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polymerase and X genes. HBV replicates its genome via reverse
transcription of pregenome RNA. Reverse transcription conducted
by viral polymerase takes place after encapsidation of pregenome
RNA, resulting in minus-strand DNA synthesis. The RNA template
is simultaneously degraded by RNaseH activity, and single-
stranded {SS) HBV DNA is constructed. Subsequently, viral poly-
merase mediates production of plus-strand DNA from minus-
strand DNA. In this process, appropriate template switches for pri-
mer translocation and circularization lead to the formation of re-
laxed circular (RC) HBV DNA, whereas the extension in situ
without template switches results in the formation of duplex linear
(DL) HBV DNA [9-11]. The virion containing RC viral DNA has been
shown to be more infectious than those containing DL viral DNA in
duck hepatitis B virus (DHBV) [12].

In this study, we examined an elderly patient with chronic HBV
infection showing fatal exacerbation accompanied by an increase
in the viral replicative level. The viruses obtained before and after
exacerbation were longitudinally studied. The virus before exacer-
bation lacked competence for RC HBV DNA synthesis and virion
secretion, but the virus after exacerbation had recovered it. Resur-
gent RC HBV DNA synthesis and virion secretion as the prime
causes of disease deterioration originated in conversion of the
preS/S gene from a hypermutated to a hypomutated state. This is
a novel type of the HBV genomic variation associated with the
development of HBV-related fulminant liver disease.

2. Materials and methods
2.1. Case presentation

The patient described in this study was a 83-year-old Japanese
male with type B chronic hepatitis. At the initial phase, he was free
of symptoms. His alanine aminotransferase (ALT) fluctuated over a
range of 50-160 IU/l. Hepatitis B surface antigen (HBsAg) was
weakly positive (2° according to reversed passive hemagglutina-
tion assay), and HBV DNA was below the detection limit based
on the slot-blot hybridization assay on day 29. However, after 1
year, he suddenly became fatigued and anorexic. ALT rose to
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7291UJ1 accompanied by an increase of HBsAg titer (>2'%) and
the detectable level of HBV DNA on day 374. He was hospitalized
due to diagnosis of acute exacerbation of chronic HBV infection.
After hospitalization, ALT declined to 150-250 IU/I, but HBV DNA
continued to be detectable. The total bilirubin reached up to

~ 5.0 mg/dl on day 418 and increased thereafter. On day 508, he died

of hepatic failure despite intensive treatment. Liver histology at au-
topsy showed features of massive liver necrosis superimposed on
chronic non-cirrhotic liver disease. During follow-up, he tested
negative for both hepatitis B e antigen (HBeAg) and antibody to
HBeAg by radicimmunoassay. Antibody to HBsAg was also nega-
tive according to passive hemagglutination assay. The clinical
course of the patient is summarized in Fig. 1. Informed consent
was obtained from his family members. Serum samples collected
on day 29 (1 year before exacerbation, designated as P1) and day
407 (after exacerbation, designated as P2) were stored at —80 °C
and used for this study. HBV DNA levels as measured by the PCR-
based assay (Amplicor HB Monitor, Roche Diagnostics) using
stored sera at P1 and P2 were 10°* and 10%® copies/ml.

2.2. PCR, sequencing and subcloning

To obtain the full-length HBV DNA strains before and after exac-
erbation, PCR reaction was carried out using stored sera at P1 and
P2. After DNA extraction, the DNA was amplified for 35 cycles
using Taq/Pwo DNA polymerase (Roche Diagnostics) according to
the method described by Giinther et al. [13]. The primers were
BF1 (5'-CCGGAAAGCTTGAGCTCTTCTTTTTCACCTCTGCCTAATCA-3',
nt 1821-1841) and BR1 (5-CCGGAAAGCTTGAGCTCTTCAAAAAG
TTGCATGGTGCTGG-3', nt 1825-1806), both of which had a Sapl
recognition site at the 5’ end. After brief incubation with Taq poly-
merase to create A overhang, the PCR product was cloned into the
plasmid pCR-TOPO4 (Invitrogen). To avoid misreading in the PCR
reaction, nucleotide sequences of six independent full-length
HBV DNA clones were determined. Nucleotides that were detected
in only one clone at the corresponding nucleotide position were
excluded. If necessary, the interchange in the portion of HBV
DNA using plural number of clones, or site-directed mutagenesis,
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Fig. 1. Clinical course of a patient with type B chronic hepatitis showing fatal exacerbation.
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was conducted. Finally, the HBV strains, FEP1 and FEP2 (GenBank
Accession Nos. AB485809 and AB485810), were obtained as pre-
dominant viruses at P1 and P2. These two HBV strains were sub-
jected to phylogenetic tree analysis along with representative
HBV strains of various genotypes.

2.3. Plasmid constructs

Plasmid pHBC had 1.2 times the genomic length of HBV DNA
and expressed the wild-type genotype C HBV strain adr4 (GenBank
Accession No. X01587) [14]. As for the HBV strains FEP1 and FEP2,
the full-length HBV DNA fragment was removed from the pCR-
TOPO4 by Sapl digestion, followed by synthesis of circular dou-
ble-stranded HBV DNA by T4 ligase treatment. Based on this, the
HBV-expressing plasmids pFEP1 and pFEP2, which carried the
1.2-fold HBV genome, were constructed. pFEch1 and pFEch2, made

by swapping the BstEIl/BstBI fragment between pFEP1 and pFEP2,
expressed the chimeric HBV strains FEch1 and FEch2. For trans-
complementation analysis, another plasmid pHBV1.5, which ex-
pressed wild-type genotype A HBV strain adw2 (GenBank
Accession No. X02763) [15], was used. pHBV1.5Apol and
pHBV1.5AS lacked production of the polymerase protein and all
surface proteins, respectively, due to insertion of the in-frame stop
codon. pCMV-SEAP expressed a secreted alkaline phosphatase,

24. Examination for mixed viral population

To examine the mixed viral population in the preS/S gene, PCR-
subcloning analysis was performed. The DNA fragment encom-
passing the whole preS2/S gene was amplified by PCR using the
primers BF5 (5-AAGAGACAGTCATCCTCAGG-3' nt 3183-3202)
and BR7 (5'-GGGTTCAAATGTATACCCAA-3', nt 839-820). The PCR
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Fig. 2. Viral transcription, replication, virion secretion and antigen production of FEP1 and FEP2, and their chimeric constructs in transfected cells. (A) HBV transcripts in
transfected cells examined by Northern blot analysis. The lower panel indicates ethidium bromide staining as a loading control. (B) A scheme of chimeric HBY strains, FEch1
and FEch2. (C) Intracellular progeny HBV DNA in transfected cells examined by Southern blot analysis. (D) Extracellular progeny HBY DNA in transfected cells examined by
Southern blot analysis. (E) Secreted HBsAg in the culture supernatant of transfected cells. Data were expressed as IU/ml. (F) Secreted HBeAg in the culture supernatant of
transfected cells. Data were expressed as the ratio of optical density of the sample to the cut-off value (S/CO). S5, single-stranded HBV DNA; DL, duplex linear HBV DNA; RC,

relaxed drcular HBV DNA.
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product was cloned into the plasmid pCR-TOPO4, and inserted HBV
DNA sequences of independent clones were determined. As an-
other examination of the mixed viral population, PCR was done
to obtain the short HBV DNA fragment including the preS2 deletion
site using the primers BF-11 (5'-AAGAGACAGTCATCCTCAGG-3', nt
3183-3202) and BR-11 (5-AACTGGAGCCACCAGCAGGA-3', nt 74~
55). Next, the product was electrophoresed on polyacrylamide
gel. In this assay, the various ratios of the mixture of plasmids
pFEP1 and pFEP2 were used as templates of the PCR reaction. Con-
sequently, a minor population of the virus could be detected if it
was present at approximately one-tenth of the total population.

2.5. Transfection study

Huh?7 cells (7 x 10° cells) were seeded on a 60-mm-dijameter
culture dish and transfected with 2 pg of various HBV-expressing
plasmids and 0.1 pg of pCMV-SEAP using the FuGENES6 reagent
(Roche Diagnostics). In transcomplementation analysis, 1 pug of
pFEP1 was cotransfected with 1 pg of pHBV1.5Apol, pHBV1.5AS
or pBluescriptIISK* (mock). The cellular nucleic acid and culture
supernatant were collected on day 5 after transfection. The alkaline
phosphatase activity in the culture supernatant was measured to
evaluate transfection efficiency.

