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Figure 2.

{Control = IFN-u + Anti-PD1)

(a) Therapeutic inoculations with the combination of interferon (IFN}-a-transduced MC38 tumor cells and the anti-programmed cell

death-1 (PD-1) antibody suppress the in vivo growth of established MC38 tumors. Animals were inoculated with MC38-wild type (WT) in the
flank on day 0. Established MC38 cells were treated three times with MC38-IFNx alone, anti-PD-1 antibody alone or the combination in the
contralateral flank every third day starting 7 days after WT tumor injection. (b) CD4* and CD8* cells are responsible for antitumor effects
induced by combination of IFN-a and anti-PD-1. Mice were depleted of CD4™ T cells, CD8" T cells or asialo-GM1 ™ cells using specific
antibodies 3 days before the WT tumor inoculation. MC38-IFNa and anti-PD-1 antibody combination therapy was performed every third day
starting 7 days after WT tumor injection. Six mice were studied in each group. The resuits are reported as mean tumor area (mm?) +s.e.
Significance at the 95% confidence limits is indicated. This experiment was performed twice with similar results.

Table 2. Immunobhistologic analysis of CD8" T-cell infiltration in the
established wild-type tumors treated with MC38-IFN-ac and/or anti-PD-
1 antagonistic antibody

Number of positive cells

Treatment

CD4* celfs  CD8%cells CD11c* cells  Gr-1* cells
Control 36136 7.8%6.1 33+19 4.6 £9.0
Anti-PD-1 5841554 338+456 1.7+£1.8 08+1.2
IFN-at 118+64 1501102 05+1.2 0.8+04
IFN-o+anti-PD-1  60.0+44.8 33.2%7.1 55+58 25+35

Abbreviations: IFN, interferon; PD-1, programmed cell death-1.
Immunoreactive cells were counted in five microscopic fields (400 x )
without knowledge of the experimental group. Results are reported as
mean number of positive cells £ s.d.

did not see reductions in the size of all of the parental tumors.
Therefore, further improvements in the treatment are needed
before clinical application. In addition, we focused on PD-1, which
has been identified as a marker of exhausted T cells.’*™ As a
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blockade of PD-1 signaling has been shown to improve clinical
outcome and restore functional T-cell responses in cancers, 2~
we hypothesized that the PD-1 blockade had potential to enhance
the Th1 responses elicited by the IFN-o. gene-transduced tumor-
based vaccination therapy. In this study, we investigated the
antitumor effects and mechanisms of the combination of the
IFN-a-transduced tumor cell vaccine therapy and PD-1 blockade.

First, we examined the in vitro effects of the IFN-o-transduced
tumor cells and the anti-PD-1 antibody in a culture medium of
splenocytes. Both IFN-a and the blockade of PD-1 obviously
increased IFN-y production and suppressed IL-10 production, and
additive effects were observed with the combination of IFN-o and
anti-PD-1. These results suggest that IFN-o and anti-PD-1
promoted Thil-type antitumor immune responses, and the
responses were enhanced in cooperation with each other. From
these results of the in vitro additive antitumor effects, we tried to
treat tumor-bearing mice with the IFN-o and anti-PD-1 antibody,
and a significant suppression of the outgrowth of the established
tumors was observed only in the combination treatment
group. The IFN-a or anti-PD-1 single therapy groups showed
a weak, but not significant suppression of the established
tumors compared with the control group. Leukocyte depletion
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Figure 3. CD4* and CD8% cells markedly infiltrated into the es-

tablished wild-type (WT) tumors of mice inoculated with the com-
bination of MC38-interferon (IFN)-o cells and anti-programmed cell
death-1 (PD-1) antibody. B6 mice were injected subcutaneously
three times with MC38-IFNo cells and anti-PD-1-antibody either
alone or in combination into the contralateral flank of the estab-
lished WT tumor. Tumor tissues were harvested 4 days after ther-
apeutic inoculation and stained with anti-CD4 and anti-CD8
antibodies. Immunoreactive cells were observed using light micro-
scopy (400 x ).

experiments demonstrated that both CD4™ T cells and CD8* T
cells were essential to the tumor suppression induced by
combination therapy. In contrast, the depletion of NK cell did
not affect to the therapeutic effect in this model.

Immunohistologic analyses of the established tumors in the
mice that were treated with anti-PD-1 showed marked infiltration
of both CD4 ™ cells and CD8™ cells compared with controls and
the group treated with MC38-IFNu alone. These data support the
results of a previous study that showed that blockade of PD-1
signaling pathways reversed T-cell exhaustion and restored
antitumor immunity.®* Interestingly, the proliferation rate of
splenocytes did not differ significantly between the control group
and the anti-PD-1 treatment groups in the in vitro culture setting
{data not shown). The conditions and microenvironment of the
local tumor sites seemed to lead to this discrepancy between the
in vitro and in vivo results because immunohistochemical staining
confirmed that established MC38-WT tumors expressed abundant
PD-L1 molecules {(data not shown). However, we demonstrated
that biockade of PD-1 reduced the level of apoptosis in
lymphocytes on in vitro setting. These observations suggest that
the PD-1 blockade prevented the apoptosis of lymphocytes and
maintained the survival and infiltration of tumor-specific T cells in
the local tumor environment, which strongly expressed PD-L1
molecules.

Although the PD-1 blockade recruited lymphocytes to the
tumor sites, the therapeutic effects were not remarkable for the
treatment with anti-PD-1 alone. In order to assess this result, we
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Figure 4. The combination treatment with interferon (IFN)-o and
anti- programmed cell death-1 (PD-1) antibody induces potent tu-
mor-specific cytolysis. (a) Mice were initially inoculated with MC38-
IFNo cells and/or anti-PD-1 antibody on days 0, 7 and 14. Subse-
quently, MC38-immune mice received challenges of MC38-wild-type
(WT) cells on day 28. Splenocytes were harvested from these mice
on day 42 and then stimulated in vitro with MC38-IFNa cells and
syngeneic dendritic cells twice weekly. The cytolytic assay against
MC38, MCA205 or yeast artificial chromosome-1 (YAC-1) cells
was performed 7 days after the last stimulation. Results are
reported as mean percent cytotoxicity + s.d. This experiment was
performed twice with similar results. (b) The cytolytic assay against
MC38 was performed on an effector to target ratio of 20. ET, effector
to target.

tried to induce tumor-specific CTLs from the splenocytes of IFN-o
or anti-PD-1-treated mice and then perform cytolytic assays. A
high specificity for MC38 was observed when treatment was
performed with IFN-o, whereas only nonspecific cytolysis was
detected with the anti-PD-1 treatment. Furthermore, specific
cytolysis against MC38 was observed more potently with the
combined IFN-o and anti-PD-1 treatment group compared with
the IFN-o single treatment group. These observations suggest that
IFN-o elicited tumor-specific CTLs, whereas the blockade of PD-1
mainly maintained the specific response induced by IFN-,
preventing CTLs from apoptosis. Thus, the combined therapy is
considered to be reasonable because both IFN-« and the blockade
of PD-1 revealed antitumor effects by different mechanisms. Also
recent study show similar results and support our study that
blockade of PD-1 can enhance the immune response stimulated
by cytokine therapy in murine colon cancer model.?”

The clinical use of this kind of tumor-based gene therapy may
be fimited because of the need to transduce genes in patients’
tumor cells. IFN-o gene-transduced cells were used in this study,
although the establishment of transduced cells, which produce a
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high amount of IFN-o, would be difficult in the clinical setting.
Administering recombinant IFN-o repetitively seems to be simple,
but there was no therapeutic effect observed in our past study
(data not published). in order to facilitate this, the method of
cytokine gene delivery will need to be modified. In addition, it is
not established whether anti-PD-1 therapy is effective against the
tumors, which are negative for the expression of PD-L1. In order to
resolve these problems, we are now planning to use other tumor
cell lines and reevaluate the antitumor effects of the PD-1
blockade on the established tumors.

