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FIGURE 1. IL-12 production by monocytes and DCs cocultured with apoptotic or nonapoptotic HCC cells infected with rAds in vitro. HuH7 cells were
infected with Ad-Ik-MCP), Ad-ik. and Ad-lacZ at an MOI of 5 for 24 h. Aliguots of 10® mouse (A) and human (C) monocytes or 10* mousc (8) and human
(D) DCs were cocultured with 10° rAd- or MMC-treated HuH7 cells and treated with or without GCV for two days. and the concentrations of 1L-12 in
the medium were evaluated using an immunoassay. Each value is the mean = SE of uiplicate experiments. ¢, p < 0.05 compared to Ad-ik with PBS (Ad-ik,
PBS). *¢, p < 0.05 compared to Ad-tk with GCV (Ad-tk. GCV) by the Mann-Whitney U test.

Materials and Methods

Recombinant adenoviruses

The bicistronic Ad-tk-MCP1 (10). which harbors the HSV-tk gene and the
human MCP-1 gene in sequence and is driven by a CAG promoter con-
structed from a cytomegalovirus cnhancer, a chicken S-actin promoter and
part of rabbit §-globin, was preparcd, purified, and titrated according to the
protocols supplicd by the manufacturer (Takara Bio) as described (17, 18).
Briefly, using the internal ribosomal entry site (IRES) fragment of the
cncephalomyocardilis virus, the plasmid ptk-IRES-MCP! ((k-MCP1) was
constructed and the fragment was inserted into the cosmid vector (pAd-
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tk-MCP1). Ad-tk-MCP1 was subsequently generated by transfecting 293
cells with pAd-tk-MCP! and EcoT22l-digesicd adenovirus 5-d1X DNA-
terminal protein complex. The rAd expressing HSV-tk (Ad-ik), lacZ (Ad-
lacZ) and MCP-1 (Ad-MCPI) werc constructed in the same way (8). The
rAds were purificd on cesium gradients and their titers were determined by
the 50% tissue culiure infectious dose (TCIDy,) method (19).

Cell lines and culiure

The human HCC cell line HuH? (20) and the mouse HCC cell line BNL
IME A.7R.1 (BNL) were cultured in DMEM (Invitrogen Life Technologies)
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supplemented with 10% heat-inactivated FBS (Invivrogen Lifc Technologies).
When infected with Ad-k-MCPI or Ad-MCPI, BNL cells produced MCP-1
protein a1 similar tevels as HuH7 cells (data not shown), suggesting that human
MCP-1 protcin was cfiiciently expressed in the infected human and mouse
HCC ol lincs.

Preparation of dendritic cells (DCs) and monocyies

Murine DCs were generated using the method of Lutz ¢t al. (21). Brielly,
bone mamow cclls were harvested from 6-wk-old male BALB/c-nu/nu
mice (CLEA Japan). Erythrocytes were lysed with ammonium chloride
potassium buffer (BioWhiuaker), and the nucleated cells were plaied in
plastic bacteriologic dishes in 10 ml of RPMI 1640 supplemented with
10% beat-inactivated FBS and 20 ng/m) murine GM-CSF (PeproTec), with
the culture medium refreshed every 3 days. On day 8, the nonadherent DCs
were collected. Purity was rowtincly >95% CD1ic™ DC as determined by
FACS analysis.

Thioglycollate-elicited murine peritoncal exudate cells were collected as
described (22). Briefly, nude mice were i.p. injected with 2 ml of 3% fluid
thioglycollate medium (Wako Purc Chemical) and sacrificed 4 days later,
followed by peritoneal lavage with 10 mi of cold PBS. Approximately 90%
of the collected peritoneal cells were positive for both Mac-1 (CDI Ib) and
1-A® MHC class 1} when stained with PE-conjugated anti-Mac-1 Ab (clone
MI/70; BD Pharmingen) and FITC-conjugated 1-A® MHC class If (clone
AMS-32.1: BD Pharmingen).

Human monocytes and DCs were isolated from healthy blood donors
(23). Briefly, PBMCs were isolated by centrifugation in Lymphoprep tubes
(Nycomed). PBLs were then incubated in 6-well cell culiure plates and the
resultant adherem cells were collecied as a monocyte population consisting
of ~70% CD14~ (clonc M¢P9; B Pharmingen) cxlls, as determined by
flow cytometric analysis. The monocyte population was further grown into
differentiated DCs by culturing them for 1 wk in CellGro DC medium
(Good Manufacturing Practice grade; Cell Genix) supplemented with 100
ng/ml GM-CSF (Cell Genix) and 50 ng/ml IL-4 (Cell Genix). The cells
were collected with viability of >80%, and >60% of cells were identificd
as CD14 " HLA-DR "~ (clone L243; BD Pharmingen) DCs.

Assays for IL-12 production in vitro

HuH7 cells were infected with Ad-tk-MCP1. Ad-ik. or Ad-lacZ at a mul-
tiplicity of infection (MOJ) of S for 24 h. Aliquots of 10* DCs or mono-
cytes were cocultured with 10° rAd- or mitomycin C (MMC)-treated HuH?
cells in 1.0 m} of culture medium in a 24-well tissue culture plate and
treated with or without GCV for two days at 37°C. The concentrations of
[L-12 in the medium were quantitated using an immunoassay kit (BioSource
Intemational).

Animal studies

The following investigations were conducted in accordance with the Insti-
tutional Anima) Care and Use Commitice guidelines of Kanazawa Univer-
sity. Six-week-old male athymic nude mice were s.c. injected with 5 X 10°
HuH7 cells on day 0. On days 3 and 4, 5 X 107 TCID,, (100 ul) of
Ad-tk-MCPI, Ad-tk, or Ad-MCP1 was injected into the s.c. tumors, and
the mice were treated with 75 mg/kg GCV injected into the peritoneal
cavity every day for the next 5 days (days 5-9). Following complete erad-
jcation of the primary tumors, the mice were s.c. sechallenged on day 14
with 3 X 10° HuH7 cells or injected with | X 10° BNL cells at a distance
of >3 cm from the primary chatlenge sitc. Nine of 80 (11.3%) mice treated
with Ad-tk-MCP] and 9 of 44 (20.4%) treated with Ad-tk did not show a
complete eradication of the primary tumor by the final measurement and
therefore were excluded from a rechallenge experiment. In some expeni-
ments, Ad-ik-MCP!-treated animals were i.p. administered 200 a! of 1
mg/m! polyclonal rabbit anti-asialo GM1 (AGM1) Ab (Wako Pure Chem-
ical), an Ab against NK cells (24, 25), or 200 pl of rabbit serum (Sigma-
Aldrich). | mi of 2 mg/ml carrageenan (Sigma-Aldrich), which inactivaics
macrophages in vivo (26-28). or | ml of PBS on days 11. 12, 13, 20, 27,
34, 41, and 48. In another scrics of experiments, Ad-tk-MCP|-treated an-
imals were i.p. administered 250 ug of ncutralizing goat anti-mouse IL-12
Ab (Sigma-Aldrich). 225 pg of ami-IL-12 Ab plus 25 ug of anti-moust
1L-18 Ab (93-10C; Medical & Biological Laboratocics), or 250 ug of con-
ol IgG Ab (goat and/or rat; Sigma-Aldrich) on days 14 and 17. Tumor
sizes were measured every 4 days after the second tumor injection. and
tumor volumes were calculated according to the formula (longest dianwe-
ter) % (shortest diameier)*/2.

In another scrics of experiments, immunocompetent BALB/c-jcl mice
(CLEA Japan) were s.c. injected with 1 X 10® BNL cells infected with each
rAd at an in vitro MOI of 100 on day 0, GCV was adminisicred i.p. for the
next § days (days 1-5). and the primary tumors were completely eradi-
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FIGURE 2. Prolonged antitumor effects of rAds expressing HSV-tk
with or withoul MCP-1 in an athymic nude mouse mode) of HCC. A, Mice
were s.¢. injected with 5 X 10° HuH7 cells on day 0. On days 3 and 4,
5 x /107 TCID,, of Ad-tk-MCP1, Ad-tk, Ad-lacZ, or Ad-MCPI were in-
jected into the tumors, and the mice were i.p. injected with 75 mg/kg GCV
every day for the next S days (days 5-9). Following complete eradica-
tion of the primary twmors, the mice were s.c. rechallenged with
3 X 10° HuH7 cells at other sites on day 14. B, Tumor sizes were
measured every 4 days. The resulis are the means of three independent
cxperiments. *, p < 0.001 compared to Ad-tk with HuH? (Ad-tk.
HuH7) by the Mann-Whitncy’s U test.

cated. These mice were s.c. injected with | X 10* BNL cells in other sitcs
on day 14, and the tumor sizes were measured cvery 7 days.