For Northern blot analysis to detect HBV transcripts, the total
RNA was extracted using an TRIzol reagent (Invitrogen), followed
by RNase-free DNasel treatment, phenol/chloroform extraction
and ethanol precipitation. The sample was then electrophoresed
in a formaldehyde-agarose denaturing gel, transferred onto a ny-
lon membrane, hybridized with alkaline phosphatase-labeled
HBV DNA probe and detected with the chemiluminescent sub-
strate CDP-star (GE Healthcare Life Sciences). Southern blot analy-
ses to detect intracellular and extracellular progeny HBV DNAs
were carried out as described elsewhere [16]. Secreted HBsAg
and HBeAg in the culture supernatant were measured by chemilu-
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minescent immuneassay. All transfection experiments were done
at least three times, and the representative results are shown.

3. Results

3.1. Differences in viral sequences between FEP1 and FEP2 strains
were most prominent in the preS/S gene

The HBV strains FEP1 and FEP2, obtained before and after fatal
exacerbation of the patient with chronic HBV infection, were clas-
sified as genotype C2, the most prevalent genotype in Japan,
according to the phylogenetic tree analysis (data not shown).
FEP1 and FEP2 had sequence divergences of 3.1% and 2.8% from
the representative wild-type genotype C2 HBV strain adr4 [14]
and differed by 0.8% from each other. Amino acid substitutions in
the preS/S, precore/core, X and polymerase gene in adr4, FEP1
and FEP2 strains are shown in the Supplementary Tables 1 and 2.
FEP1 had 20 amino acid substitutions in the preS/S gene, 6 in the
precore/core gene, 5 in the X gene and 34 in the polymerase gene,
whereas FEP2 had 10 in the preS/S gene, 7 in the precore/core gene,
5inthe X gene and 30 in the polymerase gene compared with adr4.
As for comparison between FEP1 and FEP2, substitutions were
noted at 15 amino acid residues in the preS/S gene, one in the pre-
core/core gene, none in the X gene and 14 in the polymerase gene.
In addition, FEP1, but not FEP2, had a 12-bp deletion in the preS2
gene, a 9-bp deletion in the S gene, and the in-frame stop codon
in the distal S gene, which caused truncation of preS/S and poly-
merase proteins. As for other peculiarities of the FEP1 and FEP2
strains, both had the A1896, T1762/A1764 and C1753 mutations,
which have been shown to be frequently detected in fulminant
hepatitis {2-4], and disruption of the start codon of the preS2 gene,
which has been reported to be commonly found in chronic HBV
infection [17]. Thus, FEP1 and FEP2 strains differed considerably
in nucleotide sequences from the wild-type adr4 strain. Further-
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Fig. 3. Mixed viral population in the preS/S gene in a patient with type B chronic hepatitis showing fatal exacerbation. (A} A scheme of the result of PCR-subcloning analysis.
The HBV fragment encompassing the whole preS2/S gene was amplified by PCR and subcloned. Next, the independent clones were used for sequencing analysis. A total of 20
and 12 independent clones derived from serum samples P1 and P2 were examined. (B) A representative result of PCR amplification of short HBV DNA fragment including the
preS2 deletion site. The product derived from HBV DNA without the deletion was 109 bp long, whereas that derived from HBV DNA with the deletion was 95 bp long.

- 556 -



K. Ohkawa et al./Biochemical and Biophysical Research Communications 394 (2010) 87-93 91

more, the differences between FEP1 and FEP2 in the sequences
were the most prominent in the preS/S gene.

3.2. FEP1 lacked competence for RC HBV DNA synthesis and RC HBV
DNA-containing virion secretion but FEP2 possessed it

Next, we investigated viral transcription, DNA synthesis, virion
secretion and antigen production in the wild-type adr4 strain, and
the patient-derived FEP1 and FEP2 strains using in vitro transfec-
tion analysis. The levels of HBV transcripts did not differ among
the three strains (Fig. 2A). When the levels of intracellular and
extracellular progeny HBV DNAs were compared (Fig. 2C and D),
both FEP1 and FEP2 revealed more synthetic activity of HBY DNA
than adr4 in the intracellular HBV DNA assay, but the differences
in the levels of extracellular HBV DNA among adr4, FEP1 and
FEP2 were modest. According to these findings, FEP1 and FEP2
strains may possess increased activity of viral encapsidation and/
or minus-strand DNA synthesis compared with adr4, whereas
wild-type adr4 strain may be superior to FEP1 and FEP2 in the effi-
cient virion secretion. When the differences between FEP1 and
FEP2 were examined with respect to the intracellular and extracel-
lular HBV DNA assays, RC HBV DNA synthesis and RC HBV DNA-
containing virion secretion were seriously impaired in FEP1, com-
pared with FEP2 (Fig. 2C and D). Regarding the levels of secreted
HBsAg and HBeAg, HBsAg was not detected in FEP1 but detectable
in adr4 and FEP2 (Fig. 2E). Both FEP1 and FEP2 could not synthesize
HBeAg (Fig. 2F), because they harbored the precore-defective
A1896 mutation.

3.3. Inability of RC HBV DNA synthesis and of RC HBY DNA-containing
virion secretion in FEP1 were responsible for the preS/S gene

The most remarkable difference in the viral genome between
FEP1 and FEP2 was observed in the preS/S gene. Therefore, chime-
ric HBV strains, FEch1 and FEch2, constructed by swapping the en-
tire preS/S region between FEP1 and FEP2 (Fig. 2B), were examined.
As shown in Fig. 2C and D, RC HBV DNA synthesis and RC HBV
DNA-containing virion secretion were seen in FEch1 but had been
prevented in FEch2. Also, HBsAg was detected in FEch1 but not in
FEch2 (Fig. 2E). Both FEchl and FEch2 did not produce HBeAg
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(Fig. 2F). Thus, incompetence of RC HBV DNA synthesis and of vir-
ion secretion in FEP1 were responsible for the preS/S gene.

3.4. Wild-type-like HBV strain coexisted with FEP] strain

We further examined the detailed viral population at P1 and P2.
PCR-subcloning assay was done for the preS2/S gene, which
showed the regions with the most differences in sequences be-
tween FEP1 and FEP2 (Fig. 3A). Thirteen of 20 clones derived from

"P1 had the two short deletions in the preS2 and S genes, the in-

frame stop codon in the distal S gene and disruption of the preS2
start codon, as was the case for FEP1 strain. Five clones possessed
only the deletion in the preS2 gene and disruption of the preS2
start codon. The remaining two clones had none of these mutations
and deletions and were similar to the wild-type strain. As for
clones derived from P2, 11 of the 12 clones showed disruption of
the preS2 start codon, whereas the remaining one clone did not.
In PCR analysis for the short region containing the preS2 deletion
site (Fig. 3B), the virus with preS2 deletion was predominant, but
approximately one-tenth of the virus without deletion was also de-
tected at P1. Only the virus without the deletion was seen at P2.
According to these observations, the wild-type-like HBV strain
with minimal viral genomic variations in the preS/S gene coexisted

" as a minor population at P1.

3.5. RC HBV DNA synthesis and virion secretion were
transcomplemented by the preS/S protein

Finally, we investigated whether the wild-type-like virus coex-
isting as a minor population can complement the inability of RC
HBV DNA synthesis and virion secretion in FEP1 strain in trans.
As shown in Fig. 44, transfection with pHBV1.5 yielded synthesis
of RC, DL and SS HBV DNAs, whereas transfection with pHBV1.5AS
resulted in less amounts of RC HBV DNA than that with pHBV1.5.
Transfection with pHBV1.5Apol showed complete absence of
HBV DNA synthesis. As for transcomplementation analysis
(Fig. 4B and C), cotransfection of pHBV1.5Apol with pFEP1 did
not augment RC HBV DNA synthesis in the intracellular HBYV DNA
assay, but led to enhanced secretion of RC HBV DNA-containing
virion in the extracellular HBV DNA assay. By contrast, cotransfec-

Extracelluiar

Fig. 4. Transcomplementation of insufficient viral secretion in FEP1 strain by HBV-expressing constructs, pHBV1.5Apol and pHBV1.5AS. (A) Intracellular progeny HBV DNA in
cells transfected with pHBV1.5, pHBV1.5Apol and pHBV1.5AS by Southern blot analysis. (B) Intracellular progeny HBV DNA in cells cotransfected of pFEP1 with mock,
PHBV1.5Apol and pHBV1.5AS by Southern blot analysis. (C) Extracellular progeny HBV DNA in cells cotransfected of pFEP1 with mock, pHBV1.5Apol and pHBV1.5AS by
Southern blot analysis. S5, single-stranded HBV DNA; DL, duplex linear HBV DNA; RC, relaxed circular HBV DNA.
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tion of pHBV1.5AS with pFEP1 could not compensate for the
inability of RC HBV DNA synthesis and virion secretion. These re-
sults suggest that insufficiency of RC HBV DNA synthesis and virion
secretion in FEP1 may be transcomplemented not by the polymer-
ase protein but by the preS/S protein of the wild-type-like HBV
strain.