In conclusion, our findings suggest that the combination of
IFN-oc immunotherapy and PD-1 blockade therapy has potential
for inducing potent immune responses and that this might
be considered as a possible candidate for clinical trials of cancer
vaccines, although further investigations are required.
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Interleukin-4 and CpG oligonucleotide therapy suppresses
the outgrowth of tumors by activating tumor-specific
Thl-type immune responses
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Abstract. Because IL-4 and CpG oligodeoxynucleotides
(CpG-ODNs) are immune stimulants, we evaluated the anti-
tumor effects of IL-4 gene therapy and CpG-ODN treatment
in a poorly immunogenic murine cancer model. We used
a murine colorectal cancer MC38 cell line overexpressing
- the IL-4 gene (MC38-IL4). Incubation with MC38-1L4 and
CpG-ODN enhanced bone marrow-derived dendritic cell
(DC) maturation in vitro. In addition, interferon (IFN)-y
production was significantly increased in naive splenocytes
after they were coincubated with MC38-IL4 and CpG-ODN.
When mice bearing MC38 wild-type tumors were inoculated
subcutaneously with MC38-IL4 cells and CpG-ODN, the
outgrowth of established parental tumors was sigunificantly
suppressed compared to those in the MC38-IL4-treated group
(IL-4 vs. IL-4 + CpG-ODN, P=0.015). A marked infiltration
of CD8* cells in the established parental tumors of mice
treated with MC38-IL4 and CpG-ODN was confirmed by
immunohistochemical analyses (MC38-11.4,2.8+1.9 cells/field
vs. MC38-1L4 + CpG-ODN, 20.7+15.3 cells/field, P=0.027).
Significant tumor-specific cytolysis was detected when spleno-
cytes of MC38-IL4 + CpG-ODN-treated mice were stimulated
by y-irradiated MC38-IL4 cells and CpG-ODN twice weekly
in vitro and used as effector cells in a chromium-release assay
(32.2+3.5% for MC38 cells vs. 3.2+1.1% for YAC-1 cells; at an
effector to target ratio of 40). These results suggest that IL-4
and CpG-ODN treatment promotes potent Thl-type antitumor
immune responses. Therefore, the combination of IL-4 gene
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therapy and CpG-ODN treatment for cancer should be evalu-
ated in clinical trials.

Introduction

Several original treatments of cancer have been developed in
the last decade. Many anticancer drugs, including molecule-
targeted drugs, have been applied clinically: Although some
of these drugs have dramatically changed the prognoses
of a number of diseases, several harmful side effects were
observed. Because cancer immunotherapy is thought to
induce few adverse events compared to other therapies, such
as chemotherapy and radiation, the establishment of novel
treatments that elicit potent immune responses against cancer
has been anticipated. Indeed, many clinical trials of such
treatments have been conducted. However, most of them have
shown only minimal effects, and immunotherapy has not yet
been applied as a conventional clinical treatment for cancer.
Moreover, patients with advanced cancer exhibit impaired
immune responses. Therefore, new strategies are needed to
induce more potent antitumor immunities.

We have previously reported the antitumor effects and
mechanisms of cell-based immunotherapies that were
combined with treatments with cytokines, such as interferon
(IFN)-a (1-3), IL-4 (4) and IL-12 (1). The administration of
each cytokine gene-transduced tumor cells appears to induce
potent cellular immune responses. However, the antitumor
immune response mechanisms that were induced by these
cytokine therapies differ from each other. In particular, we
reported that IL-4 treatment resulted in unique and interesting
biological effects.

IL-4, which is a type-2 response inducer (5,6), plays
a major role in both B-cell and T-cell development in the
immune system (7). In addition, it causes a class switch of
B cells, upregulates MHC class I and adhesion molecules,
and prevents the apoptosis of T cells (8). With respect to the
antitumor effects, IL-4 has a direct inhibitory effect on tumor
cell growth in vivo and in vitro (9,10) and an antiangiogenic
effect (11). It has been reported that IL-4 activates endothelia
in the tumor microenvironment, which results in an increased
infiltration of immune cells (12). Other reports have suggested
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that eosinophils and neutrophils are responsible for the anti-
tumor effects induced by IL-4 (13-15). In addition, a recent
study demonstrated that local IL-4 delivery at the site of
vaccination activates local dendritic cells (DCs), which play a
critical role in the initiation, promotion, and regulation of host
immune responses and promote type-1 T-helper (Thl) cell
responses (16). In that investigation, IL-4 appeared to support
DC maturation and enhance IL-12p70 secretion from DCs.
Because these findings support the therapeutic effects of IL-4
on tumors, IL-4 has been applied in the clinical treatment of
tumors (17,18).

The potent immunomodulator CpG is present at the
expected frequency of about 1 in 16 bases in bacterial DNA,
but it is hardly observed in vertebrate DNA. It has been
reported that DNA vaccines and synthetic oligodeoxynucleo-
tides (ODN) containing an unmethylated CpG motif promote
Thl-type immune responses. CpG stimulates DCs through the
toll-like receptor 9 and enhances DC maturation, which may
improve therapeutic effects on established tumors. Recently,
we reported the synergistic effects of the combination of
CpG-ODN and IFN-a on DC maturation (19). Furthermore,
DC-based therapy with CpG-ODN and IFN-a exhibited
potent antitumor effects by inducing tumor-specific cytotoxic
T-lymphocyte (CTL) responses (3).

Although we have previously demonstrated that IL-4
promotes a Thl-type antitumor immune response, evidence of
the induction of a more potent immune response that dimin-
ishes established tumors in vivo is required before justification
of a clinical trial. In the present study, we anticipated that the
combination of IL-4 gene therapy and CpG-ODN would have
additive effects on tumors. Thus, we investigated the anti-
tumor effects of the combination therapy and the underlying
mechanisms of these effects in order to determine whether the
combined therapy would be appropriated in a clinical trial.

Materials and methods

Mice. Female C57BL/6 (B6) mice that were 6-8 weeks old
were purchased from Sankyo Lab Service (Tokyo, Japan) for
use in experiments when they were 8-12 weeks old. Mice were
maintained in an animal care facility at Showa University.
This study was approved by the Ethics Committee for Animal
Experiments of Showa University (permission #2011-1111).

Cell lines, culture medium and reagents. The MC38 murine
colorectal adenocarcinoma cell line (B6 mouse origin) and the
YAC-1 lymphoma cell line were maintained in RPMI-1640
medium that was supplemented with 10% heat-inactivated
fetal calf serum, 2 mM L-glutamine, 100 IU/m! penicillin,
and 100 ug/ml streptomycin (complete medium; CM) in a
humidified incubator with 5% CO, in air at 37°C. All cell
culture reagents were purchased from Life Technologies Corp.
(Gaithersburg, MD). CpG-ODN-1826 and non-CpG-ODN-1911
(used as control ODN) were synthesized by Sigma-Aldrich
Japan (Tokyo, Japan). We confirmed that non-CpG-ODN-1911
did not affect DC maturation or have antitumor activity (19).

Genetically modified tumor cell lings. The MC38 tumor cells
that were transduced using retroviral vectors according to
standard protocols, as previously described (20), were selected

for antibiotic resistance in CM containing 0.5 mg/ml G418
(Sigma-Aldrich Corp., St. Louis, MO). We have established
a IL-4-overexpressing MC38 cell line (MC38-IL4), which
produces a large amount of IL-4 (359.9+108.2 ng/108 cells/48 h)
4). A neomycin-resistant gene-transduced MC38 (MC38-Neo)
cell line was used as a control (21). The growth rate of the
MC38-IL4 cells did not differ from those of MC38-wild-type
(WT) or MC38-Neo cells in vitro.

Phenotypic changes of DCs after coincubation with IL-4-
overexpressing tumor cells and CpG-ODN. In order to observe
the immunogenic effects of IL-4 and CpG-ODN on DC matu-
ration, flow cytometry was performed using FACSCalibur
(Nippon Becton-Dickinson Co., Ltd., Tokyo, Japan). Bone
marrow-derived DCs were generated, as previously reported
(2). We incubated the DCs (5x106-6x10°¢ cells/flask) with
either MC38-IL4 or MC38-Neo cells (1x10° cells) that were
100 Gy-irradiated in combination with 6 ug/ml of either
CpG-ODN-1826 or non-CpG-ODN-1911 in vitro. After a 24-h
incubation, cells were harvested and stained with fluorescein
isothiocyanate (FITC)-conjugated monoclonal antibodies.
The monoclonal antibodies used in this assay were FITC-
conjugated anti-H-2Kb, I-Ab, CD80, and CD86 antibodies
(obtained from Nippon Becton-Dickinson). The results were
shown as ratios of the mean fluorescent intensity (MFI) of the
DCs that were incubated with each monoclonal antibody to
the MFI of DCs incubated with the FITC-conjugated control
IgG antibody.

IFN-y and IL-10 production in naive splenocytes coinoculated
with IL-4-overexpressing tumor cells and CpG-ODN in vitro.
In order to assess the effects of IL-4 and CpG-ODN on immune
balance, we performed an enzyme-linked immunosorbent
assay (ELISA) of the representative Thl-type cytokine, IFN-y
and the representative Th2-type cytokine, IL-10. Splenocytes
(1x10% cells/ml) from naive mice were stimulated with either
MC38-IL4 or MC38-Neo cells (1x10° cells/ml) either alone or
in combination with 6 ug/ml of CpG-ODN-1826 or non-CpG-
ODN-1911 in vitro. After a 24-h incubation, we measured
the concentrations of IFN-y and IL-10 in the supernatant of
each culture with ELISA using a commercially available kit,
according to the manufacturer's instructions (mouse IFN-y
ELISA and mouse IL-10 ELISA, Thermo Fisher Scientific,
Inc., Rockford, IL). This experiment was repeated twice.

