Antiviral Effect of IFN-A Induction in Human Liver

Figure 4. IFN expression in cell lines following the induction of innate immunity by various stimuli. (A, B) The indicated cell lines were
stimulated by exposure to LIC-pIC (1 ng/ml). (A) The mRNA levels of IFN-B- and IFN-A1-encoding genes (IFNB1 and IFNL1 (IL29), respectively) before
and after (12 h) stimulation, as determined by gRT-PCR. (B) The concentration of [FN-A1 (IL-29) in the culture medium 24 h after stimulation, as
determined by ELISA. (C, D) The indicated cell lines were stimulated by viral infection with NDV or VSV. (C) The mRNA levels of IFN-B- and IFN-A1-
encoding genes (IFNBT and IFNLT (IL29), respectively) in HepG2 cells and MRC-5 cells in the absence or presence (12 h) of NDV or VSV, as determined
by qRT-PCR. (D) The concentration of IFN-L1 protein in the culture medium at 24 h post-infection, as determined by ELISA. (E, F) Expression in HepG2
cells of genes encoding MAVS, TICAM-1, and IFN-A1 (MAVS, TICAM1, and IFNL1 (IL29) respectively), as determined by qRT-PCR, after 12 h stimulation
with LIC-pIC (1 pg/ml). Cells were pre-treated for 48 h with siRNAs against MAVS, TICAM-1, or a non-target control. Bars indicate SD (n=3 per group).
(@) Schematic outline of the proposed mechanism of the antiviral response induced by LIC-pIC.

doi:10.1371/journal.pone.0059611.g004

remained upregulated through at least five daily LIC-pIC
administrations to chimeric mice infected with HCV. Consistent
with this bias in IFN production, human hepatocytes were
expected to be more receptive to stimulation by IFN-As than
their mouse counterparts.

We demonstrated the robust induction (by LIC-pIC) of IFN-A
rather than IFN-o or IFN-B in human hepatocytes. In several
human cell lines derived from other tissues, IFN-Al induction by
LIC-pIC stimulation was reduced in comparison to that seen in
human hepatocytes, indicating that induction of IFN-based innate
immunity differs among tissues and that human hepatocytes are
high producers of IFN-As. We also demonstrated that NDV and
VS8V, ssRNA viruses that are recognized by cytoplasmic sensors
(RIG-I-like receptors) [36], could induce the expression of IFN-As
in several human cell lines. However, in contrast to LIC-plC
stimulation, the expression level of IFN-Al induced by these
viruses was as low in HepG2 hepatocyte cells as in MRC-5
fibroblast cells. These results motivated us to investigate which
sensors recognize LIC-pIC resulting in robust IFN-A production.
The presence of two distinct viral sensing innate immune pathways
(TLR3 and RIG-I-like receptors ) in human hepatocytes has been
reported [37,38]. We showed here that the effects of LIC-pIC
were mediated by both MAVS, a signaling adaptor molecule of
RIG-I-like receptors, and TICAM-1, a TLR adaptor molecule.
Given that both NDV and VSV effects are mediated by MAVS,
we speculate that the strong induction of IFN-As by LIC-pIC
reflects dual recognition of LIC-pIC by RIG-I-like receptors and
TLR3. In this context, we note that both MAVS and TICAM-1
are direct targets for proteolytic degradation by the HCV-encoded
NS3/4A protease [39,40]. Related reports [39,40,41] suggest that
the inhibitory effect of this viral protease may aflect the induction
of IFN-s, particularly in HCV-infected hepatocytes. However, we
observed significantly higher levels of IFN-A expression in response
to treatment with LIC-pIC, regardless of i zivo HCV infection
status (Fig. 3 and data not shown), suggesting that the i vivo
induction of IFN- As by LIC-pIC treatment may not be affected by
this viral protease in our experimental system. Further analyses
will be needed to clarify the balance between viral evasion and
activation of the innate immune response.

Our results demonstrate that the dominant IFN systems exhibit
tissue- and animal-specific induction patterns, and that IFN-As
plays a critical role in innate immune response in human
hepatocytes. These findings expand our understanding of the role
of IFN-As in the human immune system.

Supporting Information

Figure S1 Hepatotropic property of LIC. Biodistribution of
RNA following administration of a complex of LIC and *H-
labeled short dsRINA to normal mice.

(EPS)

Figure 82 Time course studies in 3 mice inoculated with
HCYV genotype 1b or HBV genotype C. (A) HCV RNA levels
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in chimeric mouse serum after inoculation. (B) HBV DNA in
chimeric mouse serum after inoculation.

(EPS)

Figure S3 Hepatotoxicity of the LIC-pIC complex. (A, B)
Chimeric mice infected with HCV genotype la were treated daily
for 8 days (Days 0-7) with LIC-pIC at 0.01, 0.03, or 0.1 mg/kg.
The sera of chimeric mice were collected on the indicated days
following the initial administration of LIC-pIC and the concen-
tration of human albumin (A) or alanine transferase (ALT) (B) was
determined (z = 3-5 per group).

(EPS)

Figure S4 Expression of IFN-g, IFN-§, and IFN-y in
HBV-infected chimeric mice with humanized livers
following treatment with LIC-pIC. (A) Schedule of the
LIC-pIC treatments and serum or liver sampling in the HBV-
infected chimeric mice. (B) Serum concentrations of human and
mouse IFN-B and IFN-0, as determined by ELISA. (G) The liver
mRNA levels of genes encoding IFN-B, IFN-¢2 and IFN-y
(human genes: [FNBI, IFNA2 and IFNG, respectively; mouse
genes: Ifnbl, Ifna2 and Ifng, respectively), as determined by gRT-
PCR. For (B) and (C), each point indicates the value for a single
chimeric mouse; groups consisted of 1-4 mice each.

(EPS)

Figure S5 Expression of genes encoding human IFN-
§ (IFNBI) and mouse IFN-§ (Ifnbl) in HCV-infected or
uninfected chimeric mice with humanized livers follow-
ing treatment with LIC-pIC, as determined by gqRT-
PCR. The data points indicate the mRINA levels in individual
chimera; the horizontal bars indicate the mean transcript

concentrations for the human (red) and mouse (green) genes
(n=3 per group).

(EPS)

Figure 86 Mouse NK and NKT cells are not invelved in
the anti-HCV effects of LIC-pIC. Chimeric mice with
humanized livers were infected with HCV genotype 1b and
treated for 14 days (Days 0-13) with one of the following: saline,
daily; 1 pg/kg a-galactosylceramide (xGalCer, a specific activator
of NKT cells), weekly (Days 0 and 7); or 0.1 mg/kg LIC-pIC,
daily. Half of the chimeras receiving the LIC-pIC treatment were
pre-treated with a TM-B1 antibody in order to deplete NK and
NKT cells. The other half were left untreated (ctrl). The serum
HCYV genomic RNA levels were determined using qRT-PCR on
the indicated days after the initial treatment was administered.
Data points indicate mean values and the bars in---dicate SD
(n=4-5 per group). *P<0.05 and **P<0.01, treatments vs. the
saline control by Dunnett’s multiple comparison test.

(EPS)

Figure §7 The anti-HCV response elicited by IFN-L in
HCYV replicon cells. FLR3-1 HCV replicon cells were treated
with the indicated recombinant human IFN-As or with saline
control for 72 h, and HCV replication (diamonds) and cell
viability (triangles) of the cells then were assessed. Values are
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expressed as a percentage of the untreated control (n=4 per
group). Data are mean values and the bars indicate SD. **P<(.01,
IFN treatments vs. the vehicle by Dunnett’s multiple comparison
test.

(EPS)

Figure $8 The anti-HBV response elicited by IFN-)A.
Serum HBV genomic DNA levels were assayed in chimeric mice
infected with HBV and administered daily treatments of
recombinant human IFN-A2 or LIC-pIC. HBV levels were
assayed on the indicated days after the initial treatments. Values
are expressed relative to the baseline value. Data points indicate
mean values and the bars indicate SD (2= 3-5 per group).
*P<0.01, treatments vs. the saline control by Dunnett’s multiple
comparison test.