4. Discussion

The present study describes a patient with type B chronic hep-
atitis who showed fatal exacerbation accompanied by more than
103-fold increment of viral replicative activity. The predominant
HBV strains FEP1 and FEF2, obtained before and after exacerbation,
were investigated to clarify what viral genomic alterations trig-
gered disease deterioration. FEP1 and FEP2 possessed considerably
different nucleotide sequences including A1896, T1762/{A1764 and
C1753 mutations, that have been reported to be frequently de-
tected in the fulminant hepatitis-related HBV strain, compared
with the wild-type strain [2-4]. Not only FEP2 and but also FEP1
revealed more overall synthetic activity of HBV DNA than the
wild-type strain. Thus, both FEP1 and FEP2 were potent highly-
replicative strains. As for the most significant difference between
FEP1 and FEP2, FEP1 lacked competence for RC HBV DNA synthesis
and RC HBV DNA-containing virion secretion, whereas FEP2 main-

tained it. Because of the difference in the virological feature be- -

tween them, FEP1 was not very pathogenic, but FEP2 became a
highly virulent strain. These results indicate that resurgent RC
HBV DNA synthesis and virion secretion may lead to the onset of
fulminant liver disease in this patient.

Chimeric analysis revealed that the preS/S gene, where FEP1
had a considerable number of mutations and deletions but FEP2
did not, accounted for the difference in the ability of RC HBV
DNA synthesis and virion secretion between FEP1 and FEP2. In
addition, insufficient RC HBV DNA synthesis and virion secretion
in FEP1 were transcomplemented not by the polymerase protein
but by the preS/S protein of the wild-type virus. Although muta-
tions and deletions in the preS/S gene observed in FEP1 certainly
affect the properties of both preS/S and polymerase proteins, dis-
ability of the preS/S protein rather than the polymerase protein
may be responsible for the inability of RC HBV DNA synthesis
and virion secretion in FEP1. By contrast, FEP2 may produce the
competent preS/S protein to accomplish RC HBV DNA synthesis
and virion secretion because of fewer mutations in the preS/S gene.
Taken together, conversion from a hypermutated to a hypomutat-
ed state in the preS/S gene may have been the strain-specific viral
genomic change serving as the primitive cause of lethal disease
deterioration in our patient.

Examination for viral population showed that the wild-type-
like strain carrying no mutations in the preS/S gene coexisted as
a minor population with the predominant strain epitomized by
FEP1 before exacerbation. Transcomplementation analysis also re-
vealed that the wild-type-like HBV strain may function as a helper
virus that compensates for impaired synthesis of RC HBV DNA and
virion secretion in FEP1 strain. This may be a reason why the pa-
tient already had a certain degree of viral replication and chronic
liver inflammation before exacerbation.

A few investigators reported secretion-defective HBV strains
with the mutations in the S gene derived from patients with ful-
minant hepatitis and those with chronic HBV infection [8,18].
Regarding the former strain, the secretion-defective strain was iso-
lated after the onset of fulminant hepatitis, suggesting the patho-
genic importance of the deficiency in the viral antigen secretion
itself {8]. This does not agree with our findings because the virus
lacking the ability of RC HBV DNA-containing virion secretion
was not very pathogenic, but the virus having it triggered fulmin-
ant liver disease in our study. Further work should be done to clar-

ify the involvement of the secretion-defective HBV in various
clinical manifestations.

In the process of plus-strand DNA synthesis, the presence or ab-
sence of template switches for primer translocation and circular-
ization determines the preference for RC HBV DNA synthesis.
Appropriate template switches and subsequent RC HBV DNA syn-
thesis require donor and acceptor sites for template switches and
several other cis-acting sequences [10,11]. FEP1 is, to our knowl-
edge, the first naturally-occurring HBV strain displaying incompe-
tence of RC HBV DNA synthesis and virion secretion. Such
incompetence in FEP1 was compensated not by the polymerase
protein but by the preS/S protein of the wild-type HBV. This lets
us hypothesize that the preS/S protein may play a pivotal role in
the secretion of RC HBV DNA-contajning virus and possibly, the
synthesis of RC HBV DNA. The preS/S protein, as well as the poly-
merase protein and cis-acting sequences within the viral genome,
may be an important component for efficient RC HBV DNA forma-
tion. The hypothesis is also supported by our other finding that the
synthetic activity of RC HBV DNA was lower in cells transfected
with pHBV1.5AS than in those transfected with pHBV1.5.

In summary, we identified a novel type of the viral genomic var-
iation associated with the development of fulminant liver disease
in the longitudinal virological study of a type B chronic hepatitis
patient showing fatal exacerbation. The virus before exacerbation
revealed insufficiency of RC HBV DNA synthesis and virion secre-
tion, but the virus after exacerbation had the ability for both. The
change in the virological character was based on conversion from
a hypermutated to a hypomutated status in the preS/S gene, which
may be the main cause for disease deterioration in the patient. Our
findings offer a new insight into the pathogenesis of HBV-related
fulminant liver disease,

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2010.02.114.
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Factors involved in transition from the immunotolerant to immunoactive phase in chronic hepatitis B
virus (HBV) infection remain unclear. We investigated viral mutations occurring during transition and
elucidated their virological and immunological significance. Full-length HBV DNA sequences were seri-
ally determined in a chronic HBV carrier from the immunotolerant to immunoactive phase. Viral replica-
tive competence was examined by transfection analysis. HBV-specific CD8" T cell response was evaluated
by coculture of CD8* T cells with autologous dendritic cells followed by interferon-v Elispot assay. Eleven
point mutations and two deletions appeared around the onset of the immunoactive phase. Viral replica-
tive competence declined significantly after the onset of active hepatitis. Examination of the CD8* T cell
response against two putative T-cell epitopes, which contained substituted amino acids from the immu-
notolerant to immunoactive phase, showed that mutant HBV epitopes gave a lesser T cell response than
wild-type HBV ones. In summary, point mutations and deletions may occur prior to or concurrent with
the onset of the immunoactive phase during chronic HBV infection. These mutations may result in a
significant decrease in both viral replicative competence and HBV-specific CD8" T cell response, suggest-

ing a possible adaptation for the maintenance of viral persistence.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

More than 350 million people worldwide suffer from chronic
hepatitis B virus (HBV) infection [1]. A chronic HBV carrier state
is mainly established by virus infection during the perinatal period
or childhood because of the immature immune system, The major-
ity of chronic HBV carriers is thought to be responsible for mother-
to-child transmission of the virus, especially in Asian countries.

In the natural course of chronic HBV infection, the initial phase
is an immunotolerant one, which is characterized by positive hep-
atitis B e antigen (HBeAg), high HBV DNA, normal alanine amino-
transferase (ALT), and no or minimal histological inflammation. It
usually persists for 10-40 years in perinatally infected patients,
followed by an immunoactive phase. This phase is based on the
occurrence of immune system-mediated cytotoxicity toward
HBV-infected hepatocytes, leading to ALT elevation and active liver
inflammation. A high HBV DNA level and positive HBeAg still con-
tinue. The long-festering immunoactive phase frequently results in
the development of cirrhosis and hepatocellular carcinoma. On the
other hand, loss of HBeAg or seroconversion to antibody to HBeAg
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(anti-HBe) is associated with the reduction of HBV DNA and allevi-
ation of liver inflammation {2].

HBV is noncytopathic in itself, and its disease pathogenesis is
largely mediated by the cellular immune response. In particular,
the CD8" cytotoxic T lymphocyte (CTL) is thought to play an impor-
tant role in both viral clearance and liver cell injury [3]. It has been
reported that a strong HBV-specific CTL response was detected in
individuals with type B acute self-limited hepatitis but not in those -
with chronic HBV infection [4,5]. The crucial role of CD8* T cells in
the pathogenesis of HBV-related liver disease has recently been
confirmed in the HBV-infected chimpanzee system [6].