ELISA for serum IL-12 and IL-18

Mousc sera were collected before the injection of s.c. primary tumors and
after the rechallenge with tumors, and IL-12 and IL-18 concentrations were
measured using immunoassay kits (IL-12 from BioSource International
and IL-18 from Medical & Biological Laboratorics).

Immunohistochemical analysis

Tumor tissues and splcens were resecicd on day 16 (2 days aftcr tumor
rechallenge). The tissuc samples, except those used for FA/B0 (A3-1; Se-
fotec) staining, were embedded in OCT compound (Sakura Finetek) and
snap frozen in liquid nitrogen. Cryostat sections of frozen tissucs were
fixed in cold acctone for 10 min, followed by rinsing three times in PBS.
The tissuc samples used for F4/80 staining were fixed in 10% phosphate-
buffered formalin and embedded in paraffin. To avoid nonspecific staining.
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FIGURE 3. Expression of AGMI,
F4/80, and Mac-1 Ags and JFN-y
mRNA in rcchallenged tumor tissues.
In the experiment described in the leg-
end to Fig. 2, tumor tissues were ne-
sected 2 days after tumor rechallenge
and analyzed immunohistochemically
and cstimated for IFN-y mRNA ex-
pression by RT-PCR. A, Tumor tissues
obtained from mice whose primary tu-
mors were treated with Ad-tk-MCPI.
Ad-k, and Ad-Lac7. were stained with
anii-AGMI1, F4/80, and Mac-1 Abs.
Original magnification, X 100. B, Quan-
titative morphomctric analysis showing
the propontions of positive cells in arcas
of 100 wmor cclls. Values are the
means = SE of triplicate experiments.
*, p < 005 compared to Ad-tk by the
Mamn-Whitney's U test. €, RT-PCR
were conducted in accordance with the
manufacture’s protocol as described in
Materiuls und Methods. Bands come-
sponding to [FN.y (384 bp) and
GAPDH (265 bp) were detected.
Splenocytes treated with | pg/ml LPS
were uscd as a posilive marker and tu-
mor tissucs treated with PBS were used
as a ncgative control. carr., Carrageenan,
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avidin and biotin in the tissues were blocked using a blocking kil (Vector
Laboratorics). The slides were subsequently incubated with Abs against
AGM1, F4/80, Mac-l, CDilc (HL3; BD Pharmingen), or CD45R
(RA3-6B2; BD Pharmingen) for 30 min at room temperature. Negative
controls included staining with the corresponding isotype for cach Ab
and subscquent siaining with the secondary Ab. The reactions were
visualized using a VECTASTAIN ABC Standard kit (Vector Labora-
tories), followed by counterstaining with hematoxylin.
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RT-PCR for IFN-y gene expression

Towl RNA was extracted from tumor lissues resected on day 10 using a
total cellular RNA isolation kit (Ambion) according to the manufacturer's
protocol. Each RT-PCR was performed using 1 ug of total RNA and an
oligo(dT) adaptor primer and an RNA PCR Kkit (avian myeloblastosis vi-
rus), version.2.1 (Takam Bio). The amplification protocol consisted of an
initial denaturation at 94°C for 2 min followed by 30 or 40 cycles of
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FIGURE 5. Roles of IL-12 and IL-18 in growth
suppression of rechallenged HuH7? cells. A. Mouse
sera were collected before s.c. injection of primary
tumor cclls (untreated) and 2 days after rechallenge
with HuH7 cells, and JL-12 and IL- 18 concentrations
were measured using immunoassay kits. Each valuc
is the mean = SE of triplicate experiments. », p <
0.01: *+, p < 0.05 compared to Ad-1k by the Mann-
Whitney U test. 8. Serum concentrations of IL-12
were monitored every 9 days afier the injection of
primary tumors. Each value is the mean = SE of
triplicatc cxperiments. ¢, p < 0.05 comparcd 10
Ad-tk with HuH7 (Ad-1k, HuH7) by rcpeated mea-
surcs ANOVA. C, At rechallenge with HuH? cells,
Ad-tk-MCP1-treated animals were i.p. administered
with 250 ug of anti-IL-12 Ab (Ad-k-MCPI, IL.
12Ab). 225 ug of anti-IL-12 Ab plus 25 ug of anti-
IL-18 Ab (Ad-tk-MCPI1, IL-12Ab+IL-18Ab), or 250
ug of contrel 1IgG Ab (Ad-tk-MCP}, goat 1gG or
Ad-tk MCPL, goat IgG +rat 1gG). Tumor sizes were
measured every 4 days. The results are represcntative
of two independent experiments. *, p < 0.05 com-
pared to Ad-tk-MCPI with goat 1gG (Ad-tk-MCP,
goat 1gG); *=+, p < 0.01 comparcd 10 Ad-tk-MCP)
with goat 1gG plus rat IgG (Ad-1k-MCP, goat
[gG+ra1 1gG) by the Mann-Whitney U test.
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than did those cocultured with apoptotic HCC cells induced by large amounts of 1L-12 when coculiured with HSV-tk/GCV-
the HSV-tk/GCV system alone (Fig. 1. A and C). Murine bone induced apoptotic tumor cells, which expressed MCP-1, as did
martow DCs tended to produce IL-12 when coculiured with human monocytes (Fig. 1D). Thus, the phenomena observed in
HCC cells infected with rAds expressing MCP-1 without regard this xenograft model may also be observed under human allo-
to HSV-tk-induced apoptosis (Fig. 1B). Human DCs produced  geneic conditions.
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When we measured DC maturation markers we found that their
expression levels did not change when these cells were coculturcd
with tk/MCP-1 transduced HCC cells, whereas CD86 expression
was clevated when the DCs were incubated with apoptotic HCC
cells (data not shown).

Prolongation of the antitumor effects of the HSV-th/GCV system
by codelivery of the MCP-1 gene in an athymic nude mouse
model of HCC

To determine the effects of HSV-tk/GCV plus MCP-1 in a murinc
model of HCC. HuH7 cells were s.c. transplanted into athymic
nude mice and eradicated with rAds harboring HSV-tk with or
without MCP-1. and the mice were rechallenged with HuH7 cells
(Fig. 2A). We found that tumor regrowth was significantly lower
when the primary tumor cells had been cradicated with Ad-tk-
MCPI1 as compared with Ad-tk (tumor volumc 40 days after re-
challenge. 59.2 = 249 mm® (n = 22) vs 471.2 = 1186 mm’ (n =
20). p < 0.01) (Fig. 2B). No growth inhibition was observed when
Ad-k-MCP! or Ad-MCPI| was administcred in the absence of
HuH7 cell ransplantation (tumor volume, 339.6 = 124.3 mm®,
n = 18, and 575.3 = 179.1 mm>. n = 12, respectively) or when
Ad-lacZ was administercd along with MMC-treated HuH7 cells
(tumor volume, 554.8 = 125.6 mm’, n = 18). The results dem-
onstrate that, when the primary tumors were eradicated with the
HSVAK/GCV system plus MCP-1, the anlitumor cffects were
mainained.

Recruitment and activation of NK cells in rechallenged tumors

Serum MCP-1 concentration was below the detection limit of the
ELISA used when the s.c. tumors were injected with rAds,
"whereas the tumor produced MCP-1 in vilro upon infection with
Ad-tk-MCP-1 (data not shown). Morcover, we could not detect
adenovirus DNA in these rechalienged tumors by using PCR (dala
not shown), negating the possibility that adenovirus infection con-
tributed to the rejection of the rechallenged tumor. These results
indicate that the injectcd human MCP-1 gene functioned locally in
the primary s.c. tumors, thereby modulating the subsequent re-
sponsc to the rechallenged tumor. Because athymic nude mice pos-
sess NK cells and macrophages but not T lymphocytes, we deter-
mined the migration of these cells by an immunohistochemical
analysis. The number of AGM1* NK cells was significantly
higher upon tumor rechallenge in mice whose primary tumors had
been eradicated with Ad-tk-MCP1 plus GCV than in those whose
primary tumors had been cradicated with Ad-tk plus GCV (p <
0.05) (Fig. 3. A and B). Similarly, the numbers of F4/80 or Mac-1
positive cells (32, 33) tended to be higher upon tumor rechallenge
in mice whose primary tumors had been eradicated with Ad-tk-
MCPI. Moreover, the mRNA of IFN-y sccreted by NK cells (34)
became detectable after 30 PCR cycles in the rechallenged tumors
of animals whose primary tumors had becn eradicated with Ad-
1k-MCP1 and was greatly amplified aficr 40 PCR cycles (Fig. 3C).
These resulls demonstrate that NK cells were recruited and acti-
vated into rechallenged tumor tissues, presumably inhibiting tumor
cell growth in mice whose primary tumors had been cradicated
with HSV-k/GCV plus MCP-1.

