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Figure 3. High levels of extracellular L-Cystine promoted the L-Cystine-L-Glutamate antiport via xCT and decreased the
intracellular GSH/GSSG ratio in monocyte under the amino acid environment of patients with advanced cirrhosis. A, THP-1, Jurkat
and Molt-4 cultured under CCM were harvested and labeled with antibodies (CD98, xCT or the relevant isotype controls). Using flow cytometry,
surface marker expressions were analyzed. The figure expresses the mean fluorescence intensity. Data shown are representative of three independent
experiments with cells. B, xCT relative mRNA levels of these cell lines were determined by real time PCR: delta-delta CT method. All mRNA expression
levels were normalized to GAPDH. C, D, The THP-1 cells were pre-incubated for 2 hours in ACM, then resusupended with LPS (100 ng/mL) in 1 mL of
ACM, L-Cys-free ACM and ACM plus L-Cys. The concentration of extracellular (C) and intracellular (D) amino acid was determined as described in
material and methods. E, The CD14+ monocytes, cultured under ACM and ACM plus L-Cys for 24 hours, were harvested and labeled with antibodies
(CD98, xCT or the relevant isatype controls). Using flow cytometry, surface marker expressions were analyzed. The figure expresses the mean
fluorescence Intensity. Data shown are representative of three independent experiments with cells. F, Similarly as in Fig. 4C, the monocytes were
cultured for 24 hours in ACM, L-Cys-free ACM and ACM plus L-Cys. The supernatants were measured by HPLC as extracellufar amino acids
quantification. G, Monocytes were pre incubated at a density of 2.0 x10° cells/well in 96-well flat-bottom plates for 2 hours in HCM, and then cultured
in HCM, ACM and ACM plus L-Cys (200 nmol/mL) for an additional 2 hours. These intracellular glutathione levels were measured by GSH-Glo™ at the
time point indicated. C and D, Mean * SD values from five independent experiments are shown. B *, p<0.05 vs Molt-4 (the Mann-Whitney U-test.).

CF **, p<0.01 *P<0.05 (mean change vs ACM) D *, p<0.05 (paired Student’s t test, two-tailed).

doi:10.1371/journal. pone.0023402.g003

differences between healthy controls and patients were analyzed
by the Mann-Whitney U-test. All statistical analyses were
performed with standard statistical software (SPSS 13.0 for
Windows, Chicago, IL).

Results

The counts of peripheral monocytes were increased in
association with the plasma L-Cystine in patients with
advanced cirrhosis

Firstly, we confirmed that, in patients with advanced cirrhosis
(Child-Pugh grade B or C), the plasma concentrations of L-Cys were
significantly higher than in those with early cirrhosis (Figure 1A), and
there was a wide range of variation. On the other hand, the plasma
concentrations of L-Glu were significantly decreased along with the
Child-Pugh grade (Figure 1B). In patients with advanced cirrhosis,
the wide range of variation of L-Cys was attributed to the eGFR
(R?=0.28/P = 0.0000008) (Figure 1C). These data mean that plasma
L-Cys increases in decompensated cirrhosis. Secondly, we investigate
whether the concentration of plasma L-Cys influenced the peripheral
monocyte counts. In patients with early cirrhosis, L-Cys was not
correlated  with the monocyte counts (R*=0.05/P=0.119)
(Figure 1D), but in patients with advanced cirrhosis, it was
significantly and positively correlated with the monocyte counts
(R*=0.25/P=0.0000017) (Figure 1E). On the other hand, the
lymphocyte counts were not correlated with the concentration of
plasma L-Cys (R? = 0.01/P = 0.523) (Figure 1F). Interestingly, among
all twenty kinds of free amino acids, only 1-Cys was significantly
correlated with the monocyte counts in patients with advanced
cirrhosis (Figure S1). These data mean that, in patients with advanced
cirrhosis, plasma L-Cys is increased according to renal dysfunction
and influences the counts of monocytes.

Extracellular L-Cystine dose-dependently increased pro-inflam-
matory cytokines from CD14+ monocytes under the amino acid
condition of advanced cirrhosis

Based on the result that the peripheral monocyte counts were
positively correlated with the concentration of L-Cys, we hypoth-
esized that the concentration of extracellular L-Cys could influence
the proliferation of monocytes. To investigate this hypothesis, we
cultured monocytes for 20 days with M-CSF under ACM or ACM
plus L-Cys in vitro, and determined the proliferation of monocytes
by CFSE assay. An elevated concentration of L-Cys did not
influence the proliferation of monocytes (Figure 2A) on microscopic
appearance, and also did not affect the morphological appearance
and behavior of the cells in culture (Figure 2B). There was also no
difference in the proliferation of the monocyte cell line, THP-1
between these media (data not shown). Next, to investigate whether
the extracellular I-Cys level influenced the production of
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inflammatory cytokines from monocytes, we cultured monocytes
under ACM that contained 50-300 nmol/mL L-Cys and measured
the producton of TNF alpha from monocytes. The addition of L-
Cys increased the production of TNF alpha from monocytes in a
dose-dependent manner (Figure 2C), and the values were maximum
under 150 nmol/mL L-Cys. Interestingly, this range was in
remarkable agreement with the range in patients with advanced
cirrhosis (Fig. 1A). The IL-10 level from monocytes was also
significantly higher under ACM plus L-Cys than that under ACM
(Figure 2D), and there was no difference the interferon gamma (IFN
) level from monocytes between these media. The GM-CSF from
PBMCs was also significantly higher under ACM plus L-Cys than
that under ACM (Figure 2E). Regarding monocyte phenotypes,
there was no difference between ACM and ACM plus L-Cys
(Figure 2F). These data mean that high levels of extracellular L-Cys
increased pro-inflammatory cytokines from CD14+ monocytes
under the amino acid environment of patients with advanced
cirrhosis.

High levels of extracellular L-Cystine promoted the L-
Cystine-L-Glutamate antiport and decreased the
intracellular GSH/GSSG ratio in monocyte under the
amino acid environment of patients with advanced
cirrhosis

We investigated whether high levels of extracellular L-Cys -
influence the L-Cys/L-Glu transport under the amino acid
environment of patients with advanced cirrhosis.

Firstly, we determined the expression of 4F2hc (CD98) and xCT
in THP-1, Jurkat and Molt-4. All cell lines expressed CD98, but
only THP-1 expressed xCT' at the protein level (Fig. 3A) and
mRNA level (Fig. 3B). Secondly, we measured the intra-
extracellular L-Cys and L-Glu concentration of THP-1 under
ACM at various L-Cys levels. After 2 hours culture, ACM plus L-
Cys significantly decreased the extracellular L-Cys (mean change,
ACM+Cys, —96.8%15.8; ACM, —32.30.6 and ACM dep L-Cys,
4.8%6.6 nmol/mlL) (Fig. 3C) and significantly increased intracellu-
lar L-Cys (Fig. 3D) and extracellular L-Glu (mean change,
ACM+Cys, 157.5%19; ACM, 86.1£17.7 and ACM dep L-Cys,
40.4%24.9 nmol/mL) (Fig. 3C) more than that by ACM or ACM
deprived of L-Cys. For intracellular L-Glu, there was no difference
among these media. Such L-Cys/L-Glu changes were not seen for
Jurkat and Molt-4 (data not shown). These data indicate that high
levels of extracellular L-Cys enhances L-Cys/L-Glu antiport in the
monocyte cell line THP-1. Similarly, CD 14+ monocytes expressed
CD98 and xCT after adding LPS (Fig. 3E) and extracellular L-Cys/
L-Glu changes were seen (L-Cys mean change, ACM+Cys,
—46.9+5.0; ACM, —22.4%6.0; ACM+Cys+Glu, —22.9%6.4 and
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PBMC-CD14, ~11.0=11.9 nmol/mL/L-Glu mean change;  Plasma L-Cys/L-Glu ratio significantly correlated with
ACM+Cys, 70.4+24.8; ACM, 252%13.8 and PBMC-CDI4,  plasma TNF-alpha level in patients with advanced
10.7+7.0 nmol/mL) (Fig. 3F). Furthermore, we investigated cirrhosis

whether high levels of extracellular L-Ciys influence the intracellular Finally, we actually measured the levels of TNF-alpha of
glutathione level of monocytes. Interestingly, the intracellular GSH patients with advanced cirrhosis in monocytes and plasma (Table
and GSH/GSSG ratio decreased more under ACM plus L-Cys $2). In patients with advanced cirrhosis (Table S2: patients 1-19),
than under ACM or HCM (Fig. 3G). the TNF-alpha mRNA expression of monocytes was significantly
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Figure 4. The plasma L-Cys/L-Glu ratio significantly correlated with the plasma TNF-alpha level in patients with advanced cirrhosis.
A, CD14+monocytes were isolated from healthy volunteers (n=5) and patients with adcanced cirrhosis (Table S2 : Patient 1-19). the TNF-alpha
relative mRNA levels of CD14+monocytes were determined by real time PCR : delta-delta CT method. All mRNA expression levels were normalized to
GAPDH. B, Similarly as in Fig. 4A, the xCT relative mRNA levels of monocytes were determined by real time PCR. C, These patients were separated into
a high L-Cys/L-Glu ratio group (=1) and low ratio group (<1). In healthy control (HC), the average plasma L-Cys/L-Glu ratio was 0.610.21. D, Linear
regression model was used to model variation in plasma L-Cys/L-Glu ratio and plasma TNF-alpha. R? represents coefficient of determination. E, The
schematic diagram of the present study concerning monocytes abnormality in patients with decompensated cirrhosis. A,B,C ¥, p<0.05 vs HC (the
Mann-Whitney U-test.).

