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Summary

Cytochrome P450 2J subfamily (CYP2J) enzymes expressed in mouse hepa-
tocellular carcinoma (HCC) cells were identified as an antigen recognized by
specific CD4+ T cells and the structure of its T cell epitope was determined by
proteomics-based exploration. The major histocompatibility complex (MHC)
class II binding peptides were isolated from I-Ak/peptide complex of dendritic
cells (DCs) loaded or unloaded with MIH-2 mouse HCC cells. MHC class
II-binding peptides found in MIH-2-loaded DCs but not in unloaded DCs
were determined by tandem mass spectrometric analysis. The peptide, con-
sisting of amino acid 276–290 (DFIDAFLKEMTKYPE) of mouse CYP2J
enzymes, was identified as an antigenic peptide presented in the context of
MHC class II. Preventive treatment of mice with CYP2J peptide stimulated
interferon (IFN)-g production of splenocytes and suppressed the growth of
implanted CYP2J-positive MIH-2 cells but not CYP2J-negative murine
bladder tumour cells. However, continuous treatment of MIH-2-bearing mice
with CYP2J peptide significantly suppressed IFN-g production of splenocytes
and accelerated the growth of implanted MIH-2 tumours in vivo. Increased
frequencies of CD4+forkhead box P3 regulatory T cells and CD11b+Gr-1+

myeloid suppressor cells were observed in splenocytes from the continuously
immunized mice. These results indicate that antigenecity of CYP2J isoforms
expressed in HCC cells activate host anti-tumour immunity at an initial stage
of HCC, but suppress host anti-tumour immunity with excessive antigenic
stimulation at an advanced stage.
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Introduction

Host anti-tumour immunity could play an important role
in the prevention of tumour development, and a tumour-
associated antigen (TAA)-specific T cell response is one of
the most important mechanisms for tumour rejection [1].
Crosti et al. have reported spontaneous reactivity to carci-
noembryonic antigen (CEA) epitopes of peripheral blood
CD4+ T cells from patients with early CEA-positive lung
cancer [2]. However, the immune system exhibits hypore-
sponsiveness or unresponsiveness to TAAs when tumours
become large, resulting in further tumour development
without immunological anti-tumour activity. Analysis of
tumour-infiltrating lymphocytes has revealed antigen-
specific hyporesponsiveness consistent with a form of T cell
anergy [3]. Acquired tolerance to TAAs has been observed
even when initial priming of T cells to TAAs was successful

[4]. This immunosuppression might be caused by vascular
endothelial growth factor (VEGF), interleukin (IL)-10,
transforming growth factor (TGF)-beta or prostaglandin E2

produced by tumour cells or tumour-associated immune
cells, leading to generation of dysfunctional APCs inducing
tolerance for T cell immunity [5,6]. Furthermore, tumour
cells form a unique microenvironment to prevent immune
attack [7].

Antigen-specific anti-tumour immunity might be inhib-
ited by excessive antigenic stimulation with TAAs by a large
tumour burden. In the case of CD8+ T cells, low antigen
levels lead to T cell deletion and high antigen levels lead to
T cell tolerance [8]. Consequently, in advanced cancer,
over-stimulation with immunogenic TAAs on tumour cells
might paralyse anti-tumour immunity and favour tumour
development. In order to prevent such immune paralysis
induced by advanced cancer, it is necessary to identify TAAs
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generating excessive antigenic stimulation on the host
immune system.

CD4+ T cell functions play a pivotal role in the induction
of anti-tumour immunity, and T cell activation by stimula-
tion with helper T cell epitopes is probably important for
effective anti-cancer immune responses [9–11]. Meanwhile,
it has been known that excessive antigenic stimulation with
helper epitope peptide induces immune tolerance [12].
Although many TAAs recognized by specific CD8+ cytotoxic
T lymphocytes (CTLs) have been reported, fewer helper
epitopes of TAAs have been identified than have CTL
epitopes [2,13].

