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Clinical studies suggest that the oral acyclic retinoid Peretinoin may reduce the recurrence of hepatocellular
carcinoma (HCC) following surgical ablation of primary tumours. Since hepatitis C virus (HCV) infection is
amajor cause of HCC, we assessed whether Peretinoin and other retinoids have any effect on HCV infection.
For this purpose, we measured the effects of several retinoids on the replication of genotype 1a, 1b, and 2a
HCV in vitro. Peretinoin inhibited RNA replication for all genotypes and showed the strongest antiviral
effect among the retinoids tested. Furthermore, it reduced infectious virus release by 80-90% without
affecting virus assembly. These effects could be due to reduced signalling from lipid droplets, triglyceride
abundance, and the expression of mature sterol regulatory element-binding protein 1c and fatty acid
synthase. These negative effects of Peretinoin on HCV infection may be beneficial in addition to its potential
for HCC chemoprevention in HCV-infected patients.

epatitis C virus (HCV) is a causative agent of chronic hepatitis, liver cirrhosis, and hepatocellular carcin-
ma (HCCQC); therefore, the eradication of HCV from an infected liver could reduce death from HCV-
elated liver disease. Combination therapy of PEGylated-interferon (PEG-IFN) and ribavirin has long
been the standard of care for patients with chronic hepatitis C (CH-C); however, a sustained viral response (SVR)
is obtained in only ~50% of treated patients infected with genotype 1 HCV". Recently, several classes of direct-
acting antiviral agents (DAAs) have entered into clinical use. In the United States, two NS3/4A protease inhi-
bitors, telaprevir and boceprevir, were approved for use in combination with PEG-IFN and ribavirin in 2011.
Although the addition of these DA As dramatically improves the SVR rate, 20-30% of patients still fail to eradicate
HCV due to breakthrough by drug-resistant mutants or null response to therapy’. More potent DAAs are
currently in late clinical development and promise much higher SVR rates even in the absence of PEG-IFN
therapy; however, HCV-related HCC is likely to continue to be a significant clinical issue for many years because
it will take time for potent DAAs to be distributed worldwide.

Peretinoin (generic name code: NIK-333) is an oral acyclic retinoid with a vitamin A-like structure that targets
retinoid nuclear receptors, such as retinoid X receptor and retinoic acid receptor. The oral administration of
Peretinoin significantly reduces the incidence of post-therapeutic HCC recurrence and improves the survival rate
of patients in clinical trials®*, In addition, Peretinoin prevents the development of hepatoma in several different
hepatoma models™®. Larger-scale clinical studies are currently ongoing in various countries to confirm its clinical
efficiency. Depending on the results of these studies, Peretinoin may be used in CH-C patients to prevent HCC.
Therefore, we sought to understand the effect of Peretinoin on HCV replication.

Peretinoin is categorised as a vitamin A or retinoid compound, and conflicting reports have described the
effects of vitamin A compounds on HCV replication. One report showed that 3 retinoids, 9-cis retinoic acid (RA),
13-cis RA, and all-trans RA (ATRA), suppressed the replication of a sub-genomic HCV replicon’. However,
vitamin A also reportedly enhances the replication of genome-length HCV in Huh-7 cells®. Here, we describe the
impact of Peretinoin on different steps of the HCV life cycle, including translation, RNA amplification, virus
assembly, and secretion, and its impact on host lipid metabolism in vitro. Our results clearly demonstrate that
Peretinoin inhibits HCV RNA amplification and virus release by altering lipid metabolism.
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Results

Inhibition of HCV RNA replication by retinoids. Several studies
have tested the effects of vitamin A on HCV replication; these studies
used a sub-genomic or full-genomic replicon, which contains 2
cistrons, one driven by HCV internal ribosome entry sites (IRES)
and the other by encephalomyocarditis virus IRES™. We reported
the usefulness of HCV genomes containing Gaussia princeps
luciferase (GLuc) between p7 and NS2, followed by foot-and-
mouth disease virus 24, to monitor HCV RNA replication™, and
this system is closer to physiological HCV replication than the
bicistronic replicon systems (Fig. 1A). In addition to GLuc-
containing HCV genomes in the backbone of genotype 1a H77S.3,
a chimeric clone of H77S and genotype 2a JFHI, HJ3-5", with
structural proteins from H77S and non-structural proteins from
JFHI, we also constructed GLuc-containing genomes in the
backbone of genotype 1b N** and 2a JFH1" and confirmed their
efficient replication in Huh-7.5 cells. Importantly, all of the strains
used here are derived from ¢cDNA clones that are infectious to
chimpanzees.

We initially examined the effects of 4 different retinoids, namely
ATRA, 9-cis RA, 13-cis RA, and Peretinoin, on HCV replication by
using these 4 HCV genomes containing GLuc, according to the use of
GLuc activity as an indicator of RNA replication, and the structures
of each retinoid were shown in Supplementary Fig. S1 online.
Peretinoin inhibited the replication of H77S8.3/GLuc2A in a dose-
dependent manner (Fig. 1B). As the other retinoids also suppressed
HCYV replication, we determined the antiviral half maximal effective
concentrations (ECsgs) of these retinoids for each HCV genotype.
Whilst Peretinoin showed the strongest antiviral effect on all geno-
types tested, ATRA exerted a moderate effect, and 9-cis and 13-cis
RA generated a weaker effect (Table 1). Especially, Peretinoin sup-
pressed the RNA replication of H77S.3/GLuc2A most efficiently and
its ECsp was 9 puM.

We also determined the half maximal cytotoxicity concentrations
(CCsg8) of these retinoids in H77S.3/GLuc2A-replicating Huh-7.5
cells by using the WST-8 assay, which reflects cell number. The
CCsgs of ATRA, 9-cis RA, and 13-cis RA were more than 100 uM;
however, the CCs; of Peretinoin was 68 uM when the cells were
treated for 72 h (Table 2). Although Peretinoin had a slightly nega-
tive impact on cell growth, as it showed the strongest antiviral effect
and may be used for HCC chemoprevention in HCV-infected
patients in the future, we focused upon the action of Peretinoin
among these retinoids.

Inhibition of HCV RNA replication by Peretinoin. We examined
the time dependence of the antiviral effect of Peretinoin. After HCV
RNA transfection, we treated the transfected cells with Peretinoin at
a range of concentrations (10-40 uM) and monitored RNA
replication every 24 h until 72 h. Peretinoin started to show an
antiviral effect from 24 h after treatment, which continued until
72 h. Peretinoin suppressed RNA replication in a time-dependent
manner for all genotypes tested (Fig. 1C).

