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antitumor effect. On the other hand, immunotherapy
trials using autologous tumor lysate or dendritic cells
have shown statistically significant improvements in
the risk of HCC recurrence and recurrence-free sur-
vival.®® These reports suggest that tumor antigen-spe-
cific immunotherapy is effective to reduce the recur-
rence rate after HCC treatment; therefore, it is
necessary to find immunogenic antigens or their epi-
topes to develop more effective immunotherapy.

In addition, in the field of molecular targeting
therapies, developments of monoclonal antibodies tar-
geting immunomeodulatory molecules to enhance anti-
tumor immunity are progtessing and some of these are
under clinical trial.*” In particular, clinical data of
anti-cytotoxic T-lymphocyte antigen-4 (ant-CTLA-4)
antibody have shown durable objective response and
stable disease in melanoma patients.”®

In the present study we performed comparative
analysis of various TAA-specific T-cell responses in
patients with HICC and examined the factors that
affect the immune responses, including ant-CTLA-4
antibody. This approach offers useful information to
select immunogenic TAAs and to develop a new strat-
egy for HCC immunotherapy.

Patients and Methods

Patients and Laboratory Testing. In this study we
examined 31 human leukocyte antigen (HILA)-A24-
positive patients with HCC, 29 chronic hepatitis C
patients without HCC, who were diagnosed by liver
biopsy, and 11 healthy blood donors who did not have
a history of cancer and were negative for hepatitis B
surface antdgen and anti-hepatitis C virus (HCV) ant-
body (Ab). The diagnosis of HCC was histologically
confirmed in 21 patients. For the remaining 10
patients the diagnosis was based on typical hypervascu-
lar tumor staining on angiography in addition to typi-
cal findings, which showed hyperattenuated areas in
the carly phase and hypoattenuation in the late phase
on dynamic computed tomography (CT).*

HLA-based typing of peripheral blood mononuclear
cells (PBMCs) from patients and normal blood donors
was performed as described.'® The pathological grad-
ing of tumor cell differentiation was assessed according
to the general rules for the clinical and pathological
study of primary liver cancer.’® The severity of liver
disease was evaluated according to the criteria of Des-
met et al.”! using biopsy specimens of liver tissue.

All patients gave written informed consent to partic-
ipate in the study in accordance with the Helsinki
Declaration and this study was approved by the re-
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Table 1. Peptides
Number of
Amino Specific Spots
Peptide Peptide Acid in Normal
No, Name Source  Reference  Seguence  Donors {Mean SD)

1 ART1;gg ART1 5 EYCLKFTKL 09 + 1.1
2 ART44 5, ART4 6 AFLRHAAL 03 £ 05
3 ART4ggg ARTA 6 DYPSLSATDI 06 * 1.0
4 Cyp-B1os Cyp-B 7 KFHRVIKDF 05 * 09
5 Cyp-Bays Cyp-B 7 DFMIQGGDF 1.2 £ 17
6 Lekaos Lek 8 HYTNASDGL 03+ 06
7 Lekags Lek 8 TFDYLRSVL 02 +08
8 Lekagg Lek 8 DYLRSVLEDF 09 + 15
9 MAGE1 35 MAGE-A1 9 NYKHCFPEI 1.0 + 0.9
10 MAGE3 g5 MAGE-A3 10 IMPKAGLU 1.4 + 1.7
11 SART1 ;690 SART1 11 EYRGFTQDF 09 x 13
12 SART2ggg SART2 12 SYIRLFLIL 10 = 1.4
13 SART3 09 SART3 13 VYDYNCHVDL 21+ 19
14 Her-2/neug  Her-2/neu 14 RWGLLLALL 14 + 20
15 p53125 p53 15 TYSPALNKMF 14 + 15
16 p53161 pb3 16 AYKQSQHM 04 * 06
17 p53204 p53 17 EYLDDRNTF 11 £ 15
18 p53514 p53 17 TFRHSVWV 09+ 19
19 p53535 p53 17 NYMCNSSCM 21 %286
20 MRP3503 MRP3 18 LYAWEPSFL 0.2+ 05
21 MRP3gg, MRP3 18 AYVPQQAWI 15+ 21
22 MRP3 765 MRP3 18 VYSDADIFL 09 + 1.0
23 AFP3s57 AFP 19 EYSRRHPQL 18 20
24 AFP,03 AFP 19 KYIQESQAL 11215
25 AFPazq AFP 19 AYTKKAPQL 08+ 11
26 WTERT 67 hTERT 20 AYQVCGPPL 08 11
27 hTERT304 hTERT 20 VYAETKHFL 0.5 + 0.7
28 HIV envsgy HIV env 32 RYLRDQQLL 1.3+ 20
29 HCV NS3403; HCV NS3 33 AYSQQTRGL ND
30 CMV pp653,5 CMV pp65 34 QYDPVAALF 133 + 15.7

ND, not determined.

gional ethics committee (Medical Ethics Committee of
Kanazawa University, No. 829).

Peptides, Cell Lines, and Preparation of
PBMCs. Twenty-seven peptides derived from 14 differ-
ent TAAs (Table 1), human immunodeficiency virus
(HIV) envelope-derived peptide (HIVenvsgs),”> HCV
NS3-derived peptide (HCVNS3,03),”> and cytomegalo-
virus (CMV) pp65-derived peptide (CMVpp65335),>
which were identified as HLA-A24 restricted CTL epi-
topes in previous studies, were used. Peptides were syn-
thesized at Mimotope (Melbourne, Australia) and Sumi-
tomo Pharmaceuticals (Osaka, Japan). They were
identified using mass spectrometry and their purities were
determined to be >80% by analytical high-performance
liquid chromatography (HPLC). The HLA-A*2402
gene-transfected CIR cell line (CIR-A24) was cultured
in RPMI 1640 medium containing 10% fetal calf serum
(FCS) and 500 pg/mlL hygromycin B (Sigma, St. Louis,
MOQ), and K562 was cultured in RPMI 1640 medium
containing 10% FCS.”® PBMCs were isolated before
HCC treatments as described.” In 12 patients their
PBMCs were also obtained 4 weeks after treatments.
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Table 2. Characteristics of the Patients Studied

Ghild Diff. Degree* Vascular TNM Stage
No. of Age {yr) ALT {IU/L)  AFP (ng/ml} Pugh {wel/mod/ Tumor Sizef  Tumor Multiplicity Invasion {I/1I/INA/IIB/
Clinical Diagnosis Patients Sex M/F Mean = SD Mean = SD Mean =+ SD {A/B/C} por/ND) {large/small} (multiple/solitary) {+/—~)} 1IC/IV)
Normaldonors 11 &/3 35 £2 ND ND ND ND ND ND ND ND
Chronichepatitis 29 16/13 59+ 10 92 + 94 31 + 87 27/2/0 ND ND ND ND ND
HCC 31 23/8 71+ 4 74 £33 1768 + 9103 20/10/1 11/10/0/10 22/9 20/11 9/22 10/12/3/1/2/3

*Histological degree of HCC; wel: well differentiated, mod: moderately differentiated, por: poorly differentiated, ND: not determined.

tTumor size was divided into either “small” (52 cm) or “large” (>2 cm).

CTL Induction and Cytotoxicity Assay. CTL
induction and cytotoxicity assays were performed as
described.*® Briefly, stimulated PBMCs were added at
effector to target ratios of 100:1, 50:1, 25:1, 13:1, 6:1,
and 3:1. In cases where the number of CTLs was
insufficient, cytotoxicity assays were performed at
effector to target ratios less than 100:1.

Interferon Gamma IFN-y Enzyme-Linked Immu-
nospot  (ELISPOT) Assay. IFN-y ELISPOT assays
were performed as reported.”’ Responses to TAA-
derived peptides were considered positive if more than
10 specific spots were detected, which is greater than
the mean plus 3 standard deviations (SDs) of the base-
line response detected in 11 normal blood donors
(Table 1), and if the number of spots in the presence
of an antigen was at least 2-fold that in its absence.
Responses to HIV-, HCV-, and CMV-derived peptides
were considered positive if more than 10 specific spots
wete detected and if the number of spots in the pres-
ence of an antigen was at least 2-fold that in its ab-
sence. In ELISPOT assay with blocking CTLA-4, anti-
human CTLA-4 (eBioscience, Tokyo, Japan) was
added at a final concentration of 50 ug/mL, which has
been described to have maximum effect in in vitro cul-
tures.>® As a control, functional grade mouse immuno-
globulin G (Ig(3)2a isotype control was used. The
assay with blocking CTLA-4 was performed in tripli-
cate and the results were statistically analyzed using the
unpaired Student’s ¢ test.