Recent progress in mass spectrometric analysis has
enabled efficient TAA searches. Known, immunoprecipitated
TAAs can be identified clearly with a proteometric approach
[14]. Human leucocyte antigen class II presented peptides
derived from tissue specimens of primary renal cell carci-
noma have been analysed with mass spectrometry, and T
helper epitopes from TAAs have been detected [15]. Den-
dritic cells (DCs), potent APCs, have been analysed with mass
spectrometry to identify functional DC-associated mol-
ecules. Calreticulin was found with tandem mass spectro-
metric analysis to be a receptor of NY-ESO-1, a representative
TAA, on DCs [16]. Röhn et al. have used nanoelectrospray
ionization tandem mass spectrometry to examine DCs upon
exposure to necrotic tumour cells and have identified melan-
otransferrin as a major histocompatibility complex (MHC)
class II-restricted tumour antigen [17]. Mass spectrometric
analysis could be applied to the detection of animal and
human TAAs that would be presented by tumour-cell-
captured APCs to T cells.

In this paper, we describe the identification of an immu-
nostimulatory antigen expressed in mouse hepatocellular
carcinoma (HCC) cells recognized by CD4+ T cells which, in
turn, suppress host anti-tumour immune activity through
excessive antigenic stimulation. The antigen was identified
with tandem mass analysis of MHC class II binding peptides
isolated from DCs loaded with HCC cells.

Materials and methods

Mice, cell lines and reagents

Eight-week-old male C3H/HeNCrj mice were purchased
from Charles River Japan (Yokohama, Japan). All animals
received humane care in accordance with the US Public
Health Service Policy on Humane Care and Use of Labora-
tory Animals.

A murine HCC cell line, MIH-2, was established in our
laboratory from a liver tumour of a 15-month-old C3H/
HeNCrj mouse [18].Another mouse HCC cell line, Hepa 1–6,
was purchased from the American Type Culture Collection
(Manassas, VA, USA).

Monoclonal antibodies (mAbs) against murine CD11b
and Gr-1 were purchased from BD Biosciences (San Jose,

CA, USA). A kit for detecting CD4+ forkhead box P3
transcription factor (FoxP3+) regulatory T cells (Tregs) was
purchased from eBioscience (San Diego, CA, USA). A
mAb against I-Ak for use in affinity chromatography was
purchased from BD Biosciences. Rabbit polyclonal anti-
CYP2J2pep3 antibody, which recognizes all known mouse
cytochrome P450 2J subfamily (CYP2J) isoforms [19], and
an anti-CYP2J6pep1 antibody, which is specific for mouse
CYP2J6 [20], were kindly provided by Professor Darryl C.
Zeldin (National Institute of Environmental Health Sci-
ences, National Institutes of Health, Bethesda, MD, USA).

Preparation of DCs loaded with MIH-2 cells

The preparation of DCs loaded with MIH-2 cells was per-
formed as described previously [18,21]. Briefly, DCs were
prepared from bone marrow cells of 8–10-week-old male
C3H/HeNCrj mice. Then 2 ¥ 107 DCs were mixed with 107

irradiated MIH-2 cells and centrifuged. After the superna-
tant had been discarded, 0·5 ml of 50% polyethylene glycol
(PEG) (PEG 1450; Sigma-Aldrich, St Louis, MO, USA) was
added to the cell pellet, which was left for 1 min at room
temperature, after which the PEG solution was diluted
gradually. After removal of PEG by centrifugation and over-
night incubation, non-adherent or loosely attached cells
were collected with gentle pipetting as DCs loaded with
MIH-2 cells (DC/MIH-2) and used for isolation of peptides
fixed with I-Ak molecules.

Affinity column chromatography

Cell pellets of PEG-treated cells were suspended in TNE
buffer (10 mM Tris, 1% Nonidet P-40, 0·15 M NaCl, 1 mM
ethylenediamine tetraacetic acid, pH 8·0) and sonicated for
30 s. The supernatant, obtained by centrifugation at 10 000 g
for 15 min, was applied to a column containing anti-I-Ak

antibody-coated Formyl-Cellulofine beads (Seikagaku
Corporation, Tokyo, Japan) equilibrated with phosphate-
buffered saline (PBS), after which the column was washed
with PBS until A280 absorbance disappeared. The column
was prewashed with 0·5 M NaCl and then washed with
elution buffer (0·2 M glycine-HCl, pH 2·5). Each 0·5 ml of
the eluted samples was collected and examined for A280
absorbance.