(EPS)

Figure 89 Neutralizing activity of anti-human IFN-A
antibodies. FLR 3-1 HCV replicon cells were pre-treated with
1 pg/ml or 10 pg/ml of anti-human IFN-A1 or anti-human IFN-
A2 antibodies before the addition of recombinant human [FN-A1,
IFN-A2, or IFN-A3 to the culture medium. The replication of
HCYV replicons was determined by luciferase assays (red bars), and
cell viability was determined using a WST-8 assay (gray bars).
Values are expressed as a percentage of the untreated control.
Data points are mean values and the error bars indicate SD
(n=4 per group).

(EPS)

Figure $§10 Induction of IFN-As by LIC-pIC and antiviral
effect in human hepatocytes with genetic variants near
the IFNL3 (IL28B) gene. Chimeric mice were transplanted with
human hepatocytes from donors bearing a T- or G-allele of the
rs8099917 (IFNL3-proximal) SNP. Animals were infected with
HCV genotype 1b and treated daily with LIC-pIC. (A) The liver
mRNA levels of human IFN-A-encoding genes (IFNLI, IFNL2,
and [FNL3 (also known as IL29, IL284, and IL28B, respectively))
were assayed by qRT-PCR. (B) The serum HCV genomic RNA
levels were assayed by gRT-PCR. Values are expressed relative to
the baseline value. Data points are presented as mean values with
SD (n=1-6 per group). *P<0.01, trcatments vs. the saline
control by Dunnett’s multiple comparison test.
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ABSTRACT

Objective Recent studies have demonstrated that
genetic polymorphisms near the /L28B gene are
associated with the clinical outcome of pegylated
interferon o (peg-IFN-o) plus ribavirin therapy for
patients with chronic hepatitis C virus (HCV). However,
it is unclear whether genetic variations near the /L28B
gene influence hepatic interferon (IFN)-stimulated gene
(ISG) induction or cellular immune responses, lead to the
viral reduction during IFN treatment.

Design Changes in HCV-RNA levels before therapy, at
day 1 and weeks 1, 2, 4, 8 and 12 after administering
peg-IFN-c plus ribavirin were measured in 54 patients
infected with HCV genotype 1. Furthermore, we
prepared four lines of chimeric mice having four different
lots of human hepatocytes containing various single
nucleotide polymorphisms (SNP) around the /L28B gene.
HCV infecting chimeric mice were subcutaneously
administered with peg-IFN-o. for 2 weeks.

Resulis There were significant differences in the
reduction of HCV-RNA levels after peg-IFN-o plus
ribavirin therapy based on the /288 SNP rs8099917
between TT (favourable) and TG/GG (unfavourable)
genotypes in patients; the first-phase viral decline slope
per day and second-phase slope per week in TT
genotype were significantly higher than in TG/GG
genotype. On peg-IFN-o. administration to chimeric mice,
however, no significant difference in the median
reduction of HCV-RNA levels and the induction of
antiviral 1SG was observed between favourable and
unfavourable human hepatocyte genotypes.
Conclusions As chimeric mice have the characteristic
of immunodeficiency, the response to peg-IFN-o.
associated with the variation in /L28B alleles in chronic
HCV patients would be composed of the intact immune
system.

INTRODUCTION

Hepatitis C is a global health problem that affects a
significant portion of the world’s population. The
WHO estimated that, in 1999, 170 million hepa-
titis C virus (HCV)-infected patients were present
worldwide, with 3—4 million new cases appearing
per year.!

5

What is already kncwn on thls subject’? i
» Genetic polymorphisms near the /L288 gene
are associated with-a chromc HCV treatment
response.
» HCV-infected patients wcth the 11288 -
~ homozygous favourable allele had a more rapid
decline in HCV kinetics in the first and second
phases by peg-IFN-o-based therapy..
» During the acute phase of HCV infection, 3
_strong immune response among patients with
the IL28B favourable genotype could induce
more frequent spontaneous c[earance of HCV

What are the new fmdmgs" ~

» In chronically HCV genotype 1b-infected
chimeric mice that have the characteristic of
xmmunodeﬂcrency, no significant difference in =~

 the reduction in serum HCV-RNA levels and the

induction of antiviral hepatic ISG by the
“administration of peg-IFN-o. was observed
between favourable and unfavourab!e human

, hepatocyte 1L28B genotypes.

> By comparisor of serum HCV kinetics between E
human and chimeric mice, the viral decline in -
both the first and second phases by 'peg—lFN-oc .
treatment was affected by the variationin ==~
11288 genotypes only in chronn: hepatltls C
patients. . , : .

How mlght |t umpact on clinical practlce m
the foreseeable future? =~
> The immune response according to lLZgB
genetic variants could contribute to the ﬁrst
and second phases of HCV-RNA decline and
~ might be critical for HCV clearance by i
peg-IFN- a—based therapy Lo :

The standard therapy for hepatitis C still consists
of pegylated interferon-o. (peg-IFN-¢), adminis-
tered once weekly, plus daily oral ribavirin for 24~
48 weeks in countries where protease inhibitors are
not available.> This combination therapy is quite
successful in patients with HCV genotype 2 or 3
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infection, leading to a sustained virological response (SVR) in
approximately 80-90% of patients treated; however, in patients
infected with HCV genotype 1 or 4, only approximately half of
all treated individuals achieved a SVR.?

Host factors were shown to be associated with the outcome of
the therapy, including age, sex, race, liver fibrosis and obesity.®
Genome-wide association studies have demonstrated that genetic
variations in the region near the interleukin-28B (IL28B) gene,
which encodes interferon (IFN)-A3, are associated with a chronic
HCV treatment response.®™'° Furthermore, it was demonstrated
that genetic variations in the IL28B gene region are also asso-
ciated with spontaneous HCV clearance.'"!2

Interestingly, a recent report showed the effect of genetic poly-
morphisms near the IL28B gene on the dynamics of HCV during
peg-IFN-a plus ribavirin therapy in Caucasian, African American
and Hispanic individuals;'®> HCV-infected patients with the
I1.28B homozygous favourable allele had a more rapid decline of
HCYV in the first phase, which is associated with the inhibition of
viral replication as well as the second phase associated with
immuno-destruction of viral-infected hepatocytes.'* However, it
is unknown how a direct effect by the IL28B genetic variation,
such as the induction of IFN-stimulated genes (ISG) or cellular
immune responses, would influence the viral kinetics during IFN
treatment. Over recent periods, engineered severe combined
immunodeficient (SCID) mice transgenic for urokinase-type plas-
minogen activator (uPA) received human hepatocyte transplants
(hereafter referred to as chimeric mice)*>™!” and are suitable for
experiments with hepatitis viruses in vivo.'® ' We have also
reported that these chimeric mice carrying human hepatocytes
are a robust animal model to evaluate the efficacy of IFN and
other anti-HCV agents.?® 2!

The purpose of this study was to reveal the association
between genetic variations in the IL28B gene region and viral
decline during peg-IFN-o. treatment in patients with HCV, and
to clarify the association between different IL28B alleles of
human hepatocytes in chimeric mice and the response to
peg-IFN-o without immune response. These studies will eluci-
date whether the immune response by the IL28B genetic vari-
ation affects the viral kinetics during peg-IFN-o treatment.

MATERIALS AND METHODS

Patients

Fifty-four Japanese patients with chronic HCV genotype 1
infection at Nagasaki Medical Center and Nagoya City
University were enrolled in this study (table 1). Patients received
peg-IFN-02a (180 ug) or 2b (1.5 pg/kg) subcutaneously every

Table 1 Charactenstics of 54 patients mfected HCV geno’{ype 1

1L28B SNP rs8099917 . ,
TT(n=34) TG (n=19) + GG (n=1 ) pVaiue
“Age (years) 5564101 547:113 e o6
Gender (male%) 70 50 0199
- Body mass index (kg/m?) © . 24.6+31 247133 0870
- Viral load attherapy (mg wm;) 6.0£0.7  58+08 = 0357
SVRrate (%) B0 00
" Serum ALT leve - 1003808 793#450 . 0226
 Platelet count (xl(}“]gl); i 17.1,:1:9.0‘ : 16;5*:5.83, eI
,Flbros&s (F3+4 %) 42 = 40 : o 0877

‘ f HCV, hepatitis C wrus SNP, smgle nucleotide pelymcrphlsm SVR, sustained
virological response, & ) :

week and were administered a weight-adjusted dose of ribavirin
(600 mg for <60 kg, 800 mg for 60-80 kg, and 1000 mg for
>80 kg daily), which is the recommended dosage in Japan.
Patients with other hepatitis virus infection or HIV coinfection
were not included in the study. The study protocol conformed
to the ethics guidelines of the 1975 Declaration of Helsinki as
reflected by earlier approval by the institutions’ human research
committees.

