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Hepatic Interferon-Stimulated Genes Are Differentially
Regulated in the Liver of Chronic Hepatitis C Patients
With Different Interleukin-28B Genotypes

Masao Honda,'* Takayoshi Shirasaki,” Tetsuro Shimakami," Akito Sakai,' Rika Horii,' Kuniaki Arai,"
Tatsuya Yamashita," Yoshio Sakai,' Taro Yamashita," Hikari Okada,' Kazuhisa Murai," Mikiko Nakamura,”

Eishiro Mizukoshi,' and Shuichi Kaneko'

Pretreatment up-regulation of hepatic interferon (IFN)-stimulated genes (ISGs) has a
stronger association with the treatment-resistant interleukin (IL)28B minor genotype (MI;
TG/GG at rs8099917) than with the treatment-sensitive IL28B major genotype (MA; TT
at rs8099917). We compared the expression of ISGs in the liver and blood of 146 patients
with chronic hepatitis C who received pegylated IFN and ribavirin combination therapy.
Gene expression profiles in the liver and blood of 85 patients were analyzed using an
Affymetrix GeneChip (Affymetrix, Santa Clara, CA). ISG expression was correlated
between the liver and blood of the MA patients, whereas no correlation was observed in
the MI patients. This loss of correlation was the result of the impaired infiltration of
immune cells into the liver lobules of MI patients, as demonstrated by regional gene
expression analysis in liver lobules and portal areas using laser capture microdissection
and immunohistochemical staining. Despite having lower levels of immune cells, hepatic
ISGs were up-regulated in the liver of MI patients and they were found to be regulated
by multiple factors, namely, IL28A/B, IFN-44, and wingless-related MMTV integration
site 5A (WNT5A). Interestingly, WNT5A induced the expression of ISGs, but also
increased hepatitis C virus replication by inducing the expression of the stress granule
protein, GTPase-activating protein (SH3 domain)-binding protein 1 (G3BP1), in the
Huh-7 cell line. In the liver, the expression of WINTSA and its receptor, frizzled family
receptor 5, was significantly correlated with G3BP1. Conclusions: Immune cells were lost
and induced the expression of other inflammatory mediators, such as WINTSA, in the
liver of IL28B minor genotype patients. This might be related to the high level of hepatic
ISG expression in these patients and the treatment-resistant phenotype of the IL28B
minor genotype. (HeraTOLOGY 2014;00:000-000)

nterferon (IFN) and ribavirin (RBV) combination
therapy has been a popular modality for treating
patients with chronic hepatitis C (CHC); however,
~50% of patients usually relapse, particularly those
with hepatitis C virus (HCV) genotype 1b and a high

viral load.! The recently developed direct-acting antivi-
ral drug, telaprevir, combined with pegylated (Peg)-
IFN plus RBYV, significantly improved sustained viro-
logic response (SVR) rates; however, the SVR rate was
not satisfactory (29%-33%) in patients who had no

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CCL, CC chemokine ligand; CHC, chronic hepatitis C; CLLs, cells in liver
lobules; CPAs, cells in portal areas; CXCLIO/P-10, chemokine (C-X-C motif) ligand 10/interferon-gamma-induced protein 10; CXCR3, chemokine (C-X-C
motif) receptor 3; DCs, dendritic cells DVL, disheveled; FZD35, frizzled family receptor 5; G3BP1, GTPase-activating protein (SH3 domain)-binding protein 1;
GGT, gamma-glutamyl transpeptidase; HCV, hepatitis C virus; IFI44, interferon-induced protein 44; IFITI, interferon-induced protein with tetratricopeptide
repeats 1; IFN, interferon; IHC, immunobistochemical; IL, interleuking ISGs, interferon-stimulated genes; JFH-1, Japanese fulminant hepatitis ype 1; LCM, laser
caprure microdissection; MA, major genotype; MAd, major genotype, down-requlated; MAu, major genotype, up-regulated; MI, minor genotype; Mx, myxovirus
(influenza virus) resistance; NK, natural killer; OAS2, 2'-5'-oligoadenylate synthetase 2; PALT, portal-tract-associated lymphoid tissue; Peg IFN, pegylated IFN;
RBY, ribavirin; RTD-PCR, real-time detection polymerase chain reaction; SG, stress granule; siRNA, small interfering RNA; SVR, sustained virologic response;

WNTS5A, wingless-related MMTV integration site 5A.
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response to previous therapy.” Therefore, IFN respon-
siveness is still an essential clinical determinant for
treatment response to triple (Peg-IFN+RBV+DAA)
therapy.

