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Figure 4 | Mechanism by which Peretinoin alters lipid metabolism. Huh-7.5 cells were transfected with H775.3/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 1040 pM Peretinoin, and the following assay was performed at 72 hlater. (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.

Wealso demonstrated that Peretinoin reduced the levels of mature
SREBPIc 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 SREBP1c,
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 ECs, of Peretinoin seems to be closer to its CCsg 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 1040 pM 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
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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 ECsp 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 IFNa-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 DA As 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
HCC, 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 FT3-7 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 IFN«-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 H778". 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% (CCsp) 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 pL 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).

Quantitative 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. To determine the amount of intra-cellular
infectious virus, cell pellets of HJ3-5/GLuc2A-replicating FT3-7 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 Huh-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. At 48 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 pL 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 subcutaneous 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 CDS-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
lymphocyte

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]. Morcover, 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 [6, 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 B2 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/] 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 CS7BL/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 107 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-
CDl11c 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, CD11lc 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/CD8 depletion

For in vivo CD4 or CD8 depletion, B6 mice were injected
intraperitoneally with 200 wg 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-CDS8 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 [19,
20].

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 umn graph. The experiments were performed five times, and repre-

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 jum. 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 CDI1c-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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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 pm. 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 < 0.01

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 = & 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 CD8-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 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 CD8-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. 4c).

Evaluation of the relationship between CD4-positive
and CDS-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 CD8 depletion studies in
mice. Initially, we confirmed CD4 or CDS§ 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 jum. 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-CD11c antibodies and analyzed using flow
cytometry. Regulatory T cells (Tregs) defined as CD4"CD25"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. 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 CDS8 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 4= 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

— 244 -



Cancer Immunol Immunother (2014) 63:347-356

353

[

CD4

CD8

Relative cell number

IR 10° 10t 105 10P1 10° 10t 1P
CD69 >
=== RFA + immature DC === RFA + OK432 DC

b
IFN-y ELISPOT
10007  _» 20- 2
[23
- g
800
& 15
< 6004 8 -
§ 2 10+
S 4001 °
L
5.
200 g
Z
0- 0-
CD4 cD8 cD4  CDs

[[] RFA + immature DC B RFA + OK432 DC

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-CD69 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 [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 CDS8-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
Iymphocytes, 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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(6,62 Holglucose).. Liver fat, intramyocellular. lipid (IMCL), and body composition were measured by Irver bropsy, protonf
‘ magnetrc resonance spectroscopy, and broelectncal rmpedance analysrs, respectrvely S o o
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Introduction

Insulin resistance (IR) is a core pathology of type 2 diabetes
mellitus (T2DM), nonalcoholic fatty liver disecase (NAFLD), and
cardiovascular diseases [1-3]. The severity of IR may differ among
the major insulin-target organs, the liver, skeletal muscle, and
adipose tissue [4]. Accumulating evidence suggests that ectopic fat
accumulation in insulin-target organs leads to development of IR
in each organ by altering oxidative stress [5-7] and gene
expression profiles [8,9]. Indeed, liver steatosis is associated with
whole-body IR, independently of body mass index (BMI) [10].

PLOS ONE | www.plosone.org

Conversely, inter-organ network and organ-derived bioactive
hormones such as adiponectin and selenoprotein P may play a role
in the development of distant organ IR [11-13]. Therefore, to
understand organ networks that sense excess energy and regulate
insulin action, elucidating the association between fat accumula-
tion and organ-specific IR among the liver, skeletal muscle, and
adipose tissue is important, especially in humans. However, no
previous studies have demonstrated the association among these
organs comprehensively and simultaneously [14,15]. In addition,
liver biopsy remains gold standard for diagnosis of NAFLD
because it more accurately measures liver fat than proton
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magnetic resonance spectroscopy (H-MRS) under some condi-
tions [16].

The present study try to address the association of organ-specific
IR with cctopic fat among the liver, skeletal muscle, and adipose
tissue in Japancse patients with NAFLD, systematically using
reliable methods including liver biopsy, assessment of glucose
metabolism measured by a cuglycemic hyperinsulinemic clamp
study with stable-isotope, and 'H-MRS.