Preparation of peptide samples and tandem mass
spectrometric analysis

The peptide sample fraction was applied to solid-phase
extraction for concentrating peptides and removing
detergents. An Octadecyl-Silica SepPack column (Waters
Corp., Milford, MA, USA) was activated with 4 ml of metha-
nol and equilibrated with 2 ml of water. After the sample
fraction was applied, the SepPack column was washed with
water (4 ml) and eluted with an 80% (V/V) acetonitrile
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aqueous solution containing 0·1% (V/V) formic acid. The
organic solvent fraction was frozen and lyophilized. The
resulting cloudy precipitate was resolved with 80% (V/V)
methanol containing 0·1% (V/V) formic acid. After centrifu-
gation at 16 000 g for 10 min, the 2-ml aliquot was placed in
a microcapillary of the nanospray apparatus of the tandem
mass spectrometry system.

A Q-Trap tandem mass spectrometer (Applied Biosys-
tems, Foster City, CA, USA) equipped with nanospray
systems was used. The BioAnalyst (version 1·3) data-
analysis software system (Applied Biosystems) was used
for assaying optimization and analysis with tandem mass
spectrographs.

Peak reconstruction of mass spectra was recorded under
m/z 1500, and the chosen peptide peaks were analysed with
tandem mass spectrometric analysis after passage through a
nitrogen gas collision chamber. To determine amino acid
sequences in tandem mass spectra, the peaks were analysed
with automated sequence Tag determination and a database
search performed with the data-analysis software.

Reverse transcriptase–polymerase chain reaction

Total RNA was extracted using Isogen (Nippongene,
Toyama, Japan), according to the manufacturer’s instruc-
tions. RNA was reverse-transcribed with Moloney murine
leukaemia virus RT (Invitrogen Corp., Carlsbad, CA, USA)
and complementary DNA was subjected to the polymerase
chain reaction (PCR) with Taq polymerase (Takara Bio-
chemical, Tokyo, Japan) in a thermal cycler. Primers were
designed as follows: mouse CYP2J6, forward GTATTTG
GAGACAACAATGATTAGTCAGC, reverse TATCAGCAAG
TCTTGCTGCCCTCTTC [expected size of the product was
407 base pairs (bp)]; mouse CYP2J9, forward TGTTTGG
AGTCATCAATGATGTGC, reverse CGGTCTGCCAGATTC
GGCTGTCTTGC (410 bp); and mouse CYP2J11, forward
TGTTCTGAGGCATCAATGATGTCAGT, reverse TGGTCA
TCTAAGGTTGGGTGTCTCCCA (410 bp).

Immunoblot analysis

Proteins were separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis, and transferred to
polyvinylidene fluoride membranes (Bio-Rad Laboratories,
Hercules, CA, USA). After blocking in Tris-buffered saline
with Tween-20 [25 mM Tris-HCl (pH 8·0), 150 mM Nacl,
0·1% Tween 20] with 10% Difco skimmed milk (BD
Biosciences Diagnostic Systems, Sparks, MA, USA), the
membranes were incubated with anti-CYP2J2pep3 or anti-
CYP2J6pep1 antibodies.Each membrane was then probed for
90 min with peroxidase-conjugated anti-rabbit Ig (Bio-Rad
Laboratories) and analysed with an enhanced chemilumines-
cence detection system (Amersham Biosciences, Little Chal-
font, Buckinghamshire, UK).

Vaccination of mice with CYP2J peptide

The CYP2J peptide (NH2-DFIDAFLKEMTKYPE-COOH)
and control ovalbumin (OVA) peptide (NH2-
GGLEPINFQTAADQA-COOH) were synthesized by Funa-
koshi Co. Ltd (Tokyo, Japan). The purity of the each peptide
was 95·81% and 96·05% respectively. OVA was used as a
negative control for MHC class II presented immunogenic
antigen. CYP2J peptide or OVA peptide (20 mg/20 ml H2O)
was mixed with 0·2 ml of H2O and 0·2 ml of complete
Freund’s adjuvant (Difco Laboratories, Detroit, MI, USA),
agitated vigorously to generate emulsion, and injected sub-
cutaneously once a week.