What remains unclear are the factors associated with the
transition from the immunotolerant to immunoactive phase in
chronic HBV infection. HBV mutations are speculated to be one
of the factors related to the onset of active liver injury. Several

_cross-sectional studies have shown that chronic HBV carriers in

the immunoactive phase tended to possess more mutations in
the core promoter/enhancer II region and core gene than those
in the immunotolerant phase [7-9]. However, to better under-
stand the possible link of HBV mutations with the shift from
the immunotolerant to immunoactive phase, detailed
longitudinal evaluation of HBV mutations should be done for
an individual patient.
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This issue led us to examine a chronic HBV carrier who was ini-
tially in the immunotolerant phase and changed over to the immu-
noactive phase after 8.3 years of follow-up. Alterations in the full-
length HBV DNA sequences were examined using serial serum
samples collected around the transition period of both phases.
We further investigated the influences of mutations occurring from
the immunotolerant to immunoactive phase on the viral replica-
tive competence and virus-specific CD8" T cell response.

2. Methods
2.1. Patient clinical course and sampling points

The patient examined in the present study was a 30-year-old fe-
male (Fig. 1). She first visited Osaka University Hospital in January
1998, because she had been pointed out as having tested positive
for hepatitis B surface antigen (HBsAg) at another hospital. From
the beginning, she was diagnosed as being in the immunotolerant
phase of chronic HBV infection as recognized by positive HBeAg,
high HBV DNA of >1000 Meg/m! by the branched DNA assay (Chir-
on) and low ALT of <20 IUJl. Antibody to HBsAg (anti-HBs) and
anti-HBe were negative, She was followed-up at 3- to 6-month
intervals. The immunotolerant phase of chronic HBV infection con-
tinued for 8.3 years until April 2006. In October 2006, ALT rose
slightly to 31 IU/I, although it was below the upper limit of the nor-
mal range (<40 [U/1). In February 2007, she developed active hep-
atitis accompanied by an increase in ALT to an abnormal level. The
ALT fluctuated thereafter and increased up to 489 [U/1 in March
2008. HBV DNA as detected by the PCR-based assay (Amplicor
HB Monitor, Roche), measured since June 2004, was maintained
at a high level of > 8.5 log copies/ml even after the onset of active
hepatitis, but slightly decreased to 7.7 log copies/ml in March
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2008. Subsequently, she received entecavir treatment (0.5 mg/
day), resulting in the sustained HBV DNA clearance (<2.6 log cop-
ies/ml) and ALT normalization, although the HBeAg remained posi-
tive in May 2009, the end of follow-up.

From June 2004 to January 2008, a total of eight serial serum
samples were stored at —80 °C and used for sequencing analysis.
The sampling points were designated as P1-P8; P1, June 2004
(ALT, 17 IU/1); P2, December 2005, (ALT, 20 IU/I); P3, April 2006
(ALT, 20 1U[1); P4, October 2006 {ALT, 31 [UJ1); P5, February 2007
(ALT, 70 IU/1); P6, March 2007 (ALT, 110 [U/1); P7, July 2007 (ALT,
143 [Uf1}; and P8, January 2008 (ALT, 279 IU/I). According to
changes in ALT, the patient was in the immunotolerant phase at
P1-P3 and entered the immunoactive phase at P5-P8. The period
around P4 was considered to be the transitional phase. The hepa-
rinized blood sample was also collected in May 2009, 14 months
of entecavir treatment (P9; ALT 101U/l) for the immunological
analysis concerning the CD8* T cell response against the HBV-de-
rived epitopes. Informed consent was obtained from the patient.

2.2. HBV markers

HBsAg, anti-HBs, HBeAg, and anti-HBe were measured by en-
zyme immunoassay or chemiluminescent immunoassay. HBV
DNA was detected by the Amplicor HB Monitor (Roche). The 100-
fold diluted serum sample was used, if necessary.

2.3. PCR-direct sequencing for determining nucleotide sequences of
full-length HBV DNA

PCR-direct sequencing was conducted for full-length HBV DNA,
whose experimental method is shown in Supplementary material
1. The nucleotide sequences of full-length HBV DNA derived from
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Fig. 1. Clinical course and sampling points of a patient with chronic HBV infection who was followed-up from immunotolerant to immunoactive phase. Arrows indicate the

sampling points P1 to PS.
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the serum sample at P1 (designated as HBV-IT strain) are shown in
the International DNA database (Accession No. AB485808).

2.4. Amplification of full-length HBV DNA and identification of deletion
mutant HBV

The PCR amplification of full-length HBV DNA was done accord-
ing to the method described by Giinther et al. [10]. The primers
were BF1 (5'-CCG GAA AGC TTG AGC TCT TCT TIT TCA CCT CTG
CCT AAT CA-3', nt 1821-1841) and BR1 (5'-CCG GAA AGC TTG
AGC TCT TCA AAA AGT TGC ATG GTG CTG G-3’, nt 1825-1806),
both of which had a Sapl recognition site at their 5 end. The smal-
ler-than-expected PCR product corresponding to the deletion mu-
tant HBV DNA was cloned into the plasmid pCR-TOPO4
(Invitrogen), and several clones were picked up for sequencing
analysis.

2.5. Transfection of circular double-stranded HBV DNA synthesized
from the PCR product

In this study, the full-length HBV DNA amplified by PCR
was subjected to the transfection analysis. Briefly, the serum
sample containing the 6.5 log.copies of HBV DNA was used
for the PCR amplification using the BF1/BR1 primer set. The
PCR product {50 pl) was purified with a spin column and di-
gested with 10 U of Sapl at 37°C for 16 h. After purification
using a spin column again, the sample was circularized by
brief incubation with T4 ligase. Finally, Huh-7 cells (3 x 10°
cells) were seeded onto the 60-mm diameter culture dish
and transfected with the circular double-stranded full-length
HBV DNA synthesized from the PCR product using the Fugene
6 reagent (Roche).

2.6. Detection of progeny HBY DNA and secreted HBV antigen in
transfected cells

On day 3 after transfection, the cellular lysate and culture med-
ium were collected to examine the progeny HBV DNA and secreted
HBsAg and HBeAg. The progeny HBV DNA was detected by South-
ern blot analysis as described elsewhere [11]. HBsAg and HBeAg
in the culture media were examined by chemiluminescent
immunoassay.

2.7. Prediction of HBV-derived peptide epitopes

The genotyping assay for HLA-A and -B alleles from the whole
blood-derived DNA by the PCR-sequencing-based typing method
(SRL) revealed that the patient expressed HLA-A" 2402/ 3303 and
-B 4403/ 5201. The entire amino acid sequences of the preS/s, pre-
core/core, polymerase, and X proteins of the HBV-IT strain were re-
viewed for 9- and 10-mer peptides that could possess binding
activity to HLA class [ molecules using a peptide-motif scoring sys-
tem supplied online by National Institutes of Health (http://bi-
mas.dert.nih.gov/molbio/hla_bind). The analysis was carried out
for HLA- A 2402, -A"3302 (instead of -A 3303) -B"4403, and -
B 5201. The HBV-derived peptides containing the substituted sites
in amino acid sequences from the immunotolerant to immunoac-
tive phase were screened. Two 9-mer “wild-type” peptides derived
from the HBV-IT strain, SDYCLTHLV (Pols3s_343) and LGEEIRLKV
(X123-131), which had high scores for the binding affinity to HLA-
B 5201 molecules, were selected for immunological analysis. Two
additional “mutant” peptides, SDYCLTHIV and LGEEIRLMI, where
substituted amino acid residues occurring from the immunotoler-
ant to immunoactive phase are underlined, were also examined in
comparison with the wild-type peptides. All peptides had been
synthesized by Sigma-Aldrich with >90% purity.

2.8. Culture and stimulation of peripheral blood lymphocytes

Peripheral blood mononuclear cells were isolated from the hep-
arinized blood sample by Ficoll-Hypaque density gradient centrifu-
gation and cultured at 37°C for 1h. Non-adherent “T cell-
enriched” cells were stored at ~80 °C. The adherent cells were fur-
ther cultured with 10 ng/ml of recombinant human granulocyte
macrophage colony-stimulating factor (PeproTech) and 10 ng/ml
of recombinant human interleukin-4 {(PeproTech) for 1 week to
generate dendritic cells (DCs). Autologous CD8™ T cells were iso-
lated from the non-adherent cells using the specific magnetic
beads (MACS, Miltenyi Biotec). DCs (2 x 10° cells) were cocultured
with 2 x 10° of CD8" T cells in the presence of 10 ug/ml of HBV-de-
rived peptides for 1 week. Finally, the responder CD8" T cells were
subjected to the interferon-y Elispot assay.

