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Fig. 1 Effects of OK-432 on murine bone marrow-derived DCs. a
OK-432-stimulated DCs or immature DCs were co-incubated for 3 h
with MC38 cells untreated or treated at 80 °C for 90 s after staining
with DiD dye. After incubation, DC and MC38 cells were observed
using a fluorescence microscope. Arrowheads indicate MC38 deriva-
tives being phagocytosed by DCs. No tx, untreated MC38 cells; heat
tx, heat-treated MC38 cells; bar, 20 pm. b, ¢ Co-incubated MC38
cells and DCs were stained with anti-CD11c antibodies and ana-
lyzed using flow cytometry. The histograms show the DiD fluorescent
intensity of the CD11c-positive fractions. The percentages of DiD™
CD11c™ cells in the CD11c™ cell population are also shown in a col-

at 24 h after RFA treatment, and the subcutaneous tumors
and the lymph nodes were harvested at 3 days after RFA.
According to the immunohistochemical study involving
the detection of GFP, the inguinal lymph node on the RFA-
treated flank was thought to be the draining lymph node
(Supplementary Fig. 3). Additionally, the number of trans-
ferred DCs in the draining lymph nodes was significantly
higher in the mice treated with the OK-432-stimulated DCs
than in those treated with the immature DCs (Fig. 1d, e).
Our experimental results attested to the fact that the OK-
432-stimulated DCs had both sufficient phagocytic ability
and higher migration efficacy.

Effect of RFA in combination with the injection
of OK-432-stimulated DCs on tumor growth

OK-432-stimulated DCs were used in combination therapy
with RFA in this murine model (Fig. 2a). Namely, BMDCs
stimulated with OK-432 were injected into RFA-treated
tumor at 24 h after RFA treatment. We compared four
groups of tumor-bearing mice as follows: (1) no treatment;
(2) RFA only; (3) RFA with the injection of immature
DCs; and (4) RFA with the injection of OK-432-stimulated
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umn graph. The experiments were performed five times, and repre-
sentative results are shown. Data are presented as the mean + SE.
*P < 0.05. d The migration abilities of the DCs after intratumoral
transfer were evaluated. The draining lymph nodes were harvested at
3 days after RFA followed by the DC transfer. Frozen sections were
prepared and stained with anti-GFP antibodies. Arrows indicate the
GFP-positive cells in the Iymph nodes. Bar 20 jwm. e The draining
lymph nodes were also analyzed using flow cytometry after staining
with anti-CD11c antibodies. Data were obtained from six mice in
each group. Percentages of GFP'T CD11c™ cell are presented as the
mean =+ SE. ¥*P < (.01

DCs. Tumor volumes were measured for 10 days after
treatment/no treatment. On the day after RFA, the treated
tumors were covered with scars, started to shrink and had
disappeared macroscopically at 4 days after RFA in all of
the groups. This indicated that RFA treatment was highly
effective for focal lesions. The injected DCs were detected
in the treated tumors (Supplementary Fig. 3). With regard
to the untreated tumors, as we previously reported, the
group treated with RFA only showed an antitumor effect
against distant tumors. The injection of immature DCs
combined with RFA did not show any additional enhance-
ment of the antitumor effect. On the other hand, the vol-
umes of the untreated tumors in the group that underwent
RFA combined with the injection of OK-432-stimulated
DCs were strongly suppressed (P < 0.001) relative to other
groups (Fig. 2b).

Recruitment of antigen-specific lymphocyte
fractions in both splenocytes and tumor by injected
OK-432-stimulated DCs

Ten days after RFA, the tumors and the spleens were har-
vested and analyzed using immunohistochemical staining.
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Fig. 2 Impact of injection of OK-432-stimulated DCs into murine
MC38 subcutaneous tumors. a RFA was administered to a tumor
on one flank followed by injection of 1 x 107 DCs into the treated
tumor. The untreated tumor on the opposite flank was observed for
10 days. The solid arrowheads indicate the treatment interven-
tion sites, and the open arrowhead indicates the observed untreated
tumor. b The tumor volumes were compared among the four groups
as follows: (1) no treatment; (2) RFA only; (3) RFA in combination
with immature DC injection; and (4) RFA in combination with OK-
432-stimulated DC injection. n = 8 mice per group. The data are pre-
sented as the mean = SE. *P < 0.05; **P < 0.001

We examined the number of tumor-infiltrating CD4-posi-
tive or CD8-positive cells in the tumors by means of immu-
nohistochemistry. The infiltration of these cells into the
untreated tumors was found to be promoted by RFA. The
injection of OK-432-stimulated DCs after RFA induced
the additional recruitment of CDS8-positive cells into the
untreated tumors (Fig. 3a, b). CD1lc-, CD11b- and NK1.1-
positive cells were very marginal and showed no differ-
ences in number among the four groups (data not shown).
Systemically, in terms of analyzing splenocytes with
flow cytometry, the number of CD4-positive and CD8-pos-
itive cells increased in the group treated with RFA in com-
bination with OK-432-stimulated DCs. On the other hand,
the CD11c and NK1.1 fractions, which were considered as
DCs and NK cells, respectively, presented no difference
among the four groups (Fig. 3c). In addition, we examined
the effect of the injection of OK-432-stimulated DCs after
RFA on inhibitory blood cells such as regulatory T cells
(Tregs) and myeloid-derived suppressor cells (MDSCs)
(Fig. 3c). Among CD4-positive cells, significantly fewer
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Tregs were detected in the group treated with RFA in com-
bination with OK-432-stimulated DCs than in the group
treated with RFA in combination with immature DCs. In
the analysis of MDSCs, their rates of occurrence were not
affected by treatment with either RFA alone or RFA in
combination with DCs. Taking these results together, we
concluded that treatment with RFA combined with OK-
432-stimulated DCs enhanced the number of CD4- or
CD8-positive T cells and reduced the Treg/CD4 ratio, but
did not influence MDSC numbers.