Combination therapy of IL-4-overexpressing tumors with
CpG-ODN in therapeutic models. In order to evaluate
the in vivo therapeutic effects of the combination of IL-4-
overexpressing tumor cells and CpG-ODN on established
tumors, we measured the size of established MC38-WT
tumors in mice before and after treatment, as previously
described (21). In brief, B6 mice were first injected s.c. with
3x10° MC38-WT cells in the right flank. Seven, 9, and 11 days
after the WT inoculation, 3x10° MC38-Neo or MC38-114 cells
were inoculated s.c. with 30 pg/mouse of either CpG-ODN-
1826 or non-CpG-ODN-1911 around the established parental
tumors, which had reached 4-20 mm? in size. Otherwise,
tumor-bearing B6 mice (5x10° MC38-WT cells/mouse) were
inoculated 5x10° MC38-Neo or MC38-1L4 cells were inocu-
lated s.c. with either CpG-ODN-1826 or ODN-1911 in the same
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Figure 1. Coincubation with interleukin (IL)-4 and CpG-oligodeoxynucleotides (ODN) induces DC maturation in vitro. We incubated bone marrow-derived
DCs with irradiated IL-4-overexpressing or control gene (Neo)-transduced MC38 cells either alone or in combination with CpG-ODN-1826 or non-CpG-
ODN-1911 in vitro. Seven groups were compared: i) DC only, ii) DC + non-CpG, iii) DC + CpG, iv) DC + non-CpG + MC38-Neo, v) DC + non-CpG +
MC38-1LA4, vi) DC + CpG + MC38-Neo, and vii) DC + CpG + MC38-IL4. After a 24-h incubation, cells were stained with fluorescein isothiocyanate (FITC)-
conjugated anti-H-2K", I-A®, CD80, and CD86 monoclonal antibodies. The results are shown as ratios of mean fluorescent intensity (MFI) of the incubated

DCs to the MFI of FITC-conjugated control 1gG of each group.

Jnanner. Tumor size was measured twice a week using vernier

" calipers. Each experiment involved 4-6 mice per group. Mice

with ulcerated tumors or tumors >20 mm in diameter were
sacrificed. Experiments with the therapeutic model were
performed twice.

Immunohistological analysis. For leukocyte detection in tumor
tissues, B6 mice were injected s.c. with 3x10° MC38-Neo or
-IL4 cells with or without 30 ug/mouse of CpG-ODN-1826
in the area surrounding the established wild-type tumor 7
days after inoculation with 3x10° MC38-WT cells. Tumor
tissues, which were harvested 3 days after inoculation with
the genetically modified tumor. Serial 5-um sections were
exposed to anti-Gr-1, anti-CDl1lc, anti-CD4, and anti-CD8a
antibodies (Nippon Becton-Dickinson). Rat IgG2a was used
as a control antibody. Immunostaining was completed with a
Vectastain ABC kit (Vector Laboratories, Inc., Burlingame,
CA). Immunoreactive cells were counted in 6 fields in a light
microscope (magnification, x400) in a blinded fashion.

Induction of tumor-specific CTL. We assessed the tumor-
specific cytolytic activity of immune mice. Mice were initially
immunized with MC38-IL4 cells in combination with 30 ug
of either CpG-ODN-1826 or non-CpG-ODN-1911 on Day O,
and they were then inoculated with 3x10° MC38-WT cells
on Day 7. Subsequently, MC38-immune mice received a
challenge of 1x10% MC38-WT cells on Day 28. Splenocytes
(3x10° cells/ml) were harvested from these mice on Day 42,
and they were then stimulated in vitro with irradiated (100 Gy)
MC38-IL4 tumor cells (3x10° cells/ml) and 6 pg/ml of non-
CpG-ODN-1911 (IL-4 group) or IL4 cells in combination with
6 ug/ml of CpG-ODN-1826 (IL-4 + CpG group). Seven days
later, responder cells (1x10° cells/ml) were restimulated with

irradiated-IL4 tumor cells either alone (IL-4 group) or in
combination with 6 gg/ml of CpG-ODN-1826 (IL-4 + CpG
group) that was supplemented with irradiated syngeneic naive
splenocytes (30 Gy, 1x10° cells/ml) as well as 50 IU/ml recom-
binant mouse IL-2 (Nippon Becton-Dickinson). Cytolytic
assays were performed 6 days after the last stimulation using
the responder cells as effector cells. Naive splenocytes that
were stimulated twice in vifro with irradiated-1L4 tumor
cells and CpG-ODN as described above were used as control
effector cells.

Cytolytic assays. Cytolytic assays were performed as previ-
ously described (22). Tumor-stimulated effector cells were
assessed for cytolytic activity against MC38-WT and YAC-1
cells, which are sensitive to non-specific killing, in triplicate in
4-h 3'Cr-release assays. The percentage of lysis was determined
using the following formula: (release in assay - spontaneous
release) x 100/(maximum release - spontaneous release).
Maximum release was determined by the lysis of labeled target
cells with 1% Triton X-100. Spontaneous release, which was
measured by incubating target cells in the absence of effector
cells, was <10% of maximum release.

Statistical analyses. Significance was assessed by Student's
t-tests. Differences between groups were considered signifi-
cant when the P-value was <0.05.

Results

Maturation of DCs was induced by coincubation with IL-4-
overexpressing tumor cells and CpG-ODN. We investigated
the effects of IL-4 and CpG-ODN on DC maturation by flow
cytometry. While the coincubation of DCs with MC38-IL4
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Significance at 95% confidence limits is indicated.

enhanced the expression of MHC class I, class II, and costimu-
latory molecules, only minimal phenotypic changes in DCs
were detected after coincubation with CpG-ODN. When we
compared DCs that were incubated with IL-4-overexpressing
MC38 cells and CpG-ODN-1826 (DC + CpG + IL-4) with the
other groups, the expression of H-2K", I-A?, CD80, and CD86
molecules on the DCs was clearly upregulated (Fig. 1). These
results suggest that IL-4 and CpG-ODN have synergistic
effects on DC maturation.

The combination of IL-4-overexpressing MC38 cells and
CpG-ODN promotes the production of Thl-type cytokines
by naive splenocytes in vitro. Since the combination of IL-4
and CpG-ODN enhanced DC maturation, we observed their
effects on naive splenocytes. ELISAs confirmed that naive
splenocytes produced high amounts of IFN-y after a 24-h
coincubation with MC38-I1L4 and CpG-ODN-1826 (Fig. 2A),
whereas IFN-y production could not be detected after coin-
cubation with either IL-4 or CpG-ODN alone. While IL-10
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production was clearly detected when naive splenocytes
were incubated with CpG-ODN (Fig. 2B), coincubation with
MC38-IL4 suppressed the production of IL-10. These results
suggest that the combination of IL-4 and CpG-ODN promoted
Thl-type immune responses.

Therapeutic inoculation of IL-4-overexpressing MC38
cells and CpG-ODN reduces the outgrowth of established
tumors in vivo. Next, we observed whether CpG-ODN had
additive antitumor effects on the effects of IL-4 on estab-
lished tumors in vivo. We treated tumor-bearing mice with
MC38-IL4 and CpG-ODN-1826 and compared the parental
tumor size. As shown in Fig. 3A, the combination therapy
of MC38-IL4 (3x10° cells/mouse) and CpG-ODN (30 pg/
mouse) significantly reduced the outgrowth of the parental
tumors (IL-4 vs. IL-4 + CpG, P=0.048) whereas treatment
with MC38-Neo + CpG and MC38-IL4 + non-CpG did not
show any antitumor effects. Furthermore, the combination
of increased cell number of MC38-IL4 (5x10° cells/mouse)
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Figure 4. CD8" cells significantly infiltrate the established wild-type (WT) tumors of mice treated with MC38-IL4 and CpG-ODN. B6 mice were injected with
either MC38-Neo or MC38-1L4 cells with or without CpG-ODN-1826 in the area surrounding the established WT tumor 7 days after inoculation of MC38-WT
cells. Tumor tissues were harvested 3 days after inoculation of the genetically modified tumor and immediately embedded in optimal cutting temperature
compound and frozen for sectioning. Serial 5-pm sections were exposed to anti-Gr-1, anti-CD11c, anti-CD4, or anti-CD8a antibodies. Rat IgG2a was used as a
control antibody. Immunostaining was completed with a Vectastain ABC kit. Immunoreactive cells were counted in 6 fields in a light microscope (magnifica-
tion, x400) in a blinded fashion. Results are shown as mean numbers of positive cells/field = SD.

and CpG-ODN (30 pug/mouse) was more effective against the
established tumors (Fig. 3B; IL-4 vs. IL-4 + CpG, P=0.015)
while treatment with MC38-IL4 (5x10° cells/mouse) only
also revealed antitumor activity. Therefore, the combination
therapy of IL-4 and CpG-ODN has an additive antitumor
effect in vivo.

