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groups (Fig. 3C). As a result, viral decline was some-
what greater after day 28 in the add-on therapy group
but the difference was not significant.

Effect of Amino Acid Substitutions of
HCYV Core 70 on Viral Response

Add-on therapy was significantly more effective in
patients with IL28B minor variation (TG + GG) com-
pared with standard therapy, therefore, we investigat-
ed the association between HCV core 70 amino acid
mutation and therapeutic outcome. In 27 patients
infected with HCV-1b, who had minor variation of
IL28B (TG + GG) and were treated with add-on ther-
apy, core 70 amino acid mutation was determined.
Sustained virological response was achieved in 10
patients and core 70 mutation (Gln) was found in 6 of
the 10 patients (60%). Within the 17 non-sustained
virological response patients, the mutation was identi-
fied in eight patients (47.1%). Accordingly, within
these patients, the core 70 amino acid substitutions
did not affect sustained virological response in the
add-on therapy.

Predictive Factors Associated With Sustained
Viroclogical Response

Among the factors listed in Table 111, predictive fac-
tors associated with sustained virological response
were examined in patients infected with HCV-1b. Uni-
variate analysis identified six parameters that corre-
lated significantly with sustained virological response;
age (P = 0.0038), fibrotic staging (P = 0.0012), y-glu-
tamyl transpeptidase (P = 0.0009), platelet count
(P = 0.0132), genetic variation of IL28B (P < 0.0001)
and add-on therapy (P < 0.0001; Table III). In multi-
variate analysis, significant contribution factors for
sustained virological response were age (<60 years;
OR 3.06, P = 0.0221), IL28B (genotype TT; OR 6.69,
P =0.0019) and staging (Fo_;; OR 5.71, P = 0.0035;
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TABLE IV. Multivariate Analysis for Predictive Factors
Associated With Sustained Virological Response

95% confidence

Factors Category intervals P
Age (years) 1. >60: 1.0

2. <60: 3.06 1.20-8.24 0.0221
IL-28B (rs8099917) 1. TG + GG: 1.0

2. TT: 6.69 2.17-24.66 0.0019
Staging 1. F2__31 1.0

2. Fp1:5.71 1.91-20.51  0.0035

Table IV). When 1L.28B was excluded from the factors
in multivariate analysis, addition of pitavastatin and
EPA (add-on therapy) was also selected as a signifi-
cant contribution factor for sustained virological re-
sponse (OR 2.13, P = 0.0395).

Subgenomic HCV Replicon System

Suppression of HCV RNA replication by pitavasta-
tin and/or EPA was examined in Huh7/Rep-Feo-1b
cells by luciferase assay. The concentrations of pita-
vastatin and EPA for the following experiments
were determined according to previous studies [Ye
et al., 2003; Leu et al., 2004; Kapadia and Chisari,
2005; Tkeda et al., 2006] and our pilot study for cyto-
toxicity and luciferase assay (data not shown).
Huh7/Rep-Feo-1b cells were incubated with or with-
out 10 pM pitavastatin and/or 20 pM EPA for 48 hr.
As a precondition, the proliferative activity and via-
bility of pitavastatin- and/or EPA-treated cells were
comparable with those of control cells (data not
shown). As a result, luciferase activity was signifi-
cantly suppressed in EPA- and/or pitavastatin-
treated cells compared with the control cells
(Fig. 4A). At these concentrations, the suppressive
effect was more marked in pitavastatin-treated than
EPA-treated cells.

TABLE III. Univariate Analysis Between Non-Sustained Virological Response and Sustained Virological Response Groups

Factors Non-SVR SVR P
Gender (M/F) 82/86 55/54 NS
Age (years) 60.5 + 10.6 55.7 + 12.0 0.0038
Past history of IFN therapy: naive/unmodified IFN/unmodified IFN + RBV 136/24/8 88/15/6 NS
HCV RNA (log IU/ml) 6.03 + 0.16 5.91 + 0.55 NS
1L-28B (rs8099917) TT/TG + GG/ND 35/44/89 12/64/33 <0.0001
ITPA (rs1127354) CC/CA + AA/ND 59/20/89 54/21/34 NS
Staging (Fo_1/Fg_3/ND) 11/59/98 31/41/37 0.0012
Treatment add-on/standard 45/123 56/53 <0.0001
ALT UMD 72.3 £ 57.7 63.9 £ 45.2 NS
GGT (IU/D 65.3 + 56.0 41.1 £ 271 0.0009
WBC (/D) 4,935 + 1,392 4,791 + 1,254 NS
Hemoglobin (g/dl) 13.8+ 1.4 13.8 + 14 . NS
Platelet (/ul) 16.7 + 5.7 19.1+ 6.6 0.0132
% of patients treated with enough total doses of Peg-IFN? 60.9 74.4 NS
% of patients treated with enough total doses of ribavirin® 71.9 80.8 NS

IFN, interferon; RBV, ribavirin; ITPA, inosine triphosphatase; ALT, alanine aminotransferase; GGT, y-glutamyl transpeptidase; WBC, white
blood cell; Peg-IFN, pegylated-interferon; ND, not determined; NS, not significant.

2Enough total dose: >80% of planned doses.
PEnough total doses: >60% of planned doses.
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Fig. 4. Treatment of pitavastatin and/or EPA in HCV replicon
cells. A: HCV replication was estimated by luciferase assay. Huh7/
Rep-Feo-1b cells were treated with pitavastatin (10 pM) and/or EPA
(20 pM) for 48 hr. *P < 0.01 versus control, 'P < 0.01 versus EPA.
B: Expression levels of RIG-I, MAVS, TRAF6, IRF3, IFN@, and
1SG15 genes in Huh7/Rep-Feo-1b cells treated with pitavastatin
(10 pM) and/or EPA (20 pM) for 48 hr. *P < 0.01 versus control and
EPA, 'P < 0.05 versus control and EPA. C: Expression levels of
HMGR, SREBP-l1¢c and LDLR genes in Huh7/Rep-Feo-1b cells
treated with pitavastatin (10 uM) and/or EPA (20 pM) for 48 hr.
*P < 0.01 versus control, P < 0.05 versus control, 'P < 0.01
versus EPA, *P < 0.01 versus pitavastatin.

In Huh7/Rep-Feo-1b cells, the expression levels of
innate-immunity-associated genes were examined af-
ter 48 hr treatment with 10 pM pitavastatin and/or
20 uM EPA. As shown in Figure 4B, retinoic acid in-
ducible gene I (RIG-I), mitochondrial antiviral signal-
ing (MAVS), TNF receptor associated factor 6
(TRAFS6), IFN regulatory factor 3 (IRF3), IFNB and
IFN-stimulated gene 15 (ISG15) showed similar trend
in expression. Accordingly, their expression was
significantly increased by pitavastatin but not by
EPA, and EPA did not show an additive effect with
pitavastatin. With the same treatments, expression of
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lipid-metabolism-associated genes was analyzed
(Fig. 4C). HMG-CoA reductase (HMGR) expression
was significantly enhanced by pitavastatin but not by
EPA. The sterol regulatory element binding protein 1c
(SREBP-1c) expression was significantly suppressed
by EPA but not by pitavastatin. Low-density lipopro-
tein receptor (LDLR) expression was significantly sup-
pressed by EPA, whereas the expression was
activated by pitavastatin, but the activation was lost
in the presence of EPA.

DISCUSSION

For ethical reasons, standard therapy could not be
selected after 2008; therefore, the present study was
unable to eliminate some methodological issues that
limit the interpretation and drawing of firm conclu-
sions. For example, the percentage of patients receiv-
ing sufficient total dose of peg-IFN was lower in the
historical standard group although the difference was
not significant and, in order to prevent dose reduction,
additional means might have been performed on the
add-on group after 2008. However, in univariate and
multivariate analyses, total dose of peg-IFN was not
detected as a significant factor for sustained virologi-
cal response. Nevertheless under these limitations,
the presented clinical and in vitro studies indicate
some sufficient trends in treatment response.