A recent landmark genome-wide association study
identified a polymorphism in the interleukin (IL)28B,
IFN-A3) gene that was associated with either a sensi-
tive (major genotype; MA) or resistant (minor geno-
type; MI) treatment response to Peg-IFN and RBV
combination therapy and was characterized by either
up- (-u) or down-regulation (-d) of interferon-
stimulated genes (ISGs).”” However, the underlying
mechanism for the association of this polymorphism
and treatment response has not been clarified. Previ-
ously, we showed that up-regulation of the pretreat-
ment expression of hepatic ISGs was associated with
an unfavorable treatment outcome and was closely
related to the treatment-resistant IL28B genotype (TG
or GG at rs8099917).° It could be speculated that the
pretreatment activation of ISGs would repress addi-
tional induction of ISGs after treatment with exoge-
nous IFN. However, it is unknown how hepatic ISGs
are up-regulated in treatment-resistant CHC patients
and why patients with high levels of ISG expression
cannot eliminate HCV. Therefore, other mechanisms
should be involved in the unfavorable treatment out-
come of patients with the treatment-resistant IL28B
genotype.

In the present study, we performed gene expression
profiling in the liver and blood and compared the
expression of ISGs between them. Furthermore, ISG
expression in liver lobules and portal areas was ana-
lyzed separately using a laser capture microdissection
(LCM) method. Finally, we identified an immune fac-
tor that is up-regulated in patients with the treatment-
resistant IL28B genotype and mediates favorable sig-
naling for HCV replication.

Materials and Methods

Patients. We analyzed 168 patients with CHC
who had received Peg-IFN-02b  (Schering-Plough
K.K., Tokyo, Japan) and RBV combination therapy
for 48 weeks at the Graduate School of Medicine,

HEPATOLOGY, Month 2014

Kanazawa University Hospital, Japan and its related
hospitals, as reported previously (Table 1 and Support-
ing Table 1).°

Preparation of Liver Tissue and Blood Sam-
ples. A liver biopsy was performed on samples from
168 patients, and blood samples were obtained from
146 of these patients before starting therapy (Table 1
and Supporting Table 1). Detailed procedures are
described in the Supporting Materials and Methods.

Affymetrix GeneChip Analysis. Liver tissue sam-
ples from 91 patients and blood samples from 85
patients were analyzed using an Affymetrix GeneChip
(Affymetrix, Santa Clara, CA). LCM analysis was per-
formed in 5 MAu, MAd, and MI patients. Affymetrix
GeneChip analysis and LCM were performed, as
described  previously.®”  Detailed procedures are
described in the Supporting Materials and Methods.

Hierarchical Clustering and Pathway Analysis of
GeneChip Data. GeneChip data analysis was per-
formed using BRB-Array Tools (htep://linus.nci.nih.
gov/BRB-ArrayTools.htm), as described previously.”
Pathway analysis was performed using MetaCore
(Thomson Reuters, New York, NY). Detailed proce-
dures are described in the Supporting Materials and
Methods.

Quantitative Real-Time Detection Polymerase
Chain Reaction, Cell Lines, Cell Migration Assay,
Vector Preparation, HCV Replication Analysis, and
Statistical Analysis. These procedures are described
in detail in the Supplemental Material and Methods.