2.9. Detection of HBV-derived peptide-reactive CD8" T cells by
interferon-y Elispot assay

To assess the frequencies of peripheral blood CD8™ T cells recog-
nizing the particular HBV epitopes, the interferon-y Elispot assay
was carried out as previously described [12]. The experimental
method is shown in Supplementary material 2.

2.10. Statistical analysis

Student’s non-paired ¢ test and the one-way analysis of variance
were used as appropriate. p Values less than 0.05 were considered
to be statistically significant.

3. Results

From the serum sample at P1, the full-length HBV DNA se-
quence was determined by PCR-direct sequencing analysis and
designated as the HBV-IT strain. This strain had no apparent mixed
viral populations at all nucleotide positions as far as this sequenc-
ing analysis could detect. The HBV-IT strain was classified as geno-
type C2, the most prevalent HBV genotype in Japan, as examined
by phylogenetic tree analysis (data not shown). All point mutations
occurring from the immunotolerant to immunoactive phase are
presented in Fig. 2. From P1 to P8, there were a total of 11 point
mutations, A125 (causing pol-L342[), C441 (causing surface-
V96A), A1613 (causing pol-R841K), G1614 (causing x-T81A),
T1762 (causing x-K130M), A1764 (causing x-V1311), C1938 (caus-
ing core-V13A), T2088 {causing core-G63V), C2137 (silent), T2357
(causing core-G153C and pol-E17D), and T2444 (causing the in-
frame stop codon). The T2444 mutation resulted in truncation of
the core protein by two amino acids. All mutations began to
emerge at P3-P5 as a minor viral population and became predom-
inant thereafter, although the mixed viral population with and
without the point mutations was still observed at P8.

Next, we carried out PCR amplification of the full-length HBV
DNA to assess the existence of deletion mutant HBV using serum

- samples at P1, P4, P6, and P8. As shown in Fig. 3A, there were no

deletion mutant HBV strains at P1. However, a small amount of de-
leted HBV DNA was detected at P4. At P6 and P8, the deletion mu-
tant HBV accumulated, whereas the full-length HBV declined
gradually. PCR-subcloning analysis revealed the existence of two
kinds of deletion mutant HBVs (Fig. 3B). One had a deletion
1257 bp long, and the other had two deletions 282 bp and
1269 bp long. In both types of mutant HBV strains, deletions were
involved in the core, polymerase and preS/S genes.

The patient possessed a homogeneous viral population in the
initial immunotolerant phase, but the virus existed as a mixture
of wild-type and various types of mutant viral strains around the
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Fig. 2. Point mutations occurring in a patient with chronic HBV infection from immunotolerant to immunoactive phase. The full-length HBV nucleotide sequences were
determined by PCR-direct sequencing analysis using serum samples obtained at P1 to P8. Point mutations appearing from P1 to P8 are indicated by arrows.
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Fig. 3. Detection and identification of deletion mutant HBV DNA in a patient with chronic HBV infection from the immunotolerant to immunoactive phase. (A) Detection of
full-length and deletion mutant HBV DNAs by PCR assay. (B) A schematic diagram of the deletion mutant HBV DNAs (-1 and -2) derived from the patient.

onset of immunoactive phase. To overcome the heterogeneity of
the viral population and to investigate overall replicative compe-
tence of the virus in a single host, we carried out transfection anal-
ysis not using HBV-expressing plasmid constructs but using the
circular double-stranded HBV DNA synthesized directly from the
PCR products at P1, P4, PG, and P8. The progeny HBV DNA after
transfection was examined as a marker of viral replicative compe-
tence. As shown in Fig. 4A and B, the progeny HBV DNA decreased
gradually with time (p<.005), and the level was reduced by
approximately 4-fold at P8, compared to that at P1. Similarly, the
production of HBsAg and HBeAg declined significantly from P1 to
P8 (p <.001 and p <.01) (Supplementary Fig. 1A and B).

Finally, we evaluated the influence of HBV mutations occurring
from the immunotolerant to immunoactive phase on the CD8" T
cell response against HBV epitopes. Two HBV-IT strain-derived T-
cell epitopes, Polsss_343 and Xyp3_131, which included the substi-
tuted amino acids from the immunotolerant to immunoactive
phase, were selected using an algorism to identify the potential
binding site to the particular HLA class I molecules. Peripheral
blood mononuclear cells were obtained from the patient at the
remission phase after entecavir treatment. CD8" T cells were cocul-
tured with autologous DCs in the presence of “wild-type” or
“mutant” HBV-derived peptides. The HBV epitope-specific T cell
response was evaluated with the interferon-y Elispot assay. The
frequencies of CD8" T cells specific for the mutant HBV Polsss_343
SDYCLTHIV peptide were lower than those for the wild-type
SDYCLTHLYV peptide (Fig. 4C). Also, the frequencies of CD8" cells
specific to the mutant HBV X;,3_137 LGEEIRLMI peptide were lower
than those to the wild-type LGEEIRLKV peptide (Fig. 4D). Thus,
with respect to these two HBV epitopes, the mutations detected
around the onset of active liver inflammation led to a decrease in
the HBV-specific CD8* T cell response.

4. Discussion

The precise mechanisms, through which the immune-mediated
active liver inflammation breaks out following an asymptomatic
immunotolerant phase, have not been elucidated in chronic HBV
infection. To shed new light on this, we investigated the involve-
ment of HBV mutations in the transition from the immunotolerant

to immunoactive phase. A chronic HBV carrier undergoing the
long-term follow-up was examined in this study, and the full-
length HBV sequences were serially determined. A total of 11 point
mutations were observed from the immunotolerant to immunoac-
tive phase. Most of these mutations were detected prior to or con-
current with transition of both phases. In addition, emergence of
the deletion mutation coincided with the onset of the immunoac-
tive phase. Thus, point mutations and deletions were found to be
generated closely associated with the shift to the immunoactive
phase in chronic HBV infection. Regarding the virus population in
the patient, the homogeneous viral population without point
mutations and deletions was observed in the initial immunotoler-
ant phase. Around the same time as the onset of active hepatitis,
the virus with point mutations and deletions began to appear as
a minor viral population and became predominant with time
accompanied by worsening of liver inflammation.

The 11 point mutations observed during the follow-up of the
patient led to a total of 10 amino acid substitutions of various
HBV proteins and one in-frame stop codon formation in the distal
core gene. Two of the 11 mutations were the well-known T1762/
A1764 in the basic core promoter, which has been frequently found
in patients with HBV infection in association with low HBeAg pro-
duction [13]. Furthermore, there were two kinds of deletion mu-
tant virus having a broad range of the deletion sites involving the
core, polymerase and preS/S genes.

Viral replicative competence, as examined by in vitro transfec-
tion analysis using the synthesized circular double-stranded HBV
DNA, declined significantly after the onset of active liver inflamma-
tion. This may be mainly due to a relative decrease of the full-
length HBV in contrast to an increase of the deletion mutant virus
in the immunoactive phase. The mutant HBV with the long dele-
tion, which has been reported to be detected in patients with
chronic HBV infection [14], is replication-incompetent, and its rep-
lication may be transcomplemented by replication-competent full-
length HBV. Such a “defective” deletion mutant virus may have an
inhibitory effect on replication of the wild-type virus, as has been
suggested in the case of HBV with the core internal deletion muta-
tion [15]. In addition, some of the point mutations may directly
reduce viral replicative activity, although the effect of each point
mutation on viral replication remained to be verified in this study.
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Fig. 4. (AB) Levels of progeny HBV DNA in Huh-7 cells transfected with circular double-stranded HBV DNA synthesized from the PCR product. (A) A representative result of
Southern blot analysis for detection of progeny HBV DNA in transfected cells. ss, single-stranded HBV DNA. ds, double-stranded HBV DNA. (B) Quantitative analysis of the
level of progeny HBV DNA examined by Southern blot analysis and image analyzing procedure. The level of progeny HBY DNA in the case of transfection with the circular
double-stranded HBV DNA derived from the sample at P1 was considered as 1, and the fold activities in the case of transfection with those derived from the samples at P4, P6
and P8 were calculated. (C,D) CD8" T cell responses against Polass.343 (C) and X123-131 (D) epitopes in the HBV-IT strain. CD8" T cells were cocultured with autologous DCs in
the presence of wild-type or mutant HBV-derived peptides. HBV epitope-specific T cell response was evaluated by interferon-vy Elispot assay. Interferon-+ spots per 10° CD8*
cells were analyzed. All experiments were done three times, and the results are shown as mean +SD.