Previous studies on hepatic lipid metabolism have
shown that, in the liver of patients with HCV infec-
tion, synthesis of cholesterol and fatty acids is still ac-
tivated, regardless of overaccumulation of lipids
[Kohjima et al., 2009; Nakamuta et al., 2009, 2011;
Fujino et al., 2010]. This means that addition of pita-
vastatin and EPA to standard therapy is pathophysio-
logically reasonable for patients with chronic hepatitis
C. Sustained virological response rates in patients
infected with HCV-2 were sufficiently high and com-
parable between the standard and add-on therapy
groups (Fig. 1A). Therefore, this study was focused on
patients infected with HCV-1b with high virus load.
This investigation of sustained virological response in
patients treated with add-on or standard therapy had
two clinically important findings.

First, add-on therapy led to significantly higher sus-
tained virological response rates than did standard
therapy (Fig. 1A). Although overall sustained virologi-
cal response rate in this study was lower compared
with the results from some other institutions, it may
be because intention to treat analysis was used in this
study and the ratio of IL28B minor (TG + GG)
patients was higher in the standard and add-on
groups. When sustained virological response rates
were compared only in patients with 1L28B major or
in those with IL28B minor, the sustained virological
response rates were not lower compared with those in
other reports (data not shown). The suppressive effect
against HCV replication by statins and EPA, and
their synergistic action with IFN, has already been
demonstrated in some HCV replicon systems [Ye
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et al., 2003; Leu et al., 2004; Kapadia and Chisari,
2005; Huang et al., 2007; Ikeda and Kato, 2007]. In
our investigation using the luciferase assay in Huh7/
Rep-Feo-1b cells, a similar suppressive effect was
seen with both pitavastatin and EPA treatments
(Fig. 4A). It has been reported that the statins impede
HCV replication through inhibition of host protein
geranylgeranylation and FBL2 has been identified as
a geranylgeranylated cellular protein required for
HCV RNA replication [Wang et al., 2005; Nakamuta
et al., 2011]. PUFAs, including EPA, inhibit HCV rep-
lication, although the precise mechanism is still un-
clear but may be independent of the route regulating
lipogenesis [Leu et al., 2004; Kapadia and Chisari,
2005]. The synergistic and additive effect of EPA with
pitavastatin was not significant in our luciferase as-
say; therefore, statins and EPA may act against cog-
nate targets.

Second, the add-on therapy improved sustained vi-
rological response rates especially in patients with the
minor type variation (TG + GG) of the IL28B gene
(rs8099917), in whom sustained virological response
is expected to be poor after standard therapy
(Fig. 1B). Recent studies have revealed that SNPs
within or adjacent to IL28B region provide a strong
predictive value for the outcome of IFN-based therapy
in patients infected with HCV-1b [Ge et al., 2009;

Suppiah et al., 2009; Tanaka et al., 2009; Hayes et al.,

2011]. With add-on therapy, sustained virological re-
sponse rates were significantly higher in patients
with major type (TT) than minor type (TG + GG) var-
iations, meaning that genome variation of IL28B
(rs8099917) still governs the outcome even in add-on
therapy. However, in the patients with minor type
variation, the sustained virological response rate
(37.9%) in the add-on group was markedly higher
compared with that in the standard therapy group
(Fig. 1B). This sustained virological response rate
may be sufficiently high for clinical use of add-on
therapy in patients infected with HCV-1b with minor
type variation. From this point of view, the add-on
therapy is a clinically valuable strategy for chronic
hepatitis C. In the analysis of viral dynamics in
patients with minor type variation of IL28B, no signif-
icant difference was found in viral decline within
84 days between the standard and add-on groups
(Fig. 3C). Although there is still no evidence, in the
add-on therapy, late phase viral decline (3 months af-
ter treatment initiation) may be more important for
the achievement of sustained virological response in
patients with minor type variation.

It has been emphasized that mutation of amino
acids 70 and 91 in the core region of HCV-1b as a vi-
rus-related factor, as well as genome variation of
IL28B gene as a host-related factor, greatly influences
the outcome of IFN-based antiviral treatments.
According to recent clinical studies in patients
infected with HCV-1b, substitution of core 70 is
assessed as a more influential factor affecting the out-
come of peg-IFN plus ribavirin combination therapy,
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rather than that of core 91 [Akuta et al., 2007; Hayes
et al., 2011; El-Shamy et al., 2012]. Even in the latest
triple therapy with peg-IFN, ribavirin and a NS3/4A
protease inhibitor, telaprevir, patients infected with
HCV-1b with core 70 mutation were reported to be
severely resistant to the therapy [Akuta et al., 2010].
In our assessment of patients with minor type IL28B
variation at rs8099917 (TG + GG), mutation at core
70 was likely not to diminish the outcome of add-on
therapy, although the number of patients examined
was small (Fig. 4). Therefore, the lipid modulators,
pitavastatin and EPA, may be expected to be more ef-
fective for patients infected with HCV-1b with core 70
mutation, compared with an NS3/4A protease inhibi-
tor. However, for reliable assessment, further clinical
data are needed from patients treated with add-on
therapy.

As part of its pathogenic strategy, HCV interferes
with the innate immune response of its host; mainly
in the RIG-I/MAVS pathway [Breiman et al., 2005;
Tasaka et al., 2007; Baril et al., 2009; Jouan et al.,
2010; Lemon, 2010; Liu and Gale, 2010; Ekisioglu
et al, 2011]. RIG-I undergoes a -conformational
change upon HCV RNA binding and interacts with
MAVS, resulting in phosphorylation and nuclear
translocation of IRF3, which leads to transcriptional
activation and synthesis of IFNB. IFNB activates the
Jak~STAT (Janus kinase-signal transducer and acti-
vator of transcription) signaling pathway and acts
through the expression of ISGs. TRAF®6 is recruited to
the MAVS complex and is required for activation of
nuclear factor-«B, which forms an enhanceosome on
the IFNB promoter in coordination with IRF3. In
HCV-infected cells, NS3/4A protease cleaves MAVS,
and the RIG-I/MAVS pathway is impeded. In the
present study, the HCV replicon system was used to
examine how pitavastatin and EPA influence the
RIG-I/MAVS pathway, which plays an important role
in the innate antiviral host response to HCV infection.
The expression profile of innate-immunity-associated
genes in pitavastatin- and/or EPA-treated Huh7/Rep-
Feo-1b cells showed that only pitavastatin activated
expression of the tested genes, RIG-I, MAVS, IRF3,
TRAF6, IFNB, and ISG15, similarly (Fig. 4B). EPA
treatment did not increase expression levels of these
genes. It is unclear whether the activation of these
innate-immunity-associated factors directly contrib-
utes to elimination of HCV or whether inhibition of
HCV replication by pitavastatin treatment directly
leads to the activation of innate immunity through
lowering NS3/4A protease expression.

Cholesterol, fatty acids, and lipid rafts have been
demonstrated to be critical for efficient replication, in-
fection and secretion of HCV [Simons and Ehehalt,
2002; Kushner et al., 2003]. For example, HCV repli-
cation was suppressed by inhibition of the liver X re-
ceptor o—SREBP-1c¢ pathway [Kapadia and Chisari,
2005]. Therefore, negative modulation of lipid synthe-
sis may be an antiviral step of statins and EPA. In
pitavastatin treatment of HCV replicon cells, HMGR
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and LDLR expression was enhanced in response to in-
hibition of cholesterol synthesis, whereas EPA de-
creased the expression of SREBP-1c and LDLR, by
which fatty acid synthesis and cholesterol uptake
might be lowered (Fig. 4C). Of note, although pitavas-
tatin alone enhanced the expression of LDLR, the
enhancement was abolished by addition of EPA
(Fig. 4C). This effect of EPA indicates the clinical sig-
nificance of the add-on therapy because LDLR is
known to be an important cellular factor that is re-
quired for cell entry/infection of HCV. EPA addition is
expected to accelerate the antiviral effect of peg-IFN,
ribavirin and pitavastatin through repression of HCV
entry/infection as well as HCV replication. It has re-
cently been reported that HCV particles are enriched
in cholesterol and virion cholesterol is involved in
HCV cell entry, depending on Niemann-Pick C1-like 1
(NPC1L1), which is an HCV cell entry factor as well
as a cellular cholesterol uptake receptor [Yamamoto
et al., 2011; Sainz et al., 2012]. The NPC1L1 may be
amenable to therapeutic intervention.