Furthermore, we examined the number of tumor-spe-
cific IFN-y-producing cells at 10 days after RFA using the
ELISPOT assay. The number of IFN-y-producing cells
among splenocytes and TILs showed the same trend as
the level of tumor growth control among the four groups
(Fig. 3d); the group treated with RFA in combination with
injected OK-432 DCs showed the most abundant specific
spots. These results suggested that the augmented antitu-
mor effects of RFA combined with OK-432-stimulated
DCs depended in large part on tumor-specific immune
responses by CD4 cells or CDS cells.

Evaluation of tumor-specific immune responses in the
draining lymph node after OK-432-stimulated DC transfer

CD4 T cells and CD8 T cells are now thought to have an
important antitumor effect as a result of the OK-432-stim-
ulated DC transfer. To elucidate the priming of the antigen-
specific immune response, we analyzed the draining lymph
nodes at 3 days after RFA focusing on CD4-positive or
CD8-positive cells. CD69, the early activation marker, on
CD4-positive and CDS8-positive cells was examined and
compared between the immature DC transfer group and the
OK-432-stimulated DC transfer group. It was found that
CD69 expression on both CD4-positive and CD8-positive
cells was elevated in the OK-432-stimulated DC transfer
group (Fig. 4a, b). The activations were also demonstrated
to be tumor-specific using the IFN-y ELISPOT assay in
which each of CD4-negative and CD8-negative fractions
was applied to the assay and both showed tumor-specific
IFN-y secretions (Fig. 4¢).

Evaluation of the relationship between CD4-positive
and CD8-positive cells and the antitumor effects of RFA
and OK-432-stimulated DC transfer

We have demonstrated that combination therapy involving
RFA and OK-432-stimulated DC transfer might generate
enhanced antitumor effects via tumor-specific CD4-pos-
itive and CDS8-positive cells. To obtain further evidence,
we carried out in vivo CD4 or CDS8 depletion studies in
mice. Initially, we confirmed CD4 or CDS8 depletion in
the control in vivo study (Supplementary Fig. 4). The
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Fig. 3 Analysis of the tumor-infiltrating lymphocytes and the sple-
nocytes after combination therapy with RFA and DC injection.
a CD4-positive and CDS8-positive cells in the observed untreated
tumors were detected using immunohistochemistry at 10 days after
RFA. The black bar represents 50 |um. b The number of positive
cells was counted using a microscope. This was achieved by count-
ing the number of cells in six randomly chosen tumor areas at 400-
fold magnification. Three mice were used in each group. The data
are presented as the mean £ SE. *** P < 0.001; ns not significant.
¢ Ten days after RFA, splenocytes were stained with anti-CD4, anti-
CD8, anti-NK1.1 and anti-CD1 1c antibodies and analyzed using flow
cytometry. Regulatory T cells (Tregs) defined as CD4TCD25Foxp3™

CD4-positive and CD8-positive fractions in the peripheral
blood were greatly depleted at 7 days after injection of the
antibodies. The experimental schedule was determined as
follows. The depletion antibodies were injected at 1 day
before and 3 days after RFA, and the tumors that were not
treated with RFA were observed for 10 days. In addition,
the draining lymph nodes were harvested at 3 days after
RFA and analyzed (Supplementary Fig. 5). The antitumor
effects of RFA treatment and the augmented effects from
OK-432-stimulated DCs were cancelled out by depletion of
both CD4 and CD8 cells (Fig. 5a). In the CD4 depletion
study, there was no priming of the antitumor effect in the
draining lymph nodes (Fig. 5b; Supplementary Fig. 6). On
the other hand, in the CD8 depletion study CD4 cells were
activated with tumor specificities in the draining lymph
node in both groups, and the activation was stronger in the
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cells and myeloid-derived suppressor cells (MDSCs) defined as
CD11b*Gr-1* cells were counted and compared among the four
groups. Six mice were analyzed in each group. The data are presented
as the mean =+ SE. *P < 0.05; **P < 0.01; ***P < 0.001; ns not sig-
nificant. d Immune responses by the splenocytes and the tumor-infil-
trating lymphocytes (TILs) were examined by means of the [FN-y
enzyme-linked immunospot (ELISPOT) assay using MC38 lysate. In
the assay for TILs, 1 x 10° TILs were mixed with 2 x 10° spleno-
cytes from B6 mice and applied to the well. Six mice were analyzed
in each group. The data are presented as the mean + SE. **P < 0.01;
***P < 0.001; ns not significant

OK-432-stimulated DC transfer group (Fig. 5b; Supple-
mentary Fig. 6). Tumor-specific reactions were also dem-
onstrated in the splenocytes and the TILs at 10 days after
RFA. There was a tendency for OK-432 DC transfer treat-
ment to result in the recruitment of increased numbers of
tumor-specific lymphocytes into the tumor on the opposite
flank (P = 0.184; Fig. 5c). These results indicated that the
tumor-specific activation of CD8 cells was necessary for
the antitumor effect and was completely dependent on help
from the CD4 cells.