Materials and Methods

Ethics Statement

The study was approved by the Medical Ethics Committee of
Kanazawa University (Approval No. 845), and written informed
consent was obtained from cach patient prior to participation. The
study was conducted in accordance with the Declaration of
Helsinki.

Participants and Study Design

We studied 69 patients clinically diagnosed with NAFLD,
recruited consecutively between 2010 and 2012 from Kanazawa
University Hospital, Japan. The patients were in good general
health without evidence of any acute or chronic diseases (other
than NAFLD, T2DM, hypertension, or dyslipidemia) as deter-
mined by history, physical examination, routine blood chemistries,
urinalysis, and clectrocardiography. Out of the 69 patients, 37
(54%) had T2DM according to the American Diabetes Association
criteria. Of the 37 T2DM patients, antidiabetic agents were
administered to 18 patients in monotherapy and 7 patients in
combination therapy (metformin, n=15; dipeptidyl peptidase-4
inhibitors, n = 9; glucagon-like peptide-1 agonists, n = 7; mealtime
dosing of a rapid-acting insulin analog, n =35, respectively). Nonc
of the patients were taking o-glucosidase inhibitors, rapid-acting
insulin secretion agents, sulfonylurea, thiazolidinediones, or long-
acting insulin. Participants were excluded if they had a history of
alcohol abuse (more than 20 g/day), liver discases other than
NAFLD (hepatitis B or C, autoimmune hepatitis, hemochroma-
tosis, Wilson discase, drug-induced discase, or other), type 1
diabetes, or a history of clinically significant renal, pulmonary, or
heart discases.

The participants were studied on four separate occasions.
Generally, all measurements were performed within 1 month and
included: 1) organ-specific IR in the liver, skeletal muscle, and
adipose tissue by a euglycemic hyperinsulinemic clamp study with
tracer ([6,6-"Hy]glucose) infusion; 2) liver biopsy for histology to
confirm the diagnosis of NAFLD and score the degree of stcatosis,
grade, and stage; 3) intrahepatic lipid IHL) and intramyocellular
lipid (IMCL) measured by 'H-MRS, and body composition by a
bioclectrical impedance analysis; and 4) 75-g oral glucose
tolerance test (OGTT) to evaluate the glucose tolerance according
to American Diabetes Association criteria [17].

Euglycemic Hyperinsulinemic Clamp

After an overnight fast, two intravenous catheters, one for blood
sampling and one for infusion of glucose, insulin, and tracers, were
inserted in the antecubital vein of each arm. At 0700 h, after
obtaining a blood sample for background enrichment of plasma
glucose, a continuous infusion of [6,6-*Hyglucose (>99%
enriched; Cambridge Isotope, Andover, MA, USA) was started
at a rate of 0.05 mg-kg™ '*min~" after a priming dose equivalent.
After 100, 110, and 120 min, blood samples were obtained for
determination of tracer enrichments. Subsequently, at 0900 h, the

euglycemic hyperinsulinemic clamp study was started using an
artificial pancreas (model STG-55; Nikkiso, Tokyo, Japan), as

PLOS ONE | www.plosone.org
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described previously [18,19]. A primed continuous infusion of
insulin (Humulin R; Eli Lilly, Indianapolis, IN, USA) was started
for 2.0 h at a rate of 1.25 mUkg™"min~" to attain a plasma
insulin concentration of approximately 100 pU/mL. Glucose was
infused to maintain a plasma glucose concentration of 100 mg/dL
(or 90 mg/dL for bascline values under 90 mg/dL). Simulta-
ncously, [6,6-Hy]glucose infusion was continued at a rate of
0.15 mg-kg™ "*min~". During the last 20 min of the clamp study,
blood samples were obtained in 10-min intervals to determine
tracer enrichments.

Liver Biopsy/Pathology

Ultrasound-guided liver biopsy specimens were obtained from
all 69 patients. Each specimen was stained with hematoxylin-cosin
and silver reticulin stains and histologically examined by onc
experienced pathologist who was blinded to the patient’s clinical
condition and biochemical data. The biopsied tissues were scored
for steatosis (0, none; 1, <33%; 2, 33-66%; 3, >66%), stage, and
grade as described previously (10), according to the standard
criteria for grading and staging of nonalcoholic steatohepatitis
proposed by Brunt et al. [20,21].