The analysis of viral dynamics during add-on thera-
py indicated that early phase viral decline within the
first 2 weeks influenced the achievement of sustained
virological response in patients with major type varia-
tion (TT) but not in those with minor type variation
(TG + GG; Fig. 3A,B). It cannot be explained clearly
why high sustained virological response rates were
obtained in patients infected with HCV-1b with minor
type variation, regardless of poorer viral decline with
add-on therapy. Although there is still no evidence, in
patients with minor type variation, statins and EPA
may show their effect in a later phase, and the EPA
effect of impeding HCV entry/infection through sup-
pression of LDLR expression may contribute partly to
the achievement of sustained virological response.

In univariate analysis, addition of pitavastatin and
EPA, as well as genotype TT of IL28B at rs8099917,
was positively associated with sustained virological
response in peg-IFN plus ribavirin combination thera-
py (Table III). However, this association disappeared
in a multivariate analysis, and IL28B variation
remained as an independent factor. One of the major
reasons may be that, compared with the addition of
pitavastatin and EPA, TT variation of IL28B in the
profile of individuals has overwhelming weight for
governing the effect of peg-IFN plus ribavirin combi-
nation therapy. In our study, SNP variation of ITPA
(rs1127354) did not influence treatment outcome but
the planned dose of ribavirin was maintained well in
patients with minor type variation (non-CC), as
reported in previous studies (Fig. 2).

In conclusion, the lipid modulators, pitavastatin
and EPA, could enhance the efficacy of peg-IFN plus
ribavirin combination therapy through their synergis-
tic antiviral effect, particularly in patients infected
with HCV-1b with an intractable IL-28B allele. Al-
though the research is still in the preliminary stages,
there is a possibility that addition of pitavastatin and
EPA may be effective for HCV-1b with core 70
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mutation, and may increase sustained virological re-
sponse rates in patients treated with triple therapy of
peg-IFN, ribavirin, and telaprevir.
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ABSTRACT

Objective Recent studies have demonstrated that
genetic polymorphisms near the /L288 gene are
associated with the clinical outcome of pegylated
interferon o {peg-IFN-a:) 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-a 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 /L2868 gene. HCV
infecting chimeric mice were subcutaneously
administered with peg-IFN-a. for 2 weeks.

Results There were significant differences in the
reduction of HCV-RNA levels after peg-IFN-c: plus ribavirin
therapy based on the /L28B 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 ISG 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 /288 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
hepatitis C virus (HCV)-infected patients were
present worldwide, with 3-4 million new cases
appearing per year."

The standard therapy for hepatitis C still consists
of pegylated interferon-o. (peg-IFN-o), administered
once weekly, plus daily oral ribavirin for 24-48 weeks

-82-

in countries where protease inhibitors are not avail-
able.? This combination therapy is quite successful
in patients with HCV genotype 2 or 3 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
aSVR?*
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Table 1 Characteristics of 54 patients infected HCV genotype 1

1L28B SNP rs8099917

TT (n=34) TG (n=19) + GG (n=1) p Value
Age {years) 55.6+10.1 54.7+11.3 0.746
Gender {male %) 70 50 0.199
Body mass index {kg/m?) 24.6+3.1 24.7+3.3 0.870
Viral load at therapy (log [U/ml)  6.0+0.7 5.8+0.8 0.357
SVR rate (%) 50 1 . 0.012
Serum ALT level {(iU/1) 100.3+80.8 79.3+45.0 0.226
Platelet count (X 10%/ul) 17.1+9.0 16.5+5.8 0.771
Fibrosis (F3+4 %) 42 40 0.877

HCV, hepatitis C virus; SNP single nucleotide polymorphism; SVR, sustained virological
response.

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 (/L28B)
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 associated with spontaneous HCV clearance.!'™2

Interestingly, a recent report showed the effect of genetic
polymorphisms near the [L28B gene on the dynamics of HCV
during peg-IFN-o plus ribavirin therapy in Caucasian, African
American and Hispanic individuals;"® HCV-infected patients
with the [L28B homozygous favourable allele had a more rapid
decline of HCV in the first phase, which is associated with the
inhibition of viral replication as well as the second phase asso-
ciated 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 plasminogen 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 IEN 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 [L28B alleles of
human hepatocytes in chimeric mice and the response to
peg-IEN-a 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-o2a (180 pg) or 2b (1.5 pg/kg) subcutaneously
every week and were administered a weight-adjusted dose of
ribavirin (600 mg for <60kg, 800mg for 60-80kg, 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 1U/ml (Abbott Molecular Inc., Des Plains, Illinois, USA).
Genetic polymorphism in the [L28B 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 [L28B 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).2! ?2 Each mouse was
intravenously infected with serum sample containing 10° copies
of HCV genotype 1b. Administration of peg-IFN-a2a (Pegasys;
Chugai Pharmaceutical Co., Ltd., Tokyo, Japan) at the dose for-
mulation (30 pg/kg) was consecutively applied to each mouse
ondays 0, 3, 7 and 10 (table 3).

HCV-BNA 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
quantitative limit of detection of 10 copies/assay, as previously
reported.?!

Quantification of IFN-stimulated gene-expression levels

For analysis of endogenous ISG levels, total RNA was isolated
from the liver using the RNeasy RNA extraction kit (Qiagen,
Valencia, California, USA) and complementary DNA synthesis

Table 2 Four lines of uPA/SCID mice from four different lots of human hepatocytes (donor) containing various SNP around the /L28B gene

uPA/SCID mice Donor Race Age Gender rs8103142 rs12979860 rs8099917
PXB mice A African American 5 Years Male cc T TG

B Caucasian 10 Years Female cC 1Ll TG

c Hispanic 2 Years Female T cc 1T

D Caucasian 2 Years Male I cc T

PXB mice; urokinase-type plasminogen activator/severe combined immunodeficiency (uPA/SCID) mice repopulated with approximately 80% human hepatocytes.

SCID, severe combined immunodeficient; SNP single nucleotide polymorphism.

Gut 2012;0:1-7. doi:10.1136/gutjnl-2012-302553

-83-



Downloaded from gut.bmi.com on February 5, 2013 - Published by group. bimj.com

Table 3 Dosage and time schedule of peglFN-o.2a* treatment for HCV genotype 1b infected chimeric mice

Dose

Donor hepatocytest No of chimeric mice Inoculum Test compound Level (ng/kg) Concentrtion (ug/ml) Volume (mi/kg) Frequency

A 3 Serum A Peg-IFN-0.2a 30 3 10 Day 0, 3,7, 10
B 4 Serum A Peg-IFN-0.2a 30 3 10 Day0,3,7,10
C 3 Serum A Peg-IFN-ai2a 30 3 10 Day 0, 3,7, 10
D 3 Serum A Peg-IFN-o2a 30 3 10 Day 0, 3,7, 10
A 2 Serum B Peg-IFN-a2a 30 3 10 Day 0, 3,7, 10
C 2 Serum B Peg-IFN-o.2a 30 3 10 Day 0, 3,7, 10
A 2 Serum C Peg-IFN-0.2a 30 3 10 Day0,3,7,10
C 2 Serum C Peg-IFN-o.2a 30 3 10 Day0, 3,7, 10

*Pegasys; Chugai Pharmaceutical Co., Ltd., Tokyo, Japan.
tThe /L28B genetic variation of the donor hepatocytes was indicated in table 2.
HCV, hepatitis C virus; peg-IFN-o, pegylated interferon c.

was performed using 2.0 ug 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, glyceralde é/de 3-phosphate
dehydrogenase. The delta Ct method (2~ el €9 was used for
quantitation of relative mRNA levels and fold induction.?® 4

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

158099917
TGHGG (o = 20)
e TT (1 5 34)

~0.91

P<0.001

£0.001

Reduction in HCV-RNA Jevel (log TU/ml)

Time (days)

Figure 1 Rapid reduction of median hepatitis C virus (HCV)-RNA
levels {log IU/ml) at 1, 7 and 14 days between /L28B single nucleotide
polymorphisms rs8099917 genotype TT (n=234) and TG/GG (n=20) in
HCV genotype 1-infected patients treated with peg-IFN-a. plus ribavirin.