Discussion

In the past decade, cytotoxic agents and molecular-targeted
therapies have been developed, and the treatment outcomes
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Fig. 4 Antigen-specific activation of both CD4-positive and CD8-
positive cells in the draining lymph node. a Three days after RFA
followed by DC transfer, the draining lymph node was harvested and
analyzed by staining with anti-CD4 antibodies, anti-CD8 antibodies
and anti-CDG69 antibodies. The fluorescence intensities of CD69 in
the CD4-positive and CD8-positive fractions are compared between
the OK-432-stimulated DC transfer group and the immature DC
transfer group. The data were obtained from six mice in each group.
The histograms show the representative data. b The mean fluores-
cent intensities are also presented as the mean £ SE. *P < 0.05. ¢
The antigen specificities of the T-cell activations were confirmed by
means of the IFN-y ELISPOT assay using MC38 lysate. After CD4
or CD8 depletion using CD4 and CD8 magnetic beads, the lym-
phocytes from the draining lymph nodes were submitted to IFN-y
ELISPOT assay. Data were obtained from six mice in each group.
*P < 0.05; **P < 0.01

for various cancers have improved. However, few patients
with advanced cancers have been completely cured, and
thus, new strategies for anticancer therapy are required.
Immunotherapy is considered to have the potential to effec-
tively treat such advanced cancers, and many different
approaches have been explored. For the utilization of the
adoptive immune response in a cancer therapy, DCs are a
key constituent of the immune system. This is because of
their natural potential to present tumor-associated antigens
to CD4" and CD8* lymphocytes and also to control both
immune tolerance and immunity [21]. Thus, DCs are con-
sidered as an important target for cancer immunotherapy.
Many trials and studies have been carried out regarding
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immunotherapy for cancer using DCs, some of which
have been reported to have pronounced effects [22-25].
In recent studies, it has been revealed that RFA treatment
induces tumor-specific T-cell responses, which is known as
the abscopal effect; this has been mainly reported in radio-
therapy studies and is augmented with combined immuno-
therapies [20, 27]. Brok et al. [28] have previously reported
on the vaccination effects of combination therapy involving
RFA and CTLA-4 antibody.

To our knowledge, this is the first study that has demon-
strated using a murine metastatic cancer model that RFA
in combination with focal DC injection could enhance the
antitumor effects of RFA alone. Our results showed that
immature DCs made no additional immunological contri-
bution to RFA. In the analysis of draining lymph nodes, few
transferred DCs were detected after the injection of imma-
ture DCs. It appeared that immature DCs did not act as
sentinels in the adoptive immune system, partially because
they exhibited low expression of CCR7 (the main molecule
that promotes DC migration [29]), even though elevation
of CCR7 expression using OK-432 was very modest in our
study. There is another possibility immature DCs are easily
lysed and excluded by the host immune system [30]. On
the other hand, mature DCs can escape cell lysis [31].

Utilization of OK-432-stimulated DCs improved the
number of migrating transferred DCs in the present study.
These DCs, which could act as sentinels for immunity,
induced expansion in the number of tumor-specific lym-
phocytes in the draining lymph nodes, in the splenocytes
and in the distant nontreated tumors, without systemic
expansion of inhibitory cells such as Tregs or MDSCs. We
also demonstrated that these augmented antitumor effects
after OK-432-stimulated DC transfer were primed in the
draining lymph nodes with tumor-specific activations of
CD4-positive and CD8-positive cells; it was proved that
without CD4-positive or CD8-positive cells, both the anti-
tumor effect by RFA and the additional effect of the injec-
tion of OK-432-stimulated DCs disappeared completely.
In addition, the in vivo CD4 depletion study revealed that
tumor-specific activations of CD8-positive cells were
not seen in the draining lymph nodes in both groups after
the injection of immature DCs and OK-432-stimulated
DC injection; in other words, tumor-specific CD8 activa-
tion depended on CD4-positive cells entirely. In the CDS8
depletion study, on the other hand, we found that tumor-
specific CD4-positive cells appeared in the draining lymph
nodes, the splenocyte population and the untreated tumor
on the opposite flank, and these lymphocytes were con-
sidered to be CD4-positive cells. In the tumor-infiltrating
lymphocytes, there was a tendency for more tumor-specific
CD4-positive cells to be recruited after treatment involving
OK-432-stimulated DC transfer. Many researchers have
demonstrated the contribution of CD4 cells to cytotoxicity
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Fig. 5 The augmented antitumor effects depended on both CD4-
positive and CD8-positive cells. a For in vivo CD4 or CD8 deple-
tion, monoclonal antibodies specific to CD4 (GK1.5) or CD8 (2.43),
respectively, were injected intraperitoneally at 1 day before and
3 days after RFA. Tumor volumes were compared among the four
groups for 10 days after RFA. In each experiment, data were obtained
from four mice per group and are presented as the mean + SE. ns
not significant. b The draining lymph nodes were harvested at 3 days

[32, 33]. However, in our experimental models, tumor-spe-
cific CD4-positive cells were not observed to contribute to
the antitumor effect. Summarizing the above, in our study,
the CD4-positive cells were required for the priming of the
immune responses, and the CD8-positive cells acted as the
effector cells after help from the CD4-positive cells.