Laboratory tests

Blood samples were obtained before therapy, as well as on day 1
and at weeks 1, 2, 4, 8 and 12 after the start of therapy and
were analysed for the HCV-RNA level by the commercial
Abbott Real-Time HCV test with a lower limit of detection of
12 IU/ml (Abbott Molecular Inc., Des Plains, Illinois, USA).
Genetic polymorphism in the IL28B gene (rs8099917), a single
nucleotide polymorphism (SNP) recently identified to be asso-
ciated with treatment response,”® was tested by the TagMan
SNP genotyping assay (Applied Biosystems, Foster City,
California, USA).

HCV infection of chimeric mice with the liver repopulated

for human hepatocytes

SCID mice carrying the uPA transgene controlled by an albumin
promoter were injected with 5.0-7.5x10° viable hepatocytes
through a small left-flank incision into the inferior splenic pole,
thereafter chimeric mice were generated. The chimeric mice
were purchased from PhoenixBio Co, Ltd (Hiroshima, Japan).'”
Human hepatocytes with the IL28B homozygous favourable
allele, heterozygous allele or homozygous unfavourable allele
were imported from BD Biosciences (San Jose, California, USA)
(table 2). Murine serum levels of human albumin and the body
weight were not significantly different among four chimeric
mice groups, providing a reliable comparison for anti-HCV
agents.”? Three different serum samples were obtained from
three chronic HCV patients (genotype 1b).?! ** Each mouse
was intravenously infected with serum sample containing 10°
copies of HCV genotype 1b. Administration of peg-IFN-02a
(Pegasys; Chugai Pharmaceutical Co., Ltd., Tokyo, Japan) at the
dose formulation (30 pg/kg) was consecutively applied to each
mouse on days 0, 3, 7 and 10 (table 3).

HCV-RNA quantification

HCV-RNA in mice sera (days 0, 1, 3, 7 and 14) was quantified
by an in-house real-time detection PCR assay with a lower quan-
titative limit of detection of 10 copies/assay, as previously
reported.?!

Quaniification of IFN-stimulated gene-expression levels

For analysis of endogenous ISG levels, total RNA was isolated
from the liver using the RNeasy RINA extraction kit (Qiagen,
Valencia, California, USA) and complementary DNA synthesis
was performed using 2.0 pg of total RNA (High Capacity
RNA-to-cDNA kit; Applied Biosystems). Fluorescence real-time
PCR analysis was performed using an ABI 7500 instrument
(Applied Biosystems) and TagMan Fast Advanced gene expres-
sion assay (Applied Biosystems). TagMan Gene Expression
Assay primer and probe sets (Applied Biosystems) are shown in
the supplementary information (available online only). Relative
amounts of messenger RNA, determined using a FAM-Labeled
TagMan probe, were normalised to the endogenous RNA levels
of the housekeeping reference gene, glyceraldehyde-3-phosphate
dehydrogenase. The delta Ct method (27" <9y was used for
quantitation of relative mRNA levels and fold induction.?®
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‘,f' :‘Tahle 2 Four hnes of uPA/SCfD mice from four dtfferent iots of human hepatocytes (donor) contalmng vanous SNP around the ILZS‘B gene - -

k uPA]SCID mice Donor: - Race ! S Age Gender ,rs8103‘l42 frs12979860 - 1*r58099917
,‘:VP),(B mice‘ S A Adrican American -5 Years ' Male c e : ,TG = - e
o S B : Caucasian 10 Years Female CoKC T TG
LG Hispanic 2 Years Female T e T

D Caucasian ZYears‘ Male T [ da T

' PXB mice; urokmase«type plasminogen activator/severe combined immunodeficiency {uPA/SCID) mice repopulated with approx;mately 80% human hepatocytes i:

8Cip, severe ccmhmed immunodeficient; SNP; single nucleotide polymorph»sm e

Statistical analyses

Statistical differences were evaluated by Fisher’s exact test or the
x* test with the Yates correction. Mice serum HCV-RNA and
intrahepatic ISG expression levels were compared using the
Mann-Whitney U test. Differences were considered significant
if p values were less than 0.05.

RESULTS

Characteristics of the study patients

Genotypes (rs8099917) TT, TG and GG were detected in 34,
19 and one patient infected with HCV genotype 1, respectively.
SVR rates were significantly higher in HCV patients with geno-
type TT than in those with genotype TG/GG (50% vs 11%,
p=0.012). The initial HCV serum load was comparable
between genotypes TT and TG/GG (6.0+0.7 vs 5.8+0.8 log IU/
ml). There were no significant differences in sex (male%, 70%
vs 500), age (55.6+10.1 vs 54.7+11.3 years), serum alanine
aminotransferase level (100.3+£80.8 vs 79.3x45.0 IU/L), plate-
let count (17.1+9.0 vs 16.5+5.8x10%ul) and fibrosis stages
(F3/4%, 429 vs 40%) between HCV patients with the favour-
able (rs8099917 TT) and unfavourable (ts8099917 TG/GG)
IL28B genotypes (table 1).

Changes in serum HCV-RNA levels in patients treated by
peg-IFN-a plus ribavirin

Figure 1 shows the initial change in the serum HCV-RNA level
for 14 days after peg-IFN-a plus ribavirin therapy in patients
infected with HCV genotype 1 based on the genetic polymorph-
ism near the IL28B gene. The immediate antiviral response (viral
drop 24 h after the first IFN injection) was significantly higher in
HCV patients with genotype TT than genotype TG/GG (~1.08
vs —=0.39 log IU/ml, p<0.001). Figure 2 also shows the subse-
quent change in the serum HCV-RNA reduction after peg-IFN-o
plus ribavirin therapy in patients infected with HCV genotype 1.

Similarly, during peg-IFN-o plus ribavirin therapy, a statistically
significant difference in the median reduction in serum
HCV-RNA levels was noted according to the genotype (TT vs
TG/GG). The median reduction in the serum HCV-RNA levels
(log IU/ml) at 1, 2, 4, 8 and 12 weeks between genotypes TT and
TG/GG was as follows: —1.58 vs —0.62, p<0.001; —2.35 vs
-0.91, p<0.001; -3.48 vs —1.56, p<0.001; —4.53 vs —2.37,
p<0.01; —4.93 vs ~2.86, p<0.001. Furthermore, the initial first-
phase viral decline slope per day (Phl/day) and subsequent
second-phase viral decline slope per week (Ph2/week) in TT
genotype were significantly higher than in genotype TG/GG
(Ph1/day 0.94+0.83 vs 0.38+0.40 log IU/ml, p<0.001; Ph2/
week 0.080.06 vs 0.04=0.03 log IU/ml, p<0.001) (figure 3).