Gut 2012;0:1-7. doi:10.1136/gutjnl-2012-302553

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
50%), age (565.6=10.1 vs 54.7x11.3 years), serum alanine amino-
transferase level (100.3%80.8 vs 79.3=45.0 IU/L), platelet count
(17.129.0 vs 16.5%5.8x10%/ul) and fibrosis stages (F3/4%, 42%
vs 40%) between HCV patients with the favourable (rs8099917
TT) and unfavourable (rs8099917 TG/GG) IL28B genotypes
(table 1).

Changes in serum HCV-RNA levels in patients treated

by peg-IFN-o. 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 poly-
morphism near the IL28B gene. The immediate antiviral
response (viral drop 24 h after the first IFN injection) was sig-
nificantly 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 subsequent change in the serum
HCV-RNA reduction after peg-IEN-a plus ribavirin therapy in
patients infected with HCV genotype 1. Similarly, during
peg-IEN-a. plus ribavirin therapy, a statistically significant dif-
ference 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;

158099917
e TGHGG (0 =20)
s TT (15 34)

-2.86

P<0.001

Reduction in HCY-RNA level (log IU/ml)
w

Time (weeks)

Figure 2 Weekly reduction of median hepatitis C virus (HCV)-RNA
levels {log IU/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.
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Figure 3 (A) The first-phase viral a) P=<0.001 b) P<0.001
decline slope per day (Ph1/day) and : * !
{B) second-phase viral decline slope 25 8
per week (Ph2/week) in hepatitis C £ 225 g
virus (HCV) genotype 1-infected 2 2 =y
patients treated with pegylated £8 ! 172 . £ ¥ a2
interferon o plus ribavirin. The lines £T 2 23
across the boxes indicate the median L] 5 1 % ;” 08
values. The hash marks above and €% 78 &5 06
below the boxes indicate the 90th and g oo 2 ot
10th percentiles for each group, £ 87 -
respectively. ol _— .
TT (n=34) TGHGG (n = 29) TT (n=34) TGHGG (n=20)
rs8099917 rs8099917

-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 (Phl/day 0.94
+0.83 vs 0.38x0.40 log 1U/ml, p<0.001; Ph2/week 0.08+0.06
vs 0.04%0.03 log 1U/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 [L28B alleles of
human hepatocytes and the response to peg-IFN-a, we pre-
pared four lines of uPA/SCID mice and four different lots of
human hepatocytes containing various rs8099917, rs8103142

—
'

P=0.999

and 1512979860 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
administered with four times injections of the bolus dose of
peg-IFN-a2a 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-a
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

Serum A

oy 0y -2+ Favorable genotype (n=7}
-~ Unfavorable genotype (n=6)

Rerduction in HOV RNA levels (Log capies/mi)

p=0.175

15 3

229512 -

s 14
-5 “1Bvs.-17
“23vs 19
-3 Y T
01 3 14
Days
(b} Serum B {c) Serum C
o 07 2. §981 Lravorable genotype
05 0.5 4 ~8- #5071 1

Reduction in HOY RNA levels {Log coples/nd)
&

o1 3 7 14
Days

o 2507 §Unfavorable genotype

Reduction in HCV RNA levels {Log copies/mi}
¢
in

7 14
Days

O
-
s

Figure 4 Median reduction of hepatitis C virus (HCV)-RNA levels {log copies/ml) after administering pegylated interferon ¢ to chimeric mice having
human hepatocytes containing various single nucleotide polymorphisms around the /L28B gene as favourable (rs8099917 TT) and unfavourable
(rs8089917 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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(n=6) IL28B genotypes on days 1, 3, 7 and 14 (-1.2 vs —1.3,
—14 vs -14, —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-IEN-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 1L28B
genotypes.

Expression levels of ISG 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 [L28B genotypes (figure 5).

As shown in figure 5A, ISG expression levels in mice livers
were measured at 8 h and 24 h after IFN treatment. The levels
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

Figure 5 Intrahepatic interferon Serum A

(IFN)-stimulated gene (ISG) expression (a)

levels in the pegylated interferon 8 2

o { peg-IFN-o)-treated chimeric mice é 12 gm

having human hepatocytes containing ;‘5:03 Yoa

homozygous favourable allele ] %

(rs8099917 TT: MA) and heterozygous =04 oo

unfavourable allele (rs8099917 TG; HE) OO A THE MA e WA HE 00 OO A e~ MA HE WA HE
were measured and expressed relative Ghr Ghrs 24w ohr Bhis 24 his
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expression levels between favourable and unfavourable /L28B
genotypes (figure 5B,C). Interestingly, IFN-A expression levels
by treatment of peg-IFN-o0 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 hepa-
titis C are treated by IFN-o or peg-JEN-o 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
approximately 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-o
treatment 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 gen-
otypes was observed only in HCV-infected patients; a more
rapid decline in serum HCV-RNA levels after administering
peg-IEN-a plus ribavirin 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 JL28B 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 hepa-
tocytes 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-o-based therapy.

Two recent studies indeed revealed an association between
the /L28B genotype and the expression level of hepatic ISG in
human studies.”” 2® Quiescent hepatic ISG before treatment
among patients with the /L28B 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
independently or appears as a direct consequence of the IL28B
genotype. 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
IL28B 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 IEN 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 geno-
type,” ® our preliminary assay on the IL28A, IL28B and 1129
transcripts in the liver first indicated that the induction of
IEN-A on peg-IFN-0. administration could be associated with
the IL28B genotype. Therefore, the induction of IEN-A followed
by immune response might contribute to different viral kinetics
and treatment outcomes 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 JL28B 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 homozy-
gous 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.

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 [L28B
alleles in chronic hepatitis C patients would be composed of
the intact immune system.

Acknowledgements The authors would like to thank Kyoko Ito of Nagoya City
University Graduate School of Medical Sciences, Nagoya, Japan for doing the
quantification of gene-expression assays.

Contributors YT and MM conceived the study. TW and FS and YT conducted the
study equally. TW and FS coordinated the analysis and manuscript preparation. All
the authors had input into the study design, patient recruitment and management or
mouse management and critical revision of the manuscript for intellectual content.
TW, FS and YT contributed equally.

Funding This study was supported by a grant-in-aid from the Ministry of Health,
Labour, and Welfare of Japan {H22-kannen-005) and the Ministry of Education,
Culture, Sports, Science and Technology, Japan, and grant-in-aid for research in
Nagoya City University.

Competing interests None.
Patient consent Obtained.

Ethics approval This study was conducted with the approval of each ethics
committee at the Nagoya City University and Nagasaki Medical Center (see
supplementary information, available onfine only).

Provenance and peer review Not commissioned; externally peer reviewed.

REFERENCES

1. Ray Kim W. Global epidemiology and burden of hepatitis C. Microbes Infect
2002;4:1219-25.

2. Foster GR. Past, present, and future hepatitis C treatments. Semin Liver Dis
2004;24(Suppl. 2):97-104.

3. Fried MW, Shiffman ML, Reddy KR, et af. Peginterferon alfa-2a plus ribavirin for
chronic hepatitis C virus infection. N Eng/ J Med 2002;347:975-82.