We also examined whether Peretinoin could also suppress RNA
replication in a sub-genomic replicon system (Fig. 1D), in which
infection should not occur due to the lack of structural proteins.
Peretinoin was also able to suppress RNA replication in a dose-
dependent manner in bicistronic sub-genomic RNA-transfected
cells (Fig. 1E).

Importantly, when we treated HCV (H778.3/GLuc2A)-replicating
and HCV-non-replicating Huh-7.5 cells with Peretinoin at a range of
concentrations (5-50 puM), the cell numbers were identical under the
conditions tested (Fig. 1F).

As Peretinoin could suppress GLuc activity itself, we then exam-
ined directly its antiviral effect in the context of an HCV genome
lacking the GLuc genome. For this purpose, Huh-7.5 cells infected
with cell culture-derived HCV (HCVcc) of HJ3-5 were treated with

different concentrations of Peretinoin. When we monitored HCV
RNA replication by using quantitative real-time detection-polymer-
ase chain reaction (RTD-PCR) (Fig. 2A) and protein expression by
western blotting for the HCV core protein (Fig. 2B, see Supple-
mentary Fig. S2 online), Peretinoin suppressed RNA replication
and protein expression in a dose-dependent manner, which is con-
sistent with the GLuc activity results. We also tested infectious virus
production from Peretinoin-treated cells using a conventional focus
forming unit (FFU) assay, and found that Peretinoin also reduced
this in a dose-dependent manner (Fig, 2C).

Effect of Peretinoin on translation driven by HCV IRES. We also
tested the effect of Peretinoin on translation directed by HCV IRES.
For this purpose, we used a mini-genome RNA which has,
sequentially, the HCV 5'-untranslated region (UTR), GLuc, and
HCV 3'-UTR, and cap-Cypridina luciferase (CLuc)-polyA RNA as
a control (see Supplementary Fig. S1 online). After we treated Huh-
7.5 cells with different concentrations of Peretinoin for 24 h, we co-
transfected the cells with these RNAs and measured GLuc and CLuc
activity every 3 h from 3 to 12 h. When we normalised GLuc activity
to CLuc activity at each time point, we did not observe a significant
difference among the cells treated with the different concentrations
of Peretinoin (see Supplementary Fig. S3 online), suggesting that
Peretinoin does not have an effect on protein expression directed
by HCV IRES.

Effect of Peretinoin on cellular interferon signalling. We hypothe-
sised that the suppression of RNA replication by Peretinoin could be
due to the activation or enhancement of cellular interferon (IFN)
signalling. To examine this, we treated HCV (H77S.3/GLuc2A)-non-
replicating and HCV-replicating Huh-7.5 cells with either IFNo-2b
(10 TU/mL) or Peretinoin (10-40 pM) and monitored the expres-
sion of total and phosphorylated signal transducer and activator of
transcription 1 (STAT1). Peretinoin did not alter the expression of
either total or phosphorylated STAT1 in HCV-non-replicating Huh-
7.5 cells or HCV-replicating cells (see Supplementary Fig. S4 online).
In addition, Peretinoin did not further enhance the amount of phos-
phorylated STATI activated by IFNo.-2b in HCV-non-replicating
Huh-7.5 cells or HCV-replicating cells (see Supplementary Fig. S4
online). These data suggest that Peretinoin suppresses RNA
replication without either activating or enhancing cellular IFN
signalling.

Impact of Peretinoin on lipid metabolism. As lipid metabolism has
an important role in various aspects of HCV infection¢, we
examined the impact of Peretinoin on lipid metabolism. However,
as it is sometimes difficult to detect small changes in lipid
metabolism, we tested the effect of Peretinoin under oleic acid
(OA) treatment, which amplifies changes in lipid metabolism. We
treated H77S.3/GLuc2A-replicating Huh-7.5 cells with 40 uM
Peretinoin and 250 pM OA, fixed and stained the cells with
BODIPY 493/503 for lipid droplets (LDs) and 4', 6-diamidino-2-
phenylindole (DAPI) for nuclei, and used an anti-core protein
antibody to detect HCV. When we stained LDs in the presence of
250 pM OA and the absence of Peretinoin, we observed intense
signals (Fig. 3A); however, when it was accompanied with 40 uM
Peretinoin, the signals from LDs were dramatically reduced, and at
the same time, the expression of HCV core protein was also down-
regulated (Fig. 3B). When we quantitated the signal strength from
LDs and HCV core protein in 4 different fields, Peretinoin
significantly reduced the signals from LDs and HCV core protein
(two-tailed Student’s t test, p<<0.0001 for each) (Fig. 3C). This
reduction was also confirmed by the quantitation of the 5 cells
which were positive for both LDs and HCV core (see
Supplementary Fig. S5 online). The reduced expression of HCV
core protein was also observed by western blot analysis (Fig. 3D,
see Supplementary Fig. S6 online). We next investigated the
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Figure 1| Antiviral effects of several retinoids and their effects on cell growth. (A) Schematic representation of the GLuc-containing HCV genome. (B)
Huh-7.5 cells were transfected with H77S.3/GLuc2A RNA, and 48 h later, 0.5% DMSO or Peretinoin was added at concentrations ranging from 1 to
100 pM. Fresh medium containing Peretinoin was added every 24 h, and 72 h after adding Peretinoin, secreted GLuc activity was measured. The GLuc
activity from Peretinoin-treated cells was normalised to that with DMSO treatment. Data show the mean inhibition to DMSO treatment in each
concentration of Peretinoin * SD from 3 independent experiments. (C) Huh-7.5 cells were transfected with H775.3/GLuc2A, N.2/GLuc2A, HJ3-5/
GLuc2A, and JFH1/GLuc2A RNAs, and 48 h later, 0.5% DMSO or Peretinoin was added at the indicated concentrations. The medium was collected and
replaced with fresh medium every 24 huntil 72 h. GLucactivity was determined at each time point. The results shown represent the mean GLuc activity +
SD from 3 different plates. (D) Schematic representation of the bicistronic sub-genomic HCV RNA (E) Huh-7.5 cells were transfected with bicistronic
sub-genomic RNA. At 48 h later, the transfected cells were treated with the indicated concentrations of Peretinoin for 72 h. Quantification of HCV RNA
and 18S rRNA levels was performed and relative HCV RNA abundance normalised to the amount of 18S rRNA is presented as fold change = SD
compared to DMSO-treated cells from 3 independent experiments. (F) Huh-7.5 cells were transfected with H77S.3/GLuc2A RNA, and 7 days later, HCV
(H778.3/GLuc2A)-replicating Huh-7.5 cells, depicted as ‘HCV +’, were treated with the indicated concentrations of Peretinoin and HCV-non-replicating
Huh-7.5 cells, depicted as ‘HCV-’, were also treated in a same way. At 72 h after Peretinoin treatment, cell numbers were determined by using a Cell
Counting Kit-8. Data represent relative cell numbers * SD from 3 independent experiments to DMSO-treated cells. EMCV, Encephalomyocarditis virus;
NeoF, Neomycin resistance gene; NT, no treatment.
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Table 1 | ECsg of vitamin A compounds on HCV RNA replication
Peretinoin ATRA 9-cis RA 13-cis RA
Mean SD  Mean SD  Mean SD  Mean SD