Cytokine and Chemokine Profiling. The effect of
CTLA-4 antbody on TAA-specific T-cell responses
was also analyzed by cytokine and chemokine profil-
ing. Cytokine and chemokine levels in the medium of
ELISPOT assay were measured using the Bio-plex
assay (Bio-Rad, Hercules, CA). These included inter-
leukin (IL)-1f, IL-1Ra, 11-2, 1L-4, IL-5, IL-6, IL-7,
IL-8, IL-9, IL-10, 11-12p70, IL-13, IL-15, IL-17, ba-
sic fibroblast growth factor (FGF), eotaxin, G-CSE
GM-CSE IFN-y, IP-10, MCP-1, macrophage inflam-
matory protein (MIP)-1a, MIP-15, platelet-derived
growth factor (PDGF)-BB, RANTES, tumor necrosis
factor alpha (TNF-o), and vascular endothelial growth

factor (VEGF). Eight standards (ranging from 2 to
32,000 pg/ml) were used to generate calibration
curves for each cytokine. Data acquisition and analysis
were carried out using Bio-plex Manager software
v. 4.1.1.

Cytokine Secretion Assay. TAA-specific IFN-y-pro-
ducing T cells were also analyzed by cytokine secretion
assay. The assay was performed with the MACS cyto-
kine secretion assay (Miltenyi Biotec K.K., Tokyo,
Japan), in accordance with the manufacturer’s instruc-
tions. Briefly, 5,000,000 PBMCs were pulsed with
TAA-derived peptides for 16 hours and then incubated
with 20 pL of IFN-y detection antibody, 10 ul of
anti-CD8-APC Ab (Becton Dickinson, Tokyo, Japan),
10 gL of anti-CCR7-FITC Ab (cBioscience, Tokyo,
Japan), and 10 uL of ant-CD45RA-PerCP-Cy5.5 Ab
(eBioscience, Tokyo, Japan) for 10 minutes at 4°C. Af-
ter washing with a cold buffer (phosphate-buffered sa-
line/0.5% bovine serum albumin with 2 mM EDTA),
the cells were resuspended with 500 uL of cold buffer
and analyzed using FACSCalibur (Becton Dickinson,
Tokyo, Japan). As a positive control, CMVpp65;,s-
specific IFN-y-producing T cells were also analyzed by
the same methods. The number of IFN-p-producing T
cells was calculated from the results of FACS analysis
and is shown as a number per 300,000 PBMCs.

Results

Patient Profile. The clinical profiles of the 11
healthy blood donors, 29 patients with chronic hepati-
ts C, and 31 patients with HCV-related HCC ana-
lyzed in the present study are shown in Table 2 and
Fig. 1. Using TNM staging of the Union Internatio-
nale Contre Le Cancer (UICC) system (6th v.), 10,
12, 3, 1, 2, and 3 patients were classified as having
stage I, II, IIIA, WIB, HIC, and IV tumors,
respectively.

Detection of TAA-Specific T Cells in HCC
Patients. First we examined the frequency of cells that
specifically reacted with TAA-derived and control pep-
tides in MCC patients. Fifty-one responses in total
were observed against TAA-derived peprides. Twenty-
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Response freguency TNM  Treatment
Peptides per peptide stage of HCC
12343567 89 10012131415161718192021222324252627 (n) (%) 282930
1 || L.l 1 11 4 ] TAE+RFA
2 [ _j 14 1 RFA
3 H“ 207 I RFA
1 1 4 e Chemotherapy
5 0 0 1 None
6 2 7 I RFA
7 1 4 IV TAE+RFA
8 & 30 Me  Chemotherapy
; - 8 I Che
10 2 7 IV Chemotherapy
i .“""‘ 2 7 I TAE+RFA
12 [ 1 TAE+RFA
13 27 vV TAE
2 14 3 1 Ma  Chemotherapy
2 s 31 la  TAE+RFA
a 16 0 0 i} RFA
Y 3 n I TAE+RFA
18 0 0 b Chemotherapy
19 2 7 I Operation
20 N 1 4 1 Operation
21 4 15 i PEIT
22 1 4 i TAE+RFA
23 2 7 lla  TAE+RFA
24 2 7 I RFA
75 4 15 1 TAE+RFA
26 14 It TAE
27 1 4 1 RFA
28 g 0 i TAE+RFA
29 0 0 1 PEIT
30 0 0 1 TAE
31 [ 1 4 1 I RFA
Response ()1 1 1 3 2 1 0 1 1123600332 22424203 035 13
frequency
perpatient (*) 3 3 310 6 3 0 3 3 3 610190 010106 3 6 6136136 010 016 42

Fig. 1. TAA-, HIV-, HCV-, and CMV-derived peptide-specific T-cell responses. Results of all HCC patients examined are shown. The T-cell responses
were examined by IFN-y ELISPOT assay. Responses to peptides were considered positive if more than 10 specific spots per 300,000 PBMCs were
detected and if the number of spots in the presence of an antigen was at least 2-fold that in its absence. Black boxes indicate the presence of a sig-
nificant IFN-y T-cell response to peptides, Peptide sequences are described in Table 1 and characteristics of patients in Table 2.

four of 31 (77.4%) patients showed positive responses
to at least one TAA-derived peptide and most of them
showed responses to 1 to 4 kinds of TAA-derived pep-
tide. Twenty-three of 27 (85.2%) TAA-derived pep-
tides were recognized by T cells of at least one patient.
Peptides 4, 12, 13, 16, 17, 22, 24, and 27 were recog-
nized in more than two patients, suggesting that these
peptides were immunogenic. Peptides 28 (HIV
envsgs), 29 (HCV 1p31), and 30 (CMV pp65;24) were
recognized by 0 (0%), 5 (16%), and 13 (42%)
patients, respectively.

The magnitude of TAA-specific T-cell responses was
assessed by the frequency of peptide-specific IFN-y-
producing T cells in the PBMC population (Fig. 2A).
The range of TAA-derived peptide-specific T-cell fre-
quency was 10-60.5 cells/300,000 PBMCs. Those spe-
cific to peptides 13 and 16 numbered more than 30
cells/300,000 PBMCs, suggesting that these peptides
were immunogenic, The frequencies of T cells specific
to HCV- and CMV-derived peptides were 12-22 cells
and 12-92/300,000 PBMCs, respectively.

Whether these TAA-derived peptides were capable
of generating peptide-specific CTLs from PBMCs
was investigated in HCC patients. The
peptides were selected according to the magnitude of
TAA-specific T-cell responses determined by the fre-

seven

quency of T cells with a positive response. The CTLs
generated with these peptides were cytotoxic to
C1RA24 cells pulsed with the corresponding peptides
(Fig. 2B).

Comparison of TAA-Specific T-Cell Responses
Between the Patient Groups With and Without
HCC. To characterize the immunogenicity and speci-
ficity of TAA-derived peptides, we compared T-cell
responses to the peptides derived from TAA, HIV,
HCV, and CMV among three groups consisting of
normal blood donors, patients with chronic hepatitis
C, and patients with HCV-related HCC. A significant
TAA-specific T-cell response was not detected in nor-
mal blood donors (Fig. 3A). A response was detected
in both chronic hepatitis C and HCC patient groups,
but it was more frequently observed in HCC patients.
HIV-specific T-cell response was not detected in any
group. HCV-specific T-cell response rate was not dif-
ferent between the groups with chronic hepatitis C
and HCC. CMV-specific T-cell response rates were
similar among the three groups. Similar tendencies
were observed in the analysis of individual peptides
(Fig. 3B). We also examined the frequency of T cells
responsive to peptides among the three groups. The
mean frequency of TAA-specific T cells without
in vitro expansion was higher in HCC patients than in
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Fig. 2. Vigor of TAA-, HCV-, and CMV-derived peptide-specific T-cell responses. {A) The frequency of TAA-specific IFN-y-producing T cells was
analyzed by ELISPOT assay. Only positive responses are shown. Black bars indicate the response of one patient. *1, *2, *3, *4, and *5 denote
33, 60.5, 44, 92, and 67.5 specific spots, respectively. (B) Representative TAA-specific T-cell responses were also analyzed by CTL assay. T cell
lines were generated from PBMC of the HLA-A24-positive HCC patients by stimulation with TAA-derived peptides (peptides 4, 12, 13, 16, 22,
24, and 27) (see Table 1). Expanded T cell lines were then tested for specific cytotoxicity against the corresponding peptides in a standard ®'Cr

release assay at the indicated ET ratios.

patients with chronic hepatitis C for 14 of 27 TAA-
derived peptides (peptides 1, 2, 3, 4, 12, 16, 18, 19,
20, 21, 22, 24, 25 and 27) (Fig. 3C).