Results

Differential ISG Expression in Liver and Blood of
Patients With Different IL28B Genotypes. Previ-
ously, we showed that pretreatment up-regulation of
hepatic ISGs was associated with an unfavorable treat-
ment outcome and was closely related to the
288 MI (TG or GG at
1s8099917).° To examine whether expression  of
hepatic ISGs would reflect the expression of blood
ISGs, we compared ISG expression between the liver
and blood. We utilized three ISGs (interferon-induced
protein 44 [IFI44], interferon-induced protein with

treatment-resistant
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Table 1. Clinical Characteristics of 146 Patients Whose Liver and Blood Samples Were Analyzed by RT-PCR

Major (MA) Minor (MI)
Major ISG Major 1SG
Clinical Category Up (MAu) Down (MAd) P Value
No. of patients n =42 n = 68 n=36 NA
Age and sex
Age (years) 55 (30-72) 56 (31-72) 55 (30-73) NS
Sex (M vs. F) 27 vs. 15 34 vs. 34 19 vs. 17 NS
Treatment responses
SVR/TR/NR 24/12/6 30/33/6 6/7/23* MAu vs. MI
< 0.0001, MAd vs.
Ml < 0.0001
IL28B genotype T 17 TG/GG (31/5) NA
(TT vs. TG+GG)
Liver factors
F stage 14/13/11/4 30/20/11/7 14/8/10/4 NS
(1/2/3/4)
A grade (AD-1 16 vs. 26 37 vs. 31 20 vs. 16 NS
vs. A2-3)
I1SGs (Mx1, IFl44, 3.83* (2.14-9.48) 1.30% (0.36-2.08) 5.52* (0.86-17.3) MAu vs. MAd
IFIT1) < 0.0001, MAu vs.
Ml < 0.0001, MAd
vs. Ml < 0.0001
1L28A/B 41.3* (4-151) 11.7* (1-53) 22.7* (3-93) MAu vs. MAd
< 0.0001, MAu vs.
Ml = 0.0004, MAd
vs, Ml = 0.031
Blood factors
I1SGs (Mx1, IFI44, 11.1% (2.78-24.9) 4,76 (0.41-20.6) 5.64 (0.71-2.8) MAu vs. MAd
IFIT1) < 0.0001, MAu vs.
MI < 0.0001
1L28A/B 1.6 (0.1-7.7) 1.3 (0.2-6.4) 1.3 (0.3-3.6) NS
Laboratory
parameters
HCV-RNA 2,430 (160-5,000) 2,692 (140-5,000) 1,854* (126-5,000) MAd vs, Ml =
(KIU/mL) 0.017
BMI (kg/m2) 24 (18.7-31.9) 24 (16.3-34.7) 22.8 (19.1-30.5) NS
AST (1u/L) 86* (22-258) 54 (18-192) 64 (21-178) MAu vs. MAd =
0.0008
ALT (IU/L) 112* (17-376) 75 (16-345) 79 (18-236) MAu vs. MAd =
0.023
y-GTP (1U/L) 99* (21-392) 47 (4-367) 74 (20-298) MAu vs. MAd =
0.0003
WBC (/mm3) 4,761 (2,100-8,100) 4,982 (2,800-9,100) 4,823 (2,500-8,200) NS
Hb (g/dL) 14.1 (11.4-16.7) 14.1 (9.3-16.9) 139 (11.2-16.4) NS
PLT (X 104/ 15.2 (9.2-27.8) 16.8 (7-39.4) 16.3 (9-27.8) NS
mm3)
TG (mg/dL) 112 (42-248) 102 (42-260) 136* (30-323) MAd vs. MI = 0.02
T-Chol (mg/dL) 162 (90-221) 169 (107-229) 167 (81-237) NS
LDL-Chol 77 (36-123) 83* (42-134) 72 (29-107) MAd vs. MI = 0.04
(mg/dt)
HDL-Chol 40 (18-67) 43 (27-71) 47* (27-82) NS
(mg/dL)
Viral factors
ISDR mutations 23 vs, 19% 51 vs. 17 26 vs. 10 MAu vs.
=1lvw =2 MAd = 0.02
Core aa 70 24 vs. 18 42 vs. 22 16 vs. 20* MAd vs. Ml = 0.02
(wild-type vs.
mutant)
*P < 0.05.