Changes in serum HCV-RNA levels in chimeric mice treated

by peg-IFN-a

In order to clarify the association between IL28B alleles of
human hepatocytes and the response to peg-IFN-a, we prepared
four lines of uPA/SCID mice and four different lots of human
hepatocytes containing various rs8099917, rs8103142 and
rs12979860 SNPs around the IL28B gene (table 2). The chi-
meric mice were inoculated with serum samples from each
HCV-1b patient, and then HCV-RNA levels had increased and
reached more than 10° copies/ml in all chimeric mice sera at
2 weeks after inoculation. After confirming the peak of
HCV-RNA in all chimeric mice, they were subcutaneously admi-
nistered with four times injections of the bolus dose of
peg-IFN-02a for 2 weeks (table 3). Figure 4 shows the change in
the serum HCV-RNA levels for 14 days during IFN injection
into chimeric mice transplanted with IL28B favourable or
unfavourable human hepatocyte genotypes. On peg-IFN-o
administration, no significant difference in the median reduction
in HCV-RNA levels in the serum A-infected®* chimeric mice
sera was observed between favourable (n=7) and unfavourable

?'Table 3 Dosage and time schedule of pegIFN uZa treatment for HCV genotype 1b mfected chlmenc mice -

o L o : Dose o .
. Donor beﬁa‘t‘dc&tes’r, No of chimeric mice Inoculum ' Test ‘compdundf Level (nghkg) Concentrtion (pglm[),' Volume (mllkg) Frgquencyf ;
A : 3 Seum A PeglfN-o2a 30 3 : f;my *ﬁ"g,}'~j~z[o_ay;',‘ 7.10
g 4. . SeumA - PeglFN-oZa 30 3 100 b Day0,3,7.10
C 3 . SerumA . PeglfN-o2a . 30 3 100 Day0,3,7.10
D 3 Serum A Peg-IFN-02a 30 3 10 Dy0,3,7,10
AL 7 Seum B PegdfN-o2a 030 3 0 ey a3 10
e 7 - Serum B PeglfN-o2a 30 3 S0 DAy 0,3, 7,10
A 2 seumC  PeglfNo2a 30 3 LD Dy 037,410
o oL Serukag ,Peg-lFN4cza. 30 3 10 Dwy0,37.10

*Pegasys, Chugal Pharmaceutlcal Co., d, Tokyo Japan [
~/tThe /L28B genetic variation of the donor hepatocytes was mdycated in table 2
HCV hepatms c vnrus peg- IFN—oc, pegyiated mterferon o 5
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Figure 1 Rapid reduction of median hepatitis C virus (HCV)-RNA

levels (log 1U/ml) at 1, 7 and 14 days between /L28B single nucleotide
polymorphisms rs8099917 genotype TT (n=34) and TG/GG (n=20) in
HCV genotype 1-infected patients treated with peg-IFN-a. plus ribavirin.

(n=6) IL28B genotypes on days 1, 3, 7 and 14 (-1.2 vs -1.3,
-1.4 vs —=1.4, —1.8 vs —1.7, and =2.3 vs —1.9 log copies/ml)
(figure 4A). Moreover, we prepared two additional serum
samples from the other HCV-1b patients (serum B and C)*! to
confirm the influence of IL28B genotype in early viral kinetics
during IFN treatment. After establishing persistent infection
with new HCV-1b strains in all chimeric mice, they were also
administered four times injections of the bolus dose of
peg-IFN-02a for 2 weeks (figure 4B,C). In a similar fashion, no
significant difference in HCV-RNA reduction in chimeric mice
sera was observed between favourable and unfavourable IL28B

genotypes.

Expression levels of 1SG in chimeric mice livers
- Because chimeric mice have the characteristic of severe com-
bined immunodeficiency, the viral kinetics in chimeric mice sera
during IFN treatment could be contributed by the innate
immune response of HCV-infected human hepatocytes.
Therefore, ISG expression levels in mice livers transplanted with
human hepatocytes were compared between favourable and
unfavourable IL28B genotypes (figure 5).

As shown in figure SA, ISG expression levels in mice hvers
were measured at 8 h and 24 h after IFN treatment. The levels

158099917
e TGHGG (= 20)
=34y

P<OHO
P00

S——
i PN

453

Reduction in HCV-RNA level (log 1U/ml)
&

Time (weeks)

Figure 2 Weekly reduction of median hepatitis C virus (HCV)-RNA
levels (log 1U/ml) at 1, 2, 4, 8 and 12 weeks between /L28B single
nucleotide polymorphisms rs8099917 genotype TT (n=34) and TG/GG
(n=20) in HCV genotype 1-infected patients treated with pegylated
interferon o. plus ribavirin.

of representative antiviral ISG (eg, myxovirus resistance protein
A, oligoadenylate synthetase 1, RNA-dependent protein kinase)
and other ISG for promoting antiviral signalling (eg, Toll-like
receptor 3, retinoic acid-inducible gene 1) were significantly
induced at least 8 h after treatment, and prolonged at 24 h. No
significant difference in ISG expression levels in HCV-infected
livers was observed between favourable and unfavourable IL28B
genotypes. The other inoculum for persistent infection of
HCV-1b also demonstrated no significant difference in ISG
expression levels between favourable and unfavourable IL28B
genotypes (figure 5B,C). Interestingly, IFN-A expression levels
by treatment of peg-IFN-o. were significantly induced in
HCV-infected human hepatocytes harbouring the favourable
IL28B genotype (figure 5 A-C).

DISCUSSION

Several recent studies have demonstrated a marked association
between the chronic hepatitis C treatment response®™ and SNP
(rs8099917, rs8103142 and rs12979860) near or within the
region of the IL28B gene, which affected the viral dynamics
during peg-IFN-o. plus ribavirin therapy in Caucasian, African
American and Hispanic individuals.®

It has been reported that when patients with chronic hepatitis
C are treated by IFN-a or peg-IFN-a plus ribavirin, HCV-RNA
generally declines after a 7-10 h delay.?® The typical decline is
biphasic and consists of a rapid first phase lasting for approxi-
mately 1-2 days during which HCV-RNA may fall 1-2 logs in
patients infected with genotype 1, and subsequently a slower
second phase of HCV-RNA decline.® The viral kinetics had a
predictive value in evaluating antiviral efficacy.’* In this study,
biphasic decline of the HCV-RNA level during peg-IFN-a, treat-
ment was observed in both patients and chimeric mice infected
with HCV genotype 1; however, in the first and second phases
of viral kinetics, a difference between IL28B genotypes was
observed only in HCV-infected patients; a more rapid decline in
serum HCV-RNA levels after administering peg-IFN-a plus riba-
virin was confirmed in patients with the TT genotype of
rs8099917 compared to those with the TG/GG genotype.

On the other hand, in-vivo data using the chimeric mouse .
model showed no significant difference in the reduction of
HCV-RNA titers in mouse serum among four different lots of
human hepatocytes containing IL28B favourable (rs8099917
TT) or unfavourable (rs8099917 TG) genotypes, which was con-
firmed by the inoculation of two additional HCV strains. These
results indicated that variants of the IL28B gene in donor hepato-
cytes had no influence on the response to peg-IFN-o. under
immunosuppressive conditions, suggesting that the immune
response according to IL28B genetic variants could contribute to
the first and second phases of HCV-RNA decline and might be
critical for HCV clearance by peg-IFN-a-based therapy.

Two recent studies indeed revealed an association between the
IL28B genotype and the expression level of hepatic ISG in
human studies.?” 2® Quiescent hepatic ISG before treatment
among patients with the IL28B favourable genotype have been
associated with sensitivity to exogenous IFN treatment and viral
eradication; however, it is difficult to establish whether the
hepatic ISG expression level contributes to viral clearance inde-
pendently or appears as a direct consequence of the IL28B geno-
type. Another recent study addressed this question and the
results suggested that there is no absolute correlation with the
IL28B genotype and hepatic expression of ISG.?® Our results on
the hepatic ISG expression level in immunodeficient chimeric
mice also suggested that no significant difference in ISG expres-
sion levels was observed between favourable and unfavourable
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Figure 3  (A) The first-phase viral

P<0,001

P<0.001

decline siope per day (Ph1/day) and a)
(B) second-phase viral decline slope 25
per week (Ph2/week) in hepatitis C g 225 g
virus (HCV) genotype 1-infected S 2z ER
patients treated with pegylated gg'7 2%
interferon o plus ribavirin. The lines €3 95 2 7
across the boxes indicate the median 2 3 EN
values. The hash marks above and 2% 715 gz
below the boxes indicate the 90th and B oS 2
10th percentiles for each group, = & S |
respectively. i PR —
TT (n=34) TG+GG (n=120) TT(n=34) TGHGE (n=120)
rs8099917 58099917

ILZ8B genotypes. However, these results were not consistent
with a previous report using chimeric mice that the favourable
IL28B genotype was associated with an early reduction in
HCV-RNA by ISG induction.*® The reasons for the discrepancy
might depend on the dose and type of IFN treatment, as well as
the time point when ISG expression was examined in the liver. In
addition, although IFN-A transcript levels measured in peripheral
blood mononuclear cells or liver revealed inconsistent results in
the context of an association with the IL28B genotype,” ® our
preliminary assay on the IL28A, IL28B and IL29 transcripts in
the liver first indicated that the induction of IFN-} on peg-IFN-a
administration could be associated with the IL28B genotype.
Therefore, the induction of IFN-A followed by immune response

might contribute to different viral kinetics and treatment out-
comes in HCV-infected patients, because no difference was
found in chimeric mice without immune response.