4. Manns MP McHutchison JG, Gordon SC, et al. Peginterferon alfa-2b plus ribavirin
compared with interferon alfa-2b plus ribavirin for initial treatment of chronic
hepatitis C: a randomised trial. Lancet 2001;358:958-65.

5. Mihm U, Herrmann E, Sarrazin C, et al. Review article: predicting response in
hepatitis C virus therapy. Aliment Pharmacol Ther 2006;23:1043-54.

6. Ge D, Fellay J, Thompson AJ, et al. Genetic variation in IL28B predicts hepatitis C
treatment-induced viral clearance. Nature 2009;461:399-401.

7. Suppiah V, Moldovan M, Ahlenstiel G, et al. IL28B is associated with response to
chronic hepatitis C interferon-alpha and ribavirin therapy. Nat Genet 2009;41:1100-4.

8. Tanaka Y, Nishida N, Sugiyama M,, et a/ Genome-wide association of IL28B with
response to pegylated interferon-alpha and ribavirin therapy for chronic hepatitis C.
Nat Genet 2009;41:1105-9.

9. Rauch A, Kutalik Z, Descombes P et al. Genetic variation in IL28B is associated
with chronic hepatitis C and treatment failure: a genome-wide association study.
Gastroenterology 2010;138:1338-45.

Gut 2012;0:1-7. doi:10.1136/gutjnl-2012-302553

-87-



Downloaded from gut.bmj.com on February 5, 2013 - Published by group.bmj.com

Tanaka Y, Nishida N, Sugiyama M, et a/. lambda-Interferons and the single nucleotide
polymorphisms: a milestone to tailor-made therapy for chronic hepatitis C. Hepato!
Res 2010;40:449-60.

Thomas DL, Thio CL, Martin MP et al. Genetic variation in IL28B and spontaneous
clearance of hepatitis C virus. Nature 2009;461.798-801.

Grebely J, Petoumenos K, Hellard M, et al. Potential role for interleukin-288
genotype in treatment decision-making in recent hepatitis C virus infection.
Hepatology 2010;52:1216-24.

Thompson AJ, Muir Ad, Sulkowski MS, et a/. Interleukin-28B polymorphism improves
viral kinetics and is the strongest pretreatment predictor of sustained virologic response
in genotype 1 hepatitis C virus. Gastroenterology 2010;139:120-29.

Layden-Almer JE, Layden TJ. Viral kinetics in hepatitis C virus: special patient
populations. Semin Liver Dis 2003;23(Suppl. 1):29-33.

Heckel JL, Sandgren ER Degen JL, et al. Neonatal bleeding in transgenic mice
expressing urokinase-type plasminogen activator. Ceff 1990;62:447-56.

Rhim JA, Sandgren EP Degen JL, et al. Replacement of diseased mouse liver by
hepatic cell transplantation. Science 1994;263:1149-52.

Tateno C, Yoshizane Y Saito N, et a/. Near completely humanized liver in mice
shows human-type metabolic responses to drugs. Am J Pathol 2004;165:901-12.
Mercer DE, Schiller DE, Elliott JF, et al. Hepatitis C virus replication in mice with
chimeric human livers. Nat Med 2001;7:927-33.

Tsuge M, Hiraga N, Takaishi H, et al. Infection of human hepatocyte chimeric
mouse with genetically engineered hepatitis B virus. Hepatology 2005;42:1046-54.
Kurbanov F, Tanaka Y, Chub E, et a/. Molecular epidemiology and interferon
susceptibility of the natural recombinant hepatitis C virus strain RF1_2k/1b. J Infect
Dis 2008;198:1448-56.

Gut 2012;0:1-7. doi:10.1136/gutjnl-2012-302553

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

- 88 -

Kurbanov F, Tanaka Y, Matsuura K, et a/. Positive selection of core 70Q variant
genotype 1b hepatitis C virus strains induced by pegylated interferon and ribavirin.
J Infect Dis 2010;201:1663-71.

Inoue K, Umehara T, Ruegg UT, et /. Evaluation of a cyclophilin inhibitor in hepatitis C
virus-infected chimeric mice in vivo. Hepatology 2007;45:921-8.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2{-Delta Delta C{T})) method. Methods 2001;25:402-8.
Silver N, Best S, Jiang J, et al. Selection of housekeeping genes for gene
expression studies in human reticulocytes using real-time PCR. BMC Mol Biol
2006;7:33.

Dahari H, Layden-Almer JE, Perelson AS, et al. Hepatitis C viral kinetics in special
populations. Curr Hepat Rep 2008;7:97-105.

Neumann AU, Lam NP Dahari H, et al. Hepatitis C viral dynamics in vivo and the
antiviral efficacy of interferon-alpha therapy. Science 1998;282:103-7.

Honda M, Sakai A, Yamashita T, et al. Hepatic ISG expression is associated with
genetic variation in interleukin 28B and the outcome of IFN therapy for chronic
hepatitis C. Gastroenterology 2010;139:499-509.

Urban TJ, Thompson AJ, Bradrick SS, et al. 1L28B genotype is associated with
differential expression of intrahepatic interferon-stimulated genes in patients with
chronic hepatitis C. Hepatology 2010;52:1888-96.

Dill MIT, Duong FH, Vogt JE, et al. interferon-induced gene expression is a stronger
predictor of treatment response than IL28B genotype in patients with hepatitis C.
Gastroenterology 2011;140:1021-31.

Hiraga N, Abe H, Imamura M, et a/. Impact of viral amino acid substitutions and
host interleukin-28b polymorphism on replication and susceptibility to interferon of
hepatitis C virus. Hepatology 2011;54:764-71.



@PLOS | ONE

mm{% CCESS Habls onfine

Evolutionary Analysis of Classical HLA Class | and Il
Genes Suggests That Recent Positive Selection Acted on
DPB1*04:01 in Japanese Population

Minae Kawashima'#, Jun Ohashi?*, Nao Nishida'3, Katsushi Tokunaga'

1 Department of Human Genetics, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan, 2 Molecular and Genetic Epidemiology, Faculty of Medicine,
University of Tsukuba, Ibaraki, Japan, 3 The Research Center for Hepatitis and Immunology, National Center for Global Health and Medicine, Ichikawa, Chiba, Japan

Abstract

The "human Ieukocyte antigen (HLA) genes exhlblt the h:ghest degree of polymorphlsm in the human genome. ThlS hlgh

- degree of variation at classical HLA class| and class Il loci has been maintained by balancing selection for a long evolutionary -
time. However, little is known abotit recent positive selection acting on specific HLA alleles in a local population, To detect

- the signature of recent positive selection, we genotyped six HLA loci, HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DQB1, and HLA-

-DPBI in 418 Japanese subjects, and then assessed the haplotype homozygosity (HH) of each HLA allele. There were 120 HLA

alleles across the six loci. Among the 80 HLA alleles with frequencies of more than 1%, DPB1*04:01, which had a frequency of
6.1%, showed exceptlonally high HH (0.53). This finding raises the possibility that recent positive selection has acted on
DPB1*04:01. The DPB1*04:01 allele, which was present in the most common 6-locus HLA haplotype (4.4%), A*33:03-C*14.03-

- B*44:03-DRB1*13:02-DQB1*06:04-DPB1*04:01, seems to have flowed from the Korean peninsula to the Japanese archipelago
in the Yayoi period, A stochastic simulation approach indicated that the strong linkage disequilibrium between DQB1%06:04
and DPB1*04:01 observed in Japanese cannot be explained without positive selection favoring DPB1*04: 07. The selection
coefficient of DPB1*04:01 was estimated as 0.041 (95% credible interval 0.021-0. 077) Our results suggest that DPB]*O4 07 i
has recently undergone strong posmve selectlon in Japanese populatlon .
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Introduction

The crucial immunological function of human leukocyte antigen
(HLA) molecules is to present pathogen-derived antigenic peptides to
T lymphocytes [1]. The HLA proteins are encoded by genes in the
major histocompatibility complex region, which spans approximate-
ly 4 megabases (Mb) on the short arm of chromosome 6 (6p21.3) and
includes the most polymorphic loci in the human genome [2]. A
remarkable feature of the classical HLA class I and class Il genes is the
high degree of polymorphism. More than 1,750 HLA-4, 2,330 HLA-
B, 1,300 HLA-C, 1,060 HLA-DRBI, 160 HLA-DQBI, and 150 HLA-
DPBI alleles have been reported IMGT/HLA database; http://
www.ebi.ac.uk/imgt/hla/).