They may be reasons for reduced viral replicative competence in
the immunoactive phase compared with the immunotolerant
phase.

We further investigated the influence of HBV mutations occur-
ring from the immunotolerant to immunoactive phase on the CD8*
T cell response against the particular HBV epitopes. Two putative
HLA B 5201-restricted T-cell epitopes, which contained the substi-
tuted amino acid residue from the immunotolerant to the immu-
noactive phase, were studied. The HBV epitope-specific CD8" T
cell response was evaluated using the interferon-y Elispot assay.
The results showed that the mutant HBV epitopes provided a lesser
CD8* T cell response than the wild-type HBV ones, suggesting that
the mutant virus may have less susceptibility to the CTL than the
wild-type virus. According to our finding, the HBV mutations
emerging before or simultaneously with the onset of the immuno-
active phase may lead to less responsiveness to the CTL and insuf-
ficient viral clearance.

In our immunological analysis, peripheral blood mononuclear
cells were collected after the entecavir treatment-induced remis-
sion phase. Previous studies revealed that patients with acute
HBV infection display a robust virus-specific CTL response,
whereas the response in patients with chronic HBV infection is
generally weak [4,5]. It has also been shown that hyporesponsive-
ness of CTL can be restored in patients with chronic HBV infection
after antiviral treatment-induced remission [16]. In this regard,
usage of the blood sample after entecavir treatment may have been
better than that before treatment for efficient detection of the
HBV-specific CD8" T cell response in our patient. Although the de-
layed sampling point in our immunological assay may have biased
the result of analysis, our finding may offer a piece of suggestive
information from a viewpoint of the immunological aspect in
chronic HBV infection.

In conclusion, we showed that, in the detailed analysis of a
chronic HBV carrier, point mutations and deletions occurred prior

to or concurrently with the onset of the immunoactive phase dur-
ing the course of chronic HBV infection. The virus having point
mutations and deletions emerged as a minor viral population and
became predominant with time accompanied by worsening of ac-
tive liver inflammation. In chronic HBV infection, it is speculated
that the onset of active liver inflammation following the inactive
immunotolerant phase may be due to a restored immune response
against antigens of the pre-existing “wild-type” virus, which may
be triggered by unknown mechanisms. It is of particular note that
the “mutant” virus possessing various point mutations and dele-
tions may reveal a significant decrease in both viral replicative
competence and virus-specific CD8" T cell response compared with
the “wild-type” virus. This may be a possible adaptation mecha-
nism for the maintenance of viral persistence in chronic HBV
infection.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2010.03.022.
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Background & Aims: Natural killer (NK) cells play an important
role in the immune response against virus infection. Interferon
(IFN)-a, an essential component in therapy against hepatitis C
virus (HCV) infection, regulates NK cell function. However, it
remains obscure how chronic HCV infection (CHC) modifies intra-
cellular IFN-a signaling in NK cells. We investigated IFN-o. signal-
ing in NK cells in patients with CHC.

Methods: Peripheral blood mononuclear cells were obtained
from patients with CHC and healthy subjects {HS) as controls.
Results: The expression level of signal transducer and activator of
transcription (STAT) 1, a key molecule of IFN-o signaling, was
clearly higher in NK cells from the CHC patients than in those
from HS. The phosphorylation level of STAT1 with IFN-o stimula-
tion was significantly greater in NK cells from the CHC patients
than in those from the HS, while that of STAT4 was significantly
less. These phosphorylation levels of STAT1 and STAT4 positively
and negatively correlated with the STAT1 level in NK cells,
respectively. The [FN-a induced messenger RNA level of the sup-
pressor of cytokine signaling 1, which is a downstream gene of
phosphorylated-STAT1, was clearly greater in NK cells from the
CHC patients than in those from the HS, while that of IFN-y,
which is a downstream gene of phosphorylated-STAT4, was
clearly lower.

Conclusions: These results indicate altered IFN-o signaling in NK
cells in CHC patients, suggesting that this alteration is associated
with the persistence of HCV infection and resistance to [FN-o
therapy.
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activator of transcription. '
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Introduction

Natural killer (NK) cells play an important role in innate immune
responses against a variety of viral infections by directly killing
infected cells with cytotoxic molecules such as perforin and gran-
zyme [1]. The cells also have a great ability to secrete a key cyto-
kine, interferon (IFN)-y, which activates subsequent adaptive
immune responses as well as inhibits viral replication [1,2].
Another major component in innate immune responses during
viral infections is IFN-o, which is the most abundant cytokine
released during viral infections [3]. In addition to its anti-viral
effects, IFN-a activates NK cells to induce IFN-y production via
activation of the signal transducer and activator of transcription
(STAT) 4, as well as its cytotoxic ability via activation of STAT1
[4-7]. o

Hepatitis C virus (HCV) causes persistent infection in more
than 70% of infected patients. Whereas some of the patients show
a carrier-like state, most develop chronic liver diseases, including
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma,
which is why HCV infection is a worldwide health problem [8].
The administration of IFN-o is a well-established anti-viral ther-
apy for HCV infection. More than 90% of patients with acute HCV
infection respond to IFN-o based therapy, while only around 50%
of patients with chronic HCV infection (CHC) do [9-12]; suggest-
ing a mechanism by which persistent HCV infection leads to
resistance to [FN-a based therapy. NK cell number has been dem-
onstrated to decrease in patients with CHC, while it is controver-
sial whether NK cell functions are impaired in patients with CHC
[13-15]. It thus remains unclear whether perturbation of NK cells
is involved in the persistence of CHC as well as resistance to the
therapy [13~15].

In the present study, we investigated how chronic HCV infec-
tion modifies intracellular IFN-o signaling in NK cells. The
expression level of total STAT1, a key molecule of [FN-« signaling,
was clearly higher in NK cells from patients with CHC than in
those from healthy subjects (HS). Phosphorylation of STATT,
resulting in induction of the suppressor of cytokine signaling
(SOCS) 1 messenger RNA (mRNA) expression in response to
IFN-o was clearly greater in NK cells from the CHC patients than
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in those from the HS. On the other hand, the phosphorylation of
STAT4, resulting in induction of IFN-y mRNA expression in
response to IFN-o, was clearly less in NK cells from the CHC
patients than in those from the HS. NK cell degranulation was sig-
nificantly enhanced in response to [FN-o in the HS, but not in the
CHC patients. These findings suggest altered IFN-o signaling in
NK cells in patients with CHC, The alteration of IFN-a signaling
might be associated with the persistence of chronic HCV infection
and resistance to IFN-u therapy. :

Materials and methods

Subjects

Twenty-six patients with CHC (HCV RNA genotype 1) and 26 healthy volunteers.

were enrolled in this study. The profile of these subjects is shown in the Supple-
mentary data and Supplementary Table 1. The study was approved by the ethical
comrnittee of Osaka University Hospital.

Isolation of peripheral blood mononuclear cell (PBMC) populations

PBMCs were isolated from fresh heparinized peripheral blood by Ficoll-Hypaque
density gradient centrifugation as described [16}

In vitro stimulation of cells

Prepared cells were unstimulated or stimulated with either natural human IFN-&,
recombinant human JFN-y or recombinant human interleukin (IL)-12. The details
are provided in the Supplementary data.

Cell lysates and Western blot analysis

Prepared cells were lysed as described [17). A 25 g sample of protein was sep-
arated on 10% SDS polyacrylamide gels and transferred onto PVDF membrane.
Monoclonal anti-STAT1 antibody (1/Stat1) was purchased from BD Biosciences
(San jose, CA, USA). Polyclonal anti-p-actin antibody from Abcam (Cambridge,
MA, USA) was used as the loading control. Detection of immunolabeled proteins
was performed as described [17].

Flow cytometric analysis

The staining of prepared cells was performed as described [16,18). Briefly, cells
were stained with fluorescein isothiocyanate-conjugated anti-CD3 (UCHT1) and
biotin-conjugated anti-CD56 antibody (B159), fixed and permeabilized with Cyto-
fix/Cytoperm (BD Biosciences) and cold pure methanel, and then stained with
phycoerythrin-conjugated anti-phosphorylated-STAT (pSTAT) 4 (pY693) (38/p-
Stat4) and Alexa Fluor® 647-conjugated anti-pSTATI (pY701) antibody (4a), or
phycoerythrin-conjugated anti-STAT1 (1/Stat]) antibody alone, or the corre-
sponding isotype control, followed by staining with peridinin chlorophyll pro-
tein-conjugated streptavidin (BD Biosciences). All antibodies were purchased
from BD Biosciences. The stained cells were analyzed with a FACScan (Becton
Dickinson, Mountain View, CA, USA), and the data were processed using the Flow-
Jo program (Tree Star Inc., Ashland, OR, USA).