Enbancement of TAA-Specific T-Cell Responses
After HCC Treatments. Several studies including our
own have clarified that HCC treatments enhanced
HCC-specific immune responses (19, 37, 38). In this
study, we cxamined whether the enhancement was
observed equally in all kinds of TAAs or specifically in
some TAAs. For this purpose we measured the fre-
quency of TAA-specific T cells before and after HCC
treatment by ELISPOT assay in 12 cases who received
transcatheter arterial embolization (TAE), radiofre-
quency ablation (RFA), or chemotherapy. The fre-
quency of TAA-specific T cells increased in all patients
and it was observed for 23 of 27 TAA-derived peptides
(Fig. 4A). The enhancement was observed in the

patients who received TAE, RFA, or chemotherapy
and even in the patients without an increase in the fre-
quency of CMV-specific T cells. Peptides 7, 14, 15,
and 26, which were not recognized by T cells in all
HCC patents before treatments (Fig. 1), were recog-
nized by T cells in 1, 4, 1, and 5, respectively, of 12
patients after treatments. Representative results of
enhancement of TAA-specific immune responses are
shown in Fig. 4B. The frequency of TAA-specific T
cells increased to 11-80 cells/300,000 PBMCs after
treatments.

The enhancement of TAA-specific immune
responses was also confirmed by cytokine secretion
assay. Representative results are shown in Fig. 4C. In
this patient (patient 25) the frequency of TAA-specific
IFN-y-producing CD8" T cells was increased from
0.4% to 1.4% of CD8™ T cells after HCC treatment.
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Fig. 3. Comparative analysis of TAA-, HIV-, HCV-, and CMV-derived peptide-specific T-cell responses among three groups of subjects; normal
donors, patients with chronic hepatitis C not complicated by HCC, and HCC patients. (A} Summary of the number of patients with a significant
IFN-y T-cell response to tumor-associated, HIV, HCV, and CMV antigens in each group. (B) Graph shows the percentage of patients in each group
who showed a significant IFN-y T-cell response to individual peptides. Peptide sequences are desciribed in Table 1. (C) Mean frequency of pep-
tide-specific IFN-y-producing T cells in each group. The frequency of IFN-y-producing T cells was analyzed by ELISPOT assay.

In this assay we also examined the naive/effector/mem-
ory phenotype of these cclls by the criterion of
CD45RA/CCR7 expression.” Phenotypic analysls of
TAA-specific, IFN-y-producing memory CD8™ T cells
before and after treatment showed that the frequency
of CD45RA™/CCR7™ central memory T cells was the
highest, indicating that the posttherapeutic increase in
these T cells is due to the increase in cells with this
phenotype (Fig. 4D). In this patient the number of T
cells with the CD45RA/CCR7™ phenotype increased
from 73 cells/300,000 PBMCs before treatment to
316 «cells/300,000 PBMCs after treatment. Similar
results were noted in five patients.

Blocking CTLA-4 Restores TAA-Specific T-Cell
Responses. In previous  studies  including  our
own,'”?%* the CTL epitopes that correlate with the
prevention of tumor progression or prognosis of HCC
patients have not been identified. One of the reasons
for this is considered to be thar the naturally occurring

T-cell responses to the epitopes are weak; therefore,
recent tumor immunotherapeutic studies are moving
toward modulation of T-cell responses.

CTLA-4 is recognized as a critical negative regulator
of immune response; therefore, its blockade has been
considered to contribute to antitumor activity.” In a
recent study it was reported that blocking of CTLA-4
on both effector and regulatory T cell compartments
contributes to the antitumor activity of CTLA-4 anti-
bodies.® To examine whether similar occurs for
immune response in [HCC patents, we analyzed 32
separate  TAA-specific T-cell responses in 15 HCC
patients using 13 TAA-derived peptides. Incubation of
T cells with CTLA-4 antibodies resulted in an increase
of the number of TAA-specific T cells in 18 of 32
(56%) responses and in 9 of 15 (60%) patients (Fig.
5A). Fourteen and four patients showed increases of 1-
10 and more than 10 TAA-specific T cells, respec-
tively. Representative results of six patients are shown
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Fig. 4. Enhancement of TAA-specific T-cell responses in HCC patients after treatments. (A) Summary of patients and peptides with a signifi-
cant increase of the number of IFN-y-producing T cells (black boxes). A significant change in the IFN-y response was defined as a more than 2-
fold increase and the presence of more than 10 specific spots in ELISPOT assay after HCC treatments. The assays were performed in 12 HCC
patients using 27 TAA-, HIV-, and CMV-derived peptides. Goal* shows the goal of HCC treatment. C and P denote “curative intention” and “palli-
ative intention,’ respectively. (B) Representative results of ELISPOT assay are shown. White and black bars indicate the frequency of T cells before
and after HCC treatments, respectively. *1, *2, *3, and *4 denote 53, 60, 80, and 121 specific spots, respectively. (C) Enhancement of TAA-
specific T-cell responses was also analyzed by cytokine secretion assay. Representative results are shown (patient 25). PBMCs were pulsed with
TAA-derived peptides (peptides 14, 21, and 24) for 16 hours and then analyzed for IFN-y production. (D) IFN-y-producing T cells were also
examined for naive/effector/memory phenotype by the criterion of CDA5RA/CCR7 expression. The number of cells was calculated from the
results of FACS analysis and is shown as a number per 300,000 PBMCs. White and black bars indicate the frequency of TAA-specific IFN-y-pro-
ducing T cells before and after HCC treatments, respectively. The experiments were performed in five patients and similar results were observed.

in Fig. 5B. The magnitude of TAA-specific T-cell
increase was statistically significant in four patients.

To examine the effect of CTLA-4 antibodies for
production of other cytokines by T cells, we measured
27 kinds of human cytokines and chemokines in
the medium of ELISPOT assay. Figure 5C shows the
results of cytokine production in the well with positive
T-cell responses against TAA-derived peptides. The
various cytokines consisting of IL-1f, [L-4, IL-6,
IL-10, IL-17, eotaxin, G-CSF, GM-CSE, IFN-y, MIP-
T, MIP-15, RANTES, and TNF-« were increased in
the medium with CTLA-4 antibodies compared with
that without CTLA-4 antibodies. In contrast, increased

production of these cytokines in the well without posi-
tive T-cell responses against TAA-derived peptides was
not observed in medium either with or without

CTLA-4 antibodies (Fig. 5D).

Discussion
In recent years, specific TAAs and their CTL epi-

topes have been identified in many tumors.>' Several
TAAs and their CTL epitopes, such as AFP. MAGE,
and human telomerase reverse transcriptase (hTERT)
have also been reported in HCC.'*?***#" Although
AFP-targeting immunotherapy could induce TAA-
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Fig. 5. Enhancement of TAA-specific T-cell responses in HCC patients

by CTLA-4 antibodies. (A) Summary of patients and peptides with an

increase of the number of IFN-y-producing T cells. Black, gray, white, and hatched boxes indicate the immune responses with an increase of

more than 10 specific spots, an increase of 1-10 specific spots, without

change and a decrease of 1-10 specific spots, respectively. (B) Repre-

sentative results of six patients are shown. Black and white bars indicate the results of assays incubated with CTLA-4 antibodies and mouse

1gG2a isotype control, respectively. Data are expressed as the mean

= SD of specific spots, except for patients 14 and 31. (C) Effects of

CTLA-4 antibodies on production of cytokine and chemokine. Cytokine and chemokine levels in the medium of ELISPOT assay were measured
using the Bio-plex assay. The graphs indicate the concentrations of cytokine and chemokine in the medium of ELISPOT assay using PBMCs of
patient 31 and peptide 13 (medium in ELISPOT assay with enhancement of T-cell response) (see AB). The increase of cytokines and chemo-
kines after incubation with anti-CTLA-4 antibodies was confirmed in another three experiments using PBMCs of three other patients. (D) The
graphs indicate the concentrations of cytokine and chemokine in the medium of ELISPOT assay using PBMCs of patient 31 and peptide 22 (me-

dium in ELISPOT assay without enhancement of T-cell response) (see A).

specific CTLs, no patients achieved an objective tumor
response; therefore, the search for TAAs as suitable tar-
gets for HCC immunotherapy and identification of
their epitopes are important issues in therapy develop-
ment. However, to date, T-cell responses to previously
identified TAAs or their epitopes have been measured
simultancously and comparatively in only one study
involving several patients with HBV-related HCC,*
but no T-cell responses to the many other TAAs or
their epitopes have been evaluated.

In this study we performed a simultaneous, compar-
ative analysis of immune responses to 27 different
CTL epitopes derived from 14 previously reported
TAAs in the peripheral blood lymphocytes of 31
HCV-related HCC  patients. We noted immune
responses to epitopes (peptides 4, 12, 13, 16, 17, 22,
24, and 27) derived from CypB, SART2, SART3,

p53, MRP3, AFP, and WTERT in more than two
patients (Fig. 1). These findings suggest the immuno-
genicity of these TAAs and their epitopes. In addition,
the frequencies of peripheral blood CTLs specific to
epitopes (peptides 4, 13, 16, 22, and 24) derived from
CypB, SART3, p53, MRP3, and AFD, as detected by
the ELISPOT assay, were high (>20 specific spots/
300,000 PBMCs), suggesting the high immunogenicity
of these TAAs and their epitopes.