To monitor the activation state of innate immunity in cxtrahe-
patic lymphoid organs, we determined immunohistochemically the
numbers of immune cells in the spleen after tumor rechallenge
using anti-AGM1, F4/80, Mac-1, CD11c, and CD45R Abs (Fig. 4,
A and B). The numbers of F4/80* and Mac-1* cells were signif-
icantly increased in the spleens of mice treated with Ad-tk-MCP1
compared with mice treated with Ad-tk (p < 0.05). In contrast, the
numbers of AGM1”* and CD45R ™ cells tended to be higher in the
spleens of mice treated with Ad-tk-MCP1, but there was little dif-
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FIGURE 6. Aniitumor effects of rAds expressing HSV-&k with or with-
out MCP-1 against a sccond unprimed ccll line (BNL) in an athymic nude
mousc model of HCC. As described in the legend to Fig. 3. following
completc eradication of the primary tumors the mice were s.c. injected with
1 X 10® BNL cclls at other sites on day 14. Tumor sizes were measured
cvery four days. The results are the means of two indcpendent exper-
iments. ». p < 0.01 compared to Ad-tk with HuH7 (Ad-tk. HuH7) by
the Mann-Whitney's U test.

ference in the numbers of CD11c” cells. A flow cytometrical anal- -
ysis of splenocyte single cell suspensions demonstrated that the
numbers of DX5° and F4/80° cells tended to be higher in the
splecns of mice treated with Ad-tk-MCP1 (Fig. 4C). In contrast.
treatment with carrageenan decreased the number of macrophages
in the spleen and at rechallenge sites and slightly increased the
number of NK cclls in the spleen. Collectively, these results sug-
gest that alterations in the propontions of cell subsets in spleno-
cytes may refliect the activation status of the innate immune system
following the cradication of primary tumors by HSV-tk/GCV plus
MCP-1. Finally. an anti-AGM1 Ab (35, 36) significantly inhibited
the antitumor immunity conferred by Ad-tK-MCP1 (tumor volume
40 days after rechallenge, 385.4 = 106.3.mm> (1 = 22) vs 64.2 =
43.6 mm’ (n = 16), p < 0.05), and carrageenan partially inhibited
the antitumor immunity of Ad-tk-MCP! (tumor volume, 242.6 =
100.8 mm* (n = 14) vs 53.8 = 22.9-mm> (n = 22). p = 0.22) (Fig.
4D). The resulis indicate that antitumor effects were mainly me-
diated by NK cells.

Involvement of IL-12 and IL-18 in sustained antitumor effecis

IL-18 is a proinflammatory cytokine produced by activated mac-
rophages that has becn shown to augment both innate and acquired
immunity (37) and. in combination with IL-12, induce Th ! ccll
development and NK cell activation (38). We therefore assayed
1L-12 and IL-18 production after tumor rechallenge. Serum con-
centrations of IL-12 and IL-18 were significantly higher afier tu-
mor rechallenge in mice whose primary wumors had been cradi-
cated with Ad-tk-MCP1 compared with mice whose tumors had
been eradicated with Ad-tk (p < 0.05) (Fig. 5A). Moreover, scrum
concentrations of IL-12 peaked after primary tumors were cradi-
cated (day 9) and were sustained thereafter (p < 0.05) (Fig. 5B).
Furthermore, the administration of anti-IL-12 significantly inhib-
ited the antitumor effects conferred by Ad-tk-MCPI (Fig. 5C) and
reduccd the serum concentrations of IL-12 to an undetectable level
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FIGURE 7. Prolonged antitumor effects of rAds expressing HSV-tk with
or without MCP-1 in an immunocompetent mouse model of HCC. A, On day
0, mice were s.c. injected with | X 10° BNL cells infocted with Ad-tk-MCPI.
Ad-tk, or Ad-lacZ at an in vitro MO! of 100. The mice were i.p. injected with
75 mg/kg GCV per day for the next 5 days (days 1-5). Following complete
cradication of the primary tumors, the mice were s.c. rechallenged with | X
10* BNL cclis at other sites on day 14. Tumar sizes were measured every 7
days. The results are the means of three independent experiments, o+, p <
0001 compared to Ad-lacZ with MMC-treated BNL (Ad-lacZ. MMC treaied
BNL): ». p < 0.01 compared to Ad-tk with BNL (Ad-tk, BNL) or Ad-lac7,
with MMC-reated BNL (Ad-lacZ, MMC-treated BNL) by the Mann-Whitney
U test. B, Spleens were resected 70 days afier the injection of primary tumor
cells, and surface expression of DXS5, F4/80, CD4, and CDB in cell populations
obtained from sploens was assessed by FACS. The results are represenative of
two independent experiments.

(data not shown). The combined treatment of anti-1L-12 and anti-
IL-18 Ab further diminished amiitumor effects (Fig. 5C) and re-
duced both scrum IL-12 and IL-18 levels to undetectable levels
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(data not shown). The results suggest the critical involvement of
IL-12 and IL-18 in the antitumor eflects induced by Ad-tk-MCP1
on tumor regrowth.

Innate immune responses to heterologous wmor injection in an
athymic nude mouse

To estimate the involvement of innale immune responscs in the
antitumor clfects observed with HSV-tk/GCV plus MCP-1, we re-
challenged mice with heterologous tumor administration. The
growth of a second unprimed ccll line (BNL; transformed liver
cells derived from BALB/c mice) was significantly suppressed
when HuH7 cells had been eradicated with Ad-tk-MCP1 as com-
pared with Ad-tk (tumor volume, 1059.5 = 110.6 mm* (n = 12)
vs 18254 = 197.9 mm® (n = 12). p < 0.01) when Ad-lacZ was
administered with MMC-treated HuH7 cells (tumor volume,
1960.8 = 183.8 mm*, n = 12) (Fig. 6). Thesc results indicate that
the innate immunc responscs contributed to the prolonged antitu-
mor effects of HSV-tk/GCV plus MCP-1 gene transfer.

Prolonged antinmor effects against mouse HCC of rAd
expressing HSV-tk and MCP-1 in an immunocompetent mouse

Finally. we evaluated the antitumor responses in immune-compe-
tent mice using the same cxperimental procedures (Fig. 7A). The
growth of rechallenged tumors was significantly lower when the
primary tumor cells had been eradicated with Ad-1k-MCPI] as
compared with Ad-1k (lumor volume 42 days after rechallenge,
1703 = 54.2mm* (n = 22) vs 488.9 = 120.1 mm* (n = 22).p <
0.01). similarly cbserved on athymic nude mice injected with hu-
man HCC. In addition, the growth of rechallenged tumors was
significantly suppressed in mice whose primary tumors had been
eradicated with Ad-tk as compared with those treated with Ad- .
lacZ and MMC (488.9 + 120.1 mm® (n = 22) vs 1666.4 £ 250.2
mm® (n = 22), p < 0.01). Furthermore, when we isolated spleno-
cytes 70 days after the injection of primary tumor cells we found
that the numbers of CD4™ and CD8 ™ cells were increased in mice
treated with Ad-tk-MCP1 (Fig. 78). Collectively, these results
confirm that antitumor effects may be dependent not only on innate
immunity but on acquired immune responses.

Discussion

In the current study. we observed that when monocyles were
coculured with apoptotic HCC cells infected with Ad-tk-MCPI,
these immune cclls produccd large amounts of IL-12. Interest-
ingly. in both nude and immunocompetent mice the growth of
rechallenged HCC cells was markedly suppressed after the pri-
mary tumor cells had been eradicated with Ad-tk-MCP) followed
by GCV adminisiration. Furthermore, these prolonged in vivo an-
titumor effects were associated with the production of IL-12 and
IL-18 and mediated by NK cells.

Monocytes produced large amounts of IL-12 when cocultured
with apoptotic HCC cells induced by the HSV-k/GCV system
plus MCP-1. APCs, such as macrophages, DCs, and B cells pro-
duce IL-12, which was originally identificd as an NK-stimulatory
factor and shown 10 exhibit considerable antineoplastic activity
(39. 40). APCs were found 1o be activated upon the recognition of
Ags from apoptotic target cells (4]), and both macrophages and
DCs secrete large amounts of IL-12 when treated with MCP-) in
vitro (33, 42, 43). These findings suggest that the recognition of
apoptotic tumor cells together with MCP-1 may activaic macro-
phages and DCs, thereby enhancing IL-12 secretion.