. NK cell enrichment from PBMCs

To obtain pure populations of CD56" CD3~ NK cells from PBMCs, NK cells were
negatively isolated by magnetic cell sorting with a human NX cell isolation kit
(Miltenyi Biotec, Gladbach, Germany). The purity of the isolated population was
confirmed using FACS analysis and was more than 90%.

RNA isolation and analysis

Total RNA isolation and the real-time reverse transcription polymerase chain
reaction (RT-PCR) analysis are presented in detail in the Supplementary data,
Supplementary Fig. 1, and Supplementary Table 2.
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NK celt degranulation assay

NK cell degranulation was assessed as described [19], with minor modifications.
Details and representative data are provided in the Supplementary data and Sup-
plementary Fig. 2.

Statistical analysis

The statistical significance of differences between the patient and control groups
or that of changes due to IFN-oi stimulation in the NK cell degranulation assay
was determined by applying unpaired or paired Student’s t-test, respectively.
Correlations were assessed using the Pearson product-morment correlation coef-
ficient. The statistical significance was defined as p <0.05.

Results

NK cells from CHC patients showed a higher level of STAT1 expression
than those from HS

Murine NK cells have been reported to exhibit a lower level of
STAT1 expression than non-NK cells [17,18]. Also, the increase
of STAT1 expression level in murine NK cells has been observed
in viral infection [18]. We examined whether similar findings
could be observed for human NK cells. Western blot analyses
revealed that human NK cells from representative HS have a
clearly lower level of STAT1 expression than non-NK cells
(Fig. 1A). We then examined whether chronic HCV infection
affected the STAT1 expression level in NK cells. It was clearly
higher in NK cells from the CHC patients than in those from the
HS (Fig. 1B).

We next examined STAT1 expression level within individual
cells by flow cytometry. Consistent with the results of Western
blot analyses, flow cytometric analyses demonstrated that NK
cells from a representative healthy subject had a lower level of
STAT1 expression than non-NK cells such as T cells or natural
killer T (NKT) cells (Fig. 2A). NK cells from a representative CHC
patient displayed a clearly higher level of STAT1 expression than

A HS 1 HS 2
NK Non-NK  NK Non-NK
STAT1 g
B-actin
B
STAT1
B-actin

Fig. 1. STAT1 expression in NK cells from patients with chrenic HCV infection.
STAT1 protein levels were evaluated by Western blot analyses with p-actin
measurement as a loading control. PBMCs were obtained from patients with
chronic HCV infection (CHC) and healthy subjects (HS). NK cells and non-NK cells
were purified from those cells. (A) STATI protein levels in NK cells and non-NK
cells from two representative HS are shown. (B) STAT1 protein levels in NK cells
from three other representative HS and three representative patients are shown.
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Fig. 2. STAT1 expression level in NK, T or NKT cells from patients with chronic
HCV infection. STAT1 protein level was evaluated by flow cytometry, electron-
ically gating on CD56* CD3~ NK cells, CD56~ CD3* T cells, and CD56" CD3* NKT
cells. PBMCs were derived from patients with chronic HCV infection (CHC) and
healthy subjects (HS). (A) Representative histograms from a patient and an HS are
shown. Dotted lines show staining with the isotype control. Solid lines with
shaded areas show staining with the antibody. Numbers are percentages of
positive cells (positive cell rate) determined based on the isotype control staining.
(B) Comparison of STAT1 expression level between the patients with CHC (n=11)
and HS (n = 11) are shown as positive cell rates. Each circle represents data for an
individual. Horizontal bars represent means. “p <0.005 vs. HS.

those from the healthy subject. Fig. 2B summarizes the profile of
the intracellular STAT1 expression level of NK, T, and NKT cells.
The intracellular STAT1 expression level of NK cells from the
CHC patients was significantly higher than that from the HS,
while that of T cells or NKT celis did not show any significant
difference.

Altered activation of STAT1/4 occurred in response to IFN-a in NK
cells from CHC patients

Activation of STAT1/4 in response to [FN-a in murine NK cells has
been reported to shift from pSTAT4 dominant to pSTAT1 domi-

nant as the intracellular STAT1 expression level increases [18]. -

This led us to examine the activation of STAT1/4 in response to
IFN-ot in human NK cells using samples from CHC patients and
HS. Although IFN-at can phosphorylate both STAT1 and STAT4,
IFN-y can phosphorylate STAT1 and IL-12 can phosphorylate
STAT4 in NK cells [1,7]. We examined the phosphorylation level
of STAT1/4 in response to IFN-o, compared with [FN-y or IL-12,
in NK cells from the subjects by flow cytometry. It was found that
IFN-o. phosphorylated STAT1 more strongly in NK cells from the
representative CHC patient than in those from the representative

HS, while IFN-y did not (Fig. 3A). On the other hand, IFN-o phos-
phorylated STAT4 more weakly in NK cells from the CHC patient
than in those from the HS, while IL-12 did not. Fig. 3B summa-
rizes the profile of STAT1/4 phosphorylation level in NK cells in
response to IFN-a, [FN-y or IL-12. IFN-o,, but not [FN-y, phosphor-
ylated STAT1 significantly more strongly in NK cells from the CHC
patients than in those from the HS. [FN-o, but not IL-12, phos-
phorylated STAT4 significantly more weakly in NK cells from
the CHC patients than in those from the HS. These results sug-
gested altered signaling of IFN-o, but not of IFN-y or of IL-12,
in NK cells of patients with CHC,

We then examined the relationship between STAT1 expres-
sion level and STAT1/4 phosphorylation level in response to
IFN-o. in NK cells from the CHC patients. The phosphorylation
level of STAT1 in response to [FN-o correlated significantly and
positively with the STAT1 expression level in NK cells
(R? = 0.67, p < 0.003), while that of STAT4 correlated significantly
and negatively (R* =049, p<0.02) (Fig. 4). These results sug-
gested that, as in murine NK cells, the activation of STAT1/4 in
response to IFN-a in human NK cells shifts from a preference
for pSTAT4 to one for pSTAT1 as intracellular STAT1 expression
level increases,

Altered induction of interferon stimulated gene (ISG) expression
occurred in response to IFN-o in NK cells

We examined how the altered activation of STAT1/4 in response
to IFN-a in NK cells affected the induction of downstream gene
expression. Real-time RT-PCR analyses revealed that the induc-
tion level of SOCST mRNA expression with IFN-o stimulation,
which is a downstreamn gene of pSTAT1, was clearly greater in
NK cells isolated from the CHC patients than in those from the
HS, and that the induction level of [FN-y mRNA expression with
[FN-o stimulation, which is a downstream gene of pSTAT4, was
clearly lower (Fig. 5). On the other hand, the mRNA induction
level of perforin or granzyme B, which is a cytotoxic molecule
induced by IFN-o via pSTAT1, was not greater but modestly
lower, suggesting negative regulation by the large induction of
SOCS1, which is a negative regulator of the pSTAT1 pathway [20].

Altered activation of NK cells occurred in response to IFN-u

To examine how the altered IFN-o signaling in NK cells affected
the activation of NK cells in response to IFN-o, we evaluated
the NK cell degranulation ability in response to IFN-o. NK cell
degranulation assay showed that CD107a expression, as a marker
of degranulation, in the presence of K562 cells was significantly
up-regulated in response to IFN-a in NK cells from HS, but not
in those from CHC patients (Fig. 6), suggesting altered NK cell
activation in response to IFN-o in CHC patients.