Among these immunogenic antigens the expression
of p53, MRP3, AFP, and hTERT was reported in
HCC. #1944 e also previously confirmed that the
expression of SART2 and SART3 was observed in
100% of human HCC tissue (data not shown). As for
CypB, this protein is well known to be widely
expressed in normal and malignant tissue’; therefore,
it is considered to be expressed in HCC.
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Regarding tumor immunotherapy, it has recenty
been reported that strong immune responses can be
induced at an earlier postvaccination time using, as
peptide vaccines, epitopes that frequently occur in pe-
ripheral blood CTL precursors.”® The epitopes (pep-
tdes 4, 12, 13, 16, 22, 24, and 27) that were derived
from CypB, SART2, SART3, p53, MRP3, AFP, and
hTERT and considered to be highly immunogenic in
this study were capable of inducing epitope-specific
CTLs from the PBMCs of HCC patients, suggesting
that these epitopes can be candidates for peptide
vaccines.

Next, TAA-specific immune responses were com-
pared among three groups of subjects: HCC patients,
normal blood donors, and patients with chronic hepa-
titis C not complicated by HCC. The results showed
that there were no differences in the positive rate of
immune responses to CMV among the three groups
and no difference in the positive rate of immune
responses to FICV  between chronic hepatids C
patients with and withour HCC. However, TAA-spe-
cific immune responses were observed frequently only
in HCC patients, indicating that these immune
responses are specific to HCC.

In the present study we also analyzed factors influ-
encing host immune responses to these TAA-derived
epitopes. Previous studies have reported that treat-
ments, such as RFA and TAE, enhance HCC-specific
Tcell responses.19’37’38 However, TAAs and their epi-
topes, to which these enhanced immune responses
occur, have not been identified. Thus, we simultane-
ously measured immune responses to 27 different epi-
topes derived from 14 TAAs in 12 patients who were
available for analysis before and after treatment. The
results showed that the antigens and their epitopes to
which treatment-enhanced T-cell responses occur were
diverse and some of them were newly induced after
HCC  treatment, suggesting that HCC treatments
could induce de nove T-cell responses and these TAAs
and their epitopes can be candidates as targets for
HCC immunotherapy.

Furthermore, it became clear that enhanced immune
responses to TAAs were induced not only by previ-
ously reported RFA and TAE, but also by cytotoxic
drug chemotherapy. The patients who received chemo-
therapy showed partial responses after the treatment;
therefore, we considered that it induced release of
TAA into the tumor environment by tumor necrosis
and/or apoptosis such as the mechanism reported in
RFA or TAE."”%3% Thus, our findings suggest that
combined cancer chemotherapy and immunotherapy is
useful as a treatment for HCC.

HEPATOLOGY, April 2011

Analysis of the memory phenotypes of the T cells
thus induced showed that the phenotypes of T cells
whose frequency increased were mostly CD45RA™/
CCR7" T cells (central memory T cells). Previous
studies have reported that T cells with this phenotype
differentiate into effector memory T cells and effector
T cells, and that they require secondary stimulation by
antigen to exert stronger antitumor effects.”” There-
fore, our findings suggest that the antitumor effect of
tumor-specific T cells induced by HCC treatment is
insufficient, and a booster with TAAs or epitope-con-
taining peptides is a suitable method to further
enhance antitumor effects.

Finally, we investigated the effect of ant-CTLA-4
antibodies, which have recently been in clinical trials
as drugs enhancing antitumor immunity, on the host
immune response to HCC. Regarding the mechanism
of the antitumor activity of anti-CTLA-4 antibodies, it
has been reported that they maximize the antitumor
effect by blocking CTLA-4 on the surface of effector
and regulatory T cells.®® Because the number of pe-
ripheral blood regulatory T cells has been reported to
increase in HCC patients,”> TAA-specific CTLs that
should be present but may not be detected by the ELI-
SPOT assay. Therefore, in this study ant-CTLA-4

_antibodies were added along with peptides to examine

their effect on the ELISPOT assay.

The addition of anti-CTLA-4 antibodies resulted in an
increase in the frequency of TAA-specific T cells in 60%
of HCC patients. Although most patients showed an
increase of only 1-10 TAA-specific T cells, the increased
number of T cells was statistically significant. In addidon,
an increase of more than 10 TAA-specific T cells and a
conversion from a negative to a positive response were
observed in four patients. These results suggested that the
anti-CTLA-4 antibodies unmasked I[FN-y production by
CTLs. However, the function might be limired because
the number of TAA-specific T cells was not changed and
even decreased in some patients.

The cytokine and chemokine profiling showed that
the addition of anti-CTLA-4 antibodies increased the
production of not only IFN-y bur also cyrokines, such
as TNF-o, IL-1, and IL-6, and chemokines such as
MIP-1; therefore, we speculate that the increased pro-
duction of these antitumor immunity substances also
plays a role in the unmasking of TAA-specific CTLs
by ant-CTLA-4 antibodies. These results suggest that
anti-CTTA-4 antdbody is promising as a drug to
enhance antitumor immunity, and that the ELISPOT
assay with this antibody may serve as a more appropri-
ate test tool to detect more FCC-specific TAAs or
their epitopes.
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On the other hand, recent studies have shown the
important role of CD4" helper T cells in optimal
function and proliferation of CD8" T cells.*® There-
fore, the lack of CD4™ helper T cells or anergic
CD4™ T cells may explain the limited TAA-specific
CD8" Tecell responses in HCC. Further studies using
CD4* T-cell-depleted PBMCs or CD8" T cells
expanded with TAA-derived peptide may enable iden-
tification of more immunogenic HCC-specific TAAs
and their epitopes.

In condusion, the results of this study suggest that
CypB, SART2, SART3, p53, MRP3, AFP, and
hTERT are promising TAAs in FICC immunotherapy,
that the administration of these TAAs or peptides con-
taining their epitopes as vaccines after HCC treatment
is likely 1o be effective, and that the concomitant use
of anti-CTLA-4 antibodies may further increase antitu-
mor immunity. We believe that the results of this
study provide useful information for the development
of immunotherapy for HCC.
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Malnutrition Impairs Interferon Signaling Through mTOR and FoxO -
Pathways in Patients With Chronic Hepatitis C
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BACKGROUND & AIMS: Patients with advanced chronic
hepatiris C (CH-C) often are malnourished, but the effects
of malnutrition on interferon (IFN) signaling and re-
sponse to treatment have not been determined. We as-
sessed the importance of the nutritional state of the liver
on IFN signaling and treatrment response. METHODS:
We studied data from 168 patients with CH-C who were treated
with the combination of pegylated-IFN and ribavirin. Plasma
concenttations of amino acids were measured by mass spectrom-
etry. Liver gene expression profiles were obtained from 91 pa-
tiencts. Hoh-7 cells were used to evaluate the IFN signaling
pathway, mammalian target of rapamycin complex 1
(mTORC1), and forkhead box O (FoxO). Antiviral signaling
induced by branched-chain amino acids (BCAAs) was detet-
mined using the in vitro hepatitis C virus replication system.
RESULTS: Multivariate logistic tegtession analysis
showed thar Fischer’s ratio was associated significantly
with nonrespondets, independent of interleukin-28B
polymorphisms or the histologic stage of the liver. Fisch-
er’s ratio was correlared inversely with the expression of
BCAA transaminase 1, and was affected by hepatic
mTORC1 signaling. IFN stimulation was impaired sub-
stantially in Huh-7 cells grown in medium that was low in
amino acid concentration, through repressed mTORC1
signaling, and increased Socs3 expression, which was reg-
ulated by Foxo3a. BCAA could restore impaired IFN sig-
nalirig and inhibit hepatitis C virus replication under
conditions of malnutrition, CONCLUSIONS: Malaueti-
tion impaired IFN signaling by inhibiting mTORC1
and activating Soes3 signaling through Foxo3a. In-
creasing BCAAs to up-regulate IFN signaling might be
used as a new therapeutic approach for patients with
advanced CH-C.

Keywords: HCV; Liver Disease; Therapy; Diet.

Interferon (IFN) and ribavirin (RBV) combination thet-
apy is a popular modality for treating patients with
chronic hepatitis C (CH-C), but approximately 50% of
patients usually relapse, particularly those with heparitis
C virus (HCV) genotype 1b and a high viral load.!