HCV M) M) M) M) (M) M) (M) (M)
H778.3 9 1 32 3 29 7 41 4
N.2 19 1 53 5 75 8 83 17
HJ3-5 18 2 25 1 51 [¢) 82 17
JFHT 20 1 25 1 61 8 78 11

impact of Peretinoin on lipid metabolism by measuring intracellular
triglyceride (TG) levels, which should mainly reflect the amount of
LDs, following treatment with 0-40 pM Peretinoin with or without
HCV replication and OA treatment. Peretinoin reduced intracellular
TG levels in a dose-dependent manner, regardless of OA treatment
and HCV replication (Fig. 4A). These effects may be primarily due to
its transcriptional modulation. To address this possibility, we
examined the effect of Peretinoin on the transcription of fatty acid
synthase (FASN) using RTD-PCR under 0-40 pM Peretinoin with
or without HCV replication and OA treatment, because FASN is a
key enzyme for the synthesis of fatty acids, which are an essential
component of TGs. Peretinoin reduced the mRNA levels of FASN in
a dose-dependent manner, regardless of OA treatment and HCV
replication (Fig. 4B). We also examined FASN protein expression
as well as the levels of precursor and mature sterol regulatory
element-binding protein lc (SREBPlc), which is a critical
transcription factor for FASN. Peretinoin reduced the expression
of FASN protein, which is consistent with the RTD-PCR results
(Fig. 4C, see Supplementary Fig. S7 online). Although Peretinoin
did not have an effect on precursor SREBP1c protein expression, it
dramatically reduced the levels of mature SREBP1c (Fig. 4C, see
Supplementary Fig. S7 online). We also observed a reduction of
FASN mRNA levels by Peretinoin in an immortalised human
hepatocyte cell line (Fig. 5A), and a similar reduction was also
observed for ATRA, 9-cis RA, and 13-cis RA treatment of HCV-
replicating Huh-7.5 cells (Fig. 5B). These results indicate that
Peretinoin reduced intracellular lipid levels by reducing the
amount of mature SREBP1c and, subsequently, FASN.

Specific inhibition of virus secretion by Peretinoin. Recently, lipids
including LDs and TG have been reported to be important for
efficient infectious virus production'**. Due to its huge impact on
lipid metabolism, Peretinoin could affect virus assembly or secretion
as well as RNA amplification. To test the effect of Peretinoin on
infectious virus production, we determined intra- and extra-
cellular infectivity and the virus secretion ratio by measuring the
amount of intra- and extra-cellular infectious virus from HJ3-5/
GLuc2A-replicating FT3-7 cells treated with various concentra-
tions of Peretinoin. We infected naive Huh-7.5 cells with intra-
and extra-cellular virus derived from HJ3-5/GLuc2A-replicating
cells after Peretinoin treatment and used GLuc activity as an
indicator of infectious virus production because FFUs and GLuc
activity were well correlated (see Supplementary Fig. S8 online),

Table 2 | CCsp of vitamin A compounds on Huh 7 5 cells suppoﬁ-
ing HCV replication

ATRA 13-cis RA

Perefinoin 9~cis RA

Mean SD Mean Mean Mean
(M) {uM) (M) (nM) {uM)
68 52 >100 >100 >100

and a previous report also showed a good correlation between
them'”. Although Peretinoin did not show a significant impact on
intracellular infectivity at 10-30 uM, it dramatically reduced
extracellular infectivity and virus secretion from 10 pM when we
normalised intra- and extra-cellular infectivity by the replication
capacity of the virus producing the intra- and extra-cellular virus,
as determined by GLuc activity (Fig. 6A). This result was also
confirmed by using the extra-cellular virus which was prepared by
centrifugation and subsequently re-suspended to fresh medium
without containing Peretinoin, indicating that possible carryover
of Peretinoin in the medium from extra-cellular cultures does not
affect the result shown in Figure 6A (Supplementary Fig. S9 online).
Interestingly, the expression of apolipoprotein E3 (ApoE3), which is
essential for virus secretion, was also suppressed by Peretinoin
(Fig. 4C, see Supplementary Fig. S7 online). Furthermore, we
compared the buoyant density of HCVcc derived from HJ3-5/
GLuc2A-replicating  FT3-7 cells by equilibrium gradient
ultracentrifugation. HCVce from HJ3-5/GLuc2A-replicating cells
treated with dimethyl sulfoxide (DMSO) or 30 uM Peretinoin
showed exactly the same peak of infectivity at 1.107 g/cm® (Fig. 6B,
6C). Specific infectivity, as calculated from both peaks of HCV RNA
and GLuc activity, was 0.0381 * 0.0209 (standard deviation, SD)
light units (LU)/copy for DMSO-treated cells, and 0.0799 * 0.0457
LU/copy for Peretinoin-treated cells, which did not show a
considerable difference. Furthermore, Peretinoin did not affect
virus entry of HCVcc when we tested it by RT-PCR for HCV RNA
at 5 h after infection and an FFU assay at 72 h after infection (see
Supplementary Fig. S10 online). Collectively, Peretinoin seems to
inhibit virus release in addition to viral RNA amplification.