Treatment of IL-4-overexpressing MC38 cells with the combi-
nation of CpG-ODN induces the infiltration of CD8-positive
cells in established wild-type tumors. We analyzed the
mechanisms of the antitumor effects that were induced by
the inoculation of MC38-IL4 cells with CpG-ODN-1826. As
shown in Fig. 4, WT tumors of mice treated with MC38-1L4
showed significant infiltration with Gr-1* cells, as previously
reported (4). More CD4* cells infiltrated tumors in mice
treated with MC38-IL4 alone, as well as with MC38-IL4
and CpG-ODN, compared with those in mice treated with
MC38-Neo (P=0.039 and P=0.026, respectively). While only a
few CD8* cells could be detected in the tumors of mice treated
with MC38-IL4 alone, a marked infiltration of CD&* cells
was observed in the tumors of mice treated with MC38-IL4

and CpG-ODN (Fig. 4; MC38-1L4 alone: 2.8+1.9 cells/field

vs. MC38-1L4 + CpG-ODN, 20.7+15.3 cells/field, P=0.027).
CDl1c* cells were rarely seen in any of the groups. These
results suggest that the initial antitumor effects induced by
MC38-IL4 and CpG-ODN may be dependent on CD8* and
CD4* cells.

Potent tumor-specific cytolysis is detected when splenocytes
of MC38-immune mice are stimulated by the combination of
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Figure 5. Stimulation with MC38-IL4 and CpG-ODN induces potent tumor-
specific cytolysis. Immune mice received injections of both MC38-1L4
cells and control-ODN-1911 (IL-4) or MC38-I1.4 cells in combination with
CpG-ODN-1826 (IL4 + CpG) on Day 0 and MC38-WT cells on Days 7 and
28. Splenocytes from immunized mice were harvested on Day 42 and stimu-
lated in vitro with irradiated MC38-1L4 tumor cells either alone (IL-4) or in
combination with CpG-ODN-1826 (IL.4 + CpG). Seven days later, responder
cells were restimulated with irradiated-IL4 tumor cells either alone (IL-4)
or in combination with CpG-ODN-1826 (IL4 + CpG) and supplemented
with irradiated syngeneic naive splenocytes as well as recombinant mouse
IL-2. Naive splenocytes that were stimulated with irradiated-IL4 tumor cells
and CpG-ODN as described above were also used as control effector cells
(Control). A cytolytic assay (4h->'Cr-release assay) against MC38 or YAC-1
cells was performed 6 days after the second stimulation. Results are reported
as mean % cytotoxicity + SD. E:T, effector to target.

IL-4-overexpressing tumor cells and CpG-ODN. Because the
combination of IL-4 and CpG-ODN seemed to induce potent
Thi-type immune responses, we tried to detect the generation
of tumor-specific CTL in mice immunized with IL-4 and
CpG-ODN. As shown in Fig. 5, effector cells that were stimu-
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lated with IL-4 and CpG-ODN revealed marked cytolysis
that was specific for MC38-WT cells (32.2+3.5% for MC38
vs. 3.2+1.1% for YAC-1; at effector to target ratio, E:T=40).
Although tumor-specific cytolysis was also detected when the
splenocytes of immunized mice that had been inoculated with
MC38-I14 cells and non-CpG-ODN-1911 in vivo were stimu-
lated with MIC38-IL4 cells in vitro, the specific lysis was lower
compared to that of the splenocytes of mice treated with 11.-4
and CpG-ODN (15.8+2.1% for MC38 vs. 0.3+0.3% for YAC-1;
ET=40, P=0.002 when compared with IL4 + CpG for lysis of
MC38). Naive splenocytes stimulated with IL-4 + CpG-ODN
did not show any MC38-specific killing (Fig. 5). The results
suggested that immunization with IL-4 and CpG-ODN effec-
tively induce tumor-specific immune response in vivo.

Discussion

In this study, we observed that the combination of 1L-4 and
CpG-ODN enhanced the expression of MHC and costimulatory
molecules on the surface of DCs. In addition, the combination
promoted IFN-y production and suppressed IL-10 production
in naive splenocytes in vitro, which strongly suggested that
the combination of IL-4 and CpG-ODN contributed to T-cell
differentiation towards a Thl-type immune response. The
combined therapy of IL-4 and CpG effectively suppressed the
outgrowth of parental tumors in vivo compared to IL-4 mono-
therapy. The results of both the immunohistochemical and
the tumor-specific cytolysis analyses suggested that Thl-type
immune responses were strongly induced in mice treated with
IL-4 and CpG-ODN.

IL-4, which is a representative Th2-type cytokine, is
produced by Th2-type cells. The Th2-type response is thought
to suppress the generation of Thl cells (23), which are usually
involved in antitumor immunity. However, it has been reported
that IL.-4 shows multiple suppressive effects on tumors, and our
previous investigation showed that IL-4 gene transduction in
MC38 cells did not affect in vitro tumor growth, while tumors
were not seen in most mice injected with IL-4-overexpressing
MC38 cells. This observation implies that IL-4 does not
injure MC38 cells directly but reduces their tumorigenicity
by inducing host immune responses. Our previous study and
other investigations have suggested that IL-4 recruits and
activates granulocytes in the microenvironment of parental
tumors in order to attack and kill the tumor cells during the
primary response. However, how IL-4 recruits or stimulates
granulocytes in the tumor microenvironment remains unclear
(4,24). Thus, IL-4 induces tumor-specific cellular immune
responses, which contribute to long-lasting immunity against
the parental tumors.

For further improvement of the antitumor effects of IL-4-
based immune therapy, we performed combination therapy,
which consisted of IL-4 with CpG-ODN, and this combination
has been reported as a potent inducer of immune responses. As
previously reported, treatment with CpG-ODN alone did not
reduce tumor outgrowth (3). Although CpG-ODN is thought
to promote the induction of Thi-type cytokines, CpG-ODN
promoted IL-10 production by naive splenocytes in our
system. Reports show that CpG induces Th2-type cytokines in
certain conditions support our observation (25,26). MC38-1L4
did not promote IL-10 production, whereas exogenous IL-4

might. We speculate that irradiated tumor cells modified the
immune circumstances in the culture. In any case, we suggest
that the balance of Th1/Th2 cytokine production is critical
to the induction of potent immune responses in the early
stages of tumor development and that the great suppression of
outgrowth of the parental tumors that was seen in this study
occurred because the combination of IL-4 and CpG enhanced
IFN-y production and suppressed IL-10 production. Further
investigation is required in order to clarify the mechanisms
by which IL-4 reduces the IL-10 production that is induced
by CpG.

However, opposite effects of IL-4 on tumors have also been
reported. IL-4 itself may affect tumor growth, especially on
those that have abundant 11.-4 receptors. The levels of expres-
sion of the IL-4 receptor correlated with the tumorigenic
potential in a murine model (27). Several tumors appeared to
be resistant to apoptosis, which is induced by chemotherapeutic
agents or CD95 ligation, in an IL-4-dependent manner. IL-4
seemed to modify the immunological functions of effector
cells. The cultivation of naive CD8" T cells in the presence of
IL-4 resulted in poor cytolytic function in the cells by reducing
the levels of perforin and granzymes (27,28). Whether an
immune response is predominantly Thl or Th2 may depend
on a number of other factors, such as mouse strain, kind of
tumor, amount of tumor antigen, and the amount of cytokine
(29,30).

It has been reported that the combination of CpG, IL-4,
and CD40 ligand effectively induce CTLS by enhancing the
expression of immunogenic molecules on B-cell precursor
acute lymphoblastic leukemia cells (31). Although MHC class I
molecules were slightly upregulated by IL-4 transduction in
MC38 cells, changes in other molecules, such as costimula-
tory and MHC class IT molecules, could not be detected in
our system (unpublished data). It was thought that I1-4 and
CpG-ODN resulted in antitumor effects by inducing Thi-type
immune responses, especially that of tumor-specific CTLs,
rather than by modulating the immunogenic molecules in the
tumor cells. The mechanism by which cytokines and immuno-
modulators exhibit antitumor effects may also depend on the
models used in the experiments.

In order to perform tumor-based gene therapy, there
are a number of issues, such as dose determination, site of
therapeutic injection, and therapeutic interval, that need to be
determined, but the most critical issue is the establishment of
the patient's cytokine gene-transduced tumor cells. The devel-
opment of a new technique that transduces a targeted gene to a
patient's cells may be required.