-440-

Recent landmark studies of genome-wide associations
identified genomic loci associated with treatment re-
sponses to pegylated (Peg)-IFN and RBV combination
therapy,>® and a polymorphism in the interleukin (IL)-
28B gene was found to predict hepatitis C treatment~
induced viral clearance. Moreover, we previously showed
that expression of hepatic JFN-stimulated genes (ISGs)
was assodiated with the IL-28B polymorphism and mighe
contribute to the treatment response.* In addition to the
IL-28B polymorphism, host factors such as fibrosis stage-
and metabolic status of the liver might be associated with
the treatment outcome%5; however, the significance of
these factors in conjunction with the IL-28B polymor-
phism has not been evaluaced fully.

In CH-C livers, prolonged liver cell damage, fibrosis
development, and microcirculation failure can lead to a
state of malnutrition in hepatocyres, tesulting in the im-
pairment of multiple metabolic pathways. In patients
with advanced stage CH-C, hypoalbuminemia and de-
creased plasma values for the Fischet’s ratio of branched-
amino acids (BCAA; leucine, isoleucine, and valine) to
atomatic amino acids (tyrosine and phenylalanine) com-
monly are observed. BCAA are the essential amino acids
necessary for ammonium metabolism in muscle when the
liver is unable to petform this function. Recent reports
have shown that BCAA activates albumin synthesis in rat

Abbrevigtions used In this paper: BCAA, branched-chain amino
acld; BCAT4, branched cheln amine-acld transaminase 1; CH-C, chronic
hepatitis C; ChIP, chromatin immunoprecipitation; DMEM, Dulbecco’s
modified Eagle medlum; FBE, Foxo hinding element; FBEmut, Foxo
binding element mutent; FoxO, forkhead box, subgroup 0; GLuc,
Gaussla luciferase; IFN, interferon; IL, Interieukin; ISG, interferon-stim-
ulated genes; mTOR, mammallan target of rapamycin; mTORCL, mam-
mallan target of rapamycin complex 4; NR, no response; PCR, polymer-
ase chaln reaction; Peg, pegylated; p-mTOR, phosphorylated form of
marnmalian target of rapamycin; pSEK, phosphorylated form of p70 $6
protein kinase; pSTAT4, phosphorylated form of signal transducer and
activator of transcription 1; Raptor, regulatory assoclated protein of
mTOR; RBY, ribavirin; S6K, p70 S6 protein kinase; siRNA, small Inter-
fering RNA; SVR, sustained viral response; TR, translent response.
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primary hepatocytes® and cirrhotic rat liver? through
mammalian target of rapamycin {mTOR) signaling, a cen-
tral regulator of protein synthesis, by sensing nutrient
conditions.® Thus, peripheral amino acid composition is
closely related to signaling pathways in the liver.

In addition to metabolic aspects, recent reports have elu-
ddated new functional roles for mTOR in the IFN signaling
pathway. Targeted disruptions of tuberous selerosis 2 and
eukaryotic translation initiation factor 4E binding protein 1,
which both inhibit mTOR complex 1 (mTORC1) signaling,
substantially enhanced IFN-alfa-dependent antiviral re-
sponses,>° Therefore, mMTORC] signaling might be involved
in the antiviral response as well as in metabolic processes.
However, these issues have not yet been addressed in terms
of IEN treatment for CH-C. In the present study, therefore,
we evaluated the clinical relevance of the nutritional state of
the liver, as estimated by the plasma Fischer’s ratio, on
Peg-IFN and RBV combination therapy. We also evaluated
antiviral signaling induced by BCAA using an in vitro HCV
replication system,

Matarials and Methods
Patients

A rotal of 168 patients with CH-C at the Graduate
School of Medicine at Kanazawa University Hospital (Ka-
nazawa, Japan) and its related hospitals in Japan (Table i,
Supplementary Table 1) wete evaluated in the present study.
The dlinical characteristics of these patients have been de-
scribed previously.* All patients were administered Peg-IFN-
alfa 2b (Schering-Plough K K., Tokyo, Japan) and RBV com-
bination therapy for 48 weeks. The definition of the
treatment response was as follows: sustained viral response
(SVR), clearance of HCV viremia 24 weeks after the cessarion
of therapy; transient response (TR), no derecrable HCV
viremia at the cessation of therapy but relapse during the
follow-up period; and no response (NR). Genetic variation of
the IL-28B polymorphism at rs8099917 was evaluated in all
patients using TagMan Pre-Designed SNP Genotyping As-
says (Applied Biosystems, Carlsbad, CA) as described previ-
ously.* Gene expression profiling in the liver was petformed
in 91 patients using the Affymetrix Human 133 Plus 2.0
microarray chip (Affymetrix, Santa Clara, CA) as described
previously (Supplementary Table 1).*

Plasma Amino Acid Analysis

Amino acid concentrations in plasma samples were
measured by high-performance liquid chromatography-
electrospray iomization-mass spectrometry, followed by

. derivatization.’! Detailed experimental procedures are de-
scribed in the Supplementary Materials and Methods sec-
tion.

Culture Medium
Huh-7 and Huh-7.5 cells (kindly provided by Pro-

fessor C. M. Rice, Rockefeller University, New York, NY)

were maintained in Dulbecco’s modified Eagle medium
(DMEM; Gibco BRL, Gaithersburg, MD) containing 10%
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fetal bovine serum and 1% penicillin/streptomycin (nor-
mal medium). Amino acid-free medium (ZERO medium)
was prepared by mixing 5.81 g nutrition-free DMEM
(Nacalai Tesque, Kyoto, Japan), 1.85 g NaHCO;, 1 g glu-
cose, and 0.5 mL IM {mol/L} sodium pyruvate in 500 mL
Milli-Q water, then sterilizing with a 0.22-pm filter (Mil-
lipore, Billerica, MA). Low amino acid media (X1/5, X1/
10, X1/30, and X1/100 DMEM) were prepared by dilut-
ing X1 DMEM with ZERO medium. Powdered BCAA
{leucine-isoleucine-valine, 2:1:1.2) (Ajinomoro Pharma,
Tokyo, Japan) was freshly dissolved with distilled water at
100 mmol/L, then applied to coltured medium at 2
mmol/L, 4 mmol/L, or 8 mmol/L.

Western Blotting and Immunofluorescence

Staining

A total of 1.5 X 10° Huh-7 cells were seeded in
normal medium 24 hours before performing the experi-
ments. The medium was changed to low-amino-acid me-
dium and maintained for up to 24 hours, Western blot-
ting was petformed as previously described.1? Cells were
washed in phosphate-buffered saline (PBS) and lysed in
RIPA buffer containing complete Protease Inhibitor Cock-
tail and PhosSTOP (Rache Applied Science, Indianapolis,
IN). The membranes were blocked in Blocking One-P
(Nacalai Tesque). The antibodies used for Western blot-
ting are summarized in the Supplementary Materials and
Methods section.

PFor immunofluorescence staining, cells were fixed
with 4% paraformaldehyde in PBS, then permeabilized
with 0.1% Triton-X 100 in PBS. The primary anti-
forkhead box O (Foxo)3a antibody (Abcam, Cambridge,
MA) was used act a final concentration of 2 ug/mL in
PBS containing 2% fetal bovine serum at 4°C for 16
hours. Incubation with the Alexa Fluor 488-conju-
gated secondary antibody (Invitrogen, Catlsbad, CA) at
a 500-fold dilution in PBS containing 3% fetal bovine
serum antibody was performed for 4 hours, and cells
were stained with Hoechst 33258 to visualize nuclear
DNA (Vector Laboratories, Butlingame, CA).