For preventive treatment of mice with CYP2J peptide,
naive mice were immunized twice with the peptide and
tumour cells were implanted 1 week after immunization. For
continuous treatment of MIH-2-bearing mice with the
peptide, immunization started 1 week after the implantation
of tumour cells.

Production of cytokines by splenocytes

Splenocytes from untreated control or peptide-vaccinated
mice were collected and cultured in 24-well culture plates
(5 ¥ 106/well) for 72 h. In some experiments, CYP or OVA
peptide (20 mg/ml) was added to the culture to stimulate
T cells in vitro. Supernatants were collected and examined
for interferon (IFN)-g, IL-4, IL-10 and TGF-beta using
an enzyme-linked immunosorbent assay kit (Biosource
International).

Results

Identification of MIH-2-derived MHC class II binding
peptide from DCs loaded with MIH-2 cells by mass
spectrometric analysis

Tandem mass spectrometry was performed to find peptide
peaks of 12–15 amino acids, suitable for binding to MHC
class II molecules, from MIH-2-loaded DCs. However, we
found no objective ion peaks of 12–15 amino acid peptides.
It is probable that isolated MHC class II binding peptides
were digested by endogenous peptidases. We then searched
for smaller peptide peaks and some ion peaks of peptides
were found with total ion chromatography of MIH-2-loaded
DCs which were not found in control DCs (Fig. 1). A repre-
sentative ion peak, indicated by an arrow in Fig. 1 (m/z
821·8), was analysed further using the tandem mass system,
and its structural amino acid sequence was determined to be
EMTK.

Database analysis revealed that the EMTK polypeptide
corresponded to amino acids 284–287 of several enzymes of
mouse cytochrome P450 2J (CYP2J) (Fig. 2). Two other can-
didate molecules, mouse nucleolin (amino acids 285–288)
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and queuine tRNA-ribosyltransferase (amino acids 200–
203), which contain EMTK in their amino acid sequences,
were also identified. The I-Ak binding motif structure
(DFIDAFLK) was found in amino acids 276–283 of CYP2Js,
adjacent to EMTK (Fig. 2), suggesting that a peptide consist-
ing of 15 amino acids, including the I-Ak binding motif and
EMTK (DFIDAFLKEMTKYPE) of CYP2Js, would be pre-
sented by MIH-2–loaded DCs to CD4+T cells. Mouse
nucleolin did not possess a I-Ak binding motif adjacent to
EMTK, and mouse queuine tRNA-ribosyltransferase had
lower possibility score, indicating that CYP2J is the most
possible candidate molecule.

Expression of CYP2Js in HCC cells and normal
liver cells

Messenger RNA (mRNA) encoding CYP2J6 was found with
reverse transcriptase (RT)–PCR to be expressed in MIH-2
HCC cells as well as Hepa 1–6 HCC cells, B16 melanoma
cells and LY-R lymphoma cells (Fig. 3). It was also expressed
in C26 cells at a very low level. The enzymes CYP2J6, CYP2J9
and CYP2J11 each contain EMTK, but CYP2J2, CYP2J4,
CYP2J5 and CYP2J13 do not [19,20,22]. The mRNA encod-
ing CYP2J9 was expressed in MIH-2 cells at a very low level,
and the mRNA encoding CYP2J11 was not expressed in

Fig. 1. Total ion chromatograph of I-Ak

binding peptides derived from control dendritic

cells (DCs) (upper) or MIH-2-loaded DCs

(lower). Control DCs, treated with 50%

polyethylene glycol (PEG) alone, or MIH-2

loaded-DCs, generated by treatment of mixture

of DCs and MIH-2 cells with 50% PEG, as

described in Materials and methods, were

treated with detergent, and I-Ak/peptide

complexes were obtained with anti-I-Ak affinity

column chromatography.