Finally, we found in this study that combination therapy
with IL-4 and CpG-ODN had potent antitumor effects on
established tumors through the induction of potent Thl-type
immune responses in the hosts. Thus, this combination therapy
may be a candidate for clinical cancer therapy, but further
investigation is needed before clinical trials.
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Discrete Nature of EpCAM™ and CD90™ Cancer Stem
Cells in Human Hepatocellular Carcinoma

Taro Yamashita,' Masao Honda,' Yasunari Nakamoto,' Masayo Baba,' Kouki Nio,' Yasumasa Hara,'
Sha Sha Zeng," Takehiro Hayashi,' Mitsumasa Kondo," Hajime Takatori," Tatsuya Yamashita,"
Eishiro Mizukoshi,' Hiroko Ikeda,' Yoh Zen,! Hiroyuki Takamura,' Xin Wei Wang,” and Shuichi Kaneko'

Recent evidence suggests that hepatocellular carcinoma (HCC) is organized by a subset of
cells with stem cell features (cancer stem cells; CSCs). CSCs are considered a pivotal target
for the eradication of cancer, and liver CSCs have been identified by the use of various
stem cell markers. However, little information is known about the expression patterns and
characteristics of marker-positive CSCs, hampering the development of personalized CSC-
targeted therapy. Here, we show that CSC markers EpCAM and CD90 are independently
expressed in liver cancer. In primary HCC, EPCAM+ and CD90" cells resided distinc-
tively, and gene-expression analysis of sorted cells suggested that EpCAM™ cells had fea-
tures of epithelial cells, whereas CD90" cells had those of vascular endothelial cells.
Clinicopathological analysis indicated that the presence of EpCAM™ cells was associated
with poorly differentiated morphology and high serum alpha-fetoprotein (AFP), whereas
the presence of CD90™ cells was associated with a high incidence of distant organ metasta-
sis. Serial xenotransplantation of EpCAM™*/CD90* cells from primary HCCs in immune-
deficient mice revealed rapid growth of EpCAM™ cells in the subcutaneous lesion and a
highly metastatic capacity of CD90" cells in the lung. In cell lines, CD90™ cells showed
abundant expression of ¢-Kit and iz vitro chemosensitivity to imatinib mesylate. Further-
more, CD90™ cells enhanced the motility of EpCAM™ cells when cocultured iz vitro
through the activation of transforming growth factor beta (TGF-f) signaling, whereas
imatinib mesylate suppressed TGFBI expression in CD90™ cells as well as CD90™
cell-induced motility of EpCAM™ cells. Conclusion: Our data suggest the discrete nature
and potential interaction of EpCAM* and CD90" CSCs with specific gene-expression
patterns and chemosensitivity to molecular targeted therapy. The presence of distinct
CSCs may determine the clinical outcome of HCC. (HeraToLoGy 2012;00:000-000)

he cancer stem cell (CSC) hypothesis, which
suggests that a subset of cells bearing stem-
cell-like features is indispensable for tumor
development, has recently been put forward
subsequent to advances in molecular and stem cell

noma (HCC), is a leading cause of cancer death
worldwide.! Recent studies have shown the existence
of CSCs in liver cancer cell lines and primary HCC
specimens using various stem cell markers.”” Inde-
pendently, we have identified novel HCC subtypes

biology. Liver cancer, including hepatocellular carci- defined by the hepatic stem/progenitor cell markers,
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epithelial cell adhesion molecule (EpCAM) and alpha-
fetoprotein (AFP), which correlate with distinct gene-
expression signatures and prognosis.>® EpCAM™
HCC cells isolated from primary HCC and cell lines
show CSC features, including tumorigenicity, invasive-
ness, and resistance to fluorouracil (5-FU).'° Similarly,
other groups have shown that CD133", CD90", and
CD13% HCC cells are also CSCs, and that EpCAM,
CD90, and CD133 are the only markers confirmed to
enrich CSCs from primary HCCs thus far.”>'°
Although EpCAM™, CD90%, and CD133% cells
show CSC features, such as high tumorigenicity, an
invasive nature, and resistance to chemo- and radiation
therapy, it remains unclear whether these cells repre-
sent an identical HCC population and whether they
share similar or distinct characteristics. In this study,
we used fluorescent-activated cell sorting (FACS),
microarray, and immunohistochemistry (IHC) techni-
ques to investigate the expression patterns of the repre-
sentative liver CSC markers CD133, CD90, and
EpCAM in a total of 340 HCC cases and 7 cases of
mesenchymal liver tumors. We further explored gene-
and protein-expression patterns as well as tumorigenic
capacity of sorted cells isolated from 15 primary
HCCs and 7 liver cancer cell lines in an attempt to
identify the molecular portraits of each cell type.

Materials and Methods

Clinical Specimens. HCC samples were obtained
with informed consent from patients who had under-
gone radical resection at the Liver Center in Kanazawa
University Hospital (Kanazawa, Japan), and tissue
acquisition procedures were approved by the ethics
committee of Kanazawa University. A total of 102
formalin-fixed and paraffin-embedded HCC samples,
obtained from 2001 to 2007, were used for IHC analy-
ses. Fifteen fresh HCC samples were obtained between
2008 and 2012 from surgically resected specimens and
an autopsy specimen and were used immediately to
prepare single-cell suspensions and xenotransplantation
(Table 1). Seven hepatic swomal tumors (three
cavernous hemangioma, two hemangioendothelioma,
and two angiomyolipoma) were formalin fixed and
paraffin embedded and used for IHC analyses.

HEPATOLOGY, Month 2012

Table 1. Clinicopathological Characteristics of HCC Cases
Used for Xenotransplantation

Age/ Tumor Histological AFP bpcp

1) Sex Etiology Size {cm) Grade (ng/mL) (lu/mL)
P1 77/M  Alcohol 12.0 Moderate 198 322
P2 61/F NBNC 11.0 Moderate 12 3,291
P3 66/M NBNC 22 Moderate 13 45
P4 65/M HCV 42 Poor 13,700 25877
P5 52/M HBV 6.0 Moderate 29,830 1,177
P8 60/M HCV 2.7 Poor 249 185
P7 79/F HBV 4.0 Poor 46,410 384
P8 T7/F NBNC 5.5 Moderate 17,590 562
P9 71/M  Alcohol 7.0 Poor 3,814 607
P10 51/M HBY 22 Well <10 21
P11 71/M  Alcohol 2.1 Well <10 11
P12 60/M HBV 10.8 Poor 323 2,359
P13 66/M HCV 2.8 Moderate 11 29
P14 7i/M HCV 7.2 Moderate 235,700 375,080
P15 75/M HBV 5.5 Poor <10 97

Abbreviation: DCP, des-gamma-carboxy prothrombin.

Additional details of experimental procedures are
available in the Supporting Information.

Results

EpCAM, CDI33, and CD90 Expression in
HCC. We first evaluated the frequencies of three rep-
resentative CSC markers (EpCAM™, CD90*, and
CD133™ cells) in 12 fresh primary HCC cases surgi-
cally resected by FACS (representative data shown in
Fig. 1A). Clinicopathological characteristics of primary
HCC cases are shown in Table 1. We noted that
frequency of EpCAM™, CD90%, and CD133% cells
varied between individuals. Abundant CD90" (7.0%),
but almost no EpCAM™, cells (0.06%, comparable to
the isotype control) were detected in P2, whereas few
CD90" (0.6%), but abundant EpCAM™, cells
(17.5%) were detected in P4. Very small populations
of EpCAM™ (0.09%), CD90™ (0.04%), and CD133*
cells (0.05%) were found in P12, but they were almost
nonexistent in P8, except for CD90™ cells (0.08%)
(Fig. 1A). We further evaluated the expression of
EpCAM, CD90, and CD133 in xenografts obtained
from surgically resected samples (P13 and P15) and an
autopsy sample (P14). As a whole, compared to the
isotype control, 7 of 15 HCCs contained definite
EpCAM™ cells (46.7%), whereas only 3 HCCs

Address reprint requests to: Taro Yamashita, M.D., Ph.D., Department of General Medicine, Kanazawa University Hospital, 13-1 Takara-Machi, Kanazawa,
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Fig. 1. Gene-expression profiles of CSC marker-positive HCCs. (A) FACS analysis of primary HCCs stained with fluorescent-labeled Abs against
EpCAM, CD90, or CD133. (B) Multidimensional scaling analysis of 172 HCC cases characterized by the expression patterns of EpCAM, CD133,
and CD90. Red, EpCAM™ CD90™ CD133~ (n = 34); orange, EpCAM™ CD90~ CD133* (n = 10); light blue, EpCAM™ CD90* CD133™ (n =
49); blue, EpCAM™ CD90™ CD133™ (n = 79). HCC specimens were clustered in specific groups with statistical significance (P < 0.001). (C)
Expression patterns of well-known hepatic stem/progenitor markers in each HCC subtype, as analyzed by microarray. Red bar, EpCAM™; orange
bar, CD133™; light blue bar, CD90™; blue bar, EpCAM™ CDI0~ CD133™. (D) Hierarchical cluster analysis based on 1,561 EpCAM/CD90/
CD133-coregulated genes in 172 HCC cases. Each cell in the matrix represents the expression level of a gene in an individual sample. Red and
green cells depict high and low expression levels, respectively, as indicated by the scale bar. (E) Pathway analysis of EpCAM/CD90/CD133-
coregulated genes. Canonical signaling pathways activated in cluster A (red bar), cluster B (orange bar), or cluster C (light blue bar) with
statistical significance (P < 0.01) are shown. (F) Expression patterns of representative genes differentially expressed in EpCAM/CD90/CD133
HCC subtypes. Red bar, EpCAM*: orange bar, CD133™; light blue bar, CD90™; blue bar, EpCAM™ CD133~ CD30™.