It has also been reported that the mechanism of the associ-
ation of genetic variations in the IL2Z8B gene and spontaneous
clearance of HCV may be related to the host innate immune
response.'! Interestingly, participants with seroconversion illness
with jaundice were more frequently rs8099917 homozygous
favourable allele (TT) than other genotypes (32% vs 5%,
p=0.047). This suggests that a stronger immune response
during the acute phase of HCV infection among patients with
the IL28B favourable genotype would induce more frequent
spontaneous clearance of HCV.
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Figure 4 Median reduction of hepatitis C virus (HCV)-RNA levels (log copies/ml) after administering pegylated interferon o to chimeric mice
having human hepatocytes containing various single nucleotide polymorphisms around the /L28B gene as favourable (rs8099917 TT) and
unfavourable (rs8099917 TG) genotypes. Data are represented as mean+SD. Chimeric mice infected with a) serum A (n=7; favourable genotype,
n=6; unfavourable genotype), (B) serum B (n=2, each genotype), and (C) serum C (n=2, each genotype). All serum samples were obtained from

HCV-1b patients.
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Figure 5 Intrahepatic interferon
(IFN)-stimulated gene (ISG) expression
levels in the pegylated interferon o
(peg-IFN-o)-treated chimeric mice
having human hepatocytes containing
homozygous favourable allele
(rs8099917 TT; MA) and heterozygous
unfavourable allele (rs8099917 TG; HE)
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Taking into account both the above results in acute HCV
infection and our results conducted on chimeric mice that have
the characteristic of immunodeficiency, it is suggested that the
response to peg-IFN-o associated with the variation in IL28B
alleles in chronic hepatitis C patients would be composed of the
intact immune system.
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Abstract

Background Patients with resolved hepatitis B virus
(HBV) infection undergoing chemotherapy or immuno-
suppressive therapy are potentially at risk of HBV reacti-
vation. However, it remains unclear how liver disease
develops after HBV reactivation. To compare the host
immune response against HBV, we performed immuno-
logical analyses of six HBV reactivation patients.
Methods The numbers of peripheral HBV-specific CD8"
T cells were investigated longitudinally in six HLA-A2-
and/or A24-positive patients with HBV reactivation. In
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addition, 34 patients with resolved HBV, 17 patients with
inactive chronic hepatitis B (ICHB), 17 patients with
chronic hepatitis B (CHB) and 12 healthy controls were
analyzed. The number and function of HBV-specific CD8"
T cells were assessed by flow cytometry using tetramer
staining and intracellular IFN-y production. Furthermore,
the numbers of CD41CD25" or CD4 Foxp3™ T cells and
serum inflammatory cytokine levels were analyzed.
Results The frequency of HBV-specific CD8" T cells
was significantly increased in HBV reactivation patients
compared with ICHB and CHB patients. In addition, the
number of HBV-specific CD8" T cells was increased in
resolved HBV patients compared with ICHB patients.
PD-1 expression was decreased in HBV reactivation
patients compared with ICHB and CHB patients. The
numbers of HBV-specific CD8* T cells and CD4*CD25*
or CD4"Foxp3™ T cells were negatively correlated fol-
lowing onset of HBV reactivation.

Conclusions During HBV reactivation, the frequency of
HBV-specific CD8" T cells increased even though the
administration of immunosuppressive drugs and interac-
tions with CD4" regulatory T cells may be important for
the onset of liver disease.

Keywords Hepatitis B virus reactivation - Cytotoxic T
lymphocyte - Regulatory T cell - PD-1
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Introduction

More than 300 million people worldwide suffer from per-
sistent hepatitis B virus (HBV) infection, making the virus
a common cause of morbidity and mortality [1, 2]. Each
year, an estimated one million people die of complications
associated with chronic HBV infection, including cirrhosis,
end-stage liver disease and hepatocellular carcinoma [3, 4].
Viral reactivation in hepatitis B surface antigen (HBsAg)
carriers undergoing immunosuppressive therapy is well
documented, as some immunosuppressive therapies can
enhance HBV replication in hepatocytes at the same time
as they curb host immune responses, resulting in detectable
viremia followed by clinical hepatitis [1]. In general,
although the development of surface and core antibodies
and loss of surface antigen following HBV infection are
thought to represent clearance of the virus, evidence exists
to support the possibility that the virus may remain latent
within the liver [5, 6]. The course and outcome of HBV
infection are modulated by the host immune response [7,
8], and the loss of immune surveillance can cause reacti-
vation of viral replication and exacerbation of disease
activity. HBV reactivation is a well-characterized syn-
drome marked by the abrupt reappearance or elevation of
HBV DNA in the serum of a patient with previously
inactive or resolved HBV infection [1, 9]. Although the
mechanisms of reactivation and associated liver damage
remain unclear, they may include a rebound increase in the
lymphocyte number following cessation of immunosup-
pressive and myelosuppressive chemotherapy, leading to a
rapid destruction of infected hepatocytes with subsequent
severe hepatitis. As one of the viral factors, it has been
reported that the fulminant outcome of HBV reactivation
can be associated with genotype Bj, which exhibits high
replication owing to the A1896 mutation [10]. Therefore,
although there are increasing reports regarding viral factors
for the mechanism of HBV reactivation, it is still premature
to conclude how the host immune response affects the liver
injury and viral load.

It has been demonstrated that chronic persistent HBV
infection is manifested by cytotoxic T lymphocytes (CTLs)
that are functionally impaired or exhausted [7]. Recent
reports have indicated that PD-1 is markedly upregulated
on the surface of exhausted virus-specific CD8* T cells in
mice with lymphocytic choriomeningitis virus infection
[11] and humans with human immunodeficiency virus
(HIV) infection [12, 13] or hepatitis C virus (HCV)
infection [14]. Based on these observations, we evaluated
the hypothesis that HBV-specific CD8" T cells can restore
their function during HBV reactivation, by analyzing PD-1
expression on HBV-specific CD8"% T cells. In a previous
report, we demonstrated that fulminant hepatitis in HBV
patients was responsible for high amounts of interferon

(IFN)-y production by CD8" T cells from peripheral blood
mononuclear cells (PBMCs) [15]. Thus, HBV-specific
CDS8™ T cells may be responsible for the liver disease at the
onset of HBV reactivation, although a causal relationship
among these events has not been defined.

In this study, we found that the frequency of HBV-
specific CD8" T cells was increased and the interactions
between these CD8" T cells and CD4™" regulatory T cells
(Tregs) showed a negative correlation at the onset of HBV
reactivation.

Patients and methods
Patients

Six patients with HBV reactivation from resolved HBV
infection before chemotherapy or immunosuppressive
therapy, 34 patients with resolved HBV, 17 patients with
inactive chronic hepatitis B (ICHB), 17 patients with
chronic hepatitis B (CHB) and 12 healthy controls gave
informed consent to participate in the study. The study was
performed at Tokyo Metropolitan Komagome Hospital
after receiving institutional review board approval
(approved ID number: 714). We defined resolved HBV
infection as serum HBsAg (-), anti-HBcAb (+) and/or
anti-HBsAb (+), ICHB as serum HBsAg (+), HBV DNA
(+) and normal serum alanine aminotransferase (SALT;
5-40 TU/mL), and CHB as serum HBsAg (+), HBV DNA
(+) and continuous serum ALT elevation (>2 X normal
level). The study protocol and procedures were conducted
in accordance with the ethical guidelines of the Declaration
of Helsinki. The patient characteristics are summarized in
Table 1. The healthy controls comprised six males and six
females, who ranged in age from 32 to 63 years. There
were no significant differences in age between the HBV
reactivation patients and the other groups. The patients
were human leukocyte antigen (HLA)-A2- or A24-positive
and negative for HCV and HIV-1/2.