Each binding peptide was analysed with liquid

chromatography/mass spectrometry. A

representative peptide ion peak that was found

only in peptides from MIH-2-loaded DCs and

not those from control DCs, indicated by an

arrow (821·8 m/z), was analysed further with

liquid chromatography/tandem mass

spectrometry.
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Fig. 2. Amino acid sequence of mouse CYP2J6 and a possible epitope

recognized by specific CD4+ T cells in the context of major

histocompatibility complex (MHC) class II. EMTK (284E–287K) was

detected from the peptides binding to I-Ak of MIH-2-loaded dendritic

cells (DCs) with tandem mass analysis (TMA). D276–K283, adjacent

to EMTK on the N-terminal side, possesses the I-Ak binding motif.

A peptide consisting of 15 amino acids containing the I-Ak binding

motif and EMTK, as indicated by an underline, was synthesized and

examined for further biological activity.

Fig. 3. Expression of CYP2J mRNA and protein in various

tumour cell lines and normal liver tissue. Expression of mRNA

encoding CYP2J6, 2J9 and 2J11 was examined with reverse

transcription–polymerase chain reaction, as described in Materials

and methods (upper). Expression of CYP2J protein (51 kDa)

recognized by anti-CYP2J2pep3 antibody was examined with

immunoblot analysis (lower). C26 and MC38, mouse colon cancer;

T3, mouse small intestine tumour; MIH-2 and Hepa 1–6, mouse

hepatocellular carcinoma; B16, mouse melanoma; LY-R, mouse

lymphoma; b-A, beta-actin.
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either normal liver or MIH-2 cells (Fig. 3). CYP2J protein
(51 kDa) was recognized with an anti-CYP2J2pep3 antibody
in MIH-2 cells but not in T3, C26 or MC38 cells on Western
blotting analysis (Fig. 3).

Preventive treatment of naive mice with CYP2J peptide
stimulated IFN-g production of splenocytes and
suppressed the growth of implanted MIH-2 cells
in vivo

Splenocytes from mice immunized twice with CYP2J
peptide (DFIDAFLKEMTKYPE) showed significantly higher
IFN-g production in vitro than did splenocytes from
untreated mice or mice immunized with OVA peptide
(Fig. 4a). Furthermore, production of IFN-g by splenocytes
from CYP2J peptide-immunized mice was enhanced when
CYP2J peptide, but not OVA peptide, was added to the
culture (Fig. 4a). In contrast, production of IL-4 by spleno-
cytes was not enhanced (data not shown).

When MIH-2 cells (CYP2J+) were implanted into mice
immunized with CYP2J peptide, tumour growth was
suppressed significantly (Fig. 4b). However, growth of
implanted murine bladder tumour cell (CYP2J-, as shown in
Fig. 3) was not suppressed by immunization with CYP2J
peptide (Fig. 4b).

Repeated immunization of MIH-2-bearing mice with
CYP2J peptide suppressed IFN-g production and
accelerated MIH-2 tumour growth in vivo

The immunostimulatory capacity of CYP2J peptide was
studied through repeated immunization of naive mice.

Production of IFN-g by splenocytes increased in mice
immunized one to six times (Fig. 5). In contrast, IFN-g
production was suppressed when mice were immunized
seven and eight times (Fig. 5). These results suggest
that excessive immunization (more than six times) with
CYP2J peptide can induce unresponsiveness or anergy to
CYP2Js.
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Fig. 4. (a) CYP2J peptide was immunogenic in naive C3H/HeN mice. Male C3H/HeN mice received subcutaneous injections of CYP2J peptide

(20 mg/mouse) with adjuvant on days 1 and 7. Splenocytes were collected on day 14 and cultured for 72 h with or without CYP peptide (20 mg/ml)

or control ovalbumin (OVA) peptide (20 mg/ml). Supernatants were examined for interferon (IFN)-g with enzyme-linked immunosorbent assay.