Discussion

In the present study, we clearly showed that Peretinoin, as well as
ATRA, 9-cis RA, and 13-cis RA, suppressed HCV RNA replication
(Table 1). While previous reports used replicon systems to test the
effects of retinoids, we used a genome-length HCV containing a
GLuc-coding sequence between p7 and NS2, which is more physio-
logical than replicons. The inhibitory effect of retinoids was universal
among the HCV genotypes tested, and all retinoids tested showed an
inhibitory effect on HCV replication (Table 1). In addition, we also
observed the antiviral effect of Peretinoin in the replicon system
(Fig. 1E). Therefore, our present data strongly support the notion
that retinoids exert an antiviral effect in vitro. The antiviral effect of
retinoids has also been confirmed in a clinical study. Even when CH-
C patients were treated with ATRA, the viral load dropped by 1-2 log
units in 50% of the patients enrolled. In addition, when CH-C
patients who showed no response to prior IFN/PEG-IFNa, and riba-
virin therapy were treated with a combination of ATRA and PEG-
IFNa-2a, 30% of patients showed a significant viral reduction’®.
Recently, combined vitamin A and D deficiency prior to IFN-based
therapy was shown to be a strong independent predictor of non-
response to antiviral therapy®. Collectively, our data and the clinical
findings indicate that retinoids possess inhibitory effects on HCV
replication.

Peretinoin showed the strongest antiviral effect among the reti-
noids tested (Table 1); thus, we focused on Peretinoin to clarify its
antiviral mechanism. A previous report showed that 9-cis RA
enhanced the antiviral effect of IFNo. by increasing the expression
of the IFNo: receptor®; however, another study showed that ATRA
did not induce the activation of dsRNA-activated protein kinase R,
which is a key player in the IFN-induced antiviral response’. In the
present study, Peretinoin did not increase the amount of the acti-
vated form of STAT-1, which is pSTAT1, contrary to IFNa-2b, both
in HCV-replicating and HCV-non replicating Huh-7.5 cells, and
dual treatment of Huh-7.5 cells with IFNa-2b and Peretinoin did
not show a further increase of the pSTAT1 levels induced by only
IFNa-2b (see Supplementary Fig. S4 online), indicating that
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72 h. (A) At 72 h after adding Peretinoin, total cellular RNA was extracted, and the amount of HCV RNA and 18S rRNA was quantitated by RTD-PCR.
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Peretinoin did not activate or enhance cellular IFN signalling. Our
results also indicate that the antiviral effect of Peretinoin is not due to
the suppression of HCV translation directed by HCV IRES (see
Supplementary Fig. S3 online). As Peretinoin suppressed the RNA
replication of bicistronic sub-genomic replicons (Fig. 1E), it seems to
suppress RNA amplification itself (see also the later description of
FASN). A report showed that retinoids inhibited HCV RNA replica-
tion by enhancing the expression of gastrointestinal-glutathione per-
oxidase (GI-GPx) only in the presence of sodium selenite’; however,

in the present study, we demonstrated that all retinoids tested inhib-
ited HCV replication, even in the absence of sodium selenite. Thus,
our results support the notion that the observed antiviral effects
could be independent of GI-GPx, although supplementation with
sodium selenite may further enhance the antiviral effects of retinoids.

To clarify the mechanism underlying the antiviral effect of
Peretinoin further, we focused on the effect of Peretinoin on lipid
metabolism because it has been shown to modify multiple aspects of
HCYV infection'*¢, and we detected a significant reduction of FASN

SCIERTIFIC REPORYS | 4. 4688 | DOI: 10.1038/5rep04688

5

- 177 —



0.5% DMSO
250 UM OA

Lipid
droplets

DAPI

HCV
core

merge

LDs

309 p<0.0001
25 4

2.0 4

1.0 1

0.5 1

o
1
o
1

0 40

Peretinoin (M)

D

- -
o N
Il ]

o
[ec]
1

o
S
1

Luminance (integrated value x105)
o
Luminance (integrated value x10°)
o o
N o
1 1

40 uM Peretinoin
250 uM OA

Lipid
droplets

DAPI

HCV
core

merge

HCV core nuclei
p<0.0001

»
o
]

I

N
=)

-
o
1

-
o
5

0.5 A

Lumninance (integrated value x108)

0 40 0 40

Peretinoin (M) Peretinain (M)

OA 250 M

Peretinoin

DMSO 40 um

Anti-Core

Anti-B-Actin

Figure 3 | Reduction of LD signals by Peretinoin. Huh-7.5 cells were infected with HJ3-5 virus at an MOl of 1, and 72 h later, 250 uM OA and DMSO or
250 pM OA and 40 pM Peretinoin were added, and the following assay was performed at 72 h later. (A, B) At 72 h later, the cells were fixed and stained
for nuclei, LDs, and HCV core protein. (A) Shows 250 uM OA and DMSO-treated cells and (B) shows 250 pM OA and 40 puM Peretinoin-treated cells.
The photosin (A) and (B) were taken under exactly the same conditions. (C) The signal intensity from LDs, HCV core protein, and nuclei was quantitated
as described in the Methods. Data shown represent mean signal intensity * SD from 4 different areas, and the difference was analysed statistically using
Student’s t-test. (D) Cell lysates were collected and subjected to western blot analysis using anti-core protein and anti-B-actin antibodies. Full-length
blots/gels are presented in Supplementary Fig. S6 online. N.S., not significant.

mRNA levels by Peretinoin in a mouse hepatoma model, implying
its possible effect on lipid metabolism®. Surprisingly, Peretinoin
strongly reduced the signal from LDs in the presence of OA and
intracellular TGs (Fig. 3A-C, 4A). LDs are known to have an

essential role in the assembly of HCV virus particles by interacting
with HCV core protein and NS5A%%%. Therefore, we examined the
effect of Peretinoin on several steps of infectious virus production,
such as assembly and secretion. Interestingly, Peretinoin specifically
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Figure 4 | Mechanism by which Peretinoin alters lipid metabolism. Huh-7.5 cells were transfected with H77S.3/GLuc2A RNA, and 72 h later, the
transfected cells, depicted as ‘HCV(+)’, and non-transfected Huh-7.5 cells, depicted as ‘HCV(-)’, were treated with or without 250 pM OA in the
presence of 2% fatty acid-free BSA with 0.5% DMSO or 10—40 puM Peretinoin, and the following assay was performed at 72 h later. (A) The concentration
of intracellular TGs was measured. Data shown represent mean concentration * SD from 3 independent experiments. (B) RNA was extracted and the
levels of FASN mRNA and 18S rRNA were quantitated by RTD-PCR. FASN levels were normalised to those of 185 rRNA, and the ratio was furthermore
normalised to that from DMSO-treated cells. The results presented here represent the relative fold of FASN/18S rRNA = SD from 3 independent
experiments at the indicated conditions. (C) Lysates from the cells without OA treatment were collected and subjected to western blot analysis using anti-
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Fig. S7 online.
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impaired virus secretion without affecting assembly at 10-30 pM,
whilst 40 pM Peretinoin impaired virus secretion and assembly
(Fig. 6A). The role of LDs in virus secretion has not been fully
characterised, but virus should be secreted through the production
and release of very low-density lipoproteins. In addition to micro-
somal triglyceride transfer protein and several apolipoproteins, such
as ApoB and ApoE?, small interfering RNA screening revealed that
multiple components of the secretary pathway, including endoplas-
mic reticulum to Golgi trafficking and lipid and protein kinases, are
involved in HCV secretion®. Thus, the mechanism underlying this
specific inhibition of virus secretion by Peretinoin remains to be
addressed. One possible explanation for its action is the reduction
of ApoE3 expression (Fig. 4C), because ApoE3 was shown to have an
important role in virus secretion with a minimal impact on
assembly®.