doi:10.1371/journal.pone.0023402.g004
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higher than that of healthy controls (Fig. 4A), and xCT mRNA
cxpressions also was increased according to the Child-pugh
grade (Fig. 4B). Interestingly, the TNF-alpha mRNA of
monocytes was significantly higher in the high plasma L-Cys/
L-Glu ratio group (=1) than in the low group (<1} (Fig. 4C).
Consistent with these data, the plasma TNF-alpha in the
patients was significantly correlated with the plasma L-Cys/L-
Glu ratio (p=0.0018/r=0.52247) (Fig. 4D). We represented
the schematic diagram of the present study concerning
monocytes abnormality in patients with decompensated cirrhosis
(Fig. 4E).

Discussion

Bacterial infections, such as spontancous bacterial peritonitis
(SBP) or pneumonia, are frequent clinical complications and
causes of death in patients with advanced cirrhosis [20], because
in such immune-compromised patients the innate immune cells
can not normally respond to the pathogen [21]. Neutrophils,
macrophages, and DCs arc important cellular mediators of the
innate immune defense. Circulating monocytes, however, are
increasingly implicated as essential players in the defense against
a range of microbial pathogens [22]. Previously, we made two
serum-free media (HCM and ACM) to examine more closely the
actual amino acid environment of the living body plasma [9].
First, we showed that plasma L-Cys was increased by renal
dysfunction, which is an important factor of the MELD score
[18], and showed a significantly positive correlation with the
monocyte counts in patient with advanced cirrhosis. However,
high levels of L-Cys did not directly influence the proliferation of
monocytes in vitro. This paradox raises the possibility that the
GM-CSF from PBMCs (Fig. 2E) may indirectly increase the
peripheral monocyte counts, because the increase is almost
entirely due to the release from bone marrow [23]. This issue
should be evaluated in future studies. Second, we showed that
extracellular L-Cys dose-dependently increases pro-inflammatory
cytokines from monocytes with LPS under the amino acid
environment of patients with advanced cirrhosis. Concerning the
mechanism that underlies these phenomena, we confirmed that
high extracellular levels of L-Cys enhanced the exchange L-Cys/
L-Glu antiport of monocytes via xCT, and decreased the
intracellular GSH/GSSG ratio under the amino acid condition
of advanced cirrhosis. A previous study showed that oxidized Eh
L-Cysteine/L-Cys induces the upregulation of nuclear factor-
kappa B of monocytes in vitro [24]. These studies support our
results. However, the same studies reported that the oxidized
extracellular Cys/CySS redox state had no effect on cellular
GSH/GSSG redox [24,25]. We think that such differences were
probably caused by differences in the culture condition and
stimulation period of the immune cells, and that our culture
conditions more closely matched the actual amino acid
environment of patients with advanced cirrhosis. However, we
need to investigate in detail by separate quantification of the
reduced form, L-Cysteine; the oxidized form, L-Cys; and the
mixed protein L-Cysteine disulfide. Furthermore, we think that a
low level of plasma L-Glu enhances the antiport in patients with
advanced cirrhosis, because another study reported on a L-Cys
transport system whose activity was inhibited by L-Glu in
mammalian cultured cells [26].

Finally, we confirmed that the TNF-alpha mRNA of CD14
monocytes, isolated from patients with advanced cirrhosis, was at a
higher level than in healthy controls. Furthermore, the value of
plasma TNF-alpha showed a significantly positive correlating with
the plasma L-Cys/L-Glu ratio.
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This present results still cannot be construed as conclusive
evidence of a change in the immune system in patients with
advanced cirrhosis. We need to investigate whether L-Cys/L-Glu
imbalance influences other immune cells such as macrophages,
dendritic cells, T-cells and B-cells, and their interaction, and
whether the level of L-Glu influences the immune systern, because
previous studies reported that glutamate is a immunomediator in
the intercellular cross-talk between DC and T cells [12,14,27]. In
conclusion, we demonstrated for the first time that an L-Cys/L-
Glu imbalance, especially high levels of L-Cys, increases pro-
inflammatory cytokines, especially TNF-alpha from peripheral
CD14+ monocytes under the amino acid condition of advanced
cirrhosis in vitro, and these results are consistent with the
relationships among plasma L-Cys and TNF-alpha in patients
with advanced cirrhosis. This study may provide a new approach
for future studies to ameliorate the immune dysfunction in patients
with advanced cirrhosis.

Supporting Information

Figure S1 Linear regression model was used to model variation
in plasma L-Cys and monocyte count. Among all twenty kinds of
free amino acids, only L-Cys was significantly correlated with the
monocyte counts in patients with advanced cirrhosis.

(TIF)

Table S1 The serum free culture media used in this study.
‘ACM (advanced cirrhotic medium) consistent with the average
concentration of plasma amino acids from patients (Child-Pugh
grade B or C, n=90). ACM+Cys: Varying concentrations of L~
Cys were added to L-Cys-free ACM, and the final concentration
was adjusted to 100-300 nmol/mL. ACM dep Cys: L-Cys free
ACM. Other components except amino acids, were identical
among media. The amino acid concentrations are expressed in
nmol/mL. Fischer’s ratio = (Valine+Leucine+Isoleucine)/(Tyrosi-
ne+Phenylalanine). We verified that there was no difference
between the theoretical value and actual value examined by high
performance liquid chromatography.

(DOC)

Table 82 Characteristics of study participants. LC-C: liver
cirrhosis due to HCV LC-B: liver cirrhosis due to HBV HCC:
hepatocellular carcinoma PBC: Primary biliary cirrhosis Alco-
holic: Alcoholic cirrhosis NASH: non alcoholic steatohepatitis
HA: Hepatic Encephalopathy PLT: platelet counts (x10%/uL)
PT-INR: prothrombin time-international normalized ratio
AST/ALT: aspartate amino transferase/alanine amino transfer-
ase (IU/L) Total Bilirubin (mg/dL) Albumin (g/dL) Fischer’s
ratio mean: L-Valine+L-Leucine+L-Isoleucine/L-Tyrosine+L-
Phenylalanine.

(DOC)
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SUMMARY. To investigate the efficacy of long-term lamivu-
dine (3TC) and adefovir dipivoxil (ADV) combination therapy
in 3TC-resistant chronic hepatitis B virus (HBV) infected
patients, we analysed 28 3TC-resistant patients treated with
the combination therapy during 47 months (range, 9-75). At
12, 24, 36, and 48 months, the rates of virological response
with undetectable HBV DNA (<2.6 log copies/mL) were 56,
80. 86, and 92%, respectively. Among 17 hepatitis B e anti-
gen (HBeAg)-positive patients, HBeAg disappeared in 24% at
12 months, 25% at 24 months, 62% at 36 months. and 88%
at 48 months. When HBV genotypes were compared, patients
with genotype B achieved virological response significantly
more rapidly than those with genotype C (P = 0.0496). One
patient developed virological breakthrough after 54 months.
and sequence analysis of HBV obtained from the patient was
performed. An rtA200V mutation was present in the majority
of HBV clones, in addition to the 3TC-resistant mutations of

rtL18OM+M204V. The rtN236T ADV-resistant mutation
was observed in only 25% clones. In vitro analysis showed that
the rtA200V mutation recovered the impaired replication
capacity of the clone with the rtL180M+M204V mutations
and induced resistance to ADV. Moreover, rtT184S and
rtS202C. which are known entecavir-resistant mutations,

-emerged in some rtL180M+M204V clones without rtA200V

or rtN236T. In conclusion, 3TC+ADV combination therapy
was effective for most 3TC-resistant patients, especially with
genotype B HBV, but the risk of emergence of multiple
drug-resistant strains with long-term therapy should be
considered. The mutation rtA200V with rtL180M-+M204V
may be sufficient for failure of 3TC+ADV therapy.

resistance, HBV,

Keywords: chronic hepatitis B, drug

rtA200V.