In conclusion, we consider on the basis of our preclini-
cal findings regarding combination therapy involving OK-
432-stimulated DCs with RFA for the treatment of meta-
static liver cancer that clinical trials can now proceed. It is
anticipated that this combination therapy will be markedly
superior to RFA single therapy.
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after RFA and analyzed for their tumor specificities using the IFN-y
ELISPOT assay. Two mice were used in each group. Data are shown
as the mean £ SE. *P < 0.005; ns not significant. ¢ In the CD8 deple-
tion study, splenocytes and tumor-infiltrating lymphocytes (TILs)
were evaluated for their tumor specificities using the IFN-y ELISPOT
assay as described in Fig. 3. Four mice were used in each group. Data
are shown as the mean =+ SE. ns not significant
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Hepatic Interferon-Stimulated Genes Are Differentially
Regulated in the Liver of Chronic Hepatitis C Patients
With Different Interleukin-28B Genotypes
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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-14, and wingless-related MMTYV 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 WNT5A 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 WNT5A, 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 2014559:828-838)

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 RBV, 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/IP-10, chemokine (C-X-C motif) ligand 10/interferon-gamma-induced protein 10; CXCR3, chemokine (C-X-C
motif) receptor 3; DCs, dendyitic cells; DVL, disheveled; FZDS5, frizaled family receptor 5; G3BP1, GTPase-activating protein (SH3 domain)-binding protein I;
GGT, gamma-glutamyl transpeptidase; HCYV, hepatitis C virus; IFI44, interferon-induced protein 44; IFITI, interferon-induced protein with tetratricopeptide
repeats 1; IFN, interferon; THC, immunobistochemical; IL, interleukin; ISGs, interferon-stimulated genes; JFH-1, Japanese fulminant hepatitis type 1; LCM, laser
capture microdissection; MA, major genotype; MAd, major genotype, down-regulated; MAu, major genotype, up-regulated; MI, minor genotype; My, 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;

WNT5A4, 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,
[FN-43) 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 158099917).° 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 1L.28B
genotype.

In the present study, we performed gene expression
profiling in the liver and blood and compared the
expression of ISGs between them. Furthermore, I1SG
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 [L28B 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,

HONDA ET AL. 829

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
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 (http://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.

arc

Results

Diffevential 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
treatment-resistant [L28B MI (TG or GG at
rs8099917).° 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
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Table 1. Clinical Characteristics of 146 Patients Whose Liver and Blood Samples Were Analyzed by RT-PCR
Major (MA) Minor (M1}
Major 1SG Major ISG
Clinical Category Up (MAu) Down (MAd) P Value
No. of patients n o= 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 1T 17 TG/GG (31/5) NA
(TT vs. TG+GG)
Liver factors
F stage 1471371174 30/20/11/7 14/8/10/4 NS
(1/2/3/4)
A grade (AO-1 16 vs, 26 37 vs. 31 20 vs. 16 NS
vs. A2-3)
ISGs (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
IL28A/B 41.3* (4-151) 11.7* (1-53) 22.7* (3-93) MAu vs. MAd
< 0.0001, MAu vs.
MI = 0.0004, MAd
vs. Ml = 0.031
Blood factors
ISGs (Mx1, IFl44, 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.
Ml < 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. MI =
(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 (JU/L) 86* (22-258) 54 (18-192) 64 (21-178) MAU vs. MAd =
0.0008
ALT (1U/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) 13.9 (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. Ml = 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/dl)
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.
=1lvws. =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, ieukocytes; Hb, hemoglobin; PLT, platelets; TG, triglycerides; T-chol, 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 [L28B MI (TG/GG; rs8099917)
patients, compared to responder (SVR+TR) or
treatment-sensitive 1L28B  MA (TT; 1s8099917)
patients, as riported 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 ISGs® 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 ISGs and IL28B MI
Patients. From the expression pattern of ISGs and
mean values of the three ISGs (IF144, 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
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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 patents 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 strongly 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 CDS8-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
(CXCL)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 middle), 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 IFI44, 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-B. The
lower number of immune cells in the liver lobules of
MI patients implies that reduced levels of TFN are pro-
duced from DCs, macrophages, and so on. These find-
ings prompted us to examine the relationship between
hepatic ISGs and IEN-o, IFN-f, IL29/IEN-i1, and
IL28A/B in CHC patients. Hepatic ISG expression
was significantly correlated with I[L28A/B, but not
[FN-f (Fig. 3A-C) or IFN-« (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 ML, § = 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-44 in MI patients. Interestingly, there
was a significant correlation between hepatic ISG and
IFN-/4 expression (P = 0.0003; Fig. 3C).
Wingless-Related MMTYV Integration Site 5A and
Its Receptor, Frizzled Receptor 5, Are Significantly
Up-Regulated in the Liver of Patients With the
IL28B MI. 1EN-/4 is a promising factor to induce
ISG expression in MI patients,8 and the functional
relevance of IFN-44 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 ISGs and IL28A/B, IL29, IFN-f, and IFN-24. Corelation of mean ISG (IFl44+1FT1+Mx1) and IL28A/B,

IL29, IFN-f3, and IFN-44 expression was evaluated in MAu (A), MAd (B),

which is available at wileyonlinelibrary.com.]