_ 427 -



4  YAMASHITA ET AL. HEPATOLOGY, Month 2012

Table 2. Tumorigenic Capacity of Unsorted, EpCAM ™, TABLE 2. (Continued)
EpCAN~, CD90™, and CD90™ Cells From Primary —
HCCs and Xenografts Cell Formation
Tmor CD133 CcD90 EpCAM Surface Number B
Cell o N Sampie (%) (%) {%) Marker of Cells 2M 3m
D133 CDOSO EPSAM Surface Number —— P13 0 0.03 67.7 EpCAM+ 5 x 10° a4 NA
Sample (%) (%) (%) Marker of Celis 2M 3M 5 x 10 3/3 NA
P1 0 3.1 0 Unsorted 1 x 107 0/5 0/5 5x10° 33 NA
CD90*  1x10° 0/5 0/5 EpCAM™ 5 x 10° 0/4 NA
CD90~  1x10° 0/5 0/5 5x 10* 0/3 NA
P2 006 70 006 Unsoed 1x 107 0/5 0O/5 5x10° 0/3 NA
€D90*  1x 10° 0o/5 0/5 P4 240 006 3.1 EpCAM* 5 x 10° 4/5 NA
CD90~  1x10° 0/5 0O/5 EpCAM™ 5 x 10° 2/5 NA
P3 0 13 0 Unsored 1 x 10° ©0/2 0/2 Pi5 0 245 0 D90t 5x 10 3/4  NA
€D90*T  1x 10* 0/4  0/4 5x10% 1/3 NA
€090~  1x 10° 0/4 0/4 5x 102 1/3 NA
P4 0 0.6 175 Unsorted 1 x 10° 3/4 474 CD90" 5 x 10* 2/4 NA
EpCAMT 1 x 10° 0/3  2/3 5x10° 1/3  NA
1x10° 3/4 4/4 5x 10 0/3 NA

1x10° 3/3 3/3
D90t  1x 10® o/3  0/3
1x10° 0/4 0/4

EpCAV- i:ig: g;g gﬁ contained definite CD133" cells (20%) (Table 2).

NA, not available.

€090~ CD90™ cells were detected at variable frequencies in
tx 10 o4 0/4 all 15 HCCs analyzed.
1x10° 0/3 0/3 T _
o5 o 08 297 umored 1105 05 O/5 o explore the status of these CSC marker-positive

ECAM®  1x10° /5 0/5 cells in HCC in a large cohort, we utlized oligo-DNA
CD90T  1x10° 0/5 0/5 microarray data from 238 HCC cases (GEO accession
EpCAM™  1x10° 0/6 0/5 pno: GSES5975) to evaluate the expression of EPCAM

P6 0 07 0 Uiiig;d 1x10° 02 02 (encoding EpCAM and CD326), THYI (encoding

090t 1x10° o4 o4 CD90), and PROMI (encoding CD133) in whole HCC
CD90”  1x10° 0/4 0/4 tissues and nontumor (NT) tissues. Because previous

P 138 45 44 gg;‘;ﬁf ;;‘igz ?); g g; § studies demonstrated that CD133" and CD90" cells
1x10° o3 13 were detected at low frequency (~13.6% by CD133

1x10° 2/4 4/4 staining and ~6.2% by CD90 swining) in HCC, but

+ 2 . . . e
CD90 2 103 0/3  0/3  were almost nonexistent in NT liver (4, 5),4’S we utilized
1x 10 0/3  0/3 . .
1x10° o/4 0/4 tumor/nontumor (T/N) gene-expression ratios to detect

EpCAM-  1x 10° 073 0/3 the existence of marker-positive CSCs in tumor. Accord-
Cbgo™ . ingly, we showed that a 2-fold cutoff of T/N ratios of
i : igs gﬁ gﬁ EPCAM  successfully stratifies HCC samples with
P8 o 008 0 Umones 1x10° o4 o4 EpCAMT liver CSCs ™
€D90*  1x 102 0/3 0/3 A total of 95 (39.9%), 110 (46.2%), and 31
o9 0 026 0 Uigige ' 1 z 185 g; ‘2 8; i (13.0%) +of the 238 HCC cases ivere thus regarded' as
9ot  1x10° o3 o3 EpCAMT, CD90™, and CD133™ HCCs (T/N ratios:
D90~ 1x10° /3 /3 >2.0), respectively. As observed in the FACS dara
P10 o o078 0 Ué‘;ggid i x ig: g/ g g; g described above, we detected coexpression of EpCAM
e 1xi s os and CDY0 in 45 HCGs (18.9%), EpCAM and CD133
P11 0 01 154 Unsoted 5x10° 0/2 o/2 in five HCCs (2%), CD90 and CD133 in five HCCs
EpCAM*  1x10° 0/3  0/3 (2%), and EpCAM, CD90, and CD133 in 11 HCCs
CD90™  1x 0% 0/3 O3 (4.6%). To clarify the characteristics of gene-expression
EpCAM™  1x 10° 0/3 0/3 ° gene-cxp
€D90™~ signatures specific to stem cell marker expression status,
P12 0.06 005 009  Unsored 1x 102 0/3 33 we selected 172 HCC cases expressing a single CSC
(oo 1x100 0% % marker (34 EpCAM” CD90” CD133”, 49 EpCAM™
1x 10 0/3 3/3 "CD90" CDi1337, and 10 EpCAM~ CD90~
CD133™) or all marker-negative HCCs (79 EpCAM™

CD90~ CD1337). A class-comparison analysis with

(Continued)
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univariate F tests and a global permutation test
(x10,000) vyielded a total of 1,561 differentially
expressed genes. Multidimensional scaling (MDS) analy-
sis using this gene set indicated that HCC specimens
were clustered in specific groups with statistical signifi-
cance (P < 0.001). Close examination of MDS plots
revealed three major HCC subtype clusters: all marker-
negative HCCs (blue spheres); EpCAM single-positive
HCCs (red spheres); and CD90 single-positive HCCs

(light blue spheres). CDI133% HCCs {orange
spheres) were rare, relatively scattered, and not clustered
(Fig. 1B).

We examined the expression of representative he-
patic stem/progenitor cell markers AFE KRT19, and
DILKI in HCCs with regard to the gene-expression
status of each CSC marker (Fig. 1C). All three
markers were up-regulated in EpCAM? and CD133%
HCCs, compared with all marker-negative HCCs,
consistent with previous ﬁm‘lings.w’11 However, we
found no significant overexpression of AFR KRTI9,
and DLKI in CD90" and all marker-negative HCCs.

Hierarchical cluster analyses revealed three main
gene clusters that were up-regulated in EpCAM™
HCCs (cluster A, 706 genes), EpCAM™ or CD133%
HCCs (cluster B, 530 genes), and CD90™" or
CD133% HCCs (cluster C, 325 genes) (Fig. 1D).
Pathway analysis indicated that the enriched genes in
cluster A (red bar) were associated with chromatin
modification, cell-cycle regulation, and Wnt/f-catenin
signaling (Fig. 1E). Genes associated with messenger
RNA processing were enriched in clusters A (red bar)
and B (orange bar). Surprisingly, genes in cluster C
were significantly associated with pathways involved in
blood-vessel morphogenesis, angiogenesis, neurogene-
sis, and epithelial mesenchymal transition (EMT)
(light blue bar). Close examination of genes in each
cluster suggested that known hepatic transcription fac-
tors (FOXAI), Wnt regulators (7CF7L2 and DKKI),
and a hepatic stem cell marker (CD24) were domi-
nantly up-regulated in EpCAM™ and CD133" HCCs
(Fig. 1F). By contrast, genes associated with blood-ves-
sel morphogenesis (71E! and FLTI), EMT (TGFBI),
and neurogenesis (IVES) were activated dominantly in
CD90* HCCs and CD133" HCCs.