Several reports showed that LDs play an essential role in RNA
amplification and virus assembly. The hypolipidemic agent nordihy-
droguaiaretic acid reduced the number of LDs, resulting in the sup-
pression of RNA amplification and virus secretion, as Peretinoin
did*. Furthermore, inhibition of tail-interacting protein 47, which
coats LDs and is involved in their generation and turnover, sup-
pressed HCV RNA replication and assembly**. Thus, the inhibition
of RNA replication by Peretinoin could be explained by its direct
effect on LDs. In addition, a recent report suggested that FASN may
localise within HCV replication complexes through an interaction
with NS5B, thereby increasing its RNA-dependent RNA polymerase
activity®. Thus, Peretinoin may inhibit RNA replication not only by
reducing the signalling of LDs but also inhibiting the expression of
FASN.

We also demonstrated that Peretinoin reduced thelevels of mature
SREBPI1c by inhibiting the proteolysis of its precursor, and subse-
quently the transcription and expression of FASN (Fig. 4C), which
could be the main reason for the alteration of lipid metabolism by
Peretinoin; however, the mechanism by which it inhibits proteolysis
should be addressed in a future study. Several reports have shown
that the expression of SREBP1c and/or FASN is increased in HCV-
infected patients®, Huh-7 cells®, and a transgenic mouse expressing
the full-length HCV polyprotein®. In addition, HCV infection was
shown to enhance the proteolytic cleavage of precursor SREBPIc,
resulting in an increase in its mature form®. Taken together, HCV
induces lipogenesis to make infected cells more supportive for its
propagation. In contrast to HCV, Peretinoin seems to suppress lipo-
genesis by inhibiting the SREBP1c-FASN axis, which is highly acti-
vated by HCV infection. It is also important to note that this effect
did not depend on HCV infection, indicating that Peretinoin should
exert a hypolipidemic effect, as we also observed a reduction of FASN
mRNA levels following Peretinoin treatment of an immortalised
human hepatocyte cell line (Fig. 5A). Interestingly, this effect was
universal among retinoids because the other retinoids examined also
reduced FASN mRNA levels (Fig. 5B). These findings suggest that
Peretinoin could also be useful for the treatment of non-alcoholic
fatty liver disease, whose hallmark is hepatic fat accumulation.

The antiviral ECsq of Peretinoin seems to be closer to its CCsq than
that of the other retinoids in Huh-7.5 cells because several papers
have shown that Peretinoin inhibits the growth of hepatoma cells in
vivo and in vitro®**, induces apoptosis in human hepatoma cell
lines*, and causes an arrest of the cell cycle in GO-G1 in human
hepatoma cell lines®, indicating that Peretinoin should selectively
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Figure 6 | Impact of Peretinoin on infectious virus production. (A) FT3-7 cells were transfected with HJ3-5/GLuc2A RNA, and 7 days later, 0.5% DMSO,
or 10-40 uM Peretinoin, were added. At 72 h later, extra- and intra-cellular viruses were collected and used to infect naive Huh-7.5 cells. Replication
capacity was also determined by measuring secreted GLuc activity. At 48 h after infection, we determined the amount of infectious virus from extra- and
intra-cellular media by using GLuc activity as an indicator of the amount of infectious virus. Intra- and extra-cellular infectivity was normalised to
replication capacity at infection, and these were then normalised to those of DMSO-treated cells, which were set to 100%. The ratio of extracellular
infectious virus to intracellular virus was calculated at the indicated conditions, and it was then normalised to DMSO-treated cells, which were set to
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GLuc2A RNA, and 7 days later, 0.5% DMSO or 30 uM Peretinoin were added, and then 72 h later, the medium was collected and subjected to equilibrium
ultracentrifugation. Fourteen fractions were taken and analysed for density (circles), HCV RNA levels (diamonds), and infectious virus titres determined
by GLuc activity (grey bars). (B) shows the results from DMSO-treated cells, whilst (C) shows those for Peretinoin-treated cells.
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suppress the growth of hepatoma cells, although the mechanism has
not been fully understood. However, pharmacokinetic data from
humans showed that the mean plasma concentration of lipid-
bounded Peretinoin is 7.3 uM when patients received 600 mg
Peretinoin daily for 8 weeks”. This concentration is very close to
the antiviral ECs, and could have an inhibitory effect on HCV rep-
lication, indicating that we could expect an antiviral effect at this dose
in humans. Peretinoin showed an additive antiviral effect when com-
bined with IFNw-2b (data not shown); furthermore, HCV did not
acquire resistance to Peretinoin after 14 days treatment with 10—
40 uM Peretinoin (see Supplementary Fig. S11 online). Although it
could be difficult to eradicate HCV only by Peretinoin due to its low
selective index (CC50/EC50), combination therapy with Peretinoin
plus PEG-IFN, ribavirin, or DAAs may further improve the SVR rate,
as vitamin D has been proved to do*.

In summary, we have demonstrated that Peretinoin, which may in
the future be administered to patients infected with HCV to prevent
HCQC, inhibits HCV RNA replication and infectious virus release by
modifying several aspects of lipid metabolism.

Methods

Cell lines. Huh-7.5 (kindly provided by Professor C. M. Rice, Rockefeller University,
New York, NY), and F13-7 cells (both clonal derivatives of Huh-7 cells) were
maintained as described previously’, We used an immortalised human hepatocyte
cell line, THLE-5b cells, for the indicated experiments.

Reagents. Peretinoin and IFNe-2b were kindly provided by KOWA Company, Ltd.
(Tokyo, Japan). ATRA, 9-cis RA, and 13-cis RA, were purchased from Sigma-Aldrich
Japan K.K. (Tokyo, Japan). Stock solutions were prepared in DMSO, and all final
dilutions contained 0.5% DMSO.