Sample preparation

PBMCs were isolated from whole blood using Lympho-
prcpTM (Axis-Shield, Oslo, Norway). The isolated cells
were washed twice in phosphate-buffered saline (Gibco,
Auckland, NZ) and used immediately. The cells were
cultured in RPMI 1640 medium supplemented with 10 %
heat-inactivated fetal calf serum, 100 U/mL penicillin,
100 mg/mL  streptomycin, 50 pg/ml. gentamicin and
2 mM r-glutamine (all from Invitrogen, Carlsbad, CA) at
37 °C in a humidified 5 % CO, incubator, as previously
described [15]. Plasma preparation tubes (BD Biosciences,
San Jose, CA) were used to isolate plasma from whole
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Table 1 Characteristics of the respective patient groups

Number Sex (M/F) Age ALT (U/L) HBV DNA (log/mL)
Healthy volunteer 12 6/6 57+ 11 25+ 11 -
Resolved HBV 34 18/16 59 + 15 334+£20 -
ICHB 17 8/9 55+ 14 33+ 14 39+ 1.8
CHB 17 8/9 53 + 11 75 + 19 55+19
Reactivation 6 3/3 66 + 12 82 + 66 58 £33

Results are shown as mean £ SD

ALT alanine transaminase, /CHB inactive chronic hepatitis B, CHB chronic hepatitis B, HBV hepatitis B virus, M male, F female

blood. The plasma samples were frozen and subsequently
thawed for viral load and genotype testing.

Synthetic peptides

Three HBV peptides; HLA-A*0201 core 18-27
(FLPSDFFPSV), envelope 183-191 (FLLTRILTI), poly-
merase 575-583 (FLLSLGIHL), HLA-A*2402 core
117-125  (EYLVSFGVW),  polymerase  756-764
(KYTSFPWLL) and were synthesized by Sigma Aldrich
(Hokkaido, Japan).

Major histocompatibility complex (MHC) class I
tetramer staining

Patients expressing HLLA-A2 or A24 were assessed for
antigen-specific responses to HBV by tetramer staining.
For the staining, phycoerythrin (PE)-conjugated HLA-
A*0201-restricted HBV core (FLPSDFFPSV) and HLA-
A*2402 HBV core (EYLVSFGVW) HBV polymerase
(KYTSFPWLL) were purchased from MBL (Nagoya,
Japan).

FACS analysis

HLA typing was performed by staining PBMCs with
fluorescein isothiocyanate (FITC)-conjugated anti-HLA-
A2 and PE-conjugated anti-HLA-A24 antibodies (MBL)
according to the manufacturer’s instructions. PBMCs were
surface-stained on ice for 20 min with the following
monoclonal antibodies: FITC-conjugated anti-human
CD62L, anti-PD-1 and anti-CD25 (BD Biosciences);
PE-conjugated anti-human Foxp3 (eBioscience, San Diego,
CA); and PE-Cy5-conjugated anti-human CD4 and anti-
human CD8 (BD Biosciences). For intracellular staining,
isolated PBMCs were incubated with peptides (10 pl/mL)
in the presence of human recombinant IL-2 (50 U/mL) and
1 pl/mL of BD GolgiPlug protein transport inhibitor (BD
Bioscience) for 4 h. After incubation (37 °C, 5 % CO,),
cells from each well were stained with PE-CyS5-conjugated
anti-human CD8 (BD Biosciences). Prior to staining with
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intracellular antibodies against PE-conjugated anti-human
IFN-y, cells were fixed and permeabilized by adding
Cytofix-Cytoperm (BD Pharmingen). Cells were acquired
by FACS scan (BD Biosciences), and the data was ana-
lyzed using FlowJo software (Tree Star, Ashland, OR).

Cytokine and chemokine profiles

Bio-Plex Cytokine Assay Kits (Bio-Rad Laboratories,
Hercules, CA) were used to measure the amounts of
cytokines and chemokines in sera in accordance with the
manufacturer’s instructions. Specifically, we used the Bio-
Plex Human Cytokine 17-Plex Panel. The resulting sam-
ples were analyzed in a 96-well plate reader using a Bio-
Plex Suspension Array System and Bio-Plex Manager
software (all from Bio-Rad Laboratories).

Serum HBV assay

The serum HBV DNA concentrations were quantified
using the COBAS AmpliPrep/COBAS TagMan HBV Test
(Roche Diagnostics, Basel, Switzerland). The four major
HBYV genotypes (A-D) were determined by enzyme-linked
immunosorbent assay with monoclonal antibodies directed
against distinct epitopes on the preS2-region products using
commercial kits (HBV GENOTYPE EIA; Institute of
Immunology Co. Ltd.,, Tokyo, Japan). HBV DNA
sequences bearing the core promoter and precore or core
regions were amplified by PCR with hemi-nested primers.
The PCR products were directly sequenced by the
di-deoxy-chain termination method using a Big Dye
Terminator Kit and an ABI PRISM 3100-Avant Analyzer
(both from Applied Biosystems, Foster City, CA).

Statistical analysis

Data are shown as mean + SD. The data were analyzed by
the nonparametric Mann—Whitney or Kruskal-Wallis tests
or ANOVA using Prism 5 for Macintosh software
(GraphPad, San Diego, CA). Values of P < 0.05 were
considered to indicate statistical significance.
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Table 2 Characteristics of HBV reactivation patients

Patient Sex Disease HBsAg HBsAD HBcAb Chemotherpy/ HBV HBVcore/precore
Immunosuppressant genotype mutation
#1 Female ALL, BMT - + + PSL, FK C -
#2 Male AML, BMT — + + PSL, CsA C -
#3 Male Eso.ca - + + 5FU + CDDP C -
#4 Male B cell lymphoma - + + R-CHOP B —
#5 Male B cell lymphoma - -+ + CHOP B —
#6 Female T-LBL, BMT — + + Anthracycline + AraC B —

ALL acute lymphoblastic leukemia, BMT bone marrow transplantation, PSL prednisolone, FK tacrolimus, CsA ciclosporin A, CDDP cisplatin,
SFU S5-fluorouracil, R-CHOP rituximab, cyclophosphamide, doxorubicin hydrochloride (hydroxydaunorubicin), vincristine (oncovin), and

prednisone, AraC cytarabine

Results
HBV reactivation patient profiles

We identified six patients with HBV reactivation (Table 2).
Patients with malignant lymphoma and bone marrow
transplantation for leukemia were observed, and treatment
with rituximab, which is a well-known inducer of HBV
reactivation, was encountered in the case of one patient
(patient #4). There was no sex difference regarding the
incidence of HBV reactivation. All patients were negative
for HBsAg and positive for anti-HBc and anti-HBs anti-
bodies as HBV-related markers. In addition, three patients
were HBV genotype C and one patient was genotype B. No
core and precore promoter mutations were detected in the
patients. All patients received entecavir (0.5 mg/day) when
serum HBV DNA was initially detected or sALT elevation
was observed.

Serum inflammatory cytokine and chemokine levels

To determine whether the serum cytokine and chemokine
levels correlated with the development of HBV reactiva-
tion, we examined the concentrations of various cytokines
and chemokines. We measured serum cytokine/chemokine
levels at the time of diagnosis of HBV reactivation. In the
groups, serum was isolated prior to chemotherapy or anti-
viral therapy.