Positive selection has been shown as a driving force for the high
degree of polymorphism at [LA loci [3,4]. The HLA genes show
three remarkable signatures of positive selection: (1) the rate of
nonsynonymous (amino acid altering) nucleotide substitution is
substantially higher than that of synonymous substitution at
antigen-recognition sites [5,6], (2) there are trans-species poly-
morphisms (i.e., similar alleles are present in multiple species) [7],
and (3) there is a significant excess of heterozygosity [8,9].
Balancing selection, including overdominant selection and fre-

PLOS ONE | www.plosone.org

quency-dependent selection, can easily account for these observa-
tions [3,4].

A number of studies have reported common long-range HLA
haplotypes [10-16]. The extended length of common haplotype is
a key feature of recent positive selection [17,18]. The HLA alleles
on long-range haplotypes may have been subject to recent positive
selection. In this study, to identify the signature of recent positive
selection that has acted on specific HLA alleles in a local (i.e.,
geographically restricted) population, we investigated the allele
frequencies and haplotype frequencies at HLA-A, HLA-C, HLA-B,
HLA-DRBI, HLA-DQBI, and HLA-DPBI in 418 Japanese
individuals. Our theoretical and computer simulation analyses
suggested that DPB]*04:01 has recently undergone strong positive
selection in Japanese population.

Results

HLA Class | and Class Il Alleles in Japanese

The genotypes of six HLA genes (three class I and three class II
genes) were determined for each of 418 Japanese individuals. The
frequencies of the 67 alleles found at the three HLA class 1 genes
are listed in Table 1. Of the 17 HLA-A alleles, two-A%*02:01 and
A*24:02-had frequencies higher than 10% (10.2 and 37.7 percent,
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respectively). Of the 17 HLA-C alleles, four—C*01:02, C*03:03,
C*03:04, and C*07:02-had frequencies higher than 10%: 16.5,
13.5, 12.6, and 14.5 percent, respectively. There were 33 HLA-B
alleles, and not one had an allele frequency greater than 10%. The
allele with the highest frequency (9.6%) was B*52:01; this allele
was followed by B*15:01 (8.5%), B*51:01 (8.5%), B*4403 (8.1%),
and B*35:01 (8.0%).

The frequencies of 53 alleles at three HLA class II genes are
listed in Table 2. Of the 27 alleles at the HLA-DRBI locus, two—
DRBI*09:01 and DRBI1%04:05-had frequencies of more than 10%
(15.2% and 14.6%, respectively), and five-DRBI*15:02 (8.4%),
DRBI*15:01 (8.0%), DRBI*13:02 (7.8%), DRBI*08:03 (71.5%),

Table 1. Frequencies of HLA class | alleles.

Recent Positive Selection Acting on DPB1*04:01

and DRBI*01:01 (6.8%)—were also common. Of the 14 alleles at
HIA-DQBI, four~-DQBI*03:03, DQBI*06:01, DQBI1*04:01, and
DQBI1* 03:01-were observed at frequencies of greater than 10%
(15.9%, 15.9%, 14.6%, and 11.8%, respectively). There were four
other common alleles at HLA-DQBI-DQOB1*03:02 (9.2%),
DQBI*06:02 (7.8%), DQBI*05:01, and DQBI*06:04 (7.5%). Of
the six HLA loci genotyped, HLA-DPBI had the fewest alleles with
just 12. The DPBI*05:01 (38.5%) and DPBI*02:01 (25.1%) alleles
were the most frequent alleles at this locus.

Of the six HLA loci examined, the HLA-B locus showed the
highest heterozygosity (0.937), and HLA-DPBI showed the lowest
(0.765) (Tables 1 and 2). None of the HLA class I or II loci

HLA-C

HLA-A

P-val  P-val

A*02:07 23 C*03:03 113

A*03:01 4 0.005

A*11:01 80 0.096

A*26:01 67 0.080

A*26:03 22 0.026

*Heterozygosity.

PHardy-Weinberg equilibrium test.
‘Ewens-Watterson test.
doi:10.1371/journal.pone.0046806.t001

PLOS ONE | www.plosone.org

C*04:01 42 0.050

Cc*06:02 7 0.008

C*08:03 12 0.014

C*12:03 1 0.001

HLA-B

P-val P-val P-val P-val

B*15:07 5

B*15:18 13 0.016

B*15:28 1 0.001

B*39:01 34 0.041

B*40:01 46 0.055

B*40:52 1

B*44:03 68 0.081

B*48:01 22 0.026

B*51:02 4

B*54:01 64 0.077

B*55:04 1 0.001

B*59:01 16 0.019
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Table 2. Frequencies of HLA class Il alleles.

Recent Positive Selection Acting on DPB1%04:01

HLA-DRB1

HLA-DQB1

P-val  P-val

DRB1*03:01 1 0.001

DRB1*04:03 24 0.029

DRB1*04:05 122 0.146

DRB1*04:07 1 0.001

DRB7*09:01 127

DQB1*06:03 5

DRB1*11:01 23 DQB1*06:09 2

DRB1*12:02 18 0.022
DRB1*13:02 65 0.078
DRB1*14:03 11 0.013

DRB1*14:06 13 0.016

DRB1%*15:02 70

®Heterozygosity.

PHardy-Weinberg equilibrium test.
“Ewens-Watterson test.
doi:10.1371/journal.pone.0046806.t002

exhibited significant deviation from HWE. Results of a Ewens-
Watterson neutrality test [19,20] of HLA allele frequencies in this
study population revealed that the observed distributions of allele
frequencies at HLA-C (P=0.003), HLA-B (P=0.002), HLA-DRBI
(P=0.013), and HLA-DQBI (P=0.001) differed significantly (i.e.,
there was excess heterozygosity) from the distributions expected
based on the assumption of neutrality, whereas there was no
significant difference between the expected and observed distri-
butions of allele frequencies at HLA-A or HLA-DPBI (Tables 1 and
2).

Pairwise LD between HLA Alleles

The pairwise linkage disequilibrium (LD) parameters, 7 and
| D] {217, for each possible pair of two /LA alleles were estimated
(Figure 1 and Data S1). Most alleles at HLA-A were not in strong
LD with any of the alleles at the other loci because the physical
distance from HLA-A to each of the other loci is large. To evaluate
the relative strength of LD between two HLA loci, 2-locus 7 and 2-
locus | D’} (see Materials and Methods for details), were calculated

PLOS ONE | www.plosone.org

DQB1*03:01 99 0.118

DQB1*03:03 133 0.159

DQB1*04:02 26 0.031

DQB1*05:02 17 0.020

HLA-DPB1

P-val P-val P-val  P-val

DPB1*02:02 35 0.042

DPB1*04:01 51 0.061

DPB1*05:01 322 0.385

DPB1*09:01 65 0.078

DPB1¥41:.01 2

based on the pairwise LD parameters for all the allelic pairs (Table
S1). The values of 2-locus |D’| for HLA-C and HLA-B
(|| =0.91) and for HLA-DRBI and HLA-DQBI (|D’| =0.80)
were high, whereas the lowest 2-locus |’ | value was observed for
HIA-A and HLA-DPBI (| D] =0.25). These values reflected the
physical distances between the respective loci. The values of 2-
locus | D’| for HLA-DRBI and HLA-DPBI and for HLA-DQBI and
HILA-DPBI were relatively low compared to the values for the
other pairs (Figure 2). These low values probably result from the
recombination hotspot in the HLA class II region [22-24].