We demonstrated that the antitumor effects were maintained
when the tumor celis had been eradicated with Ad-tk-MCP1, a
vector that expresses both a suicide gene and a chemokine, but that
either alone was not suflicient to prolong immunity in our models.
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We previously demonstrated that MCP-1 secreted by apoptetic
HuH7 cells may recruit and activate macrophages efficicntly. al-
though these effects did not occur when the tumor cells were
rcated with the rAd expressing cither HSV-tk or MCP-1 (8, 10).
Moreover, we observed that the numbers of Mac-1* and F4/80™
cells were increased in the spleens of mice afier tumor rechallenge.
Indeed, MCP-1 has been shown to activate murine peritoneal mac-
rophages and cnhance the expression of CDLIb (Mac-1) in
BALB/c mice (32, 33). Collectively, these results suggest that dur-
ing eradication of the primary tumors, activated macrophages in
the tumor tissues and the peripheral lymphoid organs can inducc
the secretion of cytokines, including IL-12 and IL-18, that can
activate NK cells, thus exerting antitumor effects.

IL-12-stimulated NK cells cxhibit potent cytotoxic activity
against various tumor cells (31, 44, 45). NK cells are a part of the
innate immune syster. a first-line defense against tumor cells, and
exent antitumor effects of NK ceils rapidly without any prior sen-
sitization (46). The depletion of NK cclls has been shown Lo pro-
mote metastases or tumor growth after rechallenge with primary
tumor cells (15, 44, 47). We demonstrated here that the growth of
rechallenged parental tumor cells or newly challenged heterolo-
gous tumor cells was suppressed after eradication of the primary
tumors. Therefore, augmentation of NK-mediated innate immunc
responses may be an attractive strategy for preventing HCC recur-
rence, including the growth of differentially transformed tumor
cells.

We observed that NK ccll-mediated antitumor cffects were pro-
longed after primary tumor cells had been eradicated with Ad-tk-
MCP]. Several lines of evidence indicate that the inhibitory effects
of NK cells on tumor growth were maintained and were detectable
al the site of the primary tumor even after treatment discontinua-
tion (36, 48). Although the mechanisms involved in these re-
sponscs are not yet known, 3 number of tumor model systems have
demonstrated the important roles of NK cells in early wmor clear-
ance, leading to the establishment of adaptive immunity. It was
recently reported that NK cell-mediated immune responses fea-
tured hallmarks of adaptive immunity such as acquired immunity,
long-lived memory, and Ag specificity (16). DCs expressing IL-12
have been shown to confer NK-mediated tumor proteclion in
which NK activation is dependent on both DC-NK interaction and
IL-12 secretion (49). Moreover, NK cell-derived IFN-y may pro-
vide early immune regulation that alters the outcome and quality of
adaptive immunity (50). Furthermore, MCP-1 has been shown to
induce DC migration to lesions where NK cytolytic responses are
activated (51). Consistent with these observations, we demon-
strated that the antitumor responses were abolished when NK cells
were inactivaled by treatment with the AGM1 Ab and that NK
cells were recruited and IFN-y production enhanced in the rechal-
lenged tumors.

We obscrved that the growth of rechallenged heterologous tu-
mors was suppressed 10 a lesser extent than that of homologous
tumors in our nude mice model. Athymic nude mice lack T lym-
phocyte-mediated immune responscs, but the numbers and func-
tions of macrophages and NK cells are prescrved. Morcover, nude
mice have limited populations of extrathymically matured T lym-
phocytes, including y8 T cells (52), and these may be reduced
slightly by treatment with AGMI Ab (53). Both NK celis and
V514 5T lymphocytes have been reported 1o prevent the growth of
s.c. melanoma cells, with both cell types detected at the sites of the
s.c. omors (47). Therefore, we cannot exclude the possibility that
the memory subset of y 8T cells affects antitumor immunity
against homologous and heterologous cells. thus leading to. differ-
cnces in the magnitude of tumor suppression.
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Although the results presented here are promising, a number of
problems remain to be solved before this approach can be used
clinically. First. s.c. lumor models using an HCC cell linc may not
be fully comparable to HCCs in paticats. Sccond. problems using
rAds need to be resolved before they can be applied clinically.
However, in patients treated with nonsurgical procedures such as
percutaneous radiofrequency ablation therapy and transcatheter ar-
terial chemotherapy. the administration of rAd vectors may ensurc
tumor cell Killing, thus enhancing the antitumor effects on residual
tumor cells and recurrent HCC.
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Abstract

Proteome analysis of human hepatocellular carcinoma (HCC) was done using two-dimensional difference gel electrophoresis. To gain
an understanding of the molecular events accompanying HCC development, we compared the protein expression profiles of HCC and
non-HCC tissue from 14 patients to the mRNA expression profiles of the same samples made from a cDNA microarray. A total of 125
proteins were identified, and the expression profiles of 93 proteins (149 spots) were compared to the mRNA expression profiles. The over-
all protein expression ratios correlated well with the mRNA ratios between"HCC and non-HCC (Pearson’s correlation coefficient:
r =0.73). Particularly, the HCC/non-HCC expression ratios of proteins involved in metabolic processes showed significant correlation
to those of mRNA (r = 0.9). A considerable number of proteins were expressed as multiple spots. Among them, several proteins showed
spot-to-spot differences in expression level and their expression ratios between HCC and non-HCC poorly correlated to mRNA ratios.

Such multi-spotted proteins might arise as a consequence of post-translational modlﬁcatlons

© 2007 Elsevier Inc. All rights reserved.

Keywords: Hepatoceliular carcinoma; Proteome; Two-dimensional difference gel electrophoresis; Transcriptome; cDNA microarray

Hepatocellular carcinoma (HCC) is one of the most
common cancers worldwide, and a leading cause of death
in Africa and Asia [1]. Although several major risks related
to HCC, such as hepatitis B and/or hepatitis C virus infec-
tion, aflatoxin B1 exposure, and alcohol consumption, and
genetic defects, have been revealed [2], the molecular mech-
anisms leading to the initiation and progression of HCC
are not well known. To find the molecular basis of hepato-
carcinogenesis, comprehensive gene expression analyses
have been done using many systems such as hepatoma cell
lines and tissue samples [3,4]. Previously, we have carried

* Corresponding authors. Fax: +81 76 234 4250 (M. Honda), +81 29
856 6136 (Y.Tabuse).
E-mail addresses: mhonda@medf.m.kanazawa-u.acjp (M. Honda),
y-tabuse@cd.jp.nec.com (Y. Tabuse).

0006-291X/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2007.11.101

out a comprehensive mRNA expression analysis using
the serial analysis of gene expression (SAGE) [5] and
c¢DNA microarray-based comparative genomic hybridiza-
tion [6] to acquire the outline of gene expression profile
of HCC. Although these genomic approaches have yielded
global gene expression profiles in HCC and identified a
number of candidate genes as biomarkers useful for cancer
staging, prediction of prognosis, and treatment selection
[7), the molecular events accompanying HCC development
are not yet understood. In general, proteins rather than
transcripts are the major effectors of cellular and tissue
function [8] and it is accepted that protein expression do
not always correlate with mRNA expression [9,10]. Thus,
protein’expression analysis, which could complement the
available mRNA data, is also important to understand
the molecular mechanisms of HCC.
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The technique of two-dimensional difference gel electro-
phoresis (2D-DIGE), developed by Unlu et al. [11]is one of
major advances in quantitative proteomics. Several groups
have recently utilized 2D-DIGE to examine protein expres-
sion changes in HCC samples [12,13), whereas reports on
the analysis combining both transcriptomic and proteomic
approach are rare. ,

In the present study, we compared quantitatively protein
expression profiles of HCC to non-HCC (non-cancerous
liver) samples derived from 14 patients by 2D-DIGE. We
also compared the protein expression profiles of the same
HCC and non-HCC samples to the mRNA profiles which
have been obtained using a cDNA microarray. The expres-
sion ratios of 93 proteins showed significant correlations
with the mRNA ratios between HCC and non-HCC. Pro-
teins involved in metabolic processes showed more promi-
nent correlation. Our study describes an outline of gene
and protein expression profiles in HCC, thus providing
us a basis for better understanding of the disease.