CD90" HCC Cells Share Features With Mesen-
chymal Vascular Endothelial Cells. Because CD133"
HCCs were relatively rare and constituted only 13%
(microarray cohort) to 20% (FACS cohort) of all
HCC samples analyzed, we focused on the characteri-
zation of EpCAM and CD90. To clarify the cell iden-
tity of EpCAM™ or CD90™ cells in primary HCCs,
we performed IHC analysis of 18 needle-biopsy
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specimens of premalignant dysplastic nodules (DNs),
102 surgically resected HCCs, and corresponding NT
liver tissues. When examining the expression of
EpCAM and CD90 in cirrhotic liver tissue by double-
color IHC analysis, we found that EpCAM™ cells and
CD90" cells were distinctively located and not colo-
calized (Supporting Fig. 1A). Immunoreactivity (IR) to
anti-CD90 antibodies (Abs) was detected in vascular
endothelial cells (VECs), inflammatory cells, fibro-
blasts, and neurons, but not in hepatocytes or cholan-
giocytes, in the cirthotic liver (Supporting Fig. 1B,
panels a,b). IR to anti-EpCAM Abs was detected in
hepatic progenitors adjacent to the periportal area and
bile duct epithelial cells in liver cirrhosis (Supporting
Fig. 1B, panels ¢,d).

IR to ant-EpCAM Abs was detected in 37 of 102
surgically resected HCCs (Fig. 2A, panel b), but not
in 18 DNs (Fig. 2A, panel a). By contrast, no tumor
epithelial cells (TECs) showing IR to anti-CD90 Abs
were found in any of the 18 DNs or 102 HCCs
examined (Fig. 2A, panels ¢,d). However, we identified
CD90" cells that were morphologically similar to
VECs or fibroblasts within the tumor nodule in 37 of
the 102 surgically resected HCC dssues (>5% positive
staining in a given area). IR to and-CD90 Abs was
also detected in hepatic mesenchymal tumors (Sup-
porting Fig. 1C, panels a-c), indicating that CD90 is
also a marker of liver stromal tumors.

Double-color THC and immunofluorescence (IF)
analysis confirmed the distinct expression of EpCAM
and CD90 in HCC (Fig. 2B), consistent with the
FACS data (Fig. 1A). Quantitative real-time polymer-
ase chain reaction (QPCR) analysis of sorted EpCAM™,
CD90*, and EpCAM ™ CD90™ cells after CD45™ cell
depletion indicated that the hepatic stem/progenitor
markers, AFP and KRTI19, were up-regulated in
EpCAM™ cells (red bar), whereas the mesenchymal
markers, KIT and FLTI, were up-regulated in CD90"
cells (orange bar), compared with EpCAM™ CD90™
cells (blue bar) (Fig. 2C). The hepatocyte marker,
CYP3A4, was down-regulated in EpCAM™ cells and
not detected in CD90" cells, compared with
EpCAM™ CD90™ cells. POU5FI and BMI1 were
equally up-regulated in both EpCAM™ and CD90*
cells, compared with EpCAM™ CD90™ cells.

EpCAM and CD90 were independendy and
distinctively expressed in different cellular lineages, so
we evaluated the staining of EpCAM and CD90 sepa-
rately and analyzed the clinicopathological characteris-
tics of surgically resected HCC cases. HCCs were
regarded marker positive if >5% positive staining was
detected in a given area. The existence of EpCAM*
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Fig. 2. Distinct EpCAM™ and
CD90™ cell populations in HCC.
(A) Representative images of
EpCAM and CD90 staining in
dysplastic nodule (panels a,c)
and HCC (panels b,d) by IHC
analysis (scale bar, 50 um).
EpCAM (panels a,b) and CD90
(panels c,d) immunostaining is

C 30 *EPCAM 8 PROM1 CYP3A4 depicted. (B) Upper panel: rep-
5 ' 2 T resentative images of EpCAM
220 6 (red) and CD90 (brown) double
g 4l staining in HCC by IHC (scale
w 10 1 bar, 50 um). Lower panel: repre-
% PRE sentative images of EpCAM
¢] (green) and CDSO (red) staining

0 == 0 0 with  4'6-diamidino-phenylindole
THY1 POUSF1 (DAPI) (blue} in HCC by IF {scale
c 159 —— 100 15 bar, 50 um). (C) gPCR analysis
k) 80 2018 of sorted EpCAM™ (red bar),
10 60 CD90 (orange bar), or EpCAM™
g CD90™ (blue bar) derived from
wog 40 1.0 a representative primary HCC.
5 20 Experiments were performed in
© ol B g L= oL . 0 triplicate, and data are shown as
mean =* standard error of the

* P < 0.0001 &5 EpCAM* CD45°CDY0* & EpCAM™ CD45™ CDS0" mean.

cells (>>5%) was characterized by pootly differentiated
morphology and high serum AFP values with a tend-
ency for portal vein invasion, whereas the existence of
CD90" cells (>35%) was associated with poorly differ-
entiated morphology and a tendency for large tumor
size (Supporting Tables 2 and 3). Notably, the exis-
tence of CD90™ cells was associated with a high inci-
dence of distant organ metastasis, including lung,
bone, and adrenal gland, within 2 years after surgery,
whereas EpCAM™ cell abundance appeared unrelated
to distant organ metastasis.

We evaluated the characteristics of EpCAM™ or
CD90™" cells in seven representative HCC cell lines.
Morphologically, all EpCAM* cell lines (HuHI,
HuH7, and Hep3B) showed a polygonal, epithelial
cell shape, whereas three of four CD90" cell lines
(HLE, HLE and SK-Hep-1) showed a spindle cell
shape (Fig. 3A). EpCAM™ cells were detected in
11.5%, 57.7%, and 99.6% of sorted HuH1, HuH7,

and Hep3B cells, respectively. A small CD90™ cell
population (0.66%) was observed in PLC/PRL/S,
whereas 91.3%, 10.8%, and 59.0% of CD90™ cells
were detected in HLE, HLE and SK-Hep-1, respec-
tively. Compared with primary HCCs, only EpCAM™
or CD90" cells were detected in liver cancer cell lines
under normal culture conditions (Fig. 3B), suggesting
that these cell lines contain a relatdvely pure cell popu-
lation most likely obtained by clonal selection through
the establishment process.

A class-comparison analysis with univariate # tests
and a global permutation test (x10,000) of microarray
data yielded two main gene clusters up-regulated in
EpCAM™ cell lines (HuH1, HuH7, and Hep3B)
(cluster 1, 524 genes) or in CD90% cell lines (HLE,
HLE and SK-Hep-1) (cluster II, 366 genes) (Fig. 3C).
PLC/PRL/5 showed intermediate gene-expression pat-
terns between EpCAM™ and CD90™ cell lines using
this gene set. Pathway analysis indicated that the genes
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Fig. 3. Characteristics of HCC cell lines defined by EpCAM and CD90. (A) Representative photomicrographs of EpCAM+CDO0™ and EpCAM™
CDY0™" HCC cell lines. (B) Representative FACS data of EpCAM™CD90™ and EpCAM™ CD90* HCC cell lines stained with fluorescein isothiocya-
nate (FITC)-EpCAM and APC-CDS0 Abs. (C) Heat-map images of seven HCC cell lines based on 890 EpCAM/CD90-coregulated genes. Each cell
in the matrix represents the expression level of a gene in an individual sample. Red and green cells depict high and low expression leveis,
respectively, as indicated by the scale bar. (D and E) Pathway analysis of EpCAM/CD90-coregulated genes. Canonical signalfing pathways acti-
vated in cluster | (orange bar) or Il (blue bar) with statistical significance (P < 0.01) are shown. (F) qPCR of representative differentially
expressed genes identified by microarray analysis (C) in seven HCC cell lines.
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enriched in cluster II were mainly associated with
blood-vessel morpho- and angiogenesis (Fig. 3D). By
contrast, the enriched genes in cluster I were signifi-
cantly associated with known hepatocyte functions (P
< 0.01) (Fig. 3E). In addition, we identified that the
enriched genes in cluster II were significanty associ-
ated with neurogenesis, skeletal muscle development,
and EMT.