Plasmids. The GLuc coding sequence, followed by the FMDV2A sequence, was
inserted between p7 and NS2 in pJFH1 and pHCV-N.2, which encode cDNA of
genotype 2a JFH1™ and genotype 1b N', carrying several replication-enhancing
mutations to be described elsewhere, respectively, by the same strategy adopted
previously for H775". pH778.3/GLuc2A', pHJ3-5/GLuc2A?, and pHJ3-5' have been
described previously.

Antiviral activity assay. The indicated HCV RNAs were transfected by
electroporation. The medium was replaced with fresh medium containing serial
dilutions of the antiviral compounds at 48 h,and at 24 h intervals thereafter. Secreted
GLuc activity was determined at 72 h after adding the antiviral compounds. The
concentration of each compound required to reduce the amount of secreted GLuc
activity by 50% (ECso) was determined using a 3-parameter Hill equation (Sigma Plot
10.0).

Cell number determination. Huh-7.5 cells were seeded in 96-well plates at a density
of 5,000 cells/well, and at 24 h later, the indicated compounds were added. Cell
numbers were determined by a WST-8 assay using Cell Counting Kit-8. The
concentration of each compound required to reduce the amount of cell number by
50% (CCsq) was determined using a 3-parameter Hill equation (Sigma Plot 10.0).

RNA transcription. HCV RNAs were synthesised using a MEGAscript T7 Kit, and
synthesised RNA was purified using an RNeasy Mini Kit.

Virus yield determination. Huh-7.5 cells were seeded in 48-well plates at a density of
4.0 X 10" cells/well at 24 h prior to inoculation with 100 uL of virus-containing
medium. The cells were maintained at 37°C in a 5% CO, environment and fed with
300 pL medium at 24 h later. Following 48 h of additional incubation, the cells were
fixed in methanol-acetone (1:1) at room temperature for 9 min and stained with a
C7-50 monoclonal antibody to the HCV core protein (1:300). After extensive
washing, the cells were stained with Alexa Fluor 568-conjugated anti-mouse IgG
antibodies. A cluster of infected cells staining for core antigen was considered to
constitute a single infectious FFU; virus titres are reported as FFUs/mL.

Western blotting and immunostaining. Western blotting and immunostaining
were performed as described previously**. Briefly, the cells were washed in
phosphate-buffered saline (PBS) and lysed in a radioimmunoprecipitation assay
buffer containing complete Protease Inhibitor Cocktail and PhosSTOP. The
membranes were blocked in Blocking One or Blocking One-P solution, and the
expression of HCV core protein, FASN, precursor and mature SREBP1c, ApoE3, and
B-actin was evaluated with mouse anti-core protein, rabbit anti-FASN, rabbit anti-
SREBP1c, goat anti-ApoE3, and rabbit anti-B-actin antibodies, respectively.

For immunofluorescence staining, the cells were washed twice with PBS and fixed
in 4% paraformaldehyde for 15 min at room temperature. After washing again with
PBS, the cells were permeabilised with 0.05% Triton X-100 in PBS for 15 min at room
temperature. They were incubated in a blocking solution (10% foetal bovine serum

and 5% bovine serum albumin [BSA] in PBS) for 30 min, and then with the anti-core
protein monoclonal antibodies. The fluorescent secondary antibodies were Alexa
Fluor 568-conjugated anti-mouse IgG antibodies. Nuclei were labelled with DAPI,
and LDs were visualised with BODIPY 493/503. Imaging was performed on a
BIOREVO fluorescence microscope (Keyence Corporation, Osaka, Japan). The signal
strength of LDs, core protein, and nuclei was quantitated by using Measurement
Module BZ-HIM (Keyence Corporation),

Quantijtative RTD-PCR. The primer pairs and probes for FASN and 185 rRNA were
obtained from the TagMan assay reagents library. HCV RNA was detected as
described previously™.

Secreted luciferase assay, Cell culture supernatant fluids were collected at intervals
after RNA transfection and the cells were re-fed fresh medium. Secreted GLuc was
measured as described previously”.

Fatty acid treatment and measurement of TGs. The cells were treated with the
indicated concentrations of OA in the presence of 2% fatty acid-free BSA.
Intracellular TG content was measured using a TG Test according to the
manufacturer’s instructions.

Intra- and extra-cellular infectivity assay. T'o determine the amount of intra-cellular
infectious virus, cell pellets of HJ3-5/GLuc2A-replicating FI'3-7 cells harvested after
trypsinization were resuspended in complete medium, washed twice with PBS, and
lysed by 4 cycles of freezing and thawing. The lysates were clarified by centrifugation
at2,300 X gfor 5 min prior to inoculation onto naive Fuh-7.5 cells. At the same time,
extra-cellular medium was also collected. The medium derived from extra- and intra-
cellular cultures was used to infect naive Huh-7.5 cells, which were plated in 48-well
plates at a density of 4.0 X 10* cells/well at 24 h prior to infection. After 6 h
inoculation, medium containing virus and possible carryover of Peretinoin was
removed by extensive wash, and medium was replaced with fresh one every 24 h until
48 h. At48 h after infection, we determined GLuc activity and used it as an indicator
of the infectious virus titre.

Equilibrium ultracentrifugation of HJ3-5/GLuc2A virus particles using an
isopycnic iodixanol gradient. Filtered supernatant fluids collected from HJ3-5/
GLuc2A virus-replicating FT3-7 cells treated with DMSO or 30 uM Peretinoin for
72 h were concentrated 30-fold using a Centricon PBHK Centrifugal Plus-20 Filter
Unit with an Ultracel-PL membrane (100-kDa exclusion; Merck Millipore, Billerica,
MA), then layered on top of a preformed continuous 10-40% iodixanol gradient in
Hanks’ balanced salt solution. The gradients were centrifuged in an SW41 rotor at
209,678 X g for 16 h at 4°C, and fractions (500 plL each) were collected from the top
of the tube. The density of each fraction was determined using a digital refractometer.
Virus RNA was isolated from each gradient fraction using a QlAamp Viral RNA Kit,
and cDNA was synthesised using a High Capacity cDNA Reverse Transcription Kit.
RTD-PCR to quantitate the amount of HCV RNA was performed using a 7500 Real
Time PCR System. Each fraction was used to infect naive Huh-7.5 cells for 6 h,
followed by extensive washing to ensure GLuc activity was reduced to background.
The infected cells were inoculated and the medium was replaced with fresh medium
every 24 h, GLuc activity, which was used an alternative to the infectious virus titre,
was determined at 72 h after infection.
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Abstract Radiofrequency ablation therapy (RFA) is a
radical treatment for liver cancers and induces tumor anti-
gen-specific immune responses. In the present study, we
examined the antitumor effects of focal OK-432-stimulated
dendritic cell (DC) transfer combined with RFA and ana-
lyzed the functional mechanisms involved using a murine
model. C57BL/6 mice were injected subcutaneously with
colon cancer cells (MC38) in their bilateral flanks. After the
establishment of tumors, the subcutancous tumor on one
flank was treated using RFA, and then OK-432-stimulated
DCs were injected locally. The antitumor effect of the treat-
ment was evaluated by measuring the size of the tumor on
the opposite flank, and the immunological responses were
assessed using tumor-infiltrating lymphocytes, splenocytes
and draining lymph nodes. Tumor growth was strongly
inhibited in mice that exhibited efficient DC migration after
RFA and OK-432-stimulated DC transfer, as compared to
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mice treated with RFA alone or treatment involving imma-
ture DC transfer. We also demonstrated that the antitumor
effect of this treatment depended on both CDS8-positive
and CD4-positive cells. On the basis of our findings, we
believe that combination therapy for metastatic liver cancer
consisting of OK-432-stimulated DCs in combination with
RFA can proceed to clinical trials, and it is anticipated to be
markedly superior to RFA single therapy.