Materials and methods

Patients. A total of 14 HCC patients who had surgical resection done
in the Kanazawa University Hospital were enrolled. The clinicopatho-
logical characteristics of them are shown in Table 1. The HCC samples
and adjacent non-tumor liver samples were snap frozen in liquid nitrogen,
and used for cDNA microarray and 2D-DIGE analysis. All ' HCC and
non-tumor samples were histologically diagnosed and quantitative detec-
tion of hepatitis C virus RNA by Amplicore analysis (Roche Diagnostic
Systems) showed positive. The grading and staging of chronic:hepatitis
associated with non-tumor lesion were histologically assessed according to
the method described by Desmet et al. [14] and histological typing of HCC
was assessed according to Ishak et al. [15]. All strategies -used for gene
expression and protein expression analysis were:approved by the Ethical
Committee of Kanazawa University Hospital,

Preparation of cDNA microarray slides. In addition to in-house cDNA
microarray slides consisting of 1080 cDNA clones as previously described
[6,16-18], we made new cDNA microarray slides for detailed analysis of
the signaling pathway of metabolism and enzyme function in liver disease
[19] Besides cDNA microarray analysis, a total of 256,550 tags were

Table 1
Characteristics of patients involved in this study
Patient Age Sex® Histology of non- Tumor Viral
No. tumor lesion® histology status
1 64 M F4Al Moderate HCV
2 65 M  F4Al Well HCV
3 48 M  F3Al Moderate HCV
- 4 69 F F4A2 Moderate HCV
5 66 F F4A2 Well HCV
6 45 M  F4Al Well HCV
7 75 F F4A1 Well HCV
8 46 M F4A2 Moderate HCV
9 6 M F2A2 Well HCV
10 75 M F3Al Moderate HCV
1 67 F  F4A2 T Well HCV
12 64 M  F4Al Moderate HCV
13 68 M  F4A0 Well HCV
14 74 M  FIA0 Moderate HCV

# M, male; F, female.
> F, fibrosis; A, activity.

254

obtained from hepatic SAGE libraries (derived from normal liver, CH-C,
CH-C related HCC, CH-B, and CH-B related HCC), including 52,149
unique tags. Among these, 16,916 tags expressing more than two hits were
selected to avoid the effect of sequencing errors in the libraries. From these
candidate genes, 9614 non-redundant clones were obtained from Incyte
Genomics (Incyte Corporation), Clontech (Nippon Becton Dickinson),
-and Invitrogen (Invitrogen). Each clone was sequence validated and PCR
amplified by Dragon Genomics (Takara Bio), and the cDNA microarray
slides (Liver chip 10k) were constructed using SPBIO 2000 (Hitachi
Software) as described previously [6,16-18].

RNA isolation and antisense RNA amplification. Total RNA was iso-
lated from liver biopsy samples using an RNA extraction kit (Stratagene).
Aliquots of total RNA (5 pg) were subjected to amplification with anti-
sense RNA (aRNA) using a Message AmpTM aRNA kit (Ambion) as
recommended by the manufacturer. About 25 pg of aBRNA was amplified
‘from 5 pg total RNA, assuming that 500-fold amplification of mRNA was
obtained. The quality.and degradation of the isolated RNA were esti-
mated after electrophoresis using an Agilent 2001 bioanalyzer. In addition,
10 pg of aRNA was used for further labeling procedures.

Hybridization on ¢cDNA microarray slides and image analysis. As a
reference for each microarray analysis, aBRNA samples prepared from the
normal liver tissue from one of the patients were used. Test RNA samples
fluorescently labeled with cyanine (Cy) 5 and reference RNA labeled with
Cy3 were used for microarray hybridization as described previously [6,16-
18]. Quantitative assessment of the signals on the slides was done by
scanning on a ScanArray 5000 (General Scanning) followed by image
analysis using GenePix Pro 4.1 (Axon Instruments) as described previ-
ously [6,16-18].

Protein expression analysis using 2D-DIGE. Protein samples were
homogenized with lysis buffer (7 M urea, 2 M thiourea, 4% w/v CHAPS,
0.8 uM aprotinin, 15puM pepstatin, 0.1 mM PMSF, 0.5mM EDTA,
30 mM Tris-HCI, pH 8.5) and centrifuged at 13,000 rpm for 20 min at
4 °C. The supernatants were used as protein samples. The protein con-
centrations were determined with a protein assay reagent (Bio-Rad). The
non-HCC and HCC samples (50 pg-each) labeled with either Cy3 or Cy5
according to the manufacture’s manual were combined.and separated on
2-DE gels together with the Cy2-labeled internal standard (IS), which was
prepared by mixing equal amounts of all samples. Analytical 2-DE was
performed as described previously [20] using Immobiline DryStrip (pH 3-
10, 24 cm, GE Healthcare) in the first dimension and 12.5% SDS-poly-
acrylamide gels (24 x 20 cm) in the second dimension. Samples were run in
triplicate to obtain statistically reasonable results. After scanning with a
Typhoon 9410 scanner (GE Healthcare), gels were silver stained for pro-
tein identification. For protein identification, 400 pg of the IS sample was
also separately run on a 2-DE gel and stained with SYPRO Ruby
(Invitrogen). All analytical and preparative gel images were processed
using ImageQuant (GE Healthcare) and the protein level analysis was
done with the DeCyder software (GE Healthcare). To detect phospho-
proteins, 400 ug of HCC and non-HCC samples were separately run on 2-
DE gels and stained with ProQ Diamond (Invitrogen). After acquiring
images, gels were counterstained with SYPRO Ruby to visualize total
proteins as described above.

Protein identification. The excised protein spots were in-gel digested
with porcine trypsin (Promega). For LC-ESI-IT MS/MS analysis using
LCQ Deca XP (Thermo Electron), the digested and dried peptides were
dissolved in 10 pl of 0.1% formic acid in 2% acetonitrile (ACN). The
dissolved samples were loaded onto Cl8 silica gel capillary columns
(Magic C18, 50 x 0.2 mm), and the elution from the column was directly
connected through a sprayer to an ESI-IT MS. Mobile phase A was 2%
ACN containitig 0.1% formic acid, and mobile phase B was 90% ACN
containing 0.1% formic acid. A linear gradient from 5% to 65% of con-

centration-B was applied to elute peptides. The ESI-IT MS was operated — - -

in positive ion mode over the range of 350-2000 (m/z) and the database
search was carried out against the IPI Human using MASCOT (Matrix-

science). The following search parameters were used: the cutting enzyme,

trypsin; one missed cleavage allowed, mass tolerance window, 31 Da, the
MS/MS tolerance window, +0.8 Da; carbamidomethyl cystein and oxi-
dized methionine as fixed and variable modifications, respectively.
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Detection of phosphorylated peptide. Possible phosphorylation sites
were investigated by MALDI-TOF-MS .using monoammonium phos-
phate (MAP) added matrix mainly according to Nabetani et al. [21] An
additive of MAP was mixed with «-CHCA matrix solution (5 mg/mL,
0.1% TFA, 50% ACN aqueous) to 40 mM in final concentration. Tryptsin
digests of the spots positively stained with ProQ were dissolved into 4 pL
of 0.1% TFA, 50% ACN aqueous solution and 1 pL of the peptides
solution was spotted on the MALDI target plate. After drying up, 1 pL of
the MAP matrix was dropped on the dried peptide mixture. Voyager DE-
STR (ABI) was used to obtain mass spectra both in negative and positive
ion mode. MS peaks that had relatively stronger intensities in negative ion
mode than in positive ion mode were selected as candidates for acidically
modified peptides.

Results and discussion

We identified 195 spots representing 125 proteins (Sup-
pl. Table 1) and obtained the corresponding mRNA
expression data for a total of 93 proteins (149 spots) (Sup-
pl. Table 2). These 93 proteins were classified according to
their biological processes and subcellular localizations into
categories described by the Gene Ontology Consortium
(http://www.geneontology.org/index.shtml) and about a
half of them were related to metabolic processes
(Fig. 1A). It is a general agreement that proteins with extre-
mely high or low pI as well as hydrophobic proteins are dif-
ficult to be detected by 2-DE. Being consistent with this
notion, our analysis detected many cytoplasmic proteins
(Fig. 1B). Therefore, the protein expression data presented
here were biased in favor of cytoplasmic and soluble pro-
teins. The protein expression abundance between non-
HCC and HCC was calculated using-the normalized spot
volume, which was the ratio of spot volume relative to IS
(Cy3:Cy2 or Cy5:Cy2) and we used the Student’s paired
t-test (p <0.05) to select the protein spots which were
expressed differentially between non-HCC and HCC, using
2-DE gel images run in triplicate. The spot volume of a
multi-spotted protein was indicated as a total volume by
integrating the intensities of multiple spots as was done
by Gygi et al. [10]. Comparison .of protein expression pro-
files revealed that several proteins were expressed differen-
tially between HCC and non-HCC. Proteins whose
abundances increased >2-fold or decreased <1/2 in HCC
are listed in Table 2. While glutamine synthetase, vimentin,
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Fig. 1. Classification of identified proteins according to their cellular
function (A) and subcellular iocalization (B).