The data for the serum cytokine and chemokine levels
are shown in Fig. 1. Serum IL-1f was significantly higher
in resolved HBV patients (median, 0.32 pg/mL; range
0.10-0.75 pg/mL) than in healthy controls (median,
0.17 pg/mL; range 0.04-0.43 pg/mL) or ICHB patients
(median, 0.17 pg/mL; range 0.09-0.24 pg/mL). Serum
IL-7 was elevated in resolved HBV patients (median,
6.4 pg/mL; range 0.54-28.12 pg/mL) compared with ICHB
patients (median, 3.2 pg/ml; range 0.54-12.6 pg/mL) or
CHB patients (median, 3.13 pg/mL; range 0.29-5.16 pg/mL).

There were no significant differences in serum IL-6 among
resolved HBV, ICHB, CHB and HBV reactivation patients.
Serum IL-8 and MCP-1 were significantly increased in
resolved HBV patients (IL-8: median, 12.5 pg/mL; range
5.15-34.2 pg/mL; MCP-1: median, 75.2 pg/mL; range
0.7-300.23 pg/mL) compared with healthy controls (IL-8:
median, 5.24 pg/mL; range not detected—17.46 pg/mL;
MCP-1: median, 23.3 pg/mL; range not detected—
48.51 pg/mL) and CHB patients (IL-8: median, 7.25 pg/mL;
range 1.13-23.84 pg/mlL; MCP-1: median, 21.8 pg/mL;
range 3.49-58.66 pg/mL). Although circulating IFN-y was
detected at very low levels in all samples, ICHB patients
exhibited significant suppression of serum IFN-y. Regard-
ing HBV reactivation, serum G-CSF was slightly increased
compared with healthy controls.

Comparison of HBV-specific CD8" T cell frequencies

The development of hepatitis with HBV infection is med-
iated by antigen-specific CTLs [7]. To compare the fre-
quencies and phenotypes of HBV-specific CD8™ T cells
from PBMCs, 16 HLA-A2- and 19 HLA-A24-positive
resolved HBV patients, 9 HLA-A2- and 11 HLA-A24-
positive ICHB patients, 11 HLA-A2- and 13 HLA-A24-
positive CHB patients, and four HLA-A2- and four
HLA-A24-positive HBV reactivation patients were exam-
ined using a panel of three MHC class I tetramers con-
taining frequently detected HBV epitopes (A2 core, amino
acids 18-27; A24 core, amino acids 117-125; and A24
polymerase, amino acids 756-764) (Fig. 2a). The fre-
quency of peripheral HLLA-A2 core-specific CD8" T cells
was significantly higher in HBV reactivation patients than
in ICHB and CHB patients (Fig. 2b, upper panels). Inter-
estingly, the frequencies of HLA-A2 core-specific CD8"
cells were also significantly higher in resolved HBV
patients than in ICHB patients, indicating that HBV-
specific CD8* T cells are circulating even though serum
HBV DNA was not detected. Consistent with these data,
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Fig. 1 Serum concentrations of cytokines and chemokines. Serum
cytokines and chemokines were measured at the time of diagnosis in
HBV reactivation patients and prior to chemotherapy or antiviral
therapy in the other groups. The serum concentrations were compared

the frequencies of HLA-A24 core- and polymerase-specific
CD8" T cells were significantly higher in HBV reactiva-
tion patients than in ICHB and CHB patients.

In addition, to evaluate the functional profile of HBV-
specific CD8' T cells we analyzed intracellular IFN-y
production following stimulation with five peptides.
Although we did not observe a significant difference in the
numbers of IFN-y producing cells in HBV reactivation
patients by HLA-A2 core peptide stimulation, similar
results were obtained by tetramer staining following HLA-
A24 core and polymerase stimulation (Fig. 2b). We also
observed that the number of IFN-y producing cells in HBV
reactivation patients increased by HLA-A2 envelope pep-
tide stimulation (supplementary Fig. 1). These results
demonstrated that the frequency of functional HBV-spe-
cific CD8* T cells increased in HBV reactivation patients
compared with ICHB and CHB patients.

It was demonstrated that the frequency of circulating
CD4"CD25" Tregs significantly correlated with the serum
viral load in severe CHB patients [16]. To determine
whether CD4YCD25" and CD4*Foxp3™ Tregs contribute
to liver injury during HBV reactivation, we monitored their
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among healthy controls, resolved HBV patients, ICHB patients, CHB
patients and HBV reactivation patients. *P < 0.05, significant
difference between the linked items

numbers in PBMCs. The numbers of CD4"CD25" and
CD41Foxp3* Tregs had a tendency to be low in HBV
reactivation patients compared with the other groups,
although the differences were not significant (Fig. 2b,
lower panels).

To confirm the inverse correlation between the per-
centages of HBV-specific CD8" T cells and the percent-
ages of CD4*Foxp3™ T cells, we assessed these cells in all
patients. As shown in Fig. 2¢, a significant inverse corre-
lation was not detected in all patients (white circles),
whereas an inverse correlation was noted in HBV reacti-
vation patients (black dots).

PD-1 and CD62L expression on HBV-specific and total
CD8™ T cells

The function of antigen-specific CD8" T cells is impaired,
termed “exhaustion,” during persistent chronic infection
diseases like HBV [17], and exhausted antigen-specific
CD8™* T cells express high levels of PD-1 and low levels of
CD62L [18]. Based on these findings, we evaluated the
expression of PD-1 and CD62L on total CD8" T cells and
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< Fig. 2 a FACS analysis using tetramer staining. To detect HBV

specific CTLs in the PBMCs, we isolated PBMCs from 4 groups. The
samples were stained with PE-conjugated anti-human HLA-A24
HBV core antibody and a PE-Cy5-conjugated anti-human CDS8
antibody. b Frequencies of HBV-specific CD8' T cells and CD4*
Tregs. The numbers of HBV-specific CD8" T cells and Tregs were
analyzed by FACS at the time of diagnosis in HBV reactivation
patients and prior to chemotherapy or antiviral therapy in the other
groups. The upper panels show the percentages of HBV-specific
CD8" T cells, among which the left panel shows the A2 core, the
center panel shows the A24 core and the right panel shows A24 poly-
specific CDS™' T cells. The middle panels shows the percentage of
IFN-y producing CD8"% T cells stimulated by peptides for A2 core,
A24 core, and A24 poly, respectively. The lower panels show the
percentages of Tregs, of which the left panel shows CD4¥CD25"
Tregs and the right panel shows CD4*Foxp3™ Tregs. *P < 0.05,
significant difference between the linked items. ¢ Relationships
between the frequencies of HBV-specific CD8" T cells and Tregs.
The scatter diagrams show HBV reactivation patients (white circle)
and other patients (black dot), respectively. The left panel shows the
negative correlation between CD41Foxp3' Tregs and A2 core-
specific CD8% T cells. The center panel shows the negative
correlation between CD4"Foxp3* Tregs and A24 core-specific
CD8" T cells. The right panel shows the negative relationship
between CD4 1 Foxp3™ Tregs and A24 poly-specific CD8' T cells

HBV-specific CD8" T cells to determine whether the
CD8" T cell function in HBV reactivation patients was
different from that in the other groups. Although PD-1
expression was higher on circulating HBV-specific CD8*
T cells in ICHB and CHB patients, it was significantly
lower on HBV-specific CD8" cells in HBV reactivation

PO-HCDES PD-1/A2core

CDe2L/CoB Cosz2i/AZcore
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Fig. 3 PD-1 and CD62L expression in HBV-specific and total CD8*
T cells. The PD-1 and CD62L expression levels in HBV-specific and
total CD8™ T cells were analyzed by FACS at the time of diagnosis in
HBYV reactivation patients and prior to chemotherapy or antiviral
therapy in the other groups. The left panel shows the percentages of
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patients (Fig. 3). Curiously, PD-1 expression on HBV-
specific CD8' T cells was low in resolved HBV patients
compared with ICHB and CHB patients, indicating that
HBV-specific CD8* T cells in resolved HBV patients may
function in a similar manner to those in HBV reactivation
patients.

It was also demonstrated that primary CD62L high
expressing CD8" T cells were better at clearing LCMV
infection compared with primary CD62L low expressing
cells. In addition, CD62L high memory cells underwent
robust expansion, and were efficient in preventing chronic
LCMV infection [18]. Thus, to address the memory phe-
notype of cells we examined the expression of CD62L on
HBV-specific CD8* T cells. However, we did not detect
any significant differences in the expression of CD62L on
CD8™ T cells among the groups although CD62 expression
in HBV reactivation patients had a tendency to be lower.