(b) Immunization with CYP2J peptide suppressed the growth of implanted MIH-2 cells in vivo. Male C3H/HeN mice received subcutaneous

injections of CYP2J peptide (20 mg/mouse) or OVA peptide (20 mg/mouse) with adjuvant on days 1 and 7. On day 14, the immunized mice were

implanted subcutaneously with MIH-2 cells (106/mouse) or murine bladder tumour (MBT) cells (106/mouse), and the tumour size (long

diameter ¥ short diameter) was measured 4 weeks after the tumour cell implantation. CYP2J was detectable in MIH-2 cells but not in MBT cells by

immunoblot analysis.
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Fig. 5. Enhancement of interferon (IFN)-g production of splenocytes

by moderate immunization with CYP2J peptide but suppression by

excessive immunization. CYP2J peptide (20 mg/mouse) with adjuvant

was injected subcutaneously once a week. Splenocytes were obtained

from mice 3 days after each vaccination. Splenocytes (5 ¥ 106/ml) were

incubated for 72 h and supernatants were examined for IFN-g by

enzyme-linked immunosorbent assay (n = 3). Splenocytes from

control mice injected with phosphate-buffered saline were collected at

each time-point and their IFN-g production was 200–350 pg/ml

(n = 3).
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Mice bearing MIH-2 tumours and immunized excessively
with CYP2J peptide exhibited a significant enhancement of
tumour growth compared with mice treated with PBS
(Fig. 6a). However, immunization with control OVA peptide
did not enhance tumour growth. These results indicate that
excessive immunization of MIH-2-bearing mice with CYP2J
peptide suppresses host anti-tumour immunity against
MIH-2 cells.

Splenocytes from MIH-2-bearing mice, even 7 weeks after
MIH-2 cell implantation, showed considerable IFN-g pro-
duction in vitro by immune stimulation with implanted
MIH-2 cells (Fig. 6b). Production of IFN-g by splenocytes
from MIH-2-bearing mice was also suppressed markedly by
excessive immunization with CYP2J peptide (Fig. 6b).

Production of IL-4, IL-10 and TGF-beta by splenocytes
from mice immunized excessively with CYP2J was exam-
ined. Production of IL-10 was suppressed by excessive
immunization with CYP2J peptide and IL-4 production
was suppressed by CYP2J and OVA peptide, but TGF-beta
production was not affected (Fig. 6b). Therefore, suppres-
sion of IFN-g production was not induced by the shift from
the T helper type 1 (Th1) to the Th2 immune environment
or by enhanced production of immunosuppressive IL-10 or
TGF-beta.

Increased frequency of immunosuppressive cells in
splenocytes from mice immunized excessively with
CYP2J peptide

Splenocytes from mice immunized excessively with CYP2J
peptide were examined for the frequency of immunosup-
pressive cells: CD4+ FoxP3+ Tregs. Splenocytes from MIH-2-
bearing mice showed an almost twofold increase in the
frequency of CD4+FoxP3+ Tregs (Fig. 7a). Mice that had
been immunized excessively with CYP2J peptide showed
increased frequency of Tregs in splenocytes even without
MIH-2 cell implantation. However, excessive immunization
of MIH-2-bearing mice with CYP2J peptide did not increase
the Treg frequency further.

The frequency of CD11b+Gr-1+ myeloid suppressor cells
(MSCs) was also increased significantly in mice immunized
excessively with CYP2J peptide (Fig. 7b). The frequencies
of MSCs in each treated group were 8·58 � 2·11 (non-
MIH-2-bearing mice treated with PBS), 23·46 � 5·56 (non-
MIH-2-bearing mice immunized with CYP2J peptide),
7·89 � 2·89 (MIH-2-bearing mice treated with PBS) and
18·34 � 4·10 (MIH-2-bearing mice immunized with CYP2J
peptide) (n = 3). No increase in the frequencies of Tregs

and MSCs was observed in mice bearing or non-bearing
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Fig. 6. (a) Repeated immunization of MIH-2-bearing mice with CYP2J peptide accelerated MIH-2 tumour growth in vivo. MIH-2 cells

(2 ¥ 106/mouse) were implanted into female C3H/HeN mice, which were immunized with CYP2J peptide or control ovalbumin (OVA) peptide

(20 mg/mouse) with adjuvant once a week after MIH-2 cell implantation. Tumour size (long diameter ¥ short diameter) was measured every week.