.annexin A2 and aldo-keto reductase were up-regulated,

carbonic anhydrase 2, argininosuccinate synthetase 1, car-
bonic anhydrase 1, fructose-1,6-bisphosphatase 1, and
betaine-homocysteine methyltransferase were down-regu-
lated in HCC. Up- or down-regulation of most of these
proteins in HCC has been reported previously [22-27].
Up-regulation of vimentin and annexin A2, and reduced
expression of carbonic anhydrase 1 and 2 was suspected
to be associated with cellular motility and metastasis
[23,24,26].

The mRNA expression abundance was calculated
from ¢cDNA microarray data. Hierarchical clustering of

Table 2

Proteins expressed differentially between HCC and non-HCC )

Spot ID Protein name Refseq ID Theoretical Fold change (HCC/non-HCC)  References
pl MW (kDa) Protein® mRNA

1353, 1354 Glutamine synthase NP_002056.2 643 427 2.06 3.08 [22)

1039, 1046 Vimentin NP_003371 509 53.6 2.30 1.51 [23]

1716 Annexin A2 NP_001002857.1 7.57 38.8 2.57 1.82 [24]

1685, 1699 Aldo-keto reductase 1B10 NP_064695 712 362 4,29 4.73 [25]

1977 Carbonic anhydrase 2 NP_000058 6.87 29.3 0.39 0.62 [26]

1307, 1312, 1331  Argininosuccinate synthetase 1 NP_000041.2 8.08 - 46.8 0.41 0.30 [27]

1941 Carbonic anhydrase 1 NP_001729 6.59 289 047 1.25 26]

1582 Fructose-1,6-bisphosphatase 1 NP_000498 6.54 ~ 37.2 0.48 0.36

1256 Betaine-homocysteine methyltransferase NP_001704 641 454 0.48 0.40

2 Integrated spot volume was used to calculate the fold change of multi-spotted proteins.
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Fig. 2. Comparative analysis of protein-and mRNA expression profiles between HCC and non-HCC. (A) The HCC/non-HCC ratios of averaged protein
expression levels for 93 proteins were plotted against those of mRNA. Proteins related to-metabolic pathways were indicated in closed circles and were
shown again in (B). Proteins related to the other biochemical pathways were indicated in open circles and shown in (C). Proteins listed in Table 3 were

indicated in (B) and (C). All graphs were.depicted in log; scale.

Table 3
Proteins whose.expression .changes between " HCC and non-HCC show poor correlation to mRNA ‘expression changes
Spot Protein name “Refseq ID  Theoretical Spot® Av. Spot p Protein Micro array Av. Micro array p
D p_I————P w Ratio value ratio ratio value
(kDa)
564 ‘Transferrin NP_-001054 ..6.8 79.3 2.23 0.035 1.61 0.45 3.3E-06
565 1.87 0.079
566 2.28 0.13
605 0.73 0.098
1489 Albumin NP_000468 5.9 71.3 — 0.63 1.25 0.47 2.3E-03
1941 Carbonic anhydrase 1  NP_001729 .66 28.9 — 3.5E-03 0.47 1.25 0.39
2290 Peptidylprolyl NP_066953 7.7 18.1 —_ 5.0E-01 1.07 2.29 1.1E-01
isomerase A
* Since transferrin was detected in multiple spots, averaged ratio and spot p value of each spot is shown.
Table 4 _
Multi-spotted proteins showing spot-to-spot differences in-expression level between non-HCC and HCC
Spot ID Spot Av. ratio Spot p value Protein name Refseq ID Theoretical ‘Protein® ratio -
p! MW (kDa)
436 1.92 5.3E-04 Tumor rejection antigen (gp96) NP_003290 4.8 92.7 1.2
537 0.79 0.16
564 2.23 0.035 Transferrin NP_001054 6.8 79.3 1.61
565 1.87 0.079
566 228 0.13
605 0.73 0.098
1257 1.02 0.92 Fumarate hydratase NP_000134 8.8 54.8 0.8
1261 0.6 1.3E-03

# HCC/non-HCC protein ratios were calculated using integrated spot abundances.

gene expression was done with BRB-ArrayTools (http://
linus.nci.nih.gov/BRB-ArrayTools.htm). The filtered data
. were log-transferred, normalized, centered, and applied
to the average linkage clustering with centered correla-
tion. BRB-ArrayTools contains a class comparison tool
based on univariate F tests to find genes differentially
expressed between predefined clinical groups. The permu-
tation distribution of the F statistic, based on 2000 ran-
dom permutations, was also used to confirm statistical
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significance. A p value of less than 0.05 for differences
in HCC/non-HCC gene expression ratio was considered
significant.

The.average HCC/non-HCC expression ratias of the 93
proteins were plotted against the mRNA ratios in Fig. 2,
where a positive value indicates increased expression in
HCC and a negative ratio indicates reduced expression.
The overall expression ratio of HCC/non-HCC indicated
noticeable correlation between protein and mRNA
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(Fig. 2A), and the Pearson’s correlation coefficient for this
data set (93 proteins/genes) was 0.73. Next, we divided 93
proteins into those related to metabolism and others bio-
logical processes. The HCC/non-HCC ratios of protein
expression for metabolism-related proteins showed sub-
stantial correlation with those of mRNA (Fig. 2B,
r =0.9), whereas those of other proteins were poorly corre-
lated (Fig. 2C, r = 0.36). Extreme care must be taken in a
direct comparison of proteomic data with transcriptome
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because of multiple layers of discrepancies caused by the
distinct sensitivities of cDNA array hybridization and 2--
DE, the inability of a cDNA array to distinguish mRNA
isoforms and post-translational modifications of proteins.
Nevertheless, our results suggest that the expression of con-
siderable portion of proteins with metabolic function listed
here is regulated at transcriptional level. On the other
band, post-transcriptional and/or post-translational pro-
cesses seem to be involved in the regulation of expression
level for proteins with other cellular functions as a whole.
Four proteins (albumin, transferrin, peptidylproryl isomer-
ase A, and carbonic anhydrase 1) showed apparent poor
correlation in protein and mRNA expression profiles
(Table 3 and Fig. 2). Transcriptional control might have lit-
tle effect on the expression changes of these proteins
between HCC and non-HCC.

A number of proteins were expressed as multiple spots
on 2-DE gels and most multi-spotted proteins showed little
spot-to-spot variations in the averaged HCC/non-HCC
ratio. Although we do not know how these multiple spots
were generated, many of them might be due to the confor-
mational equilibrium of proteins under electrophoresis
rather than to any post-translational modifications [28].
On the other hand, the HCC/non-HCC expression ratios
of several multi-spotted proteins varied from spot to spot,
and three proteins (transferrin, fumarate hydratase, and
tumor rejection antigen gp96) were categorized as these
multi-spotted proteins (Table 4).

For-example, .gp96 was detected in two spots (spot #436
and 537) with distinct molecular mass and p/ and they
showed different HCC/non-HCC expression ratio
(Fig. 3A and B and Table 4). The expression of these two
isoforms was observed to change in the opposite direction
between non-HCC and HCC: #436 was up-regulated in
HCC (HCC/non-HCC ratio: 1.96) while #537 was down-
regulated (HCC/non-HCC ratio: 0.79) (Table 4 and
Fig. 3C and D). Gp9%6 is a glycoprotein present in endo-
plasmic reticulum and is supposed to function as a molec-