INTRODUCTION

Hepatitis B virus (HBV) causes acute and chronic infection,
and chronic hepatitis often leads to liver cirrhosis and
hepatocellular carcinoma (HCC) [1]. HBV contains a small
(3.2 kb), circular, partially double-stranded DNA genome,
and nucleoside or nucleotide analogues inhibit HBV repli-
cation by interfering with reverse transcriptase/DNA poly-
merase of the virus [2]. Although therapy with these drugs
results in virological, biochemical, and histological

Abbreviations: ADV, adefovir dipivoxil: ALT, alanine aminotrans-
ferase; ¢GFR, estimated glomerular filtration rate: ETV. entecavir:
HBeAg. hepatitis B ¢ antigen: HBsAg. hepatitis B surface antigen:
HBV. hepatitis B virus: HCC. hepatocellular carcinoma; PCR,
polymerase chain reaction; RT. reverse transcriptase; TDF, tenofovir
disoproxil fumarate.
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Tohoku University Graduate School of Medicine, 1-1 Seiryo, Aoba-ku,
Sendai 980-8574. Japan. B-mail: yueno@mail.tains.tohoku.ac.jp

improvement in most patients [3], the effect is often transient
because of the emergence of drug-resistant HBV mutants {4].

Lamivudine (3TC), a nucleoside analogue of L-deoxycity-
dine, is associated with highly frequent emergence of drug-
resistant mutants: the camulative rate is about 20% per year
[5.6]. Mutations that result in the replacement of methio-
nine at amino acid 204 to valine or isoleucine (rtM204V/])
within the tyrosine-methionine-aspartate-aspartate (YMDD)
motif in the reverse transcriptase (RT) region of HBV poly-
merase are found in most of the 3TC-resistant isolates [7].
Compensatory mutations rt¥V173L and rtL180M, which
restore the replication capacity of the YMDD mutant in vitro,
are observed frequently together with the YMDD mutation
[8.9]. Adefovir dipivoxil (ADV) is a phosphonate nucleotide
analogue of adenosine monophosphate, and ADV-resistance
rates are lower than those of 3TC [10]. Two mutations,
rtA181V/T and rtN236T. are associated with resistance to
ADV [11-14], and the cumulative 53-year occurrence of
genotypic resistance is reported to be 29% [15]. In vitro
studies showed that these mutations confer a weaker

© 2010 Blackwell Publishing Ltd



decrease in the susceptibility to ADV, in comparison with the
greater decrease in 3TC susceptibility because of the YMDD
mutant [11,16]. This finding may explain the lower rate of
the emergence of ADV resistance. .

Although the number of approved drugs has increased in
recent years, the treatment of chronic HBV infection remains
a clinical challenge. Especially, how to manage drug-
resistant patients including 3TC-resistant patients is a major
problem. Continuation of 3TC monotherapy or retreatment
with 3TC after its temporary discontinuation is ineffective
options for 3TC-resistant patients [17]: the lack of any
further benefit and the possibility of rapid re-emergence of
resistant HBV have been reported [18]. Against 3TC-
resistant HBV, ADV and entecavir (ETV) have a suppressive
effect in vivo and in vitro [19-21]. Combination therapy of
ADV and 3TC is effective for 3TC-refractory patients and has
a low frequency of viral breakthrough [22]: the 3-year
cumulative rate of de novo resistant mutants was 4% with no
development of viral breakthrough in 3TC-resistant patients.
However, further longer-term efficacy of the combination
therapy remains unknown. ETV is a potent drug with
infrequent development of resistance for treatment-naive
patients {23]. ETV monotherapy was shown to be effective
during the first year of therapy in 3TC-resistant patients
[20]. but pre-existing 3TC-resistant mutants are favourable
for the emergence of ETV resistance [21], and a compara-
tively high rate of the emergence of ETV-resistant strains has
been reported in long-term studies {23]. Therefore, ETV
monotherapy seems to be a less attractive option for the
long-term treatment of 3TC-resistant patients.

Several previous reports have described the differences in
the responses to antiviral therapy between HBV genotypes.
A case—control study of 3TC treatment for genotypes B and C
showed that the responses were not different, but the
emergence of the YMDD mutation was more frequent in
genotype C [24]. It was also reported that the YMDD
mutation and breakthrough hepatitis developed more often
in patients with genotype A than in patients with genotype B
or C [25]. However, the impact of the genotype on the
efficacy to ADV is uncertain.

Here, we studied the long-term efficacy of 28 3TC-
resistant patients treated with the combination of 3TC and
ADV and compared the response between HBV genotypes.
Sequence analysis of HBV from a patient with resistance to
the combination therapy was performed, and in vitro drug
susceptibility of the mutant HBV clones was assessed to
clarify the mechanism of the emergence of resistance.

MATERIALS AND METHODS

Patients

A total of 28 consecutive Japanese patients with chronic
HBV infection who were treated with 3TC+ADV at Tohoku
University Hospital from June 2003 to August 2009 for
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more than 6 months were enrolled in this study. All patients
developed virological breakthrough during 3TC monother-
apy. and ADV was added in. Virological breakthrough was
defined as an increase in the serum HBV DNA level of 21 log
copies/mL, which was determined using the Amplicor HBV
monitor test (Roche Diagnostics, Tokyo, Japan). at two or
more consecutive examinations in comparison with the
lowest level after treatment. To evaluate renal function.
the estimated glomerular filtration rate (eGFR) level using
the Cockcroft-Gault formula [(140 - age) x (weight in
kilograms) x (0.85 if female)/(72 x serum creatinine)] [26]
was calculated. No patients were infected with HCV, nor had
a history of other liver diseases. The patients were evaluated
for the rate of virological response (undetectable HBV
DNA: <2.6 log copies/mL), biochemical response [alanine
aminotransferase (ALT) normalization: <35 IU/L], hepatitis
B e antigen (HBeAg) loss. and virological breakthrough.

Antiviral treatment

Adefovir dipivoxil was administered at a dosage of 10 mg/
day in all but one patient in addition to 3TC at a dosage of
100 mg/day. One patient received 10 mg of ADV on alter-
nate days and 50 mg/day of 3TC daily because of reduced
eGFR at the start of treatment. This occurred when the eGFR
level dropped to <50 mL/min.

Determination of HBV genotype

The HBV genotype was determined as described previously
[27] with minor modifications. Briefly, total DNA was
extracted from 50 uL of serum sample by QIAamp Blood
Mini kit (QIAGEN GmbH, Hilden. Germany) and subjected to
nested polymerase chain reaction (PCR) with high fidelity
polymerase (PrimeSTAR HS DNA polymerase: TaKaRa Bio
Inc., Shiga, Japan), to amplify a 396-nt sequence in the S
gene. The amplification products were sequenced on both
strands directly using the BigDye Terminator v3.1 Cycle
Sequencing kit on an ABI PRISM 3100 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). Sequence anal-
ysis was performed using Genetyx-Mac (Version 12.2.7;
Genetyx Corp.. Tokyo. Japan). The genotype of HBV was
determined by phylogenetic analysis with HBV isolates
whose genotype was known.

Sequencing analysis of HBV reverse transcriptase region

Total DNA extracted from 50 uL of serum sample was sub-
jected to nested PCR to amplify the 1148-nt sequence [nt 52
to 1199, the nucleotide numbers are in accordance with a
genotype C HBV isolate of 3.215 nt (AB033550)] including
the RT region of HBV polymerase. The first-round PCR was
carried out with primers B026 [5-TCA TCC WCA GGC CAT
GCA GTG GA-3" (W = A or T)] and B0O25 (5"-CTA GGA GTT
CCG CAG TAT GGA TCG-3’). and the second round with
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primers BO11 [5"-YTT YCC TGC TGG TGG CTC CAG TTC-3”
(Y = C or T)] and BO24 (5-GGG CGTT GCG TCA GCA AAC
ACT TG-3"). The amplification products were sequenced on
both strands directly or after cloning into pUC118. Sequenc-
ing analysis after cloning was performed at nt 497-1161.

Construction of plasmid

A cloned mutant sequence including the RT region from a
sample obtained after the development of 3TC and ADV
resistance was digested with Blnl (TaKaRa Bio Inc.) and
EcoT22I (TaKaRa Bio Inc.). The digested fragment (nt 179-
1068) was ligated into the BlnI-EcoT22I site of pBFH2R,
which contained a 1.3-fold HBV genome [28]. Quick Change
[I-E Site-Directed Mutagenesis kit (Stratagene, La Jolla. CA,
USA) was used to introduce nucleotide substitutions into the
plasmid. Each mutation found in the RT region, rtl.180M
[C to A at nt 667 (C667A)], rtT184S (A679T), rtA200V
(C728T), rtS202C (A733T), rtM204V (A739G), and
rtN236T (A836C), was converted into the wild type or
another mutant nucleotide. To construct plasmids
with combined nucleotide substitutions, these converted
plasmids were used next as templates. As a result, vari-
ant constructs harbouring rtM204I, rtL18OM+M204V,
rtL180M+T184S+M204V, rtL180OM+A200V+M204V.
rtL180M+S202C+M204V, rtL180OM+M204V+N236T. and
rtL180M+A200V+M204V+N236T were composed, and all
constructs were sequenced to confirm the nucleotide sub-
stitutions.