(Supporting Fig. 6). Further observation enabled us to
identify that the WNT ligand, wingless-related
MMTYV integration site SA (WNT5A), and its recep-
tor, frizzled receptor 5 (FZDS5), 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 FZDS5 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 WINT5A and IFN-/4 expression
in MI patients (Fig. 4E).

WNT5A Induces ISG Expression, but Stimulates
HCV Replication in Huh-7 Cells. To examine the
functional relevance of up-regulated expression of
WNTS5A in MI patients, we first evaluated expression
levels of WNTS5A and ISGs (2-5'-oligoadenylate

and Mi (C) patients. [Color figure can be viewed in the online issue,

synthetase 2 [OAS2], Mx1, 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). WINT5A 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 efficienty 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 significantly
increased OAS2 expression (Supporting Fig. 8D), as
well as Mx1 and IFITT 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 WNTSA-transduced
cells (Supporting Fig. 8E). Furthermore, WNT5A-
transduced cells supported more HCV replication than
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Fig. 4. WNT5A and FZD5 are up-regulated in [L28B MI patients. (A)

RTD-PCR results of WNT5A expression in liver of MAu, MAd, and MI

patients. (B) RTD-PCR results of FZD5 expression in liver of MAu, MAd, and MI patients. (C) IHC staining of IFI44 and FZD5 expression in liver of
MAu, MAd, and MI patients. (D) Correlation of mean ISG (IFI44+IFIT1+Mx1) and WNT5A expression in liver of MAu, MAd, and MI patients. (E)

Correlation of WNT5A and IFN-44 expression in liver of Mi patients.

nontransduced cells under IFN treatment (Supporting
Fig. 8F).

WNT5A-FZD5 Signaling Induces the Expression
of the Stress Granule Protein, GTPase-Activating
Protein (SH3 Domain)-Binding Protein 1, Which
Supports HCV Replication. These findings were fur-
ther confirmed by using Huh-7 cells that were contin-
uously infected with Japanese fulminant hepatitis type
1 (JFH-1; Huh7-JFH1), which is a genotype 2a HCV
isolate.” Interestingly, expression of WNT5A in Huh7-
JFH1 cells was significantly up-regulated, compared
with uninfected Huh-7 cells, and showed an equivalent
expression level with THLE-5b cells (Fig. 5A). siRNA
to WNTS5A efficiently repressed WNT5A expression
to ~20% of the control, and in this condition, ISG
expression (IF144 was not expressed in Huh-7 cells),
HCV RNA, and infectivity were repressed to 25%-
65%, 60%, and 40% of the control, respectively (Fig.
5B and Supporting Fig. 9A). Interestingly, CXCL13
expression was significantly increased in this condition.
We evaluated the expression of GTPase-activating

protein (SH3 domain)-binding protein 1 (G3BP1), a
recently recognized stress granule (SG) protein that
supports HCV infection and replication.'® Expression
of G3BP1 was repressed to 60% of the control by
knocking down WNT5A. Conversely, overexpression
of WNTS5A in Huh7-JFH1 cells significantly decreased
CXCL13 expression and increased HCV RNA, infec-
tivity, and G3BP1 expression (Fig. 5C and Supporting
Fig. 9B). A recent report demonstrated that G3BP1 is
a disheveled (DVL)-associated protein that regulates
WNT signaling downstream of the FZD receptor.'’
Knocking down FZD5 in Huh7-JFHI cells signifi-
cantly reduced the expression of DVLI-3, G3BPlI,
Mx1, and IFIT1 as well as HCV infectivity (Support-
ing Fig. 9C,D). Interestingly, G3BP1 expression was
significantly up-regulated in liver of MI patients (Fig.
5D). Furthermore, G3BP1 expression was significantly
correlated with WNTS5A expression in liver of the
CHC patients (Fig. 5E). More dramatically, a strong
correlation was observed between expression of FZD5

and G3BP1 in liver of CHC patients (Fig. 5F).
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standard error. *P < 0.05; **P < 0.01; ***P < 0.005. (D) RTD-PCR results for G3BP1 expression in liver of MAu, MAd, and Ml patients. (E)
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in the online issue, which is available at wileyonlinelibrary.com.]