Liver Fat Content and IMCL (Proton Magnetic Resonance
Spectroscopy)

IHL and IMCL were mcasured as reported previously [22,23].
Briefly, IHL of the liver’s right lobe and IMCL of the soleus
muscle were measured by "H-MRS using a whole-body 3.0 T MR
System  (Signa HDxt 3.0 T, General Electric Healthcare,
Milwaukee, WI, USA). Voxels (3.0x3.0x3.0 cm® for liver and
2.0%2.0%2.0 cm? for soleus muscle) were positioned in the liver or
soleus muscle to avoid blood vessels and visible interfacial fat, and
the voxel sites were carefully matched at cach examination.
Imaging paramcters were sct to repetition time of 1500 ms and
echo time of 27 ms. To quantify IHL and IMCL, the MR spectral
raw data were processed by using the LCModel software (Version
6.3-0C, Stephen Provencher, Oakville, Ontario, Canada).

Body Composition

Body composition, such as fat mass and fat-frecc mass, was
determined by a bioclectrical impedance analysis (Tanita BC-
118D, Tanita, Tokyo, Japan).

Oxygen Consumption

Oxygen consumption was measured using indirect calorimetry
(Acromonitor AE3108, Minato, Osaka, Japan).

75-g OGTT

After an overnight fast, a 75-g OGTT was performed at 0800 h.
Blood samples were collected at 0, 30, 60, 90, 120, and 180 min to
measure plasma glucose insulin and C-peptide concentrations.

Analytical Methods

Plasma glucose was measured by the glucose oxidase method
(Glucose Analyzer GA09; A&T, Kanagawa, Japan), and plasma
insulin and C-peptide were measured using a sandwich enzyme
immunoassay system with E-test Tosoh II (IRI) and E-test Tosoh
II (C-peptide) (Tosoh, Tokyo, Japan). Plasma FFA was measured
by a standard colorimetric method using NEFA-SS (Eiken, Tokyo,
Japan). Hemoglobin Alc level was measured using high-perfor-
mance liquid chromatography (TOSOH HLC-723G8; Tosoh,
Tokyo, Japan).

Deuterated glucose was analyzed as a penta-acetate derivative
using the method by Wolfe [24]. Samples were analyzed on a
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quadrupole gas chromatography mass spectrometry instrument
(GCMS-QP1100EX, Shimadzu, Kyoto, Japan) operated in the
electron impact mode by selective-ion monitoring of m/z 200,
201, and 202. Oven temperature was 180°C with a 10°C/min rate
of temperature rise until 250°C with a 25 m HR-1 capillary
column (Shinwa Chemical Industries, Kyoto, Japan). Tracer
concentrations were calculated based on the sample’s tracer-to-
tracee mass ratio [25].

Calculations

In the basal state, hepatic glucose production (HGP) was
calculated as the rate of appearance (Ra) of glucose according to
the Steele’s equation as previously described [19,26]. During the
clamp study, glucose Ra was calculated using Steele’s equation
from tracer data [26]. HGP during the clamp study was calculated
as the difference between glucose Ra and the infusion rate of
exogenous glucose.

We calculated and defined organ-specific IR in the liver, skeletal
muscle, and adipose tissue as described previously [27-30].
Hepatic IR indices were calculated as the product of fasting
HGP and fasting plasma insulin (FPI) concentration (HGP xFPI
[(mg-kg ' min ™) x(LU/mL)]) and suppression of HGP by insulin
during a clamp study (%HGP). The skeletal muscle IR index was
calculated as insulin-stimulated glucose disposal (Rd), and the
adipose tissue IR index was calculated as suppression of FFA by
insulin during a clamp study (%FFA).

Statistical Analysis

All analyses were performed using SPSS software version 21.0
(SPSS Inc., Chicago, IL, USA). All values are expressed as mean
+ SEM, unless stated otherwise. The relationship between
individual variables was assessed by Pearson’s correlation for
parametric variables and by Spearman’s correlation for non-
parametric variables. Multiple linear regression analysis was used
to assess independent determinants of organ-specific IR. The
differences between the two groups were assessed by Student’s #
test for continuous variables and chi-square test for categorical
variables. Data involving more than two groups were assessed by
analysis of variance (ANOVA). Statistical significance was
considered to be P£<0.05.