Quantitative Real-Time Detection Polymerase

Chain Reaction

A total of 1.5 X 10° Huh-7 cells were seeded in
niormal medium 24 hours before performing the experi-
ments. The medium was changed to low-amino-acid me-
dium, to which IFN-alfa and/or BCAA was added, and
maintained for 24 hours. Rapamycin treatment (100

nmol/L) was performed for 30 minutes in normal me-

dium before a2 medium change. RNA was isolated using
TriPure isolation reagent (Roche Applied Science), and
complementary DNA (¢cDNA) was synthesized using the
High Capacity ¢cDNA reverse transcription kir (Applied
Biosystems, Carlsbad, CA). Real-timie detection polymer-
ase chain reaction (PCR) was performed using the 7500
Real-Time PCR System (Applied Biosystems) and Power
SYBR Green PCR Master Mix (Applied Biosystems) con-
taining specific primers according to the manufacturer’s
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Table 1. Comparison of Clinical Factors Between Patients With and Without NR

GASTROENTEROLOGY Val. 144, No. 1

Multivariate

Univariate Multivariate odds
Clinlcal categary SVR+TR NR Pvalue (95% Cl} Pvalue
Patlents, n 125 43 —
Age and sex .
Age, ¥ 57 (30-72) 56 {30-73) 927 —
Sex, male vs female 68 vs 57 24 vs 19 872 —
Liver histology
F stage (F1~2 vs F3-4) 95 vs 30 20vs 23 001 6.35 (2.02-23.7) .001
A grade (AO-1 vs A2-3) 68 vs 57 19vs 24 248 —_
Host gene factors
IL-28B (TT vs TG/GG)? 109 vs 42 i2vs 31 <.001 19.7 (5.74-82.7) <.001
I1SGs (Mx, IFI44, IFITL), 103 vs 22 12vs 31 <.001 5.26 {1.65-17.6) 005
{<3.5 vs 2=3.5)
Metabalic factors
BMI, kg/m? 23.2(16.3-34.7) 23.4 {19.5-40.6) 439 —
TG, mg/dL 98 (30-323) 116 (45-276) 058 _
T-Chol, mg/dL. 167 (80-237) 160 (81-214) 680 —_
LDL-Chol, mg/dL 82 (36-134) 73 (20-123) 019 —
HDBL-Chol, mg/dL 42 (20-71) 47 (18-82) .098 —
FBS, mg/dL 94 (60-291) 96 (67-196) 139 —_
Insulin, pU/mL 6.6 (0.7-23.7) 6.8 (2-23.7) 039 —_
HOMA{R 1.2 (0.3-11.7) 1.2 (0.4-7.2) 697 —
Fischer ratio 23(1.5-3.3) 2.4 (1.5-2.8) .005 8.91 {(1.62-55.6) 011
Other laboratory parameters
AST level, IU/L 46 (18-258) 64 (21-283) 017 —
ALT level, IU/L 60 (18-376) 82 (18-345) 052 —
~GQTP level, IU/L 36 (4-367) 75 (26-392) <.001 —
WBC, /mm3 4800 (2100-11100) 4800 (2500-8200) 551 —
Hb level, g/dL 14 (9.3-16.6) 14,4 (11.2-17.2) 099 —_—
PLT, X104/mm3 15.7 (7-39.4) 15.2 (7.6~27.8) 378 —_
Viral factors
ISDR mutations =1 vs =2 80 vs 44 34vs 9 070 4,12 (1.25-15.9) 019
HCV-RNA, KiU/mL 2300 (126-5000) 1930 (140-5000) 725 ' —_
Treatment factors
Total dose administered
PegiFN, pg 3840 (960-7200) 3840 (19202880} 816 —_
RBY, g 202 (134-336) 202 (36-336) 531 —
Achieved administration rate
PegiFN, %
=80% 84 28 975 e
<80% 42 14
RBY (%)
=80% 76 24 745 —
<80% 50 18
Achlevement of EVR 101/125 (81%) 0/43 (0%) <.001 —_

BMI, body mass index; Cl, cenfidence interval; FBS, fasting blood sugar; vG1P, gammaglutamyl transpeptidase; Hb, hemoglobin; HbL-chol, high
density lipoprotein cholesteral; LDL-chol, low density lipoprotein cholesterol; PLT, platelets; T-chol, total cholesterol; TG, triglycerides; WBC,

leukocytes,
fL-28B SNP at rs8099917.

instructions. The primer sequence for real-time detection
PCR is given in the Supplementary Materials and Meth-
ods section. HCV RNA was detected as described previ-
ously!? and expression was standardized to that of glyc-
eraldehyde-3-phosphate dehydrogenase.

Reporter Assay

Construction of the interferon stimulated re-
sponse element ( ISRE)-lue reporter plasmid and Socs3-
luc or Socs3 (FoxO binding element mutant [FBEmut})-
luc reporter plasmids is described in the Supplementary
Materials and Methods section.

Huh-7 cells were transfected with the ISRE-luc reporter
plasmid 24 houts before IFN-alfa treatment. Cells were
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treated with IFN-alfa (0 or 100 U/ml) and BCAA (2
mmol/L) in low-amino-acid media. After 24 hours, lu-
ciferase activities were measured using the Dual Luciferase
assay system (Protnega, Madison, WI). For Socs3 pro-
moter activities, Huh-7 cells were transfected with Socs3-
luc or Socs3 (FBEmut)-luc reporter plasmids together
with the Foxo3a expression plasmid, and luciferase activ-
ities were measured after 24 hours. Values were normal-
ized to the luciferase activity of the co-transfecred
pGL4.75 Renilla luciferase-expressing plasmid (Promega).

Knockdown Experiments

Huh-7 cells were transfected with Cerl (Stealth
RNAi Negative Control Low GC Duplex #2; Invitrogen) or
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targets (regulatory associated protein of mTOR [Rapror]
and Foxo3a) (Supplementary Materials and Methods)
small interfering RNA (siRNA) using Lipofectamine
RNAIMAX reagent (Invitrogen) according to the manu-
facrturer’s instructions. After 48 hours, cells were cultured
in normal or low-amino-acid media for a further 24
hours. The knockdown effect was confirmed by Western
blotting.

Chromatin Immunoprecipitation Assay

Detailed experimental procedutes are described in
the Supplemenrary Matetials and Methods section.

HCYV Replication Analysis

pH77S3 is an improved version of pH77S, a plas-
mid containing the full-length sequence of the genotype
1a H77 strain of HCV with 5 cell culture-adaptive muta-
tions that promote its teplication in Huh-7 hepatoma
cells.!3 pH77S.3/Gaussia luciferase (GLuc)2A is a related
construct in which the GLuc sequence, fused to the 2ZA
autocatalytic protease of foot-and-mouth virus RNA, was
inserted in-frame between p7 and NS24 (Supplementary
Materials and Methods), A signal sequence in GLuc di-
rects its secretion into cell culture media, allowing real-
time, dynamic measurements of GLuc expression to be
performed without the need for cell lysis.

A 10-ug aliquot of synthetic RNA transcribed from
pH778.3/GLuc2A was used for electroporation. Cells were
pulsed ae 260 V and 950 pF using the Gene Pulser II
apparatus {Bio-Rad Laboratories, Hercules, CA) and
plated in fresh normal medium for 12 hours to recover.
Cell medium was changed to X1 DMEM without serum
for 8 hours, then changed to low-amino-acid medium
containing 0-8 mmol/L BCAA for a further 24 hours.
Cells and culture medium were collected and used for
GLuc assays, real-time detection PCR, and Western blot-
ting. The number of viable cells was determined by a
{3-[4,5-dimethylthiazol-2-y1}-5-[3-carboxymethoxyphenyl}-2-[4-
sulfophenyl] -2H-terrazolium, inner salt) assay (Promega).

Continuously JFH-1-infecting Huh-7 cells were ob-
tained by the infection of Huh-7 cells with JFH-1 cell
culture-derived HCV at a multiplicity of infection of 0.01.
Cells were maintained in notmal medium by passaging
evety 3-4 days for approximately 6 months, About 20%-
30% of the cells consistently were positive for HCV core
proteinn (Supplementary Figure 4). Culture medium of
JFH-1-infecting Huh-7 cells was changed to the low-ami-
no-acid medium containing 0-8 mmol/L BCAA for 24
hours. Cells then were collected and used for assays.

Statistical Analysis

Results are expressed as mean * standard devia-
tion. Significance was tested by 1-way analysis of variance
with the Bonferroni method, and differences were consid-
ered statistically significant at a P value of less than .05,
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Results

Fischer’s Ratio as a Predictive Factor for
Treatment Response

The clinical characteristics of patients who re-
ceived Peg-TEN and RBV combination therapy are shown
in Table 1 and Supplementary Table 1, and explanations
of these characteristics have been described previously.
All patients were infected with HCV genotype 1b and had
a high viral load (>100 IU/mL). We compared patiencs
with SVR + TR against those with NR, as assessed by the
overall plausibility of treatment response groups using
Fisher’s C statistic as previously described.* We included
data on the IL-28B polymorphism and plasma amino acid
composition (aminogram).

Univatiate regression analysis showed that no single
amino acid was associated significantly with treatment
response; however, using Fischer's ratio, the BCAA
{lle+Leu+Val)/aromatic amino acids (Phe-+Tyr) ratio was
associated significantly with treatment response (P =
.005) (Table 1). Of the 121 patients with IL-28B major
type, SVR, TR, and NR were observed in 53%, 37%, and
10%, respectively, and among 33 patients with IL-28B
minot type, SVR, TR, and NR were observed in 15%, 17%,
and 68%, respectively (P < .001) (data not shown). Fisch-
er’s ratio of SVR, TR, and NR was 2.35 * 0.38, 2.30 =+
0.29, and 2.10 = 0.31, respectively (P < .015) (datz not
shown). )

We selected IL-28B polymorphism, hepatic ISG expres-
sion, fibrosis stage, HCV RNA, interferon sensitivity de-
termining region murtation, and Fischer’s ratio as facrors
for multivariate analysis. Multivariate analysis revealed
that the minor type of 11.-28B polymorphism (TG or GG
at rs8099917) (odds ratio, 19.7; P < .001), advanced f-
brosis stage of the liver (F3-4) (odds ratio, 6.35; P = ,001),
high hepatic ISGs (=3.5) {odds ratio, 5.26; P = .005), low
Fischer’s ratio {continuous range, 1.5-3.3) (unit odds,
8.91; P = .011), and presence of ISDR mutation {=1)
{odds ratio, 4.12; P = .019) independently contributed to
NR (Table 1).