Abbreviations: BMI, body mass index; ALT, alanine aminotransferase; WBC, leukocytes; Hb, hemoglobin; PLT, platelets; TG, triglycerides; T-chal, total cholesterol;
LDL-chol, low density lipoprotein cholesterol; HDL-chol, high density lipoprotein cholesterol; NA, not applicable; NS, not significant.
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tetratricopeptide  repeats 1 [IFIT1], and myxovirus
(influenza virus) resistance [Mx1]) with a high
dynamic range, comparable relative expression, and
good predictive performance.® Mean values of the
three ISGs detected by real-time detection polymerase
chain reaction (RTD-PCR) in 168 liver tissue samples
(Supporting Table 1) showed a significant up-
regulation of their expression in nonresponder or
treatment-resistant 1L28B MI (TG/GG; rs8099917)
patients, compared to responder (SVR-+TR) or
treatment-sensitive IL28B  MA (TT; rs8099917)
patients, as reported previously (Fig. 1A and Support-
ing Fig. 1A).° However, ISG expression in 146 blood
samples (Table 1) showed no difference between res-
ponders and nonresponders or the IL28B major and
minor genotypes (Fig. 1B and Supporting Fig. 1B). To
explore these findings further, gene expression profiling
using Affymetrix GeneChips was performed on liver
and blood samples from 85 patients (Supporting
Tables 2 and 3), and the expression of 37 representa-
tive 1SGs® was compared (Fig. 1C-E). MA patients
were divided into two groups according to their ISG
expression pattern in the liver: MAu and MAd. MI
patients expressed ISGs at a higher level than MAu
patients. Interestingly, ISG expression in MA patients
showed a similar expression pattern in liver and blood,
and ISGs were up-regulated in MAu patients and
down-regulated in the MAd patients. However, MI
patients showed a different ISG expression pattern in
liver and blood, where ISGs were up-regulated in the
liver, but down-regulated in the blood (Fig. 1C). The
correlation of the mean values of the three ISGs
(IF144, IFIT1, and Mxl1) between liver and blood
from 146 patients demonstrated a significant correla-
tion between values in MA patients (Fig. 1D), whereas
no correlation was observed in MI patients (Fig. 1E).
Interestingly, ISG expression correlated significantly
between liver and blood of responders, but not of non-
responders, in MA and MI patients (Supporting Fig.
1C-F). These results indicate that the correlation of
ISG expression in the liver and blood is an important
predictor of treatment response.

Clinical Characteristics of IL28B MA Patients
With Up- and Down-Regulated 1SGs and IL28B MI
Patients. From the expression pattern of ISGs and
mean values of the three ISGs (IFI44, IFIT1, and
Mxl1), we could use receiver operating characteristic
curve analysis to set a threshold of 2.1-fold to differen-
tiate MAu and MAd patients. Following this criterion,
42 MAu, 68 MAd, and 36 MI patients (total, 146)
were grouped (Table 1). Hepatic ISG expression was
highest in MI patients, whereas blood ISG expression

HEPATOLOGY, Month 2014

was highest in MAu patients. Conversely, hepatic
IL28A/B (IFN-42/3) expression was highest in MAu
patients, whereas blood IL28A/B expression showed no
difference among the three groups. Serum alanine ami-
notransferase (ALT), aspartate aminotransferase (AST),
and gamma-glutamyl transpeptidase (GGT) levels were
significantly higher in MAu patients than in MAd
patients. Interestingly, serum ALT levels were signifi-
cantly correlated with ISG expression in MA patients,
but not in MI patients (Supporting Fig. 2E,F).

Gene expression profiling in peripheral immune
cells showed the presence of active inflammation in
MAu patients, whereas the inactive or remissive phase
of inflammation was observed in MAd patients. In
contrast, monophasic and intermediate inflammation
existed in MI patients (Supporting Fig. 3).