Discussion

Both IFN-o and [FN-y have been observed in sera from patients
with CHC [21,22]. Their production may be induced by a host
response to HCV within the liver, which would make these IFNs
detectable in the systemic circulation of patients with CHC, The
present study has shown that NK cells from patients with CHC
display higher levels of STAT1 expression compared to those from
HS (Fig. 1B and Fig. 2). STAT1 itself is one of the ISGs, whose
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Fig. 3. Altered activation of STAT1/4 in response to IFN-c, but not to IFN-vy or IL-12 in NK celis from patients with chronic HCV infection. pSTATT and pSTAT4 protein
levels were evaluated by flow cytometry with isotype control staining. PBMCs were derived from patients with chronic HCV infection (CHC) and healthy subjects (HS). (A)
Prepared PBMCs were unstimulated or stimulated with natural IFN-a, IFN-y or IL-12 for 90 min in vitro, and then collected. pSTAT1 and pSTAT4 protein levels were
evaluated by flow cytometry, electronically gating on CD56" CD3~ NK cells. Representative histograms of a patient and an HS are shown. Dotted lines show staining of
stimulated cells with isotype control. Thick lines show staining of unstimulated cells with the antibody. Thin lines with shaded areas show staining of stimulated cells with
the antibody. Positive cell rates were determined based on the staining with isotype controls. Numbers are increased positive cell rates which were determined by
subtracting the positive cell rate of unstimulated cells from those of stimulated cells. (B) Comparison of pSTAT1/4 level in response to [FN-o, IFN-y or IL-12 between the
patients with CHC (n=11) and the HS (n = 11) are shown as increased pSTATI1 /4 positive cell rate. Each circle represents individual data. Horizontal bars represent means.

*p <0.001 vs. HS.

expression is up-regulated by IFN-oa or IFN-y {23,24]. It is thus
possible that the higher level of STAT1 in NK cells from the
CHC patients was up-regulated by [FN-o andjor IFN-y induced
by a chronic host response to HCV.

Our real-time RT-PCR analyses showed that the induction
level of SOCS1T mRNA in response to IFN-o was significantly
greater in NK cells from the CHC patients than in those from
the HS (Fig. 5). This finding is consistent with the observation
that the phosphorylation level of STAT1 in response to [FN-o

was significantly stronger in NK cells from the CHC patients
than in those from the HS (Fig. 3), because SOCS1 is a down-
stream gene of pSTAT1 [20]. On the other hand, SOCS1 is an
inducible negative regulator which inhibits further activation
of the pSTAT1 pathway [20]. It is therefore possible that this
greater up-regulation of SOCS1 owing to the greater level of
STAT1 phosphorylation in response to [FN-o finally results in a
weaker response to IFN-o, that is, a weaker induction of ISGs
via the pSTAT1 pathway. Indeed, an increase of the STAT1 level,
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which is itself a downstream gene of pSTAT1, by IFN-a based
therapy, correlated negatively in vivo with the basal STAT1
expression level before therapy (Miyagi et al. unpublished
data). The higher basal STAT1 expression causes a greater level
of STAT1 phosphorylation in response to IFN-o, which is fol-
lowed by a greater level of SOCS1 induction and then might
result in a fower increase of STAT1 level. Since perforin and
granzyme B are also ISGs from the pSTAT1 pathway [6,25], it
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Fig. 5. Induction of ISGs in NK cells in response te JFN-¢ in vitro. NK cells were
purified from PBMCs derived from patients with chronic HCV infection (CHC) and
healthy subjects (HS). Isolated NK cells were untreated or treated with natural
IFN-o. in vitro for 3h, and then collected. The collected cell RNA level of the
indicated genes and p-actin as a control were analyzed by real-time RT-PCR. Data
are shown as the fold increase of treated cells compared with untreated cells,
with means * standard error of the mean from five subjects in each group.
“p <0.05 vs. HS.

is reasonable that the mRNA induction of perforin and gran-
zyme B in response to [FN-o in NK cells from the CHC patients
was not significantly greater but modestly lower than those
from the HS (Fig. 5). Indeed, the enhancement of degranulation
by IFN-o, that is, the increase of CD107a expression, in the
presence of K562 cells in response to [FN-o, was significant in
NK cells from the HS, but not in those from the CHC patients
(Fig. 6).
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Fig. 6. Increase of NK cell degranulation by IFN-a stimulation. PBMCs derived
from patients with chronic HCV infection {CHC) and healthy subjects (HS) were
treated with or without IFN-o. in the presence of K562 cells. The CD107a
expression of NK cells were evaluated by flow cytometry, electronically gating on
€D56* CD3~ NK cells. Data are shown as the frequency of CD107a-positive NK
cells treated with or without IFN-o. Each circle represents individual data.
“p <0.05.
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Patients who were clear of HCV due to IFN-o based therapy
exhibited a significant increase in NK cell numbers and activity
in the peripheral blood as well as in the liver compared to those
who were not able to become clear of the virus [26-28]. IFN-y
produced from NK cells have been reported to suppress HCV rep-
lication in vitro [29]. IFN-y from NK cells is also considered to
activate the subsequent adaptive immune response during virus
infection as well as inhibit viral replication [1,2,7]. These findings
suggest the involvement of NK cells with IFN-y in the response to
[FN-o based therapy. The present study showed that the level of
STAT4 phosphorylation in response to IFN-o in NK cells corre-
lated negatively with the intracellular STAT1 level in NK cells
(Fig.4), and that IFN-v induction, which is one of the downstream
genes of pSTAT4, was clearly weaker in NK cells from the patients
with CHC than in those from the HS (Fig. 5). The lower activation
in CHC patients of the pSTAT4-to-IFN-y pathway in response to
IFN-a in NK cells compared to those from the HS might be one
of the mechanisms which make CHC patients resistant to IFN-a
based therapy.

Ahlenstiel et al. have recently reported that chronic expo-
sure to HCV-induced IFN-o caused NK cells to become function-
ally polarized towards a cytotoxic phenotype, but that lacked an
increase in IFN-y production [30]. Moreover, Oliviero et al.
showed that NK cells from CHC patients were of a predomi-
nantly activating phenotype, and that these phenotypic changes
were associated with enhanced cytotoxic activity and defective
[FN-y production [31]. These reports would be associated with
our finding that NK cells from the CHC patients displayed a
high level of STAT1 expression. Cytotoxic molecules such as
perforin and granzyme, as well as STAT1, belong to the ISGs
[6,25]. A high level of STAT1 in NK cells in the CHC patients
might correspond to a high level of cytotoxic molecules in NK
cells resulting in enhanced cytotoxic activity at the basal level.
Indeed, the CD107a expression at basal level in NK cells from
the CHC patients seemed to be modestly higher than that in
NK cells from the HS (Fig. 6), although NK cells from the CHC
patients did not significantly increase the CD107a expression
in response to IFN-o.. On the other hand, our present study
showed that STAT1 expression level in NK cells correlated neg-
atively with the activation of STAT4 to produce IFN-y in
response to [FN-o in NK cells. A high level of STAT1 in NK cells
would also cause defective IFN-y production in the NK cells of
patients with CHC.

Recent studies have revealed that the higher level of ISGs in
hepatocytes as well as in PBMCs before IFN-o based therapy is
associated with resistance to this therapy [32-33]. The present
study demonstrated that NK cells from CHC patients displayed
higher levels of STAT1, which is one of the ISGs, compared with
those from HS (Fig. 2). Those who had a higher STAT1 level in
NK cells showed less STAT4 phosphorylation and more STAT1
phosphorylation in response to IFN-o, resulting in less [FN-y
induction and more SOCS1 induction. Thus, it is possible that
those who have a higher STAT1 level in NK cells would display
less response to IFN-o based therapy. Our preliminary data with
a small number of patients treated with IFN-« based therapy
revealed a tendency for those who had a higher STAT1 level in
NK cells to not respond well to the therapy in the context of
HCV clearance by week 8 after initiation of therapy (Supplemen-
tary Fig. 3).

In the present study, we found that the expression level of
total STAT1, a key molecule of [FN-o signaling, was clearly higher
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in NK cells from the patients with CHC than in those from the HS.
The phosphorylation levels of STAT1 and STAT4 with IFN-« stim-
ulation were altered in NK cells from the CHC patients, compared
with those from the HS. The induction of IFN-y mRNA expression
with [FN-u stimulation, which is one of the downstream genes of
pSTAT4, was clearly weaker in isolated NK cells from the CHC
patients than in those from the HS. The induction of SOCS1 mRNA
expression, which is one of the downstream genes of pSTAT1, was
clearly stronger. The enhancement of NK cell degranulation, the
increase of CD107a expression, in response to [FN-o was signifi-
cant in the HS, but not in the CHC patients. These results indicate
that IFN-o signaling in NK cells is altered in CHC patients, sug-
gesting that this alteration of [FN-o signaling is associated with
the persistence of chronic HCV infection and resistance to IFN-o
therapy. The basal total STAT1 level in NK cells might enable
the prediction of the outcome of IFN-a therapy against HCV
infection, and thus could serve as a molecular target for more
effective IFN-o based therapy.
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