Discussion

The underlying mechanism for the association of
the IL28B genotype with treatment responses to IFN-
based therapy for HCV has not yet been clarified. We
and others have shown that pretreatment up-regulation
of hepatic ISGs was associated with an unfavorable
treatment -outcome””' ' and was closely related to
treatment-resistant  MI  IL28B, compared with
treatment-sensitive MA TL28B.6

By comparing ISG expression in liver and blood, we
found that their expression was correlated in MA

patients, but not in MI patients. LCM analysis of ISG
expression in CLLs and CPAs showed the loss of the
correlation between CLLs and CPAs in MI patients
(Fig. 2A). This might be the result of the impaired
migration of immune cells into liver lobules that was
demonstrated by decreased expression of immune cell-
surface markers in CLLs by LCM (Supporting Fig.
5A) and THC staining (Fig. 2B). Lymphocyte accumu-
lation in the portal area (portal-tract-associated lymph-
oid tissue; PALT) might be involved in extravasation
of lymphocytes from vessels in the portal area, but
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others demonstrated that DCs appeared in the sinusoi-
dal wall and passed through the space of Disse to
PALT, where the draining lymphatic duct is located."
There should be an active movement of immune cells
between liver lobules and PALT, as reflected by the
correlation of ISG expression in CLLs and CPAs in
the MA patients of this study.

ISGs were reportedly up-regulated in hepatocytes of
treatment-resistant IL28B genotype patients, but were
up-regulated in Kupffer cells of treatment-sensitive
genotype patients.'> Our results confirmed these find-
ings; however, we also showed that expression of vari-
ous immune cell-surface markers, such as those on
DCs, NK cells, macrophages, T cells, B cells, and
granulocytes, was lower in MI than in MA patients
(Supporting Fig. 5). In addition, we showed that
expression of various chemokines was also repressed in
MI patients, compared to MA patients (Supporting
Fig. 4C-F).

Up-regulation of pretreatment chemokine (C-X-C
motif) ligand 10/interferon-gamma-induced protein
10 (CXCL10/IP-10) serum levels is also associated
with an unfavorable treatment outcome.'® CXCL10
expression in the liver was significantly correlated with
hepatic ISG expression and was higher in nonrespond-
ers than in responders (Supporting Fig. 10). Our
results support the usefulness of serum CXCL10 for
prediction of treatment outcome. Chemokine (C-X-C
motif) receptor 3 (CXCR3) expression, a receptor for
CXCL10, was inversely correlated with hepatic ISG
expression and was significantly lower in MI than in
MA patients (Supporting Fig. 10).

The lower number of immune cells in the liver
lobules of MI patients would imply the reduced pro-
duction of IFN from DCs, macrophages, and so on.
Correlation analysis showed that hepatic ISGs were
mainly associated with type III IFNs (IL28A/B and
11.29), but not type I IFNs (IFN-a or IFN-p), although
a significant association with IL29 was only observed in
MA patients with up-regulated ISGs. This might be
related to the high serum ALT levels in MAu patients
(Fig. 3). Closer examination of hepatic ISGs and
IL28A/B suggested that factors other than IL28A/B
might regulate ISG expression in MI patents. During
the preparation of this study, IFN-44 was newly identi-
fied to be expressed in hepatocytes from treatment-
resistant IL28B genotype patients.® Interestingly, we
found a significant correlation between hepatic ISGs
and IFN-Z4 in MI patients (Fig. 3C). Moreover, a
closer examination of gene expression profiling in MI
patients enabled us to detect up-regulation of the non-

canonical WNT ligand, WNT5A. RTD-PCR analysis
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of 168 patients confirmed up-regulation of WNT5A
and its receptor, FZDS5, in MI patients. Importantly,
WNTS5A expression was significantly correlated with
hepatic ISG expression in MI patients. A recent report
showed that WNT5A induces expression of ISGs,
increases sensitivity of keratinocytes to IFN-o,'” and
might be involved in the immune response to influenza
virus infection.'® Therefore, we examined the role of
WNTSA in hepatocytes. Interestingly, expression of
WNT5A and ISGs was well correlated, and knocking
down WNTS5A using siRNA reduced expression of
ISGs in THLE-5b cells (Supporting Fig. 8). Conversely,
transduction of Huh-7 cells with WNT5A using a lenti-
virus system increased expression of ISGs. Despite the
increase in ISG expression, WINT5A did not suppress
HCYV replication, but rather increased it in Huh-7 cells
(Supporting Fig. 8). These results were also confirmed
by using Huh-7 cells continuously infected with JFH-1.
By knocking down or overexpressing WNTS5A in
Huh7-JFH1 cells, we showed that HCV-RNA was posi-
tively regulated by WNT5A (Fig. 5B,C).

WNT5A and its receptor, FZD5, mediate nonca-
nonical WNT signaling, such as planar cell polarity
and the WNT-Ca**-signaling pathway through G pro-
teins. WINT5A reportedly inhibits B- and T-cell devel-
opment by counteracting canonical WNT signaling.'
We found that G3BP1, an SG assembly factor, was
up-regulated by WNT5A (Fig. 5C). SGs were report-
edly formed by endoplasmic reticulum stress, followed
by HCV infection, and localized around lipid droplets
with HCV replication complexes.'® G3BP1 contributes
to SG formation and increases HCV replication and
infection in Huh-7 cells.'® Moreover, a recent report
demonstrated that G3BP1 is a DVL-associated protein
that regulates WNT signaling downstream of the FZD
receptor.’' In this study, repression of WNTS5A or
FZD5 significantly reduced expression of DVLI-3,
G3BP1, Mxl, and IFIT1 as well as HCV infectivity
in Huh7-JFH1 cells (Fig. 5 and Supporting Fig. 9).