Reduced Number of Immune Cells in the Liver
Lobules of IL28B MI Patients. To examine the dis-
cordant expression of ISGs in liver and blood of MI
patients, we performed LCM to collect cells in liver
lobules (CLLs) and cells in portal areas (CPAs) sepa-
rately from each of five liver biopsied samples from
MAu, MAd, and MI patients (Fig. 2A). Interestingly,
the ISG expression pattern in CLLs from MA patients
was similar to that of CPAs, and ISGs were up-
regulated in MAu patients and down-regulated in
MAd patients. ISG expression in CLLs from the MI
patients was different to that in CPAs, and ISGs were
up-regulated in CLLs, but down-regulated in CPAs
(Fig. 2A). We hypothesized that the discordance of
ISG expression between CLLs and CPAs in MI
patients might be the result of the lower number of
immune cells that infiltrated the liver lobules of these
patients. To prove this hypothesis, immunohistochemi-
cal (IHC) staining was performed (Fig. 2B). IHC
staining showed that IFI44 was strongly expressed in
the cytoplasm and nucleus of CLLs from MI patients,
whereas it was intermediately expressed in MAu
patients and weakly expressed in MAd patients. Inter-
estingly, IFI44 was suongly expressed in CPAs of
MAu patients and weakly expressed in CPAs of MAd
patients, showing a correlation between expression in
CLLs and CPAs of MA patients, whereas ILI44
expression was relatively weak in CPAs, compared
with CLLs, in MI patients (Fig. 2B). In the same sec-
tion of the specimens, there were less CD163-positive
monocytes and macrophages in MI patients than in
MAu and MAd patients. Similarly, there were fewer
CD8-positive T cells in MI patients than in MAu and
MAd patients (Fig. 2B). Semiquantitative evaluation of
CD163- and CD8-positive lymphocytes in liver
lobules showed a significantly lower number of cells in
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MI patients than in MAu and MAd patients (Support-
ing Fig. 4A,B). To support these findings, we exam-
ined the expression of 24 surface markers of immune
cells in CLL, including dendritic cells (DCs), natural
killer (NK) cells, macrophages, T cells, B cells, and
granulocytes (Supporting Fig. 5A). The expression of
immune cell-surface markers was repressed in MI
patients, compared to MAu and MAd patients. Fur-
thermore, whole-liver expression profiling in 85
patients showed the reduced expression of these surface

markers in MI patients, compared to MAu and MAd

patients (Supporting Fig. 5B). These results indicated
that fewer immune cells had infiltrated the liver
lobules of MI patients.

In addition to these findings, various chemokines,
such as CC chemokine ligand (CCL)19, CCL21,
CCL5, and chemokine (C-X-C motif) ligand
(CXCIL)13, which are important regulators for the
recruitment of DCs, NK cells, T cells, and B cells in
the liver, were significantly down-regulated in MI
patients, compared to MAd and MAu patients (Sup-
porting Fig. 4C-F).
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Fig. 2. LCM and IHC staining of biopsied liver specimens. (A) Comparison of the ISG expression pattern of whole liver (upper), CLLs (upper
middle), CPAs (lower middie}, and blood (bottom). CLLs and CPAs were obtained from 5 MI, MAu, and MAd patients, who are indicated by small
black bars. (B) IHC staining of IFl44, CD163, and CD8 in MI, MAu, and MAd patients.

Hepatic ISG Expression Is Significantly Corre-
lated With IL28A/B, but not IFN-o. or IFN-f. The
lower number of immune cells in the liver lobules of
MI patients implies that reduced levels of IFN are pro-
duced from DCs, macrophages, and so on. These find-
ings prompted us to examine the relationship between
hepatic ISGs and IFN-o, IFN-f, IL29/IFN-11, and
IL28A/B in CHC patients. Hepatic ISG expression
was significantly correlated with IL28A/B, but not
IFN-f (Fig. 3A-C) or IFN-a (data not shown) in
MAu, MAd, and MI patients. Expression of IL29 was
correlated with hepatic ISG expression only in MAu
patients. These results indicate that hepatic ISGs
would be mainly induced by IL28A/B in CHC
patients. Interestingly, the correlation between hepatic
ISGs and IL28A/B was strongest in MA patients (P <
0.0001 in MAu; P = 0.0006 in MAd), whereas rather
a weak correlation was observed in MI patients (P =
0.015). Moreover, the ratio of hepatic ISGs to IL28A/B