Open circle, mice treated with phosphate-buffered saline (PBS); open triangle, mice immunized with OVA peptide; closed square, mice immunized

with CYP2J peptide. *P = 0·8692, **P = 0·0261, ***P = 0·0075 determined with repeated-measures analysis of variance (n = 6). This is a

representative result of three replicated experiments. (b) Cytokine production of splenocytes from MIH-2-bearing mice immunized excessively

(seven times) with CYP2J peptide. Splenocytes were collected and cultured at 5 ¥ 106 cells/ml for 72 h. Supernatants were examined for interferon-g,

interleukin (IL-4), IL-10 and transforming growth factor-b. Open columns, MIH-2-bearing mice treated with PBS; closed columns, MIH-2 bearing

mice immunized with CYP2J peptide; shaded columns, MIH-2-bearing mice immunized with OVA peptide.
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MIH-2 tumour immunized with OVA peptide (data not
shown).

Discussion

Splenocytes from mice immunized twice with CYP2J
peptide showed significantly high IFN-g production in vitro,
and it was enhanced further when CYP2J peptide was added
to the culture. These results indicate that CYP2J peptide is
immunogenic for naive immunocompetent mice and that
adequate immunization with CYP2J peptide can activate
the Th1 immune condition. CYP2Js antigenicity providing
Th1 might contribute to MIH-2 tumour rejection because
MIH-2 cells are susceptible to IFN-g and to the cytotoxic
activity of macrophages activated by IFN-g[18,23].

The CYP2Js are newly discovered CYP subfamily
enzymes that are involved in arachidonic acid metabolism;
however, little is known about the role of CYP2Js in immu-
nology. Ma et al. [20] have reported that because the turn-
over of CYP2J6 in tissue is extremely rapid, the mRNA of
only CYP2J6 can be detected with RT–PCR but that
CYP2J6 protein cannot be detected with immunoblot
analysis. In the present study, we could not detect CYP2J6
protein in MIH-2 cells or normal liver tissue with immu-
noblot analysis using a CYP2J6-specific anti-CYP2J6pep1
antibody, although these tissues expressed mRNA encoding
CYP2J6. It is possible that CYP2Js in normal tissue might

have an unusual turnover in vivo which prevents the
formation of naturally processed epitopes for immune
recognition. Normal hepatocytes under non-pathological
conditions would not release CYP2J to the outside of the
cells. However, if CYP2J-expressing tumour cells did release
CYP2J, it might be recognized as just a ‘non-self ’ antigen by
the immune system, because the immune system had never
encountered the antigenic CYP2J epitope because of its
rapid destruction. There is a concern that immunization
with CYP2J peptide might induce autoimmune hepatic
inflammation by activation of autoreactive T cells respon-
sive to hepatocytes. It was found that about 10% of the
vaccinated mice showed mild hepatic inflammation by his-
tological examination of the liver without elevation of
liver-derived enzymes such as alanine aminotransferase in
sera. This mild liver inflammation might be caused by the
action of IFN-g produced by the activated CD4+ T cells,
and antigen-specific activation of CD8+ CTLs would be
required for the generation of significant autoimmune liver
inflammation.

Considering that splenocytes from MIH-2-bearing mice
showed high IFN-g production, CYP2Js released from
MIH-2 tissue might stimulate host anti-tumour immunity
to produce IFN-g. MIH-2 tumours might not develop if
tumour cells undergo apoptosis through the direct action of
IFN-g or the cytotoxic activity of IFN-g-activated immune
cells. However, once tumour cells evade IFN-g-mediated
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Fig. 7. (a) Frequency of forkhead box P3 (FoxP3+) cells in splenic CD4+ T cells from MIH-2-bearing mice or non-tumour-bearing mice immunized

excessively with CYP2J peptide. Splenocytes were collected from each group of mice, and CD4+ T cells were obtained by magnetic sorting. The

frequency of FoxP3+ cells in CD4+ T cells was examined with flow cytometry. (i) Non-MIH-2-bearing mice treated with phosphate-buffered saline