Results

Organ-specific IR and Clinical Characteristics in Patients
with NAFLD

The characteristics of the study subjects and their metabolic
profiles are shown in Table 1. During the clamp study, plasma
glucose concentrations were maintained at baseline values
(103%=1 mg/dL; mean = SEM), and steady-state plasma insulin
concentrations were reached at 110.2%3.6 pU/mL. Basal HGP
was 2.09%+0.08 mg-kg ''min~! in subjects with normal glucose
tolerance (NGT), 2.18+0.10 mg-kg™'*min~" in subjects with
impaired glucose tolerance (IGT) and 2.67%0.12 mg-kg™'min~"
in subjects with T2DM. Rd was 3.81%0.18 mg-kg™"*min™" in
NGT, 3.27+0.17 mgkg "min~! in IGT  and
3.57+0.14 mg-kg”"min~' in T2DM. Basal FFA was
0.47£0.05 mEq/L in NGT, 0.56*0.04 mEq/L in IGT and
0.60+0.04 mEq/L in T2DM. Basal HGP showed a significant
positive correlation with fasting plasma glucose levels (r=0.48, P<
0.001). Rd showed a significant positive correlation with basal
oxygen consumption rate per body weight (VOg) (r=0.42, P<
0.01). FFA and HGP were suppressed from baseline by
77.0£1.4% and 69.3%£2.8%, respectively. These values are similar
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to previous data in Japanese [31] and European descent [1,27,29]
subjects.

The relationship between clinical characteristics and organ-
specific insulin sensitivity/resistance indices is shown in Table 2.
HGP xFPI was significantly correlated with Rd (r=—0.57, P<
0.001), %HGP with %FFA (r=0.38, P<0.01), and Rd with %FFA
(r=0.27, P<0.05) suggesting that the IRs in the liver, skeletal
muscle, and adipose tissue were significantly associated with each
other, although the correlation was not very strong.

Ectopic Fat and Organ-specific IR

Histological liver steatosis score was strongly correlated with
IHL measured by 'H-MRS (r=0.75, P<0.001).

Liver steatosis score was significantly correlated with Rd (r= —
0.47, P<0.001) as well as HGP xFPI (r =0.43, P<0.001) (Table 2).
Similarly, IHL was significantly correlated with Rd (r= —0.32, P<
0.05) and tended to be correlated with HGPXFPI (r=0.25,
P=0.09) (Figure 1A, 1B). In the multiple regression analysis, liver
steatosis score was significantly correlated with both HGP xFPI
(B=0.284, P<0.05) and Rd (B = —0.300, P<0.01) after adjusting
for age, sex, and BMI. Correlation of liver steatosis score with Rd
(B=—0.261, P<0.05) was significant after further adjusting for
total fat mass (Table 3). When stratified by steatosis score,
HGP xFPI was significantly higher and Rd was significantly lower
in the score 3 steatosis group compared to the score O steatosis
group (P<0.01; P<0.001, respectively) (Figure 1C,1D).

Unexpectedly, indices of fat accumulation in the skeletal muscle
(IMCL) and adipose tissue were not associated with their own
organ-specific IR (Table 2). IMCL and fat-free mass were not
correlated with Rd (r=-0.16, P=0.26; r=—0.22, P=0.08,
respectively) (Figure 2A,2B). Total fat mass and its percentage
were correlated with HGPxFPI (r=0.50, P<0.001; r=0.48, P<
0.001, respectively) and Rd (r= —0.59, P<0.001; r=—0.52, P<
0.001, respectively), but not with %¥FA (r=—0.21, P=0.10; r= —
0.00, P=0.99, respectively) (Figure 2C,2D).

Similar results were obtained when Rd was normalized by
steady state plasma insulin (Rd/SSPI) (Table 2).

Because it may be possible that T2DM itself is associated with
IR independently with organ steatosis, we analyzed the subjects
with or without T2DM. Age, hemoglobin Alc, fasting plasma
glucose, 2-h glucose level of 75-g OGTT and basal HGP were
significantly higher in T2DM group compared to non-DM group
(Table 1). Regardless of the presence or absence of T2DM, liver
steatosis score was significantly correlated with Rd as well as
HGP xFPI, and IMCL and total fat mass were not correlated with
Rd or %IFA respectively (Table 4, Table 5). The results of the
multiple regression analysis are shown in Table S1 and Table S2.