Cell culture and transfection

Human hepatoma HepG2 cells were cultured in Dulbecco’s
modified Eagle medium supplemented with 10% bovine
serum at 37 °C .and 5% CO,. Cells were seeded in 24-well
plates at 1.25 x 10> cells/well. On the next day. 375 ng of
plasmid DNA were transfected into these cells using TransIT
LT-1 Transfection Reagent (Mirus, Madison, W1, USA), and
cells were washed twice with phosphate-buffered saline after
4 h. Five hundred microliter of the medium and various
amounts of adefovir (Toronto Research Chemicals Inc.,
Ontario, Canada) were added, and the culture supernatant
was collected 4 days later. Experiments were performed at
least in triplicate.

Real-time PCR and determination of ICs,

HBV DNA in the culture supernatant was quantified by real-
time PCR as described previously [28] to determine the 50%
inhibitory concentration (IC50) for ADV of each mutant
HBV clone. Briefly, to digest the input plasmid DNA in the
culture supernatant, 5 ul. of the supernatant were treated
with 5 units of DNase I (TaKaRa Bio Inc.) at 37 °C for 2 h.
and the reaction was stopped with EDTA. Then, total DNA
was extracted with a QIAamp DNA Blood Mini kit. and

10 uL of 200 ul DNA solution were subjected to real-time
PCR using a LightCycler (Roche Diagnostics). Dose-response
curves were plotted to determine the ADV IC50.

Statistical analysis

Statistical analyses were performed using Fisher’s exact
probability test for comparison of proportions between two
groups and Mann-Whitney U test for comparison of con-
tinuous variables between two groups. The cumulative rate
of undetectable HBV DNA or ALT normalization was cal-
culated using the Kaplan-Meier method, and differences
between the curves were tested using Log-rank test. Differ-
ences were considered to be statistically significant when
P < 0.05.

RESULTS

Study profile

The demographic and clinical profiles of the 28 patients [20
men and 8 women, median age 53.5 years (range 18-72)]
at commencement of 3TC+ADV therapy are shown in
Table 1. One (3.6%), 7 (25.0%). and 19 (67.9%) patients
had HBV of genotypes A, B, and C, respectively. Eight
(28.6%) patients had cirrhosis, 7 (25.0%) had HCC, and 17
(60.7%) patients were HBeAg positive. The mutations of the
YMDD motif were determined by direct sequencing. and the
YIDD, YVDD, and YIDD+YVDD mixed pattern were found in
14 (50%). 11 (39%). and 2 (7%)of the patients, respectively.
Only one (4%) patient had no mutation in the YMDD motif.
There were no significant differences in the profiles between
patients with genotype B and those with genotype C.

Response to lamivudine and adefovir dipivoxil combination
therapy

The 3TCresistant patients treated with the combination
therapy were followed up for a median of 47 months (range,
9-75). All patients continued to be treated with 3TC and
ADV until virological breakthrough. The 6-, 12-, 24-, 36-,
and 48-month rates of virological response with HBV
DNA < 2.6 log copies/mL were 39, 56, 80, 86, and 92%,
respectively (Table 2). The ALT normalization rates were
57% at 6 months, 70% at 12 months, 84% at 24 months,
82% at 36 months, and 77% at 48 months. When com-
pared between genotype B and C, the results of patients with
genotype B tended to be favourable for both virological and
biochemical response (Figs 1a,b). The cumulative probability
of undetectable HBV DNA was significantly higher in
genotype B than in genotype C (P = 0.0496), whereas there
was no significant difference in that of ALT normalization.
Notably, patients with genotype B achieved early virological
response (HBV DNA < 2.6 log copies/mL at 6 months)
significantly more frequently than those with genotype C
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Table 1 Demographic and clinical characteristics of the 28 lamivudine-resistant patients at the start of adefovir addition to the
treatment

Overéll (n=28) Genotype B (n = 7)  Genotype C (n = 20)

Age (years), median (range) 53.5 (18-72) 51.0 (18-72) 53.5 (35-68)

Male patients, no. (%) 20 (71.4) 5(71.4) 14 (70.0)
Patients with cirrhosis, no. (%) 8 (28.6) 1(14.3) 7 (35.0)
Patients with HCC. no. (%) 7 (25.0) 0(0) 7(35.0)
HBeAg positive, no. (%) 17 (60.7) 3 (42.9) 13 (65.0)
HBV DNA (log copies/mL), median (range) 7.6 (4.3 to >7.6) 7.2 (5.3 to >7.6) 7.6 (4.3 to >7.6)
Patients with rtM204 mutation (M:I:V:I/V. no.) 1:14:11:2 1:3:2:1 0:11:8:1

ALT (IU/L), median (range) 86.5 (29-1027) )14 0 (47-760) 78.5 (29-1027)
T. Bil (mg/dL). median (range) 1.1 (0.5-4.5) 1 (0. .5) 1.1 (0.5-4.5)
Albumin (g/dL}, median (range} 4.1 (2.7-4.8) 4 (3. 8—4 8) 4.0 (2.7-4.6)
Serum creatinine (mg/dL). median (range) 7 (0.4-1.2) 0.7 (0 6 1.2) 0.7 (0.4-1.2)
Prior lamivudine therapy (month), median (range) 28.6 (2-76) 36.5 (2-76) 28.6 (5-65)

HCC, hepatocellular carcinoma: ALT, alanine aminotransferase; T. Bil, total bilirubin. *One patient had genotype A HBV.

Table 2 Virological and biochemical response to lamivudine and adefovir combination therapy during a median of 47 months
Months of treatment

Response 0(n=28) 6(n=28) 12(n=27) 24(n=25) 36(n=22) 48n=13) 60n=7)
HBV DNA < 2.6 0 (0) 1(39.3) 15 (55.6) 20 (80.0) 19 (86.4) 12 (92.3) 6 (85.7)
HBV DNA 2.6 to <5.0 1(3.6) 5(53.6) 1{40.7) 5(20.0) 3(13.6) 1(7.7) 1(14.3)
HBV DNA 2 5.0 27 (96.4) 2(7.1) 1(3.7) 0 (0) 0 (©0) 0 (0) 0

ALT normalization” NA 16 (57.1) 19 (70.4) 21 (84.0) 18 (81.8) 10 (76.9) 6 (85.7)
HBeAg disappearance’ NA 1/17 (5.9) 4/17 (23.5) 4/16 (25.0) 8/13(61.5) 7/8 (87.5) 4/5 (80.0)
Virological breakthrough NA 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1(14.3)

Values are shown as numbers of patients followed by percentages in parentheses. NA, not applicable. "ALT < 35 IU/L. "Values
are shown as numbers of patients/total followed by percentages in parentheses.

of them had a 20.5 mg/dL increase: the serum creatinine
levels were increased from 0.8 to 1.4 mg/dL after 31 months
in a patient, and from 0.9 to 1.7 mg/dL after 34 months in
another patient. As their eGFR levels were lowered to 39 and
29 mL/min, the dosage of ADV was reduced to alternate-day
administration. After the reduction of ADV. their serum
creatinine and eGFR recovered.

[5/7 (71%} vs. 5/20 (25%). P = 0.0427]. Although the
status of HBeAg at the start of ADV seemed to influence the
response, the difference was not significant (Figs lc.d).
Among 17 HBeAg-positive patients, HBeAg disappeared in
6% at 6 months, 24% at 12 months, 25% at 24 months.
62% at 36 months, and 88% at 48 months. There was no
patient with hepatitis B surface antigen (HBsAg) loss during
follow-up in this study.

Three of 22 patients who were treated for more than
36 months did not achieve virological response. One of them
developed virological breakthrough after 54 months of.
combination therapy. The other patients had 2.8 and

Profile of a patient with lamivudine and adefovir dipivoxil
resistance

He was a 53-year-old Japanese man with HBeAg-positive

3.5 log copies/mL of serum HBV DNA at 36 months of
therapy but did not develop breakthrough. None of the
patients experienced biochemical breakthrough. One patient
with HCC died of HCC progression at 9 months after ADV.
None of the 21 patients without HCC at the start of ADV
developed HCC during follow-up.