Major 6-locus HLA Haplotypes in Japanese

Frequencies of multi-locus haplotypes were estimated using the
PHASE program [25,26] (Table 3 and Tables S2, 83, S4, S5). In
418 Japanese subjects (i.e., 839 chromosomes), 489 different 6-
locus HLA haplotypes were inferred. Based on the frequencies of 6-
locus HLA haplotypes, the probability of selecting two identical 6-
locus HLA haplotypes at random from the Japanese population
was estimated as 0.0075. Six 6-locus HLA haplotypes had

October 2012 | Volume 7 | Issue 10 | e46806
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frequencies higher than 1% (Table 3). Of these, 4*¥53:03-C*14:03-
B*44:03-DRB1*13:02-DQBI*06:04-DPB1*04:0] was the most
common (4.4%).

The intensity of recombination in the L4 region has been
estimated at 0.67 cM/Mb [27], which corresponds to a recombina-
tion fraction of approximately 2% between HLA-A and HLA-DPBI.
Thus, association between the six HLA alleles in any 6-locus HLA
haplotypeisnotgenerally strong due to the frequent recombinationin
the HLA region. The expected frequency of the 4*33:03-C*14:03-
B*44:03-DRB1*13:02-DQB1*06:04-DPB1*04:0]  haplotype is
2.5%1077 under the assumption of linkage equilibrium, which is
much smaller than the observed frequency of 0.044. The strong LD
among HI1A alleles on the 4*33:03-C*14:03-B*44:03-DRBI*13:02-
DQBI*06:04-DPB1%*04:01 haplotype may result from recent positive
selection acting on one of HLA alleles on the haplotype, although
other mechanisms such as neutral random genetic drift, recent
admixture, recent migration, recent bottlenecks, and suppression of
recombination can also cause the strong LD [10,12,13,15,16].

Haplotype Omozygosity

Strong positive selection leads to a rapid increase in the
frequency of a selected (target) allele in a population. The number
of recombination events between the target allele and the
surrounding polymorphic sites is limited while the advantageous
allele increases in frequency; therefore, the diversity of haplotypes
carrying the advantageous allele becomes low. Accordingly, strong
LD is expected in the genomic region bearing the selected allele.
In this study, the degree of LD for each HLA allele was measured
by haplotype homozygosity (HH); this term is defined as the
probability that any two randomly chosen samples of haplotype

DRB1

A C B

DRB1

DQB1

DPB1

Recent Positive Selection Acting on DPB1*04:01

2 4.
2 87 oreroess {951
3 & AL EGRT
§ 044 pos 2&&83‘098! A~g O 5-OPBY > A‘QRB‘!
o~ ‘ & A-DQBY
O 4-DPBY
0.2 4
0 . ; 1 + . :
0 500 1000 1500 2000 2500 3000

Physical distance (Kb)

Figure 2. Relationship between two-locus |D| and physical
distance (Kb). A solid-line curve, 2—locus|D'|=(1—-0.67 x
10-3 ><x)75’13, was obtained using the least-squares method, where x
represents the physical distance (Kb). The recombination rate in the HLA
region was assumed to be 0.67 cM/Mb [27]. Spearman’s rank correlation
coefficient between 2-locus |D'| and the physical distance was —0.8607
(P<<0.0001).

doi:10.1371/journal.pone.0046806.g002

bearing a focal HLA allele have the same 6-locus HL4 haplotype.
Like £HH [17], a high HH value can be regarded as a signature of
recent positive selection acting on a focal HLA allele.

To detect HLA alleles that have been subject to recent positive
selection, HH was calculated for each allele based on the estimated
number of 6-locus haplotypes in 418 Japanese subjects. Of the 80

DRBIDPB1

1

Figure 1. Pairwise estimates of LD parameters, || (upper diagonal) and 7 (lower diagonal) for every pair of HLA alleles. The name of

each allele is presented in Data S1.
doi:10.1371/journal.pone.0046806.g001
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Table 3. Estimated frequencies of 6-locus HLA haplotypes.

Recent Positive Selection Acting on DPB1*04:01

Association

A*24:02 C*12:02 B*52:01 DRB1*15:02

B*54:01

A*24:02

C*01:02 DRB1%*04:05

01 C*04:01 B*15:

# of
haplotypes®  HF®?

DQB1*06:01 DPB1*09:01 33 0.039

DQB1*04:01 DPB1%05:01 13 0.016

Estimated by the PHASE program version 2.1.
PHaplotype frequency.
doi:10.1371/journal.pone.0046806.t003

HIA alleles that had frequencies of more than 1%, one allele at
each class I locus (4%33:03, C*14:03, and B¥44:03) had the highest
HH for that locus; similarly, one allele at each class II locus
(DRBI*13:02, DQBI1*06:04, and DPB1%04:01) had the highest HH
for that locus (Figure 3). These six HLA4 alleles made up the 6-locus
haplotype, A%*33:03-C*14:03-B*44:03-DRBI*13:02-DQB1%06:04-
DPB]*04:01, with the highest frequency in this Japanese
population (Table 3).

The HH values are generally reduced by loci with high
heterozygosity. Therefore, it was relatively difficult for an allele at
HLA-DPBI to show high HH, because heterozygosities at the other
loci are high. Nevertheless, the DPBI#*04:01 allele, which had a
population frequency of 6.1 %, showed the highest HH value (0.53) of
the 80 HLA alleles with frequencies higher than 1% (Figure 3). The
values of HH ofthe remaining 79 HLA alleles were less than 0.33. This
finding suggests that DPBI*04:0] had undergone recent positive
selection in Japan. The large HH values of the five other alleles
(A*33:03, C*14:03, B¥44:03, DRB1*13:02, and DQBI*06:04) in this
6-locus HLA haplotype (e, A*33:03-C*14:03-B*44:03-
DRBI*%13:02-DQB1*06:04-DPB1*04:01) appear to be due to the
hitchhiking effect of DPBI*04:01.

To investigate the effect of recombination on the decay of the
A*33:03-C*14:03-B*44:03-DRBI1 *13:02-DQB1*06:04-DPBI1*04:01
haplotype, the value of extended haplotype homozygosity (EHH)
was calculated for DPBI*04:01 (Figure 4). Although the FHH of
DPB1%04:01 was reduced at HLA-DQBI, the decrease in FHH was
almost negligible at HLA-DRBI, HLA-B, and HLA-C loci; these
findings indicate that, in this haplotype, recombination mainly has
occurred between DQBI*06:04 and DPB1*04:01.

Origin of DPB1*04:01 in Japanese

DPB1*04:0] is common (>30%) in European populations
[9,28], whereas the frequency of DPBI*04:01 is 6.1% in Japanese
(Table 2). Given the worldwide distribution of DPB1*04:01, it is
unlikely that DPBI*04:01 originated in Japan. DPBI*04:01 seems
to have entered Japan. Archaeological studies of Japanese history
have suggested that the Yayoi people came from the Korean
peninsula circa 300 B.C., and mixed with the indigenous Jomon
people. A recent large-scale survey of single nucleotide polymor-
phisms (SNPs) on autosomal chromosomes [29] revealed that most
people presently inhabiting mainland Japan are genetically closer
to Koreans than to Ryukuans. Ryukuans are considered to be
more pure descendants of the Jomon people than are mainland
Japanese. These observations indicate that a large population of
Yayoi people migrated from the Korean peninsula. Although the
frequency of the  A*33:053-C*14:05-B*44:05-DRBI1*15:02-
DQBI1*06:04-DPB1*04:01 haplotype in Koreans has not been
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Figure 3. Haplotype homozygosity (HH) x allele frequency (AF)
of each HLA allele. The left and right panels show HH values of HLA
class | alleles and HLA class 1l alleles, respectively. The class | alleles were
designated as follows: HLA-A (red diamond), HLA-C (yellow square), and
HLA-B (green triangle); the class Il alleles were designated as follows:
HLA-DRB1 (blue diamond), HLA-DQB1 (purple square), and HLA-DPB1
(pink triangle). In both panels, only HH values of alleles with frequencies
of more than 0.01 are shown.

doi:10.1371/journal.pone.0046806.9003

reported, DPB1*04:01, which was carried by 4*33:03-C*14:03-
B*44:03-DRB1*13:02-DQBI*06:04-DPBI1*04:01, appears to have
derived from the Korean population because the A*33:03-
C*14:03-B*44:05-DRB1%13:02-DQBI1*06:04 and DRBI*13:02-
DQA1*01:02-DQB1*06:04-DPB1%04:01 haplotypes are observed
at the frequencies of 4.2% and 4.7% in Korean populations
[28,30,31]. These and similar haplotypes have not been reported
in other Asian populations (http://www.allelefrequencies.net)
[28].