The distribution of the Fischer’s ratio according to
fibrosis stage is shown in Supplementary Figure 1. The
ratio decreased significantly in advanced fibrosis stage
(F3-4) compared with eatly fibrosis stage (F1). No
significant association between major or minor type of
IL-28B polymorphism and different fibrosis stages of
the liver was observed (Supplementary Figure 14). In
early fibrosis (F1-2) (Supplementary Figure 1B), 90%
{80 of 89) of SVR+TR cases had the major type of
IL-28B polymorphism, and 94% (16 of 17) of NR cases
had the minor type. However, in the advanced fibrosis
stage of the liver (F3-4) (Supplementary Figure 1C},
85% (23 of 27) of SVR+TR cases had the major type of
IL-28B polymorphism and 50% (10 of 20) of NR cases
had the minor type. Thus, in advanced fibrosis stages,
factors other than the IL-28B polymorphism appear to
contribute to NR. Interestingly, the Fischet’s ratio was
significantly lower in NR patients than SVR+TR pa-
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tients in the advanced fibrosis stage of the liver. There-
fore, Fischer’s ratio could be an important predictor for
NR that is independent of IL-28B polymorphism and
histologic stage of the liver.

Fischer’s Ratio and mTORCI1 Signaling in
CH-C Livers

Hepatic gene expression in 91 of 168 patients
{(Supplementary Table 1) was obrained using Affymettix
genechip analysis as described previously.* To examine the
telationship between the plasma Fischer’s ratio and
mTORCI signaling in the liver we evaluared the expres-
sion of key regulatory genes related ro mTORCI signal-
ing. We found that expression of branched chain atnino-
acid transaminase 1 (BCAT1), an important catalytic
enzyme of BCAA, was significantly negatively correlated
with Fischer’s ratio (Figure 14). This indicates that the
plasma Fischer’s ratio is regulated in the liver as well as in
peripheral muscle. Interestingly, the expression of c-mye, a

* positive regulator of BCAT1 (Figure 1C),*$ was correlated

negarively with the Fischer’s ratio (Figure 1B). The expres-
sion of PDCD4, 2 negative transcriptional target of ribo-
somal p70 S6 protein kinase (S6K), downstream of
mTORCY, was correlated significantly with BCAT1 (Fig-
ure 1D and E). Thus, in CH-C livers, BCAT1 is induced
with progressive liver disease and mTORCI signaling is
repressed, a process that might involve c-myc. Fischet’s
ratio of the plasma therefore can be seen to reflect
mTORC1 signaling in the liver.

A B

GASTROENTEROLOGY Vol. 144, No. 1

Impaired IFN Signaling in Hub-7 Cells

Grown in Low-Amino-Acid Medium

Recent reports have shown the functional rele-
vance of mTOR on IFN signaling and antiviral re-
sponses,»10 To evaluate IFN-alfa signaling and the mTOR
pathway, we used Huh-7 cells grown in different amino
acid conditions (X1 DMEM, X1/5 DMEM, X1/30
DMEM, and X 1/100 DMEM). The phosphorylated forms
of mTOR (p-mTOR) and 56K (pS6K), an important
downstream regulator of mTORCI signaling, were de-
creased substantially in X1/30 DMEM and X1/100
DMEM (Figure 24). Interestingly, the expression of the
phosphorylated form of signal transducer and activator of
transcription 1 (pSTAT1), an essential transducer of type 1
IFN signaling, also was decreased in these conditions (Figure
24). Similatly, the expression of p-mTOR and pSTAT1 was
repressed significandy in CH-C livers with a low Fischer’s
ratio cotnpared with those with a high Fischet’s ratio (Sup-
plementary Figute 2, Supplementary Table 2),

To examine whether decreased pSTAT! expression
might be owing to repressed mTORC1 signaling, we
knocked down the expression of Raptor, a specific subunit
of mTORC1. We achieved more than 50% knockdown of
Raptor by specific siRNA (Figure 2B). Under these condi-
tions, the expression of p-mTOR and pSK6 were re-
pressed, which is consistent with previous reports.’é The
expression of pSTAT! also was repressed after Raptor
knockdown (Figure 2B).
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noprecipitation of 2°5'0AS promoter region by ISGF3y.

The induction of pSTAT1 by TFN-alfa {1000 U/mL)
stimulation was impaired in X1/5 DMEM or in Raptor
knocked-down condition, compared with the control (Fig-
ure 2C). Consistent with these results, [FN-alfa-induced
ISRE-dependent transcriptional activity, as measured using
an ISRE-lucifetase reporter assay, was irmpaited significanely
in X1/5 DMEM compared with X1 DMEM (Figure 2D).
However, this activity could be rescued by the addition of
2 mmol/L. BCAA (Figure 2D). These results were con-
firmed by determining the expression of the endogenous
IFN-alfa responsive gene, 2’S’OAS, using quantitative re-
verse-transcription PCR. Figure 2E shows that BCAA
treatment augmented 2’5’0AS expression in low levels of
amino acids, and thar this could be reversed by the addi-
tion of rapamycin, an inhibitor of mTORCI1 (Figure 2E).
Furthermore, chromatin immunoprecipitation (ChIP) ex-
periments revealed that transcriptional augmentation by
BCAA was mediated by the binding of the IFN-alfa-
inducible transcription factor, ISGF3y, to the promoter
region of 2’5S’0AS (Figure 2F). These results indicate that

amino acids in culture media play an essential role in
IFN-alfa signaling through mTORCI signaling, and that
the addition of BCAA can overcome impaired IFN-alfa
signaling in Huh-7 cells.

Induction of Socs3 in Low-Aming-Acid

Medium in Huh-7 Cells :

Besides being involved in mTOR signaling, Foxo
transcriptional factors mediate another important branch
of nutrition-sensing signaling pathway.'? Therefore, we
evaluared forkhead box O3A (Foxo3a) expression in low-
amino-acid conditions in Huh-7 cells. After 6 hours cul-
ture in X1/5, X1/30, and X1/100 DMEM, expression of
the phosphorylated form of Foxo3a (pFoxo3a) decreased,
whereas that of total Foxo3a increased in X1/5 and
X1/30 DMEM, and the ratic of pFoxo3a to Foxo3a
(pFoxo3a/Foxo3a) substantially decreased (Figure 34 and
B). It has been reported that dephosphorylated Foxo3a is
translocated to the nucleus before activation of its target
genes.!8 In the present study, immunofluorescent staining
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with an ant-Foxo3a antibody showed that Foxo3a dif-
fused in both the cytoplasm and nucleus in normal amino
acid medium, but localized in the nucleus in low-amino-
acid medium (X1/10 DMEM) (Figure 3C).

Interestingly, in low-amino-acid medium, transcription
and protein expression of Socs3 increased significantly
(Figure 34, B, and D). The induction of Socs3 in a state of
malnurrition also was confirmed in clinical samples. In
CH-C livers there was a significant negative correlation
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between the plasma Fischer’s ratio and Socs3 expression,
implying that Socs3 expression increases during cthe mal-
nutrition state induced by CH-C. There was also a signif-
icant cotrelation berween Foxo3a and the transcriptional
level of Socs3 in CH-C livers (Figure 3E and F), suggesting
an in vitro and in vive biological tole for Foxo3a in the
activation of Socs3 expression. These findings also were
confirmed by Western blotting of CH-C livers (Supple-
mentary Figure 2, Supplementary Table 2).



July 2011

Socs3 Is a Transcriptional Target of Foxo3a

The significant correlation between Socs3 and
Foxo3a in CH-C livers prompted us to analyze the Socs3
protnoter sequence and, in doing so, we identified a pu-
tative Foxo binding element (FBE) (Figure 44). To inves-
tigate the functional relevance of Foxo3a in the transcrip-
tional regulation of Socs3, we constructed repotter
plasmids containing a luciferase coding region fused to
the Socs3 promoter region (Socs3-luc). Socs3-luc pro-
moter activity was increased substantially by the overex-
pression of Foxo3a (Figure 4B). The mutations introduced
in the purative FBE (FBEmut) in the Socs3 promoter
significantly reduced Foxo3a-induced Socs3 promater ac-
tivation (Figure 4B).