Keywords Metastatic liver cancer - MC38 -
Immunotherapy - Intratumoral injection - Tumor-infiltrating
Iymphocyte

Abbreviations
RFA Radiofrequency ablation
DC Dendritic cell

HCC Hepatocellular carcinoma

TAE Transcatheter hepatic arterial embolization
TLR Toll-like receptor

GFP Green fluorescent protein

ELISPOT Enzyme-linked immunospot

Treg Regulatory T cell

MDSC Myeloid-derived suppressor cell

IFN-y Interferon-y

Introduction

Liver is one of the most common organs to which vari-
ous cancers spread from their site of origin. In some types
of cancer, the liver metastasis lesion is a target of surgi-
cal treatment. For instance, surgical resection of hepatic
metastasis achieves longer median survival in colorec-
tal and breast cancer patients [{, 2]. However, even if the
hepatic lesions are surgically treated, the prognosis of the
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patients is not satisfactory. As for colorectal cancers, the
recurrence rate is over 50 % after radical resection of meta-
static lesions [3]. Moreover, at the time of initial diagnosis,
only a few patients meet the criteria for hepatic resection
because of unresectability, low hepatic functional reserve
or poor performance status [4].

Radiofrequency ablation therapy (RFA) has been devel-
oped as a radical and minimally invasive treatment method
for metastatic liver cancers. Recently, RFA has been used
as an adjunct to hepatic resection or as an alternative
method to resection when surgical treatment is not feasible
[5]. Additionally, it has been revealed that RFA for meta-
static liver cancers generates tumor antigen-specific T-cell
responses in man [¢, 7]. We have previously reported that
RFA could also control distant tumor growth in a murine
hepatocellular carcinoma (HCC) model [8].

Dendritic cells (DCs) are potent antigen-presenting cells
[9]. Recently, we have established new treatments using
local DC injection with transcatheter hepatic arterial embo-
lization (TAE) and have shown that this combination ther-
apy could induce tumor antigen-specific T-cell responses in
HCC patients [10].

OK-432 is derived from the Su strain of Group A
Streptococcus pyogenes by means of treatment with ben-
zylpenicillin and heat [11]. OK-432 can stimulate DCs via
Toll-like receptor (TLR) 3, TLR4 and P2 integrin and sub-
sequently induce antigen-specific cytotoxic lymphocytes
[12-14].

On the basis of these results, we hypothesized that OK-
432-stimulated DC transfer is a promising candidate for an
enhancer that can strongly increase the antitumor effect of
RFA. We have previously demonstrated in a clinical trial
that the local infusion of OK-432-stimulated DC after TAE
could prolong recurrence-free survival in HCC patients
[15]. However, it remains unknown as to how the trans-
ferred DCs work in combination with RFA. In the present
study, we examined the antitumor effects of OK-432-stim-
ulated DCs when combined with RFA and analyzed the
functional mechanisms involved using a murine subcutane-
ous colon cancer model.

Materials and methods
Animals

Wild-type 8-12-week-old female C57BL/6 J mice were
obtained from Charles River Japan (Yokohama, Japan).
Female C57BL/6-Tg (UBC-GFP) 30Scha/J] mice were
purchased from the Jackson Laboratory (Bar Harbor, ME,
USA). All animal experiments were approved and per-
formed in accordance with the Guidelines for the Care and
Use of Laboratory Animals of Kanazawa University, which
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strictly conforms to the Guide for the Care and Use of Lab-
oratory Animals published by the US National Institutes of
Health.

Cell lines and bone marrow-derived dendritic cells

A murine colorectal cancer cell line, MC38 and hybrido-
mas, clone GK1.5 and clone 2.43 were cultured in RPMI-
1640 containing 10 % fetal bovine serum (Life Technolo-
gies, Co., Carlsbad, CA, USA) supplemented with 100 g/
ml streptomycin and 100 units/ml penicillin (Wako Pure
Chemical Industries Ltd., Osaka, Japan). Bone marrow-
derived dendritic cells (BMDCs) were generated using
20 ng/ml of recombinant granulocyte macrophage colony-
stimulating factor (R&D Systems, Minneapolis, MN, USA)
as previously described [16]. OK-432 (Picibanil; Chugai
Pharmaceutical Co. Ltd., Tokyo, Japan) was loaded into the
supernatant from days 6-7 of the BMDC generation period
at a concentration of 5 pg/ml.

In vitro evaluation of phagocytic activity by dendritic cells

MC38 cells were labeled with DiD dye (Life Technolo-
gies) according to the manufacturer’s instructions followed
by heat treatment at 80 °C for 90 s. OK-432-stimulated or
immature DCs were co-incubated with the treated MC38
cells for 3 h at a ratio of 1:1. After incubation, the cell sus-
pensions were observed using a fluorescence microscope
(BZ9000: Keyence, Osaka, Japan) and analyzed by means
of FACSCalibur (BD Immuno-Cytometry System, San
Jose, CA, USA).

Animal model

Bilateral flanks of C57BL/6 mice were each injected sub-
cutaneously with 1 x 10° MC38 cells. Seven days after
injection, after they had grown to 5-6 mm in diameter, the
subcutaneous tumors on one flank were treated using RFA,
and 1 x 107 immature DCs or 1 x 10" OK-432-stimulated
DCs were injected into the treated tumors at 24 h after
RFA. After this, the volume of the untreated tumor on the
contralateral flank was evaluated over a period of 10 days.
Tumor volumes were calculated using the following for-
mula: tumor volume (mm?) = (longest diameter) x (short-
est diameter)?/2.