was larger in MI patients than in MA patients (S =
0.061 in MI; S = 0.028 in MAu; S = 0.020 in
MAd), suggesting the presence of additional factors
that can induce expression of ISGs in MI patients.
Therefore, we evaluated the expression of the recently
discovered IFN-/4 in MI patients. Interestingly, there
was a significant correlation between hepatic ISG and
IFN-24 expression (P = 0.0003; Fig. 3C).
Wingless-Related MMTYV Integration Site 5A and
Its Receptor, Frizzled Receptor 5, Arve Significantly
Up-Regulated in the Liver of Patients With the
IL28B MI 1FN-/4 is a promising factor to induce
ISG expression in MI patients,® and the functional
relevance of IFN-/4 for the pathogenesis of CHC is
under investigation. We searched for other factors that
could induce ISG expression in MI patients. A closer
observation of gene expression profiling in CLLs
obtained by LCM demonstrated that WNT signaling
was  specifically  up-regulated in  MI  patients
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Fig. 3. Correlation analysis of hepatic 1SGs and 1L28A/B, iL29, IFN-f3,

IL29, IFN-f3, and IFN-/4 expression was evaluated in MAu (A), MAd (B
which is available at wileyonlinelibrary.com.]

(Supporting Fig. 6). Further observation enabled us to
idendfy that the WNT ligand, wingless-related
MMTYV integration site SA (WINT5A), and its recep-
tor, frizzled receptor 5 (FZD5), were up-regulated in
MI patients. RTD-PCR results on 168 liver-biopsied
samples confirmed the significant up-regulation of
WNT5A and FZD5 in MI patients, compared to
MAu and MAd patients (Fig. 4A,B). Interestingly,
WNTS5A expression was negatively correlated with che-
mokine expression (Supporting Fig. 7). IHC staining
showed up-regulation of FZD5 in liver lobules of MI
patients, but not in MAu or MAd patients (Fig. 4C).
WNTS5A expression was significantly correlated with
hepatic ISG expression in MI and MAd patients (Fig.
4D). Interestingly, we found a weak, but significant,
correlation between WNTS5A and IFN-/4 expression
in MI patients (Fig. 4E).

WNT5A Induces ISG Expression, but Stimulates
HCV Replication in Hub-7 Cells. To examine the
functional relevance of up-regulated expression of
WNT5A in MI patients, we first evaluated expression
levels of WNT5A and ISGs (2'-5'-oligoadenylate

-7

and IFN-/4. Correlation of mean ISG (IFI44-+IFIT1+Mx1) and 1L28A/B,
), and Ml (C) patients. [Color figure can be viewed in the online issue,

synthetase 2 [OAS2], Mxl, IFI44, and IFIT1) in two
immortalized human hepatocyte cell lines, THLE-5b
and TTNT cells (Supporting Materials and Methods),
and one human hepatoma cell line, Huh-7 cells (Sup-
porting Fig. 8A,B). WNT5A was moderately expressed
in THLE-5b and TTNT cells, whereas its expression
in Huh-7 cells was minimal. Interestingly, ISG expres-
sion in these cells correlated well with expression of
WNT5A (Supporting Fig. 8B). Small interfering RNA
(siRNA) to WNTS5A efficiently repressed WNT5A
expression to ~20% of the control in THLE-5b cells,
and in this condition, ISG expression was significantly
decreased to 30%-50% of the control (Supporting Fig.
8C). Conversely, transduction of WNT5A using a len-
tivirus expression system in Huh-7 cells significanty
increased OAS2 expression (Supporting Fig. 8D), as
well as Mx1 and IFIT1 expression (data not shown),
in the presence and absence of HCV infection. Sur-
prisingly, HCV replication, as determined using Gaus-
sia luciferase activity, increased in WNT5A-transduced
cells (Supporting Fig. 8E). Furthermore, WNT5A-
transduced cells supported more HCV replication than
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