Importantly, we found a significant correlation between
WNT5A and G3BP1 expression in liver tissue samples
(Fig. 5E). We also found a significant correlation between
FZD5 and G3BP1 expression in liver tissue samples (Fig.
5F). Thus, up-regulated noncanonical WNT5A-FZD5
signaling participates in the induction of ISG expression,
but preserves HCV replication and infection in hepato-
cytes by increasing levels of the SG protein, G3BPI.
These findings may explain the pathophysiological state
of the treatment-resistant phenotype in MI patients.

In this study, we demonstrated impaired immune
cell infiltration of the liver in treatment-resistant
IL28B genotype patients, and we also demonstrated
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that up-regulation of hepatic ISGs in treatment-
resistant IL28B genotype patients was mediated by
multiple factors, including IL28A/B, IFN-/4, and
WNTS5A. We found a significant negative correlation
between WNTSA and various chemokines in liver of
CHC  patients  (Supporting Fig. 7). Interestingly,
WNT5A directly repressed one of these chemokines,
CXCL13, a B-lymphocyte chemoattractant, in HCV-
infected hepatocytes. These results indicate that loss of
immune cells from the liver may be associated with
the induction of other inflammatory factors, such as
WNTSA, in MI patients, although we did not identify
which cells express WNTSA. Further studies are
needed to explore their functional relevance in the

pathogenesis of CHC.
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Preferable sites and orientations of transgene inserted in the
adenovirus vector genome: The E3 site may be unfavorable for

transgene position

M Suzuki, S Kondo, Z Pei', A Maekawa, | Saito and Y Kanegae

INTRODUCTION

First-generation (E1 deleted) adenovirus vectors (FG AdVs), which
lack the E1 and E3 regions, are popularly used in basic studies to
elucidate gene functions, and have been employed for gene
therapy.'™ Because the DNA fragments of up to about 7 kilobases
(kb) in total can be inserted into the AdV genome, the AdVs are
frequently used to produce two proteins simultaneously from two
independent transgenes expressing both the target gene and the
reporter gene, for example. In the studies using the cultured cells
and in the animal experiments, the GFP and luciferase are used as
the reporters. Recently, positron emission tomography has
clinically been used in patients for diagnoses and in experimental
animal models. Therefore, the AdVs containing both the
therapeutic gene and the positron emission tomography reporter
gene would be valuable in the gene therapy fields, because the
therapeutic effects, the vector duration and distribution can
simultaneously be monitored.’® Probably one would wish for
high-titer AdVs with the highest expression for the therapeutic
gene and with the second highest for the reporter gene not
causing any trouble, if the insertion sites and orientations in the
AdV genome can be chosen. However, the titers and the
expression levels of the AdVs may considerably be influenced
by the sites and orientations of the transgenes. Such information
may be very valuable for construction of the best vector, especially
in the vector containing both the therapeutic gene and the
reporter gene.

The simultaneous expression of two genes could be achieved
by inserting the two genes into the E1 site under the control of a
single prompter using the internal ribosomal entry sites or using
porcine teschovirus-1 2A%' In the former approach, the

expression of the second gene might be influenced by the
sequences between internal ribosomal entry sites and its initiation
codon, and in the latter, the manipulation is necessary to remove
the stop codon of the first gene and to adjust the frames of the
two genes. When two genes driven by the independent
promoters are inserted into the E1 site, they might interfere with
each other. However, when two independent expression units are
inserted in different sites in the AdV genome, no interference
occurs. Moreover, the advantage of this approach is that the main
target gene can easily be changed using the AdV cassette that
already contains the reporter gene.

There are three insertion sites and two orientations: a transgene
can be inserted into the AdV genome by substitution of the E1 or
E3 gene and by simple insertion at a position upstream of the E4
gene. Therefore, there are six different possible sites/orientations
for any given transgene. Moreover, not only the potent promoters
such as EFta but also tissue-specific promoters such as
a-fetoprotein (AFP) can also be employed. Although the studies
examining which sites/orientations are superior to others are
practically important, they have been very limited"'? and
systematic analyses have not been reported so far.

As it is known that the expression level of a transgene varies
considerably depending on the site in the cell chromosome of the
human genome, the phenomenon is called the ‘position
effect’.’®' Although CG-methylation in the cell chromosome is
clearly one reason, it is not observed in the AdV genome.
Therefore, it would be of interest to examine whether the ‘position
effect’ might also be observed similarly in the AdV genome for the
potent promoter and for the tissue-specific promoter.
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FG AdVs retain almost all viral genes, They are normally not
expressed in the target cells, because E1A protein, the essential
transactivator for expression of all other viral genes, is not present.
However, there is one report of splicing of aberrant mRNAs from
the inserted foreign genes to a viral gene.' In this case, the
aberrant mRNAs are transcribed by strong foreign promoters and
produce transgene-viral gene fusion proteins, which elicit strong
immune responses. However, it is not known whether the
production of the aberrant gene product between the inserted
transgene and viral gene is rare or not.

