have revealed that activaied NK cells posi-
tively regulate DC activation and maturation either
through direct contact via NK cell receptors (NKp30,
NKG2D, etc.} or in co-ordination with various kinds of
eytokines (IFN-y, TNF-g, etc.).!*!® However, the issue of
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Figure 4. CD4™ CD25" Treg cells induced by interleukin (IL)-2 natural killer (NK)/human non-transformed hepatocytes (NH)-treated dendritic
cell (DC) suppressed T cell activation through programmed death-1 {PD-1}programmed death ligand-1 (PDL-1) interactions. (a) DCs (1 x 10°)
were stimulated with the IL-2 NK/NH supernatant for 24 hr, and then cultured with allogeneic CD4" T cells for 48 hr. CD4™ CD25" frac-
tions were isolated from the DC/CD4™ T cell mixtures. Freshly isolated CD4" CD25" T cells {natural CD25%) or CD4* CD25” T cells induced by
NK/NH-primed DCs (induced CD25™} were co-cultured with freshly isolated autologous CD4™ CI25™ T cells at a ratio of 1 : 1 upon stimulatien
of plate-bound anti-CD3 antibody (Ab). Anti-CTLA-4 (cytotoxic T lymphocyte antigen-4) Ab, anti-GITR (glucocorticoid-induced TNF receptor)
Ab, anti-PD-1 Ab, anti-1L-10 Ab, anti-TGF-$ ADb or isotype control 1gG (20 pg/ml for each) were incubated during CB4™ CD257/CD4* CD25” T
celt co-cultures. Interferon (IFN}-v was measured for each supernatant obtained after 72 hr of co-culture by enzyme-linked immunosorbent
assay. *P < 0-05 vs. responses of anti-CD3 Ab-stimulated CD4* CD25™ T celis. (b} Freshly isolated CD4* CD25™ T cells were incubated with
{anti-CD3) or without (-) plate-bound anti-CD3 Ab for 24 hr, PDL-1 expression was assessed by flow cytometry (closed histograms). Open

histograms show isotype contrel staining.

whether NK cells are involved in DC-mediated Treg cell
induction has not been resolved. In the present study, we
report that the expression of regulatory markers and
functions was markedly decreased on CD4" CD25" T cells
upon exposure to IL-2 NK-primed DCs. By contrast, the
interaction of activated NK cells and NH through the
NKG2A inhibitory receptor led to DC induction of
CD4™ CD25% T cells with regulatory properties. Further-
more, NKG2A-mediated increase in TGF-f as well as
decrease in TNF-o in an NH and NK cell mixture contri-
buted to DC induction of CD4" CD25" Treg cells. This is
consistent with previous reports showing that TGF-B

80

plays a role in generating the specific DC that activates
CD4* CD25" Treg cells.)®' The findings that TNF-o
suppressed TGF-B-mediated priming of DCs to induce
Treg cells also extended the previously identifted role of
TNF-a as a positive regulator of DC activation. In line
with our findings, previous reports showed that impair-
ment of CD4™ CD25" Treg cell activities restored their
suppressive functions after blocking TNF-o signals in
non-cbese diabetic (NOD) mice or in patients with
Crohn’s disease.”™® To our knowledge, the present study
is the first description of modulation of NK celis and
human hepatocytes through NKG2A-mediated inhibitory
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