<

Fig. 3. Comparison of expression profiles of two gp96 spots between HCC
and non-HCC. The expression profile and phosphorylation of tumor
rejection antigen gp96 in HCC and non-HCC was investigated. Magnified
gel images and 3D views of two gp96 spots in non-HCC (A) and HCC (B)
were shown. Differences in expression level of two gp96 spots, #436 (C)
and #537 (D), between non-HCC and HCC were shown. The open circle
indicates the standardized abundance of the individual spot in each
sample. The closed square represents the averaged abundance of each
gp96 spot. Magnified gel images of non-HCC (E) and HCC (F) stained
with ProQ. The #436 spot was positively stained with ProQ, while
unambiguous staining of the #537 spot was not observed. Tryptic peptides
prepared from the spot #436 were analyzed by MALDI-TOF mass-
spectrometry in the positive ion mode (G) and the negative ion mode (H).
A peak of 2261.98 detected in positive ion mode corresponds to the amino
acid sequence from 512 to 530. In addition to the original peak (m/z:
2260.53), a peak mass shifted by +80 Da was detected in the negative ion
mode. A predicted phosphorylation consensus motif for protein kinase
CK2 is indicated in italics (G).
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ular chaperone and intracellular Ca®t regulator [29,30].
Several previous reports have shown that gp96 is glycosyl-
ated .and phosphorylated, and -exists as “heterogeneous
molecular entities with various molecular-weights-[31). 'In
order to know whether gp96 ‘spots were -phosphorylated
or not, we stained the 2-DE gels with ProQ Diamond
which is a dye specific to proteins phosphorylated on -ser-
ine, threonine or tyrosine residues:[32], and ‘has been used
successfully to visualize phosphoproteins [33]. We found
that the spot -#436 was positively stained with ProQ
(Fig. 3E and F). We further tried to detect possible phos-
phorylated peptides -in the tryptic digests prepared from
#436 by MALDI-TOF-MS according-to Nabetani et -al.
[21]. Searching for those peaks that had-relatively stronger
intensities in negative ion mode than in positive ion mode,
we found two peaks as candidates for acidically modified
peptides. They were assigned to the peptides SILFVPT-
SAPR (amino acid sequence: 385-395, -data not shown)
and FQSSHHPTDITSLDQYVER (aa512-530). Fig. 3G
and H show the unmodified peak and the acidically modi-
fied peak (mass shifted by +80 Da in negative ion mode) of
the latter peptide, respectively. This peptide contained a
predicted phosphorylation consensus motif, [Ser or Thr}-
X-X-[Asp or Glu], for protein kinase CK2 (Fig. 3G) which
was suggested to phosphorylate gp96 {34]. These results
together with ProQ staining indicated that at least one
gp96 isoform was phosphorylated and was up-regulated
in HCC. Over-expression of gp9%6 in HCC has been
reported previously [35], though the reports that showed
over-expression of its phosphorylated form are rare. Fur-
ther investigation into biological meaning of gp96 phos-
phorylation may provide us important :information about
HCC development.
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Background/Aims: The development of an efficient in vitro infection system for HCV is important in order to develop
new anti-HCV strategy. Only Huh7 hepatocyte cell lines were shown to be infected with JFH-1 fulminant HCV-2a strain
and its chimeras. Here we aimed to establish a primary hepatocyte cell line that could be infected by HCV particles from

patients’ sera.

Methods: We transduced primary human hepatocytes with human telomerase reverse transcriptase together with human
papilloma virus 18/EGE7 (HPV18/EGET) genes or simian virus large T gene (SV40 T) to immortalize cells. We also estab-
lished the HPV18/E6E7-immortalized hepatocytes in which interferon regulatory factor-7 was inactivated. Finally we ana-

lyzed HCYV infectivity in these cells.

Results: Even after prolonged culture HPV18/E6E7-immortalized hepatocytes exhibited hepatocyte functions and mark-
er expression and were more prone to HCV infection than SV40 T-immortalized hepatocytes. The susceptibility of
HPV18/EGE7-immortalized hepatocytes to HCV infection was farther improved, in particular, by impairing signaling

through interferon regulatory factor-7.

Conclusions: HPV 18/E6E7-immortalized hepatocytes are usefal for the analysis of HCV infection, anti-HCV innate
immune response, and screening of antiviral agents with a variety of HCV strains.
© 2006 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.

Keywords: Immortalization; Primary hepatocytes; HCV infection; IRF-7; IRF-3; HPV18/EGE7; Innate immune roﬁponse

1. Introduction

Infection with Hepatitis C virus (HCV) is a serious
problem worldwide since 3% of the world’s population
is chronically infected [1]. Chronic HCV may lead to liv-
er cirrhosis and hepatocellular carcinoma. Current stan-
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* Corresponding author. Tel.: +81 75 751 4000; fax: +81 75 751
3998.
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dard therapy utilizes the combination of pegylated
interferon-o and ribavirin, which results in a sustained
response in only 30-60% of patients [2-5]. Many
patients, however, do not qualify for or tolerate stan-
dard therapy [6]. Thus, it is important to develop an effi-
cient in vitro infection system for HCV to facilitate the
discovery of new anti-HCV strategies. Only Huh7 cell
line is permissive for replication, infection and release
of the fulminant hepatitis-derived HCV-2a (JFH-1)
strain and its chimeric derivatives [7-9]. No other hepa-
tocyte cell lines are able to support HCV replication
efficiently.

0168-8278/$32.00 © 2006 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
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Normal human hepatocytes are the ideal system in
which to study HCV infectivity. When cultured in vitro,
however, they proliferate poorly and divide only a few
times [10]. Continuous proliferation could be achieved
however by introducing oncogenes, such as Simian virus
large tumor antigen (SV40 T) [11]. This often resulted in
tumor development [12] together with numerical (aneu-
ploidy) and structural (aberrations) chromosome abnor-
malities {13} The human papilloma virus E6E7 genes
(HPV/E6E7) immortalized multiple cell types that were
phenotypically and functionally similar to the parental
cells [14-20]. As yet, no human hepatocytes have been
immortalized with HPV18/E6E7.

We established a . human primary non-neoplastic
hepatocyte cell line transduced with the HPV18/E6E7
that retained primary hepatocyte characteristics even
after prolonged culture, and were more prone to
HCV infection than those cells immortalized with
SV40 T antigen. We further improved the susceptibility
of HPVI18/E6E7-immortalized hepatocytes to HCV
infectivity by impairing interferon regulatory factor-7
(IRF-7) expression. These cells are useful to assay
infectivity of HCV strains other than JFH-1, HCV
replication, innate immune system engagement of
HCV, and screening of anti-HCV agents. This infection
system using non-neoplastic cells also suggested that
IRF-7 plays an important role in eliminating HCV
infection.

2. Materials and methods

2.1. Cell cultures

We obtained the approval of the Ethical Committee of Kyoto
University for the use of human hepatocytes and sera obtained from
HCV-positive patients. Informed consent was obtained from both
the hepatocyte donor and HCV-positive patients. Primary hepatocytes
(P.H.) were cultured as described [21]. HeLa, 293, Huh-7.5, and
PHS5CHS cells were cultured as previously described [22]. For three-di-
mensional (3D) cultures, Mebiol Gel (Mebiol Inc.) was prepared
according to the manufacturer’s instructions.

2.2. Plasmids construction

The SV40 T, hTERT and HPV/E6E7 fragments from pAct-SVT,
PCX4neo/hTERT, and pLXSN-E6E7 plasmids were inserted into
pCSII-EF-RFA plasmid creating the pCSII-EF-SVT, pCSII-EF-
hTERT, and pCSII-EF-E6E7 plasmids, respectively. The full-length
IRF-3 and IRF-7 genes were cloned by RT-PCR using total RNA
isolated from 293 cells as a template and were inserted into pcDNA3
vector. Dominant-negative forms of IRF-3 (DNIRF-3) and IRF-7
(DNIRF-7) were constructed by PCR amplification of the coding
region for amino acid residues 108427 of IRF-3 and 237-514 of
IRF-7, respectively. The amplified IRF-3 fragment was cloned into
pcDNA3 in frame with a FLAG epitope tag generating pcFLAG-
DNIRF-3. The amplified IRF-7 fragment was cloned into pLXSH
in frame with HA epitope tag generating pLXSH-HA-DNIRF-7.
The pIFNP promoter-luc and pIFNo promoter-luc plasmids were
gifts from Dr. Taniguchi of the Tokyo University. The psiRNA-
hIRF-3 and psiRNA-hIRF-7 plasmids were purchased from Invivo-
gen (USA).
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2.3. Immunoblot analysis

Immunoblot analysis was performed as described previously [22]. We
used anti-SV40 T (Santa Cruz), anti-HPV18/E7 (Santa Cruz), anti-tubu-
lin (Sigma), anti-FLAG (Sigma), and anti-HA (Sigma) antibodies.

2.4. Transfection, small interfering RNA silencing and
luciferase assays

Transfection of plasmid DNA was performed using Effectene
transfection reagent (Qiagen) as recommended by the manufacturer.
The pLXSH-HA-DNIRF-7 plasmid was transfected into the HuS-E/
2 clone; transfectants were selected in 100 pg/ml hygromycin B (Gib-
co). The psiRNA-hIRF-3 and psiRNA-hIRF-7 plasmids were sepa-
rately transfected into HuS-E/2 cells followed by Zeocin (250 pg/mi)
selection. After two weeks of continuous selection, cells were infected
with HCV. Luciferase assays were conducted as previously described
[22] The results are presented as relative light units (RLU) normalized
to the total content of protein in the cell lysates.

2.5. Reverse transcriptase polymerase chain reaction
(RT-PCR) and real-time RT-PCR

Using 250 ng of total RNA as a template, we performed RT-PCR
with a one-step RNA PCR kit (Takara) according to the manufactur-
er’s instructions. The primer sets and reaction conditions used are
detailed in Table 1. To measure HCV-RNA titers by real-time RT-
PCR, we collected RNA from infected wells. Five hundred nanograms
of total cellular RNA was analyzed for the quantity of HCV-RNA as
previously described [23).