The renal toxicity with a 20.3 mg/dL increase in serum
creatinine level was observed in five of the 28 patients. Two
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liver cirrhosis at the start of 3TC monotherapy in April
2002. The genotype of HBV was found to be genotype C. His
clinical course is shown in Fig. 2. He developed break-
through hepatitis with serum HBV DNA of >7.6 log copies/
mL and alanine aminotransferase (ALT) of 236 IU/L in
March 2003. ADV was added to the ongoing 3TC therapy in
June 2003, and HBV DNA was gradually reduced reaching
<2.6 log copies/mL 3 years later. However, virological
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Fig. 1 Cumulative probability of virological or biochemical response during lamivudine (3TC) and adefovir dipivoxil (ADV)
combination therapy. {a) Cumulative probability of undetectable HBV DNA (<2.6 log copies/mL) in patients with genotype B
and those with genotype C. (b) Cumulative probability of ALT normalization (<35 IU/L) in patients with genotype B and those
with genotype C. (c) Cumulative probability of undetectable HBV DNA in HBeAg-positive patients and HBeAg-negative
patients. (d) Cumulative probability of ALT normalization in HBeAg-positive patients and HBeAg-negative patients.

breakthrough was observed at 4 years after starting ADV,
and his HBV DNA reached 4.3 log copies/mL in December
2007. Because his liver was cirrhotic and the hepatic func-
tional reserve was impaired. combination therapy of ten-
ofovir disoproxil {umarate (TDF) and 3TC was started before
ALT flair. Two months later, his HBV DNA was suppressed to
<2.6 log copies/ml.. and viral breakthrough has not been
observed to date (20 months later).

Mutations found in the HBV reverse transcriptase region
of the lamivudine and adefovir dipivoxil-resistant patient

To investigate the mutations responsible for the viral
breakthrough during the 3TC and ADV combination ther-
apy, nucleotide sequences of the HBV RT region of the
patient were compared between 3 time points: at the
beginning of ADV treatment, at 30 months after ADV
therapy, and at the time of viral breakthrough (54 months
after ADV therapy). Direct sequencing analysis showed 10
amino acid changes during the clinical course (Fig. 2). The
3TC-resistant mutation of rtM2041 changed to rtM204V

after ADV treatment. Along with the change, the mixed
mutation of rtL180L/M changed to rtL180M, which was
reported to emerge with rtM204V during 3TC therapy [9].
The rtN236T mutation, which is a known ADV-resistance
mutation [11], emerged as a mixed mutation with wild type
(rtN236N/T) after viral breakthrough. Notably, rtA200V,
which has never been reported as an ADV-resistant muta-
tion, emerged also after viral breakthrough as a mixed
mutation (rtA200V/A). Meanwhile, no specific mutation
was found in the 2 patients without virological break-
through who did not achieve virological response after
3 years of the combination therapy.

Clonal analysis was performed to examine the significance
of these mutations of the RT region (Table S1). Several
minor mutations were found during the 3TC and ADV
therapy. After viral breakthrough, rtA200V was found in
63% of the clones, while rtN236T was found in only 25% of
the clones. Therefore, rtA200V seemed to be responsible for
the treatment failure of ADV. Moreover, rtT184S and
S202C, which were reported as ETV resistance—associated
mutations [29], were found as a minor population.
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Fig. 2 Clinical course of a lamivudine (3TC)-resistant
patient who developed virological breakthrough during 3TC
and adefovir dipivoxil (ADV) combination therapy. and
changes of amino acids in the reverse transcriptase (RT)
region detected by direct sequencing analysis. After
breakthrough, therapy was switched to 3TC plus tenofovir
disoproxil fumarate (TDF) combination. The arrows indicate
the time point when serum samples were obtained for
sequencing analysis. Sample 1, 2, and 3 were obtained at
the start of ADV, 30 months after ADV, and 54 months
after ADV, respectively.

To investigate further the mutant populations, the combi-
nations of these mutations and 3TC-resistant mutations
were analysed (Fig. 3). At 30 months after ADV therapy,
100% of clones had mutations rtL18OM+M204V. Subse-
quently, the mutations of rtT184S, A200V, $202C, and
N236T emerged in the rtL18OM+M204V clones after viral
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breakthrough. Of note, rtN236T was not found in clones
without rtA200V.

Replication capacity and drug susceptibility of HBV
mutants

We analysed the replication capacity of HBV clones with
combined mutations as shown in Fig. 3. A clone with
rtL180M+M204V+N236T mutations, which was not found
in the patient, was also included for comparison. Consistent
with a previous report [30], 3TC-resistant mutations of
rtM2041 or rtL180OM+M204V lowered the replication
capacity significantly in comparison with the wild-type clone
(Table 3). From additional mutations to rtL180M+M204V
found in the patient, only rtA200V restored the impaired
replication capacity significantly. The ETV-resistant muta-
tion of rtT184S and rtS202C did not seem to have such an
effect. The ADV-resistant mutation, rtN2367T, lowered the
replication capacity further, and rtA200V did not restore the
lowered capacity caused by rtN236T.

The 7 HBV clones with mutations in the RT region were
analysed for their susceptibility to ADV. The ICs, of each
clone is shown in Table 3. The clones with the 3TC-resistant
mutations of rtM204I or rtL180M+M204V showed moder-
ate resistance to ADV. In comparison with the clone with
rtL180M+M204V, clones with additional mutations of
rtT184S, A200V. or S202C showed significantly higher
resistance to ADV. An additional mutation of rtN236T led to
much greater resistance to ADV. Taking into account
the results from the clonal analysis of serum samples and the
replication capacity of each clone, rtA200V may be
responsible for the treatment failure of 3TC+ADV therapy
when it presents with 3TC-resistant mutations such as
rtL180M+M204V. The mutations of rtT184S or S202C with
rtL180M+M204V also confer ADV resistance, but the clones

Atthe start of ADV 30 months after ADV 54 months after ADV
M204I L
A200V-+M204
L180M+M204V R /48)
- 20/20;
L180M+T184S+M204V
L1BOM+A200V+M204V | (18/48)
L180M+S202C+M204V |
L180M+A200V+M204V+N236T i 48)
0o 20 40 60 80 100 0 20 40 60 80 100 0 20 40 80 80 100 (%)

Fig. 3 Clonal analysis of HBV obtained from the patient with 3TC and ADV resistance. The serum samples were collected at
the time points indicated in Fig. 2. The percentages (no. of clones/total in parentheses) of the clones with the combined

mutations in the RT region are shown.
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Table 3 Replication capacity and susceptibility to adefovir of the HBV mutants

HBV DNA (x107 log

Fold Fold

HBV mutants copies/mL)’ replication’ ICsq (1) resistance’
Wild type 13.60 * 3.50 1 0.42 + 0.06 1
M2041 2.17 £ 0.38 0.16 0.87 + 0.2 2.07
L18OM+M204V 4.38 £0.77 0.32 0.73 + 0.06 1.74
L180M+T184S+M204V 5.98 + 0.80 0.44 091 + 0.04 2,174
L180M+A200V+M204V 8.90 + 0.56 0.65% 1.09 £ 0.12 2.60%
L18OM+8202C+M204V 1.86 +0.19 0.36 2.19 £ 0.63 5.21%
L18OM+M204V+N236T 0.88 + 0.68 0.07% >10 >25
L18OM+A200V+M204V+N236T 0.54 + 0.38 0.04} >10 >25

"Values are expressed as means + SD of experiments performed in triplicate. '(Mean value of the mutant)/ (mean value of the
wild type). *P < 0.05 in comparison with the clone with rtL18OM+M204V.

with these mutations were not major, because they had no
effect in enhancing the replication capacity of HBV.

DISCUSSION

As clinical and histological improvement accompanies
reductions in HBV replication, therapies that reduce HBV
replication are expected to limit the progression of liver dis-
ease and improve the natural history of chronic HBV infec-
tion [10]. Currently, the management of hepatitis B patients
with drug resistance is one of the major problems in clinical
practice for hepatitis B. A substantial part of 3TC-treated
patients has mutant HBV with the YMDD mutation, and
several clinical trials to treat 3TC-resistant hepatitis B have
been performed. It has been reported first that with ADV
alone and in combination with 3TC. the viral and bio-
chemical responses were the same for 3TC-resistant patients
in a 1 year study [31]. However, several studies of longer
term treatment have shown that adding ADV was superior
to switching to ADV monotherapy for patients with 3TC
resistance [32-34]. In this study, we demonstrated that the
add-on ADV therapy for 3TC-resistant hepatitis B patients
effectively suppressed serum HBV DNA for a median of
-47 months. Moreover, the biochemical response of ALT
normalization was achieved in 77% patients and HBeAg loss
in 88% of the HBeAg-positive patients at 48 months. The
undetectability of HBV DNA was assessed by the Amplicor
HBV menitor test, but recently, this can be assessed by a
more Sensitive real-time assay such as the Cobas TagMan
HBV test (Roche Diagnostics). The treatment duration to
achieve HBV DNA undetectability might be longer if a more
sensitive assay was used.