Discussion

We comprehensively and simultaneously evaluated ectopic fat
accumulation and organ-specific IR in insulin-target organs in
Japanese people with NAFLD, and found the following: 1) the IRs
in the liver, skeletal muscle, and adipose tissue were associated
with each other, 2) indices of fat accumulation in the skeletal
muscle and adipose tissue were not associated with their own
organ-specific IR, and 3) liver fat was associated with skeletal
muscle IR as well as hepatic IR, independently of age, sex, BMI
and total fat mass (Figure S1).

Although the IRs in the liver, skeletal muscle, and adipose tissue
were associated with each other, the relation was relatively weak.
There are a couple possible explanations for this result. First, the
main site and the severity of IR may vary among organs and
individuals [4]. Second, possibly the %HGP and %FFA are not
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Table 1. Clinical characteristics of the study subjects.

All non-DM (NGT+IGT) T2DM P value*

Age (years) 51%2 46*3 55+2 0.008°

Body mass index (kg/m?) 30.3+0.9 30.9+1.2 29.8+1.4 0.526

Fat-free mass (kg) 502+1.3 52.7*1.6 479+19 0.058

Steatosis (0/1/2/3) 5/33/15/16 4/13/5/10 © o 1/20/10/6

Stage (0/1/2/3/4) 20/29/6/11/3 12/14/1/4/1 8/15/5/7/2

IHL (mmol/L) 9.63+1.01 7.30+1.27 11.23+1.41 0.056

11/21/37

Insulinogenic index [(pU/mL)/(mg/dL)]

Fasting FFAs (mEqg/L) 0.57%0.03 0.53+0.03 0.60+0.04 0.254

Triglycerides (mg/dL) 15311 150:+10 155%18 0.801

Aspartate aminotransferase (IU/L) 37%2 37+3 37+3 0.969

2.43+0.08 2.15+0.07 2.67£0.12

%HGP (%) 69.3:2.8 73435 65.8+4.1 0.170

Rd/SSPI [(mg-kg ™' min~")/(uU/mL)] 0.035+0.002 0.033+0.003 0.037+0.003 0.332

Data are presented as n or mean = SEM.

IHL, intrahepatic lipid; IMCL, intramyocellular lipid; AU, arbitrary units; HGP, hepatic glucose production; FPI, fasting plasma insulin; SSPI, steady state plasma insulin; VO,,
basal oxygen consumption rate per body weight.

*Difference between the non-DM group and the T2DM group.

#p<0.05,

bp<0.01,

°P<0.001.

doi:10.1371/journal.pone.0092170.t001

completely suitable for indices of hepatic and adipose tissue IR, because HGP and lipolysis appeared to be more sensitive to
respectively, and might not fully exhibit inter-individual variation suppression by insulin compared to stimulation of Rd by insulin
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Table 2. Univariate correlation between ectopic fat and organ-specific insulin resistance.

HGP xFPI1 %HGP Rd Rd/SSPI ‘ %FFA

HGP xFPI 1 - —0.130 0.288 —0.574° <0.001 —0.489° <0.001 —0.168 0.167

Rd —0.574¢ <0.001 0.167 0.170 1 - 0.766° <0.001 0.272° 0.024

%FFA —0.168 0.167 0.375° 0.002 0.272° 0.024 0.296% 0.014 1 -

Grade 0.338° 0.004 —0.111 0.362 —-0.376° 0.001 -0.338° 0.005 —0.055 0.656

IHL 0.245 0.089 —0.114 0.436 -0.315° 0.028 —0.271 0.062 —0.135 0.356

Fat-free mass 0.031 0.801 -0.117 0.347 —0.216 0.079 —0.211 0.090 —-0.433° <0.001

Body fat percentage 0.481° <0.001 —0.115 0.355 -0.518° <0.001 —0.478° <0.001 —0.001 0.994

HGP, hepatic glucose production; FPI, fasting plasma insulin; SSPI, steady state plasma insulin; IHL, intrahepatic lipid; IMCL, intramyocellular lipid; VO,, basal oxygen consumption rate per body weight.
2p<0.05,

bp<0.01,

°P<0.001.

doi:10.1371/journal.pone.0092170.t002
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