(PBS); (ii) non-MIH-2-bearing mice immunized with CYP2J peptide 7 times; (iii) MIH-2-bearing mice treated with PBS; (iv) MIH-2-bearing mice

immunized seven times with CYP2J peptide. (b) Frequency of CD11b+Gr-1+ cells in splenocytes from MIH-2-bearing mice or non-MIH-2-bearing

mice immunized excessively with CYP2J peptide. Splenocytes were collected from each group of mice, stained with fluorescein isothiocyanate-

conjugated monoclonal antibodies (mAbs) to Gr-1 and with phycoerythrin-conjugated mAbs to CD11b, and analysed with two-colour

flow cytometry. (i) Non-MIH-2-bearing mice treated with PBS; (ii) non-MIH-2-bearing mice immunized seven times with CYP2J peptide;

(iii) MIH-2-bearing mice treated with PBS; (iv) MIH-2-bearing mice immunized seven times with CYP2J peptide.
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immune attack and continue to proliferate, the large tumour
burden would provide excess antigenic stimulation to the
host immune system, deleting CYP2J-specific T cells by
activation-induced cell death [24], accelerating tumour
growth. Using a preclinical mouse model, Sotomayor et al.
[25] have shown anergy of CD4+ TAA-specific T cells that
correlates with a lack of tumour rejection in vivo. Because
anti-tumor activity against MIH-2 tumours is mediated by
direct cytotoxicity of IFN-g or IFN-g-activated macrophages
[18,23], suppression of IFN-g production of CD4+ T cells
must favour the development of MIH-2 tumours.

The Tregs with immunosuppressive activity can be charac-
terized by cell-surface co-expression of CD4 and CD25 [26]
and by co-expression of FoxP3 [27]. Tregs are defined func-
tionally as T cells that inhibit immune response by dimin-
ishing the activity of other cell types through direct or
indirect modes of action [27–29]. Our present results suggest
strongly that an increase in Tregs is associated closely with
excessive antigenic stimulation with CYP2J. Tregs mediate
peripheral tolerance by suppressing self-antigen-reactive T
cells [5,30]. Because most TAAs are self-antigens, suppres-
sion of TAA-specific lymphocytes by Tregs has been proposed
as a mechanism for the failure of anti-tumour immunity
[31,32]. Immunization with autoantigens identified through
serological identification of antigens by recombinant
expression cloning (SEREX) has been reported to activate
CD4+CD25+ Tregs [33]. Furthermore, immunization with
SEREX-defined autoantigens suppressed anti-tumour
immunity and accelerated chemically induced tumour
development [34]. Accordingly, it seems likely that excessive
antigenic stimulation with some CD4+ T cell epitopes of
autoantigens, including TAAs, might induce immune toler-
ance or unresponsiveness preferentially.

Several studies have shown that the number of MSCs is
increased markedly in the peripheral blood of tumour-
bearing animals and of patients with cancer, whereas the
number of DCs is decreased [35]. Up-regulation of signal
transducer and activator of transcription-3 and secretion
of tumour-derived cytokines, such as VEGF, TGF-beta,
granulocyte–macrophage colony-stimulating factor, IL-10
and prostaglandin, have been shown to arrest differentiation
of APCs from their myeloid progenitors and trigger accumu-
lation of MSCs [36,37]. MSCs induce immunosuppression
through two enzymes involved in arginine metabolism:
inducible nitric oxide (NO) synthetase 2, which generates
NO, and arginase 1, which depletes L-arginine, generating
amino acid starvation for T cell activation [38]. Tumour-
associated MSCs have been reported recently to mediate the
development of tumour-induced Tregs and T cell anergy in
tumour-bearing hosts [39]. Tregs are differentiated by stimu-
lation with dysfunctional DCs or APCs that are generated in
a tumour microenvironment with abundant VEGF, IL-10
or TGF-beta [5,6]. Tumours convert DCs into TGF-beta-
expressing immature myeloid DCs that can promote Treg

proliferation [40].

Collectively, CYP2J isoforms expressed in HCC cells acti-
vate anti-tumour immunity with low or moderate antigenic
stimulation but suppress anti-tumour immunity with exces-
sive antigenic stimulation. Immune suppression provided by
over-stimulation with CYP2J antigenicity was associated
closely with induction of CD4+FoxP3+ Tregs and CD11b+Gr-1+

MSCs. Excessive immune stimulation with CYP2J derived
from HCC cells would suppress host anti-tumour immunity,
leading to further tumour development in advanced stages
of HCC.
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