The influence of HBV genotype on the response or resis-
tance to ADV has not been clarified, whereas the efficacy to
3TC was reported to be different between HBV genotypes
[24.25]. This study showed that the virological response to
3TC+ADV was significantly earlier in genotype B than in C.

However, there were several limitations of the results: the

patients with genotype B were fewer, and no multivariate
analysis was performed. In addition. all patients with HCC
were genotype C, and ALT levels of genotype B tended to be
higher, although there were no significant differences. The
effect of genotype on the response to 3TCEADV should be
confirmed in larger studies. The baseline HBeAg status in
3TC+ADV combination therapy in 3TC-resistant patients
was reported to influence the viral response: HBeAg-negative
patients showed bétter virological and biological
response [35]. In this study. the same tendency was
observed. but the difference was not significant.

Initial virological suppression by ADV monotherapy was
reported to be a good prognostic factor for the treatment of
both naive patients [36] and 3TC-resistant patients [37].
Taking into account the results of this study and previous
reports, it is suggested that patients with genotype B HBV
might develop resistance to 3TC+ADV less frequently than .
those with genotype C. In fact, the 3TC+ADV-resistant
patient in this study was infected with genotype C HBV.
Because the development of resistance to 3TC+ADV
combination therapy is rare [22,35], it is difficult to evaluate
whether the early virological response or genotype B is
associated with the lower frequency of resistance to
3TC+ADV combination therapy. Further long-term study is
needed to clarify this issue.

Although the emergence of resistance in this study was
rare during the combination therapy as previously reported
[22,35], one patient developed virological breakthrough
after 4.5 years. We identified a characteristic mutation
pattern of HBV in this patient. The mutation of rtA200V
rescued the in vitro replication capacity that was impaired by
rtL180M+M204V and reduced the susceptibility to ADV. In
previous reports, rtA200V emerged as an additional muta-
tion with the 3TC-resistant mutation in patients under 3TC
monotherapy [38.39]. The effect of this mutation is not as
strong as the effect of rtM2041/V+L180M on 3TC suscepti-
bility in vitro, which showed >1000-fold resistance [40].
However, the clinical dose of ADV is comparatively low
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because of renal toxicity {41}, and the weakly resistant
profile in vitro can explain the great clinical impact. Villet
et al. reported that rtA200V was observed in a patient with
3TC monotherapy. and it was no longer detected after the
combination therapy with ADV and 3TC [39]. The difference
of results between the previous study and our study may be
because of the emergence of mutations with a potent effect
on ADV resistance., such as rtV173L and rtA181V, in the
previous study. Because these mutations may have a greater
effect on ADV resistance than rtA200V, the HBV clones with
rtA200V seemed to disappear in the previous study case.

The known ADV-resistant mutation of rtN236T was
found in only 25% clones, exclusively with rtA200V. This
may indicate that rtN236T appeared after the emergence of
rtA200V. In the active replication of the clones with
rtA200V, which restored the replication capacity and
enhanced ADV resistance. other mutations including
rtN236T might occur more readily.

The rtA200V mutation is the result of nucleotide substi-
tution C728T. This change in the overlapping S region
results in an amino acid substitution affecting HBsAg: Leu to
Phe at aal92 (sL192F). There is a possibility that sL.192F
may affect the replication capacity of HBV, but the actual
mechanism is unknown.

Interestingly. the ETV-resistant mutations of rtT184S and
rtS202C were also detected during 3TC+ADV combination
therapy by clonal analysis. These mutations confer ETV
resistance in the presence of the 3TC-resistant mutations of
rtM2041/VEL180M [21]. This study showed that these
mutations also have an ADV-resistance profile. These
mutations may not cause viral breakthrough, because the
population of these mutants in the patient was minor (4%
and 6%. respectively), and their replication capacity was
lower than that with rtA200V in vitro. The emergence of
these mutations suggested that long-term 3TC+ADV ther-
apy has the possibility of leading to multiple drug resistance
including ETV resistance.

The combination therapy of 3TC and ADV is very effective
with little frequency of viral breakthrough for 3TC-refractory
patients. However, some patients do not achieve complete
viral suppression of serum HBV DNA to under 2.6 log
copies/mL. It was considered that the incomplete suppres-
sion of viral replication might favour further selection of
drug-resistant mutants [42]. Although there have been a
few reports of cases that showed resistance to 3TC+ADV
therapy to date, the number of resistant cases will increase
along with the increase in cases with long-term therapy. The
3TC- and ADV-resistant patient in this study was treated
with 3TC and TDF after the virological breakthrough. and
HBV DNA was promptly suppressed. Although TDF was
reported to show cross-resistance with ADV in vitro
[16,40,43]. there are several reports that showed the
effectiveness of TDF for ADV-refractory patients {44-46]. It
is thought that the potency of TDF might result from its
higher clinical dose compared to that of ADV [47].
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In conclusion. this study showed that the combination
therapy of 3TC and ADV effectively suppressed HBV repli-
cation in 3TC-resistant patients with chronic HBV infection
for 4 years. Especially. patients with genotype B achieved
earlier virological response than those with genotype C.
However, one of the 28 patients developed virological
breakthrough during the combination therapy over 4 years,
and the HBV mutation of rtA200V. in addition to 3TC-
resistant mutations, was demonstrated to contribute to the
ADV resistance. Moreover, ETV-resistant mutations emerged
coincidentally in minor HBV clones. The risk of emergence of
multiple drug-resistant mutant should be considered in cases
with long-term therapy with nucleos(t)ide analogues, espe-
cially when serum HBV DNA cannot be suppressed com-
pletely. Potent antiviral agents should be administered in
such cases to prevent the emergence ol multiple drug-
resistant HBV mutants that are difficult to treat.
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Abstract

Background Lymphotropic hepatitis C virus (HCV)
infection of B and T cells might play an important role in
the pathogenesis of hepatitis C. Recently, we showed that a
lymphotropic HCV (SB strain) could infect established
T-cell lines and B-cell lines. However, whether HCV
replication interferes with cell proliferation and function in
primary T lymphocytes is still unclear.

Aim  The aim of this study was to analyze whether HCV
replication in primary T lymphocytes affected their
development, proliferation, and Thl commitment.
Methods SB strain cell culture supernatant (2 x 10*
copies/ml HCV) was used to infect several kinds of pri-
mary lymphocyte subsets. Mock, UV-irradiated SB-HCV,
JFH-1 strain, and JFH-1 NS5B mutant, which could not
replicate in T cells, were included as negative controls.
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Carboxyfluorescein  succinimidyl ester (CFSE) and
CD45RA double staining was used to evaluate the prolif-
erative activity of CD4"CD45RAYCD45RO ™ naive CD4*
cells. Interferon (IFN)-y and interleukin (IL)-10 secretion
assays magnetic cell sorting (MACS) were carried out.
Results Negative strand HCV RNA was detected in
CD4*, CDI14"%, and CDI19" cells. Among CD4* cells,
CD4TCD45RATRO™ cells (naive CD4™" cells) were most
susceptible to replication of the SB strain. The levels of
CFSE and CD45RA expression gradually declined during
cell division in uninfected cells, while HCV-infected naive
CD4™" cells expressed higher levels of CFSE and CD45RA
than Mock or UV-SB infected naive CD4™ cells. More-
over, the production of IFN-y was significantly suppressed
in SB-infected naive CD4" cells.

Conclusions Lymphotropic HCV replication suppressed
proliferation and development, including that towards Th1
commitment, in human primary naive CD4™ cells.

Keywords HCV - Lymphotropic - Naive CD4 " cell - Thl

Introduction

Hepatitis C virus (HCV) infects about 170 million people
worldwide and is a major cause of chronic hepatitis, liver
cirrhosis, and hepatocellular carcinoma (HCC) [1]. Cellular
and humoral immune responses to HCV play an important
role in the pathogenesis of chronic hepatitis, liver cirrhosis,
HCC, and B-lymphocyte proliferative disorders, including
mixed cryoglobulinemia, a disorder characterized by the
oligoclonal proliferation of B cells {2, 3].