In this study, we examined the AdV titers and expression levels
of an identical transgene inserted at the E1, E3 and E4 sites. We
used three transgenes, namely, GFP, LacZ and Cre, and two
promoters, namely, the potent EF1a promoter and the cancer-
specific AFP promoter, and attempted to construct AdVs using all
combinations, that is, 18 AdVs, and succeeded in constructing
17 of them. We found that insertion at the E1 and E4 sites yielded
mostly high titers, whereas the one at the E3 yielded variable
titers. Surprisingly, four aberrantly spliced mRNAs between the
transgenes and viral genes were found in the vector obtained by
insertion at the E3 site, which was probably the reason for the very
low titers. As for the expression levels, clear differences were
observed among the vectors obtained with insertion at the E1, E3
and E4 sites despite using the identical transgene, indicating that
the position effect was certainly present for the AdV genome and
that aberrant splicing may, at least in part, explain this effect. We
also propose a strategy to avoid generation of the aberrantly
spliced mRNAs.

RESULTS

The vector titers were significantly influenced by the insertion
sites and orientations of the transgene

We first examined whether the vector titers were influenced by
the site/orientations of the transgenes containing a potent EFla
promoter. Towards this end, we attempted to construct six GFP-
expressing (EF-GFP) and six LacZ-expressing (EF-LacZ) vectors in
all possible combinations, that is, the E1, E3 and E4 insertion sites
and the two orientations (Figure 1), and measured the vector titers
(Figure 2a) (hereinafter, the vectors will be designated as per the
following; the vectors containing the GFP gene and LacZ gene at
the E1 insertion site and in the left orientation shall be denoted as
G-E1L and Z-E1L vectors, respectively). Among the GFP-expressing
vectors, high titers were obtained for G-E1L, G-E3L, G-E4L and
G-E4R vectors (Figure 2a, bars 1, 3, 5 and 6), while the titer for the
G-E1R vector was lower (bar 2). Notably, the G-E3R vector, that is,
vector with the GFP transgene inserted in the E3 site in the
rightward orientation, could not be obtained despite three
independent attempts (bar 4, denote 'x’). Therefore, although
exactly the same EF1a-GFP expression unit was inserted in these
vectors, the sites and orientations exerted considerable influence
on the vector titers and even determined whether the vector was
available or not. Similar results were obtained for vectors
expressing LacZ: the titers of the Z-E1L, Z-E4L and Z-E4R vectors
(bars 7, 11 and 12) were high, and that of the Z-E1R vector was
also low (bar 8). However, the results of insertion at the E3 site
differed for GFP and LacZ. The titer ratio of Z-E3L was significantly
lower than that of G-E3L (compare bars 3 and 9, described later),
and the Z-E3R vector was available, although its titer was
extremely low (bar 10). Therefore, the GFP gene and LacZ gene
themselves influenced the vector titers.

Then, we constructed six vectors containing the AFP promoter
and Cre gene (AFP-Cre) and measured their titers (Figure 2b).
Although these vectors contained the AFP promoter and Cre
gene, this transgene unit served as a nonfunctional DNA, because
the AFP promoter, which is hepatocarcinoma-cell-specific, is not
active in the 293 cells. The titers of the all six vectors were very
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Figure 1. The FG AdV structures of six different site/orientations in
all possible combinations. The box containing ‘pro,’ ‘gene’ and ‘pA’
represents the expression unit and the arrows show the orientation
of transcription. ‘pro,’ EF1a and AFP promoter; gene, GFP, LacZ and
Cre; pA, rabbit p-globin polyadenylation signal. For example, the
vector containing the transgene at the E1 insertion site and in the
left orientation is denoted as ‘E1L.

similar (Figure 2b). Thus, the site/orientation does not always
influence the vector titers, and it appeared that there may be
some specific reasons why the titers were low for vectors
containing the EF1a promoter expressing the GFP and LacZ genes.

Aberrant chimera mRNAs were produced in the vectors containing
the expression unit at the E3 site

The E3 transgene is present within the large intron from the major
late promoter (MLP) to the fiber gene (Figure 3a, except the first).
We previously reported an aberrant splicing from a cryptic donor
site present in the LacZ gene to the viral piX acceptor site, which
produces a LacZ-plX fusion protein.'”® Therefore, we speculated
that similar aberrant splicing might occur for the LacZ gene
inserted at the E3 site.

Total RNA was prepared from the 293 cells infected with the
E3R vector and reverse-transcribed to detect such aberrantly
spliced mRNA spanning from the LacZ cryptic donor site to the
possible fiber acceptor site, which is the only acceptor site present
downstream of the LacZ donor site. In fact, we identified an
aberrant mRNA spliced from this LacZ donor to the fiber acceptor
(Figure 3a, second; Figure 3b, 0.7-kb band). The splicing donor site
in the LacZ gene was identical to that of the reported LacZ gene
inserted at E1 site to the viral plX acceptor site, and the fiber
acceptor site was the same as that normally spliced from the MLP
donor site (Supplementary Table S1). This is quite abnormal
because, in general, splicing occurs between only specific donor
and acceptor sites, suggesting that an inserted transgene could
disturb normal splicing.

We also examined whether any other aberrantly spliced mRNA
upstream of the transgene was present or not. Surprisingly, we
also detected an abnormal mRNA spliced from the donor site of
the third exon of the viral MLP to the acceptor site of the second
exon of the EF1a promoter (Figure 3a, third; Figure 3b, 1.2-kb
band; the junction sequence is shown in Supplementary Table S1).
These results mean that the normal splicing from the MLP donor
to the fiber acceptor are doubly competed with aberrant splicing
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