2.6. HCV infection experiment

HCV infection experiment from serum was done as mentioned
before [22). HCV-infected-serums were titrated and 1x 10> HCV-
RNA copies/ml were used for each infection experiment. Concentrated
culture medium for HCV/JFHI1-producing cells was prepared as previ-
ously described [7). HCV titer in the concentrated medium was mea-
sured, adjusted and added to the cells as mentioned above.

2.7. Blocking of HCYV infectivity by anti-CD81

Inhibition of HCV infectivity was performed by blocking CD81 as
previously described [7]

3. Results

3.1. Establishment of immortalized primary human
hepatocytes

Primary hepatocytes were isolated from liver tissue
obtained from a 9-year-old male patient with Primary
Hyperoxaluria who had undergone liver transplanta-
tion. Hepatocytes were left unmanipulated or trans-
duced with CSII-EF-hTERT alone or in combination
with CSII-EF-SVT or CSII-EF-E6E7 to enhance the
efficiency of immortalization. After six weeks only cells
transduced by the combination of hTERT and either
LT or HPVI18/E6E7 continued to proliferate. Initially
appearing colonies with a growth advantage were picked
up and expanded. SV40 T-immortalized cell clones were
named HuS-T cells and given numbers from 1 to 7,
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Table 1

Primer sequences and RT-PCR parameters
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Genes

Primer sequence 5'-3’

PCR parameters®

HGF
TGFa
TGFp1
TGFg2
HGFR
EGFR
TGFBIR
TGFB2R
FGFR
IGF-IR
HNFla
HNFI1p
HNF3p
HNF4
Albumin
Apolipoprotein-a
HTF
E-cadherin
CYP 1B1
CYP 2C9
CYP 2B
CYP 3A4
CYP 2E1
CYP 1Al

GAPDH

T

: AGGAGCCAGCCTGAATGATGA
CCCTCTGATGTCCCAAGATTAGC

ATGGTCCCCTCGGCTGGA
GGCCTGCTTCTTCTGGCTGGCA

GCCCTGGACACCAACTATTGCT
AGGCTCCAAATGTAGGGGCAGG

GATTTCCATCTACAAGACCACGAGGGACTTGC
CAGCATCAGTTACATCGAAGGAGAGCCATTCG

TGGTCCTTGGCGTCGTCCTC
CTCATCATCAGCGTTATCTTC

CTACCACCACTCTTTGAACTGGACCAAGG
TCTATGCTCTCACCCCGTTCCAAGTATCG

CGTGCTGACATCTATGCAAT
AGCTGCTCCATTGGCATAC

: TGCACATCGTCCTGTGGAC
GTCTCAAACTGCTCTGAAGTGTTC

: ATGTGGAGCTGGAAGTGCCTC
GGTGTTATCTGTTTCTTTCTCC

ACCCGGAGTACTTCAGCGCT
CACAGAAGCTTCGTTGAGAA

: GTGTCTACAACTGGTTTGCC
: TGTAGACACTGTCACTAAGG

: GAAACAATGAGATCACTTCCTCC
R: CTTTGTGCAATTGCCATGACTCC

F: CACCCTACGCCTTAACCAC
R: GGTAGTAGGAGGTATCTGCGG

F: CTGCTCGGAGCCACAAAGAGATCCATG
R: ATCATCTGCCACGTGATGCTCTGCA

F: AGTTTGCAGAAGTTTCCAAGTTAGTG
R: AGGTCCGCCCTGTCATCAG

F:AGGCTCGGCATTTCTGGCAG
R: TATCCCAGAACTCCTGGGTC

: TCGCTACAGCCTTTGCAATG
: TTGAGGGTACGGAGGAGTTCC

: TCCATTTCTTGGTCTACGCC
: TITGTCCTACCGACTTCCAC

CACCAAGGCTGAGACAGTGA
GCCAGGTAAACTCCAAGCAC

: GGACAGAGACGACAAGCACA
TGGTGGGGAGAAGGTCAAT

GGCACACAGCCAAGTTTACA
CCAGCAAAGAAGAGCGAGAG

: TGTGCCTGAGAACACCAGAG
: GCAGAGGAGCCAAATCTACC

CCGCAAGCATTTTGACTACA
GCTCCTTCACCCTTTCAGAC

AGGCTTTTACATCCCCAAGG
GCAATGGTCTCACCGATACA

: CCATGGAGAAGGCTGGGG
CAAAGTTGTCATGGATGACC

AWM RERT AT AT AT AT AT oM oIT oETRP

T

AT ®TW AT WM PT RV AT AW AT
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95, 56, 72
1 min, 455, 1 min

95, 59, 72
45s, 30s, 1 min

95, 58, 72
455, 30s, 1 min

95, 58, 72
455, 30s, 1 min

95, 54, 72
30s,45s, | min

95, 58, 72
45s, 30s, 1 min

95s, 54, 72
30s,45s, I min

95, 58, 72
455,305, 1 min

95,54, 72
30s,45s, 1 min
95, 54, 72
30s,45s, 1 min

95, 52,72
45s, 30s, 1 min

95,52,72
im, 45s, 1 min

95, 56, 72
Im, 455, | min

95, 58, 72
45s, 30 s, | min

95, 55, 72
455,30s, | min

95, 55, 72
455, 30s, 1 min

95, 55, 72
455,305, | min

95, 55, 72
45s,30s, | min

94, 57, 72
30s, 30s, 1 min

94, 57, 72
30s, 30s, 1 min

94, 57, 72
30s,30s, ! min

94, 57,72
30s, 30s, 1 min

94, 57,72
30s, 30s, 1 min

94, 57, 72
30s, 30s, 1 min

95, 8,72
45s, 30s, 1 min
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Table 1 (continued)

Genes Primer sequence 5'-3’ PCR parameters®
CD81 F: CTCAACTGTTGTGGCTCCAAC 95, 55, 72

R: CCAATGAGGTACAGCTTCCC 45s,30s, 1 min
TLR3 F: GATCTGTCTCATAATGGCTTG 95, 55, 72

R: GACAGATTCCGAATGCTTGTG 455, 30s, 1 min
TLR7 F: CCAGACATCTCCCCAGCGTC 95, 55, 72

R: GGCAAAACAGTAGGGACGGC 45, 30s, 1 min
TLRS8 F: CTGTGAGTTATGCGCCGAAG 95, 55, 72

R: CGGGATTTCCGTTCTGGTGC 45s, 30s, 1 min
Myd8s F: GGTCTCCTCCACATCCTCCC 95, 55, 72

R: CCAGCTTGGTAAGCAGCTCG 45s,30s, 1 min
IRF3 F: GAACCCCAAAGCCACGGATC 95, 55, 72

R: CCTCCCGGGAACATATGCAC 455, 30s, 1 min
IRF7 F: GTGCTGTTCGGAGAGTGGCTC 95, 55, 72

R: CAGCCCAGGCCTTGAAGATG 4553, 30s, 1 min

CYP, cytochrome P450; EGFR, epidermal growth factor receptor; F, forward primer; FGFR, fibroblast growth factor receptor; GAPDH, glyc-
eraldehyde phosphate dehydrogenase; HGF, hepatocyte growth factor; HGFR, hepatocyte growth factor receptor; HNF, hepatocyte nuclear factor;
HTF, human transferrin; IGF-IR, insulin-like growth factor-type I receptor; IRF, interferon regulatory factor; R, reverse primer; TGF, trans-
forming growth factor; TGFR, transforming growth factor receptor; TLR, toll like receptor.
® Temperatures are tabulated in the first lane in degrees celsius and the corresponding times in the second lane. Performing one-step RT-PCR,
- reverse transcription was carried out at 42 °C for 20 min with a pre-PCR denaturation at 95 °C for 10 min.

A 293FT Hela HuS-T/2 HuS-E/2 B
; Freshly HuS- HuS-T/2
Isolated Ef2
P.H.

<«— hTERT

3 . GAPDH

C HuS-Ef2 HuS-T/2

Fig. 1. (A) Immunoblot detection of SV40 T and HPV E7 expression in HuS-T/2 and HuS-E/2 cells, respectively. 293-FT and HeLa cells were used as
positive controls for SV40 T and HPV E7 expression, respectively. The specific bands representing the targets are indicated. Detection of tubulin
expression in all cells served as an internal control. (B) Human Telomerase Reverse Transcriptase (h\TERT) expression was examined by RT-PCR in
freshly isolated hepatocytes and the HuS-E/2 and HuS-T/2 cell lines. GAPDH expression was used as an internal control. The \TERT-specific bands are
shown. (C) Morphological characteristics of HuS-E/2 and HuS-T/2 cells after two (panels 1 and 2) and 30 (panels 3 and 4) weeks in culture. [This figure
appears in colour on the web.]

263