Several mechanisms have been proposed for the failure
of the cellular immune response, including anergy, cyto-
toxic T-lymphocyte (CTL) exhaustion, suppression via
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regulatory CD47-CD25% T cells interleukin-10 (IL-10)-
secreting regulatory CD8*-T cells, and direct binding of
HCYV core antigen [4-7]. However, the influence of HCV
replication in lymphoid cells on their functions is not fully
understood. HCV replicates primarily in the liver, but
HCV-RNA has been detected in other lymphoid cells,
including B- and T-lymphocytes, monocytes, and dendritic
cells [8-11]. Sung et al. [12] have previously reported a
B-cell line (SB cells) that produces HCV particles that can
further infect B lymphocytes in vitro. We have shown that
the SB-HCV strain could infect and replicate in T-cell lines
and that HCV replication could inhibit interferon (IFN)-y/
signal transducer and activator of transcription-1 (STAT-1)/
T-bet signaling of the T cells [13]. Moreover, we reported
that HCV replication in Molt-4 could affect the prolifera-
tion and FAS-mediated apoptosis of T cells by inhibiting
CD44v6 expression and mitogen-activated protein kinase
(MAPK) signaling in Molt-4 [14]. Most of these data
came from studies using cell lines, since stable SB-HCV
replication could be detected in lymphoid cell lines
(Raji, Molt-4, etc.). However, the analysis of primary
lymphocytes is preferable to determine the real effects of
lymphotropic HCV strains on T-cell biology. In fact, the
effects of low titers of HCV in primary T cells have not
been clarified yet.

We first reported that, among T cells, CD4TCD45RA™
RO™ naive T cells were susceptible to SB-HCV infection
[13]. Here we describe the functional and proliferative
analysis of SB-HCV-infected naive CD4™ T cells after
short-term culture.

Materials and methods

Culture of cell lines

SB cells that continuously produce infectious HCV parti-
cles were originally established from splenocytes of an

HCV-infected patient with type 2 mixed cryoglobulinemia
and monocytoid B-cell lymphoma [12]. The cells were

maintained in standard RPMI (Invitrogen, Carlsbad, CA,

USA) medium with 20% fetal bovine serum (FBS) without
any supplement. Every 5 days, the cells were sedimented
by natural gravity for 30 min at 37°C.

In vitro infection of primary lymphoid cells

Supernatants from SB cells were purified by centrifugation
and 0.2-pm filter. SB culture supernatant (5 ml), which
contained 2.2 x 10* copies/ml of HCV RNA, was used for
the infection of several kinds of human primary lymphoid
cells (1 x 10° cells). A control infection with UV-irradi-
ated SB culture supernatant was included in every

experiment. Supernatants of Huh7.5 cells transfected with
JFH-1 strains [15-17] at 10 days post-transfection were
used for several control experiments. Cells were washed 3
times at 2 days after infection. Then, a portion of the cells
(3 x 10° to 5 x 10° cells) was harvested for analysis; the
remaining cells (1 x 10° cells) were kept and incubated
under the same condition.

Isolation of various kinds of lymphoid
cells and naive CD4" T cells

We got informed consent from 5 healthy donors, from whom
peripheral blood mononuclear cells (PBMC) were isolated
by Ficoll-Paque centrifugation (Amersham Bioscience
[Uppsala, Sweden]). Anti-CD3 phycoerythrin (PE), anti-
CD4 (PE-Cy3), anti-CD8 (PE), anti-CD14 (PE), anti-CD19
(PE), anti-CD45RO (PE), and antiCD45RA (fluorescein
isothiocyanate [FITC]) antibodies (BD Pharmingen) were
used for the separation of different kinds of mononuclear
cells by using fluorescence activated cell sorting (FACS)
vantage (BD Parmingen, San Jose, CA, USA). In some
experiments, a naive CD4* T cell isolation kit II (Miltenyi
Biotec [Bergish Gladbach, Germany]) was used to obtain
more viable naive CD4% cells.

Strand-specific intracellular HCV RNA detection

Strand-specific intracellular HCV RNA was detected by
using a recently established procedure that combined pre-
viously published methods [9, 18] with minor modifica-
tions [13]. Positive- and negative-strand-specific HCV
RNAs were detected by a nested polymerase chain reaction
(PCR) method. Reactions were performed with 2 pl of 10x
reverse transcriptase (RT) buffer, 2 pl of 10-mmol/l mag-
nesium chloride, 200-umol/l each of deoxyadenosine tri-
phosphate, deoxycytidine triphosphate, deoxyguanosine
triphosphate, 100-umol/l of thymidine triphosphate
(dTTP), 0.2 U of uracil-N glycosylase (UNG; Perkin Elmer
[Fremount, CA, USA]/Applied Biosystems), 5 U of rTth
DNA Polymerase; and S0 pmol of strand-specific HCV
primers (positions according to the 5’ untranslated region),
nt —285 to —256 (ACTGTCTTCACGCAGAAAGCGTCT
AGCCAT) and —43 to —14 (CGAGACCTCCCGGGGCA
CTCGCAAGCACCC) and template RNA. The RT mixture
was incubated for 10 min at room temperature and then at
70°C for an additional 15 min. The cDNA product was
subjected to the first PCR with 80 pl of PCR reaction
buffer containing 50 pmol of HCV downstream strand-
specific primer. The PCR amplification consisted of 5 min
at 95°C, followed by 35 cycles (1 min at 94°C, followed by
1 min at 67°C, and then by 1 min at 72°C), and then 7-min
extension at 72°C. For the second nested PCR, an aliquot
(1/10) of the first PCR reaction mixture was re-amplified
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using 50 pmol of each of the two primers, nt —276 to —247
(ACGCAGAAAGCGTCTAGCCATGGCGTTAGT) and
nt —21 to =50 (TCCCGGGGCACTCGCAAGCACCCT
ATCAGG), which span the 255-base pair region nt —276
to —21 (position according to the 5’ untranslated region) of
HCV RNA, and Taq polymerase (Applied Biosystems).
The reaction was run for 35 cycles (1 min at 94°C, 1 min at
67°C, 1 min at 72°C), followed by 7 min at 72°C. Semi-
quantification was achieved by serial fourfold dilutions (in
10 pg/ml of Escherichia coli tRNA) of an initial amount of
200 ng of total RNA. The relative titer was expressed as
the highest dilution giving a visible band of the appropriate
size on a 2% agarose gel stained by ethidium bromide. For
internal control, semi-quantification of f-actin mRNA was
performed by using the same RNA extracts. To rule out
false, random, and self-priming, extracted HCV RNA was
run in every RT-PCR test without the addition of an
upstream HCV primer.

CFSE staining
Cells were analyzed by using a CellTrace CFSE Cell

Proliferation Kit (Invitrogen [Carlsbad, CA, USA]J). The cell
staining methods followed the manufacturer’s protocol.

Stained cells were washed three times and incubated for an

additional 7 days. Cells were analyzed by flow cytometry
with 510 nm excitation and emission filters. A proliferation
index was calculated by FlowJo 7.5 (Tree Str Inc, Ashland,
OR, USA), according to the manufacturer’s protocol.

Annexin V and propidium iodide staining

Cells were stained with Annexin V and propidium iodide
(PI) by using an apoptosis detection kit (R&D systems,
Minneapolis, MN, USA). Staining methods were conducted
according to the manufacturer’s protocol. Briefly, collected
cells were washed and gently re-suspended in the Annexin
V incubation reagent at a concentration of 3 x 10° cells per
100 pl. Then, re-suspended cells in binding buffer were
stained by Streptavidin conjugate allophycocyanin (APC)
and analyzed by flow cytometry within 1 h.

Transfection of HCV individual protein
expression plasmids

The various expression plasmids were constructed by
inserting HCV core, E1, E2, NS3, NS4B, NS5A, and NS5B
cDNA of genotype la [19] behind the cytomegalovirus
virus immediate-early promoter in pCDNA3.1 (Invitro-
gen). Primary CD4% cells were transfected using Nucleo-
fector I (Amaxa, Gaithersburg, Washington DC, USA) with
a Human T cell Nucleofector kit (Amaxa), and various
plasmids were purified using the EndFree plasmid kit
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(QIAGEN, Valencia, CA, USA). Viable transfected cells
were isolated by Ficoll-Paque centrifugation (Amersham
Bioscience) at 24 h post-transfection. Transfection and
expression efficiency were analyzed by using intracellular
staining of HCV individual proteins and flow cytometry
analysis. Briefly, the cells were fixed and permeabilized
with fixation/permeabilization solution (BD Bioscience) at
4°C for 25 min. The cells were then washed two times in
BD Perm/Wash buffer (BD Bioscience) and resuspended in
50 wl of BD Perm/Wash buffer containing pre-conjugating
polyclonal anti-El, E2, NS3, NS4B, NS5B, NS5A anti-
body (abcam, Cambridge, MA, USA) with a phycoerythrin
(PE)-conjugated anti-mouse antibody.

Confocal laser microscopy

Primary lymphocytes (3 x 10° cells/ml) in suspension
were fixed and permeabilized with fixation/permeabiliza-
tion solution (BD Bioscience) at 4°C for 25 min. The cells
were then washed two times in BD Perm/Wash buffer (BD
Bioscience) and resuspended in 50 pl of BD Perm/Wash
buffer containing pre-conjugating polyclonal anti-NSS5A
antibody (Biodesign International, Saco, ME, USA) with
an FITC-conjugated anti-mouse antibody.