Foxo3a then was knocked down by siRNA and Socs3
induction was evaluated After suppression of Foxo3a
(Supplementary Pigure 3), Socs3 promoter activity was
repressed significantly in low-amino-acid medium (X1/10
DMEM) (Figure 4C). Thus, Foxo3a appears to be indis-
pensable for activating the Socs3 promoter under low-
amino-acid conditions. Correlaring with these results,
ChIP assays using an anti-Foxo3a antibody showed a
significant increase in the association between Foxo3a
and the FBE of the Socs3 promoter in low-amino-acid
conditions (X1/10 DMEM) (Figure 4D). Taken to-
gether, these results suggest that, besides mTORCI
signaling, the Foxo3a-mediated Socs3 signaling path-
way might contribute to impaired IFN signaling in a
state of malnutrition in CH-C. BCAA potentially re-
stores this signaling (Figure 4E).

Effect of BCAA on HCV Replication in Hub-7

or Huh-7.5 Cells

Based on the eatlier-described results, we used 2
HCV in vitro replication systems to examine whether
BCAA affects HCV replication in Huh-7 or Huh-7.5 cells.
The first system used a recombinant infectious genotype
1a clone, H775.3/GLuc2A (Supplementary Matetials and
Methods, Supplementary Figure 4), including reporter
genes, whereas the second used continuously JFH-1-in-
fecting Huh-7 cells {Supplementary Materials and Meth-
ods).

The synthetic RNA transcribed from pH77S8.3/GLuc2A
was introduced into Huh-7.5 cells and replication of
H778.3/GLuc2A was evaluated in normal or low-amino-
acid medium supplemented with BCAA. H778.3/GLuc2A
increased significantly by 2.6-fold in Huh-7.5 cells grown
in low-amino-acid medium (X1/5 DMEM) compared
with normal amino acid medium (X1 DMEM). Interest-
ingly, BCAA repressed H778.3/GLuc2A replication in 2
dose-dependent manner (Figure 54). In agreement with
these results, the expression of Mx-1 was increased signif-
icantly by the addition of BCAA (Figure 5B). Similar
findings were observed in JFH-l1-infecting Huh-7 cells
(Marerials and Methods, Supplementary Figure 4). Al-
though no obvious increase in HCV replication was ab-
served in low-amino-acid medium (X1/5 DMEM) com-
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pared with normal amino acid medium (X1 DMEM),
JFH-1 replication was repressed significandy by the addi-
tion of BCAA in a dose-dependent manner (Figure 5D).
The expression of Mx-1 was increased substancially by the
addition of BCAA (Figure SE), suggesting that BCAA
significantly repressed HCV replication in cells with either
naive or persistent HCV infection. Importantly, there were
no significant differences in cell viability between the
conditions (Figure 5C and F). '

To validate these findings, signaling pathways in HCV
replicating cells were examined (Figure 64 and B). BCAA
increased pS6K in a dose-dependent manner, implying its
involvernent in the activation of mTORC1 signaling. Re-
lated to this, expression of pSTAT1 was shown to be
increased and the ratio of pSTAT1 to total STATI
{pSTAT1/STAT1) increased 2.5- to 3-fold after the addi-
tion of BCAA. Thus, BCAA activated mTORC1 and the
JAK-STAT signaling pathway in HCV-infected cells. In
addition, the expression ratic of pFoxo3a to total Foxo3a
{pFoxo3a/Foxo3a) increased 3- to 4-fold, indicating an
increase in the cyroplasmic form of Foxo3a thar is ex-
posed to proteasome degradation, Concordant with chese
findings, we observed a decrease in the expression of
Socs3. In addition, expression of the HCV core protein
decreased as shown in Figure 64 and B. Thus, these results
clearly show that BCAA tepressed HCV replication
through activation of IFN signaling and repression of
Socs3-mediated IFN inhibitory signaling, as proposed in
Figure 4E.

Discussion

Thompson et al® showed that the IL-28B polymot-
phism, HCV RNA, nationality (Caucasian/Hispanic vs Af-
rican Ametican), hepatic fibrosis stage, and fasting blood
sugar level are all significant variables for achieving SVR
in pacients infected with genorype 1 HCV. However, the
significance of variable factors for treatment response in
conjunction with the IL-28B polymorphism has not been
evaluated fully. In the present study, in additon to previ-
ously examined variables,* we included the plasma Fischer's
ratio as a nutritional parameter, Multivariate analysis
showed that the minor type of IL-28B polymorphism,
advanced fibrosis stage, high hepatic ISGs, low Fischer’s
ratio, and ISDR mutation (=1) independently contrib-
uted to NR (Table 1). Interestingly, among patients of
similar fibrosis stage (F3~4), the Fischer’s ratio was sig-
nificantly lower in NR than SVR+TR cases. Therefore, the
plasma value of Fischer's ratio was associated with the
treatment tesponse that was independent of the 1L-28B
polymorphism and histologic stage of the liver, although
patients with advanced hepatic fibrosis are likely to be
nutritionally affected.

As 2 nutrient sensor signaling pathway, the protein
kinase mTOR plays an essential role in maintaining ho-
meostasis and regulates protein synthesis in response to
nutrient conditions. mTOR is the catalytic subunit of 2
distinct complexes, mTORC1 and mTORC2. In addition
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Figure 4. Socs3 promater assay. {4) Primary structure of putative Foxo binding element in Socs3 promoter region. (8} Socs3-luc and Socs3
(FBEmut)Huc activities after overexpression of Foxo3a in Huh-7 cells. (C) Relative Socs3 messenger RNA (mRNA) expression after knockdown of
Foxo3ainnormal and low-amino-acid media, (D) Chromatin immunoprecipitation of Socs3 promoter region by Foxo3a in normal and low-amino-adid
media. (€) Model of Impalred IFN signaling by repressed mTORC1 signaling and increased Socs3 signaling under CH-C state of malnutrition,
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Figura 5. Effect of BCAA on HCV replication in cells in low-aminc-acid medium. {4) Effect of BCAA on H778.3/GLuc2A replication In Huh-7.5 cells.
(B) Mx-1 expresslon in H775.3/GLuc2A-transfected Muh-7.5 cells supplemented with BCAA, (C) Viabllity of Huh-7.5 cells. (D) Effect of BCAA on
JFH-1 replication continucusly infecting Huh-7 cells. (£) Mx-1 expression in continuously JFH-1-infecting Huh-7 cells supplemented with BCAA. (A

Vigbility of Huh-7 cells.

to these metabolic aspects, recent reports have shown that
mTORCI participates in IFN signaling and antiviral de-
fense responses,»!0 although the precise signaling path-
way has not yet been clarified. In the present study, we
evaluated mTORCI signaling in CH-C livers using gene
expression profiling of 91 patients (Figure 1, Supplermen-
tary Table 1). We obsetved a significant negative correla-
tion between plasma Fischer’s ratio and hepatic expres-
sion of BCAT1, an important catalytic enzyme of BCAA
{Figure 14). Moreover, BCAT1 expression was correlated
positively with PDCD4 expression, which in tutn is regu-
lated negatively by pS6K at the transcriptional level (Fig-
ure 1D).1¢ Thus, the expression of BCAT! appears to be a
negative indicator of mTORC1 signaling in the liver, and
the plasma Fischer's ratio is partially reflected by
mTORC1 signaling in che liver and muscle.
Interestingly, the expression of c-myc was correlated
significantly with BCAT1 (Figute 1C) as reported previ-
ously.’$ Several studies observed up-regulated c-myc ex-
pression in advanced stages of CH-C!? but, on the other
hand, cmyc recently was shown to be a target of

mTORC] in hepatic cells.!” The existence of a feedback
mechanism between c-tayc and mTORCH signaling to
maintain liver homeostasis (Figure 1E) is plausible, al-
though the precise mechanisms need to be confirmed.
Impaired mTORCI signaling is suggested to affect the
IFN-alfa-induced signaling pathway. To address this, the
relationship between mTORCI and IFN signaling was
assessed using a cell culture system. In low-amino-acid
medium (X1/5, X1/30, and X1/100 DMEM), expression
of pSTAT1 was decreased substancially, correlating with
the impaired mTORC1 signaling represented by decreased
p-mTOR and pS6K expression in Huh-7 cells (Figure 24).
The relationship between mTORC1 and IFN signaling
was confirmed further by the knock-down experiment of
Raptor, a specific subunit of mTORC1 (Pigure 2B), al-
though a more precise analysis should be performed to
confirm this relationship, Importantly, when Huh-7 cells
were stimulated by IFN-alfa, pSTAT1 induction was re-
pressed significantly in low-amino-add medium (X1/5
DMEM) or in Raptor knocked-down conditions (Figure
2C}. It therefore could be speculated that IFN treat-
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