If the A%*33:03-C*14:03-B*44:03-DRBI*13:02-DQBI1*06:04-
DPBI*04:01 haplotype has a single origin, the current genetic
diversity of this haplotype must be low. To assess the genetic
diversity of this haplotype, we performed a sliding window analysis
of individual heterozygosity, defined as a proportion of heterozy-
gous SNPs to all SNPs in the window (Figure 5). Reduced
individual heterozygosity was only found in the HLA region on the
short arm of chromosome 6 in all the three subjects that were
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Recent Positive Selection Acting on DPB1*04:01

EHH

Figure 4. Extended HH (EHH) x relative locus position for12 HLA-DPBT alleles.

doi:10.1371/journal.pone.0046806.g004

homozygous for the A%*33:03-C*14:03-B*44:03-DRBI1*13:02-
DQBI1*06:04-DPBI*04:0! haplotype (Figure 5A); in contrast, such
a reduction was not observed in two subjects that were
heterozygous for this haplotype (Figure 5B). Furthermore, three
subjects that were homozygous for the 4*35:03-C*14:03-B*44:03-
DRBI1%13:02-DQBI1*06:04-DPB1*04:01 haplotype shared the
same SNP haplotype that spanned more than 4 Mb in the HLA
region (Figure 5A). These observations suggest that the 4*33:03-
C*14:03-B*44:03-DRBI *13:02-DQBI1*06:04-DPB1*04:0] haplo-
type in Japanese has a single origin, and has not been generated
repeatedly by recombination.

Computer Simulation

The analysis of EHH revealed that the reduction in EHH for
DPB1%(4:01 resulted from recombination between DQBI*06:04
and DPBI*04:0] that inhabited the A*33:03-C*14:03-B*44:03-
DRBI1%#13:02-DQBI1*06:04-DPB1%04:01 haplotype (Figure 4).
Therefore, the relationship between DQBI*06:04 and
DPBI*04:01 was focused in the following analyses. The high
HH and EHH values of DPB1*04:01 (Figures 3 and 4) may merely
reflect that a neutral random genetic drift, rather than a recent
positive selection, occurred after the Yayoi people reached the
Japanese archipelago (300 B.C. or 2300 years ago). To assess this
possibility, we conducted a computer simulation assuming a two-
locus two-allele model in which changes in the frequency of four
haplotypes carrying DPB1#04:01 or non-DPB1*04:01 alleles at the
HILA-DPB] locus and DQBI%#06:04 or non-DQBI1:06:04 alleles at
the HLA-DQBI locus were evaluated. In the simulation, the values
of three parameters: selection intensity, s, recombination rate, ¢,
and frequency of DQBI*06:04-DPB1%04:01 haplotype, f(0), in the
beginning of the Yayoi period were drawn by a random number
generator in every run. Haplotype frequencies were subject to
change based on a stochastic model of positive selection,
recombination, and random genetic drift. Dominant sclection
was assumed for DPBI*04:01, and, for the sake of simplicity, no
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selection (i.e., selectively neutral) was assumed for all alleles at the
DQBI locus. The rejection method [18,32,33] was applied to
accept only simulation runs that gave results similar to the
observed values (see Materials and Methods for details). The
uniform distribution was used for each parameter as a prior
distribution (see Materials and Methods for detail). Figure 6A
shows 2,500 parameter sets (i.e., posterior distributions) that were
accepted in these simulations. The posterior distribution of the
mitial frequency of DQBI*06:04-DPB1%*04:01 haplotype was
similar to the prior one, whereas the posterior distributions of
selection intensity and recombination rate were different from the
prior ones. In the posterior distribution, s ranged from 0.009 to
0.098, and the mean and 95% credible interval of s were 0.041
and 0.021-0.077, respectively (Figure 6B). It should be noted that
neutral random genetic drift (i.e., s=~0) did not yield the results
similar to the observed values. The findings from the simulations
indicated that DPBI*04:01 has been subject to relatively strong
positive selection in Japanese since the Yayoi period.

Discussion

A number of HLA alleles have been shown to be associated with
variations in immune responses to infectious diseases (e.g., human
immunodeficiency virus [HIV]/AIDS, malaria, tuberculosis,
hepatitis, leprosy, leishmaniasis, and schistosomiasis) caused by
pathogenic microorganisms (see review by Blackwell et al. [34]).
The most plausible explanation for positive selection favoring
DPBI1*04:01 would be its function in resistance to infections. A
recent genome-wide association study showed that the
DPAI*01:03-DPB1*04:01 haplotype confers protection against
hepatitis B virus (HBV) infection (OR =0.57, 95% CI=0.33-0.96)
[35]. Hepatitis B is a deadly infectious disease. Acute hepatitis B,
which can cause fatal complications such as fulminant hepatitis,
occurs in a percentage of the people infected with HBV. Although
the estimated selection coefficient of s (0.0254-0.0550) for
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Figure 5. Individual heterozygosity of each subject with the most common 6-locus HLA haplotype. The individual heterozygosity in the
genomic region on the short arm of chromosome 6 was assessed using the sliding window analysis; in this analysis, the window and step sizes were
set to be 1 Mb and 200 kb, respectively. The individual heterozygosity was defined as a proportion of heterozygous SNPs to SNPs genotyped in a
single subject. This analysis was performed for five Japanese subjects with the A¥*33:03-C*14:03-B*44:03-DRB1*13:02-DQB1%*06:04-DPB1¥04:01
haplotype: (A) three of these five subjects were homozygous for this haplotype (blue, red, and green) and (B) two subjects had the heterozygous
genotypes of the A*33:03-C*14:03-B%44:03-DRB1%13:02-DQB1*06:04-DPB1*04:01 haplotype and the A*24:02-C*07:02-B*07:02-DRB1*01:01-DQB1%*05:01-
DPB1#04:02 haplotype (orange) and of the A*33:03-C*14:03-B*44:03-DRB1*13:02-DQB1*06:04-DPB1*04:01 haplotype and the A*24:02-C*12:02-8%52:01-

DRB1*15:02-DQB1*06:01-DPB1*09:01 haplotype (purple).
doi:10.1371/journal.pone.0046806.9005

DPB1*04:01 does not seem to result solely from protection against
infection with HBV, HBV infection may have been one of the key
driving forces for the rapid increase in frequency of DPBI*04:01 in
the Japanese population.

Here, the analysis of HH was used to detect a signature of recent
positive selection. The advantage of using HH in the analysis of
HIA genes is that alleles with similar frequencies not only at the
same HLA locus, but also at different loci, can be compared. This
feature of analyses based on HH allows us to compare HLA alleles
even within the same long-range haplotype. Since the same
polymorphic markers are used for all HLA alleles in the calculation
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of HH, the effect of recombination on the value of HH can be well
controlled. However, the A analysis has a disadvantage in that
the empirical distribution of HH value has to be obtained from
only those alleles that are in the targeted region. Therefore, unlike
conventional long-range haplotype tests based on EHH values
[17,36], the statistical test based on HH values cannot be
performed using genome-wide data. Nevertheless, AHH-based test
is thought to be suitable for analysis of HLA genes because each
locus has a number of alleles to be examined and strong LD exists
between alleles even at distant loci. The use of HH in the analysis
of various human populations would help us to detect other HLA
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