Interferon-y and interleukin 10 secretion assay

Cells were washed by adding 2 ml of cold phosphate-
buffered saline (PBS) and resuspended in 90 ul of cold
RPMI 1640 medium. After the addition of 10 pl of IL-10-
or IFN-y-Catch Reagent (Miltenyi Biotec), cells were
incubated for 5 min on ice. Then the cells were diluted
with 1 ml of warm medium (37°C) and further incubated in
a closed tube for 45 min at 37°C under slow continuous
rotation. Cells were washed and IL-10- or IFN-y-secreting
cells were stained by adding 10 pL of IL-10- or IFN-
y-detection antibody (PE-conjugated) (Miltenyi Biotec)
together with anti-CD4-PerCP.

Real-time PCR analysis

Cells were collected sequentially at various time points
after the addition of recombinant human IFN-y (500 ng/
ml) (BD Biosciences, CA, USA). After the extraction of
total RNA and the RT procedure, real-time PCR using a
TagMan Chemistry System was carried out. The ready-
made set of primers and probe for the amplification of
T-bet (ID HS00203436) and glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) were purchased from Perkin-
Elmer/Applied Biosystems. The relative amount of target
mRNA was obtained by using a comparative the threshold
cycle (CT) method. The expression level of mRNAs of
the non-stimulation sample of vector transfected-primary
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CD4" cells was represented as 1.0 and the relative
amount of target mRNA in a stimulated sample was cal-
culated according to the manufacturer’s protocol.

Immunoblot assay

Proteins were resolved by electrophoresis in sodium dode-
cyl sulfate-polyacrylamide gels and electrophoretically
transferred onto a polyvinylidene difluoride (PVDF) mem-
brane (Bio-Rad, Hercules, CA, USA). The membrane was

Fig. 1 Suppression of A
proliferation activity in hepatitis N
C virus (HCV)-infected human :
naive T lymphocytes.

a A representative dot plot of
CD41TCD45RARO™ cells is
shown. Cells are stained with
CD4-PerCP-antibody (Ab),
CD45RA-fluorescein

[ CDAERA
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incubated with anti-STAT-1«, or anti-p-STAT-1 antibodies
(Cell Signaling, Danver, MA, USA) and then reacted with
peroxidase-conjugated secondary antibody. Immunoreac-
tivity was visualized by an enhanced chemiluminescence
detection system (Amersham Bioscience).

Statistical analysis

Statistical analyses of the data in Figs. Ic, 2c, 3b, and 4
were performed by the analysis of variance (ANOVA)

zata AT

xS

b s

R FLsar OO e

P> C04

isothiocyanate (FITC)-Ab, and
CD45RO-APC-Ab. The purity
of isolated
CD4*CD45RATRO™ naive

T lymphocytes is over 92%.
b, ¢ Carboxyfluorescein
succinimidyl ester (CFSE)
staining was carried out at

Pre-Stimulation

‘

‘
'
:
'
B
'

5 Days-Stimulation.

.
‘
1
.
.
v
2
K

5 days post-infection in
SB-HCV, UV-irradiated HCV,

—— CD45RA

' I 3
PO Sk T

5ot &
e B 1tE

5,

and Mock. Stained cells were
washed three times and

P CD45R0

incubated for an additional B
7 days with T-cell expander.
Cells were analyzed by flow
cytometry with 510 nm
excitation and emission filters.
Numbers in the representative
histogram indicate numbers of
cell divisions. The proliferation
index was calculated by FlowJo
7.5 software according to the
manufacturer’s protocol. The
proliferation index is shown in

5 Days incubation with CDBC%QB beads and IL2 stimulation

FACS analysis (Proliferation index and CD45RA expression)

tsolation of naive T cells

v
HCV Inoculation

CFSE staining ann‘:lyremove dead cells

7 days im:a;) ation with 12

this bar graph. Three
independent experiments were
carried out. Error bars indicate
the standard deviation.

IL interleukin

c WMock«lnf ected

.
{
i

R 10{

HCV-Infected
§43 210

UWV-HCV-Infected
; RO AN f‘o";

'51_3 Springer



236

J Gastroenterol (2011) 46:232-241

Fig. 2 Suppression of Mock-Infected
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test (SPSS10.0, SPSS Inc, Chicago, IL, USA). Values of
p < 0.05 were considered to be statistically significant.

Results

Detection of negative-strand HCV-RNA
among lymphoid cells

Strand-specific rTth based nested PCR was carried out to
analyze the susceptibility to HCV infection among the
various kinds of lymphoid cells with or without short term
culture (7 days). Isolated lymphoid cells were infected with

@ Springer

Mock UV-HCV-ntected

HOViiniected Mock UVHCVHnected HOV-ntected

SB-HCV, UV-irradiated-HCV, or JFH-1 strain and were
cultured with appropriate cytokines and/or antibody stimu-
lation (Table 1). We needed to add different kinds of cyto-
kines to maintain the cell proliferation and viability.
Negative-strand HCV-RNA could be detected in CD4%,
CD14%,and CD19* cells andin CD8™ cell-depleted PBMCs
(PBMC-CD8 ™) after short-term culture (Table 2). However,
negative- and positive-strand HCV-RNA could not be
detected in any kinds of lymphoid cells infected with the
supernatant of JFH-1 and JFH-1 GND mutant (data not
shown). Undetectable negative-strand HCV-RNA at 2 days
post-infection indicated that HCV-RNA was replicated after
inoculation. We found that depletion of CD8* cells from
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Fig. 3 HCV replication induces Mock
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apoptosis of naive CD4" cells.
a Representative dot plots of
Annexin V and propidium
iodide (PJ) staining are shown.
The numbers in the quadrants
indicate the frequencies of early
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apoptotic cells (Annexin V* and
PI7) and dead cells (Annexin
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graph. Three independent
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Error bars indicate the standard B {%)
deviations

S T

[

™o

O
T Mock UV-HECY HCV

PBMCs was favorable to replication in lymphoid cells.
In this study, we used CD3CD28 beads and IL.2 stimulation
that could stimulate more efficiently than CD3 and IL2
stimulation. However, among the CD4% cells, CD4%
CD45RAYRO™ naive CD4" cells were most susceptible to
infection, as we previously demonstrated (Table 2) (Suppl.
Fig. 1) [13]. These data indicate that CD4"CD45RA RO~
naive CD47 cells could be infected with SB-HCV during
T-cell development. CD81 was one of the main candidates of
HCV receptors for the infection of the cells [20-22]. We
tried to analyze whether anti-CD81 antibody might block the
SB-HCYV infection of primarily naive CD4" cells. HCV-
NSSA protein could be detected in 12.2% of SB-HCV-
inoculated naive CD4* cells at 10 days post-infection.
However, the pretreatment of anti-CD81 antibody reduced
the frequency of NS5A detection among the SB-HCV-
inoculated naive CD4™ cells (4.7%) (Suppl. Fig. 2). The
sensitivity of NS5A immunostaining was lower than that of
the strand-specific nested PCR method [13].

Suppression of proliferation activity
in SB-HCV-infected naive CD4" cells

The purity of CD45RAYRO™ naive CD4* celis after isola-
tion was around 92% (Fig. 1a). CFSE staining was carried
out at 5 days post-infection in SB-HCV, UV-irradiated
HCV, and Mock. Stained cells were washed three times and

4.52%

AnnexinV staining

* p<QOf

incubated for an additional 7 days with T-cell expander
(CD3CD28 coated beads and IL2 stimulation). Cells were
analyzed by flow cytometry with 510 nm excitation and
emission filters. The proliferation index was calculated by
FlowJo 7.5 software according to the manufacturer’s pro-
tocol. The proliferation index of SB-HCV-infected naive
CD4" cells was significantly lower than that of controls
(» < 0.01) (Fig. 1b, c¢). These data indicate that lympho-
tropic SB-HCV suppresses the proliferation activity of
T cells.

Disturbance of cell development and IFN-y-secreting
activity

CD45RA and CFSE double staining was carried out to
analyze the cell development. The expression level of
CD45RA on naive CD4" cells had gradually declined
during cell proliferation. However, the CD45RA expres-
sion level of SB-HCV-infected naive CD4* cells remained
higher than those of the control groups (Fig. 2a). More-
over, the frequency of IFN-y-secreting cells among SB-
HCV-infected CD4* cells was significantly lower than
those of the control groups (p < 0.01) (Fig. 2b, ¢). On the
other hand, the frequency of IL10-secreting cells was
comparable in the three groups (Fig. 2b, c). These data
indicate that HCV infection could interrupt cell develop-
ment, especially Thl development.
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