Radiofrequency ablation

Mice bearing tumors were anesthetized with an intraperi-
toneal injection of pentobarbital (Kyoritsu Seiyaku, Tokyo,
Japan), and the skin on the tumor was cut. Subsequently,
an expandable RFA needle was inserted into the tumor,
which was treated using a radiofrequency generator (RITA
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500PA; RITA Medical Systems, Inc., Fremont, CA, USA).
During the use of this system, the intratumor temperature
was maintained at 70-90 °C, and the current was turned off
when the tumor exhibited heat denaturation.

Flow cytometry

The DCs were detected by means of staining with anti-
CD11c antibodies (Life technologies). The lymphocytes
in the draining lymph node were stained with anti-CD4
antibodies, anti-CD8 antibodies, anti-CD11c¢ antibodies
and anti-CD69 antibodies (BD Bioscience, San Diego,
CA, USA). The splenocytes were stained with anti-CD4
antibodies, anti-CD8 antibodies, CD1llc antibodies,
anti-NK1.1 antibodies, CD45 antibodies (BD Biosci-
ence), anti-Gr-1 antibodies, and anti-CD11b antibodies
and mouse regulatory T-cell staining solution (BioLe-
gend, San Diego, CA, USA). The stained samples were
analyzed using FACSAria II (BD Immuno-Cytometry
System).

Immunohistochemical assay

The draining lymph nodes and the observed tumors were
embedded in Sakura Tissue-Tek optimum cutting tempera-
ture compound (Sakura Finetek Japan Co., Ltd., Tokyo,
Japan) for frozen sectioning. Tissue sections were fixed at
—20 °C in methanol for 10 min. The draining lymph nodes
were stained using rabbit anti-GFP antibody (Abcam, Cam-
bridge, UK) that were detected using an EnVision-+/HRP
kit (Dako, Glostrup, Denmark). The observed tumors were
stained with anti-CD4 and anti-CD8a (BD Bioscience),
which were detected using the Nichirei Histofine Simple
Stain Mouse Max PO (Rat) system (Nichirei Co., Tokyo,
Japan) or the Vectastain ABC kit (Vector Laboratory, Inc.,
Burlingame, CA, USA).

Interferon gamma enzyme-linked immunospot assay

The splenocytes, the tumor-infiltrating lymphocytes (TILs)
in the untreated tumors that were isolated by mechanical
homogenizations and density gradient centrifugations, and
the lymphocytes in the draining lymph nodes were loaded
into the interferon gamma enzyme-linked immunospot
assay to estimate the tumor-specific immune reactions, as
previously described [8, 17]. Briefly, 3 x 10° lymphocytes
or 1 x 10° TILs were incubated for 24 h with or without
6 x 10° MC38 lysates, which were prepared through five
cycles of rapid freezing in liquid nitrogen, thawing at 55 °C
and centrifugation. The number of MC38-specific IFN-y
spots was determined by subtracting the number of spots
incubated without MC38 lysates from the number of spots
incubated with MC38 lysates. For CD4 or CD8 depletion,

we used magnetic CD4 beads or CD8 beads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany).

In vivo CD4/CDS depletion

For in vivo CD4 or CD8 depletion, B6 mice were injected
intraperitoneally with 200 g of purified monoclonal anti-
bodies specific to CD4 or CD8 at 1 day before and 3 days
after RFA treatment; the monoclonal antibodies were pre-
pared from GK1.5 hybridoma and 2.43 hybridoma, respec-
tively [18]. The depletion was confirmed by flow cytometry
using peripheral blood lymphocytes stained with anti-CD4
and anti-CD8 antibodies.

Statistical analysis

The data obtained were analyzed statistically using the t
test or one-way analysis of variance followed by Tukey’s
multiple-comparison test. A P value <0.05 was considered
as being statistically significant.

Results

Migration efficacy and phagocytic ability
of OK-432-stimulated DCs

We employed OK-432 as a modifying agent for DCs,
because we have previously shown in clinical studies that
OK-432 prolonged recurrence-free survival after combi-
nation therapy involving DC injection with TAE for HCC
patients [10, 15]. We first confirmed that the OK-432-stim-
ulated murine DCs showed higher expression of maturation
markers such as CD40, CD80, CD86, MHC class II and
CCR7 (Supplementary Fig. 1), as previously reported [{9,
201

To evaluate their phagocytic abilities, we incubated the
immature DCs and the OK-432-stimulated DCs with MC38
tumor cells. Heat-treated MC38 cells were taken up well by
both immature DCs and OK-432-stimulated DCs, as com-
pared to nontreated MC38 cells (Fig. 1a—c). In addition, the
phagocytic ability of OK-432-stimulated DCs was not infe-
rior to that of immature DCs. These results were consistent
with the dextran uptake assay (Supplementary Fig. 2) and
our previous data on human monocyte-derived DCs [15].
Since heat-treated MC38 cells were thought to be in a simi-
lar condition to those in the MC38 tumor in mice treated
with RFA, OK-432-stimulated DCs were expected to effec-
tively phagocytose RFA-treated MC38 tumor cells in vivo.

We next estimated the kinetics of the transferred DCs
in mice bearing subcutaneous MC38 tumors treated with
RFA. Immature DCs or OK-432-stimulated DCs that were
derived from GFP-Tg mice were injected intratumorally
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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-CD1lc 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 lymph nodes. Bar 20 jxm. 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™ 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). CD11c-, 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

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 REFA alone or RFA in
combination with DCs. Taking these results together, we
concluded that treatment with RFEA 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 REA 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-vy secretions (Fig. 4c).

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 CD8-positive cells. To obtain further evidence,
we carried out in vivo CD4 or CDS8 depletion studies in
mice. Initially, we confirmed CD4 or CD8 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 CD8-positive cells in the observed untreated
tumors were detected using immunohistochemistry at 10 days after
RFA. The black bar represents 50 pm. 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-
CDS8, anti-NK1.1 and anti-CD11c antibodies and analyzed using flow
cytometry. Regulatory T cells (Tregs) defined as CD4TCD25 Foxp3*

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 CDS cells (Fig. Sa). 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 IFN-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;
*##4P < 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
tamor-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-CDS§ antibodies
and anti-CDG9 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

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 [26, 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 [3(]. 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 CDg-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 CD8
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 CDS8 (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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