Longitudinal analysis of the frequencies
of HBV-specific CD8* T cells and CD4™ Tregs

To evaluate changes in the frequency of HBV-specific
CD8" T cells during HBV reactivation, we monitored
SALT levels, serum HBV DNA levels, percentages of
HBV-specific CD8" T cells and numbers of CD4TCD25%
and CD4"Foxp3™ cells in the six HBV reactivation
patients. As shown in Fig. 4, when serum HBV DNA was
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PD-1 or CD62L-positive cells in CD8 T+ cells. The three right panels
show PD-1 or CD62L-positive cells in HBV-specific CD8™ T cells,
respectively. *P < 0.05, significant difference between the linked
items
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Fig. 4 Longitudinal analysis of the frequencies of HBV-specific
CD8™ T cells and Tregs. The upper panels show the kinetics of ALT
(IU/L) (white circle) and HBV DNA (log;o copies/ml) (black
diamond), the middle panels show the frequencies of HBV-specific

detected in resolved HBV patients, administration of ent-
ecavir was quickly started for all patients to prevent severe
hepatitis. HBV-specific CD8" T cells were detected and
reached their peak frequency levels at the onset of HBV
reactivation in patients #1 to #6. Interestingly, a high per-
centage of HBV-specific CD8" T cells was observed in
patient #4 compared with other patients and, consistent
with this finding, the SALT level was markedly elevated to
about 1200 IU/1, indicating that the number of HBV-spe-
cific CD8" T cells reflected the grade of liver damage, as
previously reported [19]. Furthermore, when the numbers
of HBV-specific CD8™" T cells were maximal, the numbers
of CD41CD25% and CD4*Foxp3™ T cells were minimal,
indicating a negative correlation. Moreover, HBV-specific
CD8* T cells decreased as the sALT level decreased,
whereas CD47CD25" and CD4* Foxp3™ T cells showed
tendencies to increase. However, the number of HBV-
specific CD8' T cells in patient #6 did not decrease

CD8™ T cells and the lower panels show the frequencies of Tregs,
respectively. All patients were administered entecavir immediately
following diagnosis

throughout the time course, although this patient showed
tendencies for higher numbers of CD4TCD25% and
CD4*Foxp3™ T cells at the time of HBV reactivation. In
this patient, the reduction in serum HBV DNA was slow
and the sALT levels continued to be elevated. These
findings suggest that CD4" Tregs may suppress an effec-
tive immune response against HBV.

Discussion

HBV reactivation is an almost universal event among
patients with HBsAg undergoing bone marrow transplan-
tation [20-22]. In retrospective analyses using sensitive
serological and virological markers, a high proportion of
people with anti-HBc antibodies without HBsAg in their
serum also redevelop HBV DNA and HBsAg after bone
marrow transplantation [23, 24]. In addition, the prolonged
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impairment of immune-mediated control of intrahepatic
HBV after extensive immunosuppression leads to reacti-
vation of potential occult infection with HBsAg sero-
reversion [2]. Thus, although the risk of HBV reactivation
during immunosuppression is well known, the mechanism
for the induction of HBV reactivation is unclear.

In this study, we demonstrated that six patients with
HBV reactivation showed increased numbers of HBV-
specific CD8" T cells, similar to the case for self-limited
acute hepatitis B, and that these T cells induced liver
damage despite immunosuppression following treatment
with an immunosuppressant and anti-cancer drug.

These findings are consistent with a previous report of a
strong multifaceted CTL response in patients with acute
hepatitis [7]. It is interesting to evaluate the function of
antigen-specific CD8* T cells, including their proliferation
and cytokine production, during immunosuppressive drug
treatment, because a previous study showed that FK506 did
not prevent the generation and proliferation of LCMV-
specific T cells, but instead altered their differentiation so
that these effector T cells lost their ability to control the
virus [25]. Although we analyzed the role of CD8™ T cells
under the immunosuppressive status, it seems to be
important to analyze macrophages, which produce TNF-o
and IL-6 [25].

We found that the ratio of HBV-specific CD8" T cells
was higher in resolved HBV patients than in ICHB and
CHB patients, indicating that high viral loads suppress the
frequency of these cells [26]. Furthermore, we showed that
PD-1 expression on HBV-specific CD8* T cells was low in
resolved HBV patients compared with ICHB and CHB
patients, demonstrating that these cells can restore their
function. These findings suggested that resolved HBV
patients have numerous and functionally recovered HBV-
specific CD8* T cells, and therefore, they may easily
develop severe hepatitis once HBV reactivation is induced.
This hypothesis was confirmed by a report that acute
hepatitis in resolved HBV patients has a higher mortality
rate than acute hepatitis in HBV-positive patients [23].

In addition, we found that the frequencies of HBV-
specific CD8" T cells and CD4"Foxp3' Tregs were
reversible at the onset of HBV reactivation. These obser-
vations may imply that the reduction of CD4*Foxp3™
Tregs triggered the induction of antigen-specific CTLs.
Although the effects of CD4 Foxp3™ Tregs are generally
nonspecific or occur in a bystander manner, preferential
inhibition of the antigen-specific T cell response has been
observed in some cases, including human HBV infection
[27]. In support of our results, Xu et al. [16] demonstrated
that depletion of CD4TCD25% Tregs led to an increase in
HBV antigen-stimulated IFN-y production and cellular
proliferation of PBMCs in HBV-infected patients, and
that coculture of CD4*CD25" Tregs with effector cells
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significantly suppressed HBsAg-stimulated IFN-y produc-
tion and cellular proliferation. At the time of HBV reacti-
vation in patient #6, when the number of CD4 Foxp3™
Tregs was increased, the reduction in serum HBV DNA
was poor and liver damage was continuous. These findings
suggest that a reduction in the number of CD4*Foxp3*
Tregs may induce an effective immune response.

We also observed that serum IL-7, IL-8 and MCP-1
were significantly higher in resolved HBV patients than in
ICHB and CHB patients. However, the group of resolved
HBV patients was quite miscellaneous and it remains
unknown whether the differences among such cytokines
and chemokines are responsible for HBV.

It has been demonstrated that IL-7 is required for T cell
development and for maintaining and restoring the
homeostasis of mature T cells. Administration of recom-
binant human IL-7 to patients resulted in widespread T cell
proliferation, increased T cell numbers, modulation of
peripheral T cell subsets and increased T cell receptor
repertoire diversity [28]. Furthermore, IL-7 expression by
hepatocytes directly controls T cell immune responses to
Toll-like receptor signaling in vivo [29]. These observa-
tions suggest that IL-7 plays an important role for HBV-
specific CD8" T cell proliferation and that a low level of
IL-7 may be involved in the low frequencies of HBV-
specific CD8" T cells in ICHB and CHB patients.

As previously reported, since rituximab therapy is a high
risk factor for HBV reactivation, we examined a possible
imbalance in serum Thl/Th2 cytokine secretion in HBV
reactivation patients. As shown in supplementary Fig. 2,
we analyzed the ratio of serum Th1/Th2 cytokines as fol-
lows: IFN-y or IL-12 compared with IL-4 or IL-10. We
observed a shift towards IL-10 compared with IFN-y.
However, when we compared 11.-12 with IL-4 and IL-10,
we observed a shift towards IL.-12. Thus, we did not detect
an obvious shift towards either Th1 or Th2 cytokines in the
serum at the onset of HBV reactivation.

Finally, our study showed that HBV-specific CD8* T
cells are increased at the onset of HBV reactivation despite
an immunosuppressive status and declined following res-
olution of liver disease. In contrast, a reduced number of
CD4* Foxp3® Tregs was also observed and showed a
negative correlation with the frequency of HBV-specific
CD8* T cells. We plan to analyze additional resolved HBV
patients prospectively and to clarify the relationships
among CD4"Foxp3™* Tregs, HBV-specific CD8" T cells
and liver damage.
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