We used qPCR 1o validate that known hepatic stem
cell (HSC) and hepatocyte markers, such as AFR
EPCAM, ALB, and HNF4A genes, were up-regulated in
EpCAM"' cell lines, but not detected in CD90™ cell
lines (Fig. 3F). By contrast, genes associated with mes-
enchymal lineages and EMT, such as K77, TWISTI,
CD44, and THYI, were strongly up-regulated in
CD90™ cell lines. ’

Unique Tumorigenicity and Metastasis Capacity
of Distinct CSCs Defined by EpCAM and
CD90. We investigated the tumorigenic capacity of
EpCAM™ or CD90" cells by subcutaneously (SC)
injecting 1 x 10° sorted cells of four HCC cell lines
(HuH1, HuH7, HLE, and HLF) into nonobese dia-
betic, severe combined immunodeficient (NOD/
SCID) mice. We excluded Hep3B cells for the evalua-
tion of tumorigenicity because almost 100% of cells
were EpCAM positive. We further excluded SK-Hep-1
cells from the analysis because they potentially origi-
nated from endothelial cells.'” The highly tumorigenic
capacities of EpCAM™ and CD90* cells were repro-
duced in HuH1, HuH7, and HLF cell lines, compared
with marker-negative cells (Fig. 4A). However, HLE
cells did not produce SC tumors, even 12 months af-
ter transplantation, in NOD/SCID mice. EpCAM™*
cells from HuH1 and HuH7 formed larger tumors
more rapidly than CD90™ cells from HLF (Fig. 4B).
IHC analyses indicated that EpCAM™ cells did not
produce CD90™ cells and wvice versa in these cell lines
in vivo (Fig. 4C). CD90™ cells showed a high meta-
static capacity, whereas EpCAM™ cells showed no me-
tastasis to the lung when SC tumor volume reached
approximately 2,000 (HuH1 and HuH7) or 700 mm?
(HLF) (Fig. 4D). The high metastatic capacity of
PLC/PRL/5 cells, which contain a small population of
CD90" cells, was also confirmed after SC injection
into NOD/SCID mice (data not shown). CD90™ cells
could divide to generate both CD90% and CD90~
cells, and CD90™ cells showed 2 high capacity to
invade and form spheroids with overexpression of
TWIST1 and TWIST2, which are known to activate
EMT programs in HLF cells (Supporting Fig. 2A-D).

We next evaluated the tumorigenic/metastatic
capacity of CD45™ tumor cells using 12 fresh primary
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HCC specimens (P1-P12) that had been surgically
resected (Table 2). We further evaluated the tumorige-
nicity of EpCAM/CDI0 sorted cells obtained from
xenografts derived from primary HCCs (Supporting
Fig. 3A). Of these, we confirmed the tumorigenicity of
cancer cells obtained from six primary HCCs after SC
injection into NOD/SCID mice within 3 months after
transplantation (Fig. 5A; Table 2; Supporting Fig. 3B).
EpCAM™ cells derived from four HCCs (P4, P7, P13,
and P14) showed highly tumorigenic capacities, com-
pared with EpCAM ™ cells. CD90" cells derived from
wo HCCs showed equal (P12) or more-tumorigenic
capacities (P15), compared with CD90™ cells. Tumori-
genicity of EpCAM™ cells was observed in three hepa-
titis C virus (HCV)-related HCCs and an hepatitis B
virus (HBV)-related HCC, whereas tumorigenicity of
CD90™ cells was observed in two HBV-related HCCs
(Tables 1 and 2).

Using unsorted cells, we compared the frequency of
EpCAM™ and CD90* cells in primary and xenograft
tumors and found that EpCAM™ cells remained, but
CD90™" cells disappeared, in secondary tumors derived
from P4 or P7, whereas EpCAM™ cells disappeared,
but CD90*" cells remained, in secondary tumors
derived from P12 (Fig. 5B). Morphologically, tumori-
genic EpCAM™ cells showed an epithelial cell shape,
whereas CD90™ cells showed a mesenchymal VEC
shape (Fig. 5C and Supporting Fig. 3C). FACS analy-
sis indicated that P12 HCC cells showed abundant
expression of vascular endothelial growth factor recep-
tor (VEGFR) 1 and a vascular endothelial marker
endoglin (CD105) (Fig. 5D). By contrast, P4 and P7
HCC cells did not express these vascular endothelial
markers (data not shown). Lung metastasis was
detected in NOD/SCID mice transplanted with P12
HCC cells, but not in mice transplanted with P4 and
P7 HCC cells (Fig. 5E,F).

Taken together, these results suggest that the
tumorigenic and metastatic capability of primary HCC
may depend on the presence of distinct EpCAM™ or
CD90™ CSCs. EpCAM™ cells were associated with a
high tumorigenic capacity with hepatic epithelial stem
cell features, whereas CD90™ cells were related to the
metastatic propensity with VEC features.

Suppression of Lung Metastasis Mediated by
CD90" CSCs by Imatinib Mesylate. We previously
demonstrated that Wnt/f-catenin signaling inhibitors
could successfully attenuate the tumorigenic capacity
of EpCAM™ CSCs in HCC.®!'® To explore the poten-
tial molecular targets activated in CD90™ CSCs, we
investigated the expression of the known VEC
markers, CD105, VEGFR1 (encoded by FLTI), and
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Fig. 4. Distinct tumorigenic/metastatic capacities of HCC cell fines defined by EpCAM and CD90. (A) Tumorigenicity of 1 x 10° cells sorted
by anti-EpCAM (HuH1 and HuH7) or anti-CDS0 (HLE and HLF) Abs. Data are generated from 8 mice/cell line. (B) Tumorigenic ability of EpCAM™
and CD90™ sorted cells in NOD/SCID mice. Aggressive tumor growth in the SC lesion was observed in EpCAM™ HuH1 or HuH7 cells, compared
with CD9O0* HLE or HLF cells. EpCAM™ (1 x 10%) or CD90™ cells were injected. Tumor-volume curves are depicted as mean =+ standard devia-
tion of 4 mice/group. (C) Histological analysis of EpCAM™ or CD90™ cell-derived xenografts. Hematoxylin and eosin (H&E) staining of a SC
tumor (upper panels) and [HC of the tumor with anti-EpCAM (middle panels) or anti-CD90 Abs (bottom panels) are shown (scale bar, 50 um).
(D) Metastasis was evaluated macroscopically and microscopically in the left and right lobes of the lung separately in each mouse (n = 4)

(scale bar, 100 um).

c-Kit (encoded by K77), in cell lines and showed that
they were abundantly expressed in CD90™ cell lines,
but not EpCAM™ cell lines (Fig. 6A). No expression
of VEGFR2 was detected in this set of cell lines, sug-
gesting that molecular reagents specifically targeting
VEGFR2 may have no effects on CD90" CSCs.
CD44, a stem cell marker that functonally regulates
redox status and is a potential target of CD90™ CSCs,
was also abundantly expressed in CD90™ cell lines
(Supporting  Fig. 4A), consistent with  previous
data.>'® No significanc difference was detected in the

expression of the hematopoietic marker, CD34, or
ABCG2 between EpCAM™ and CD90™ cell lines
(Supporting Fig. 4A).

Among these molecular targets, we focused on the
characterization of cKit because the c-Kit tyrosine
kinase inhibitor, imatinib mesylate, is readily available,
is widely used for the treatment of gastrointestinal
stromal tumor with activation of ¢-Kit, and may have
potential antitumor activity against a subset of
HCC." We explored the effect of imatinib mesylate
on HCC cell lines and found that treatment with 10

- 433 -~



10  YAMASHITA ET AL. HEPATOLOGY, Month 2012

B P4 P7 P12
Primary Xenograft Primary Xenograft Primary Xenograft
5 10.04 0 50 0]5[003 | 005 30 0 150 0j 50 0
=z P2 e = z <
8 8 : : 18 3
O [¢] MO 3 [$] © [¢]
% E gL % g 3PS
e | 00417 &g | 001 o g | 001 T 0.01
FiTC-control FITC-control FITC-controt FITC-controt FITC-control J
- . H
s [73 0 s s 0.09: 5i4.88 0 isi0.09 0i =10 0 |
< g < < < < <
(3] [S] (9] 3] (8] [&]
[>N Q. Q. O [~ [=N
w u w w u u
5 0.6 ; 3 0.02: i 0.04
FITC-CDS0O FITC-CD90 FiTC-CD90

Q
@
I
0 Isotype
72.3 VEGFR1
O
@
»
Q! isotype
32.3 Ccoios

APC

Metastasis (Yes / No) P-value

P4 0/9
P7 0/5
P12 4/0 0.0001

Fig. 5. Tumorigenic/metastatic capacities of EpCAM™ and CD90™ cells in primary HCC. (A) Representative NOD/SCID mice with SC tumors
(white arrows) from EpCAM™ P4 or P7 cells (left and middle panels) and CD90™ or CD90™ P12 cells (right panel). (B) FACS analysis of CD90
and EpCAM staining in primary HCCs and the corresponding secondary tumors developed in NOD/SCID mice. Unsorted cells (1 x 10° cells in
P4 and P7 or 1 x 10° cells in P12) were SC injected to evaluate the frequency of each marker-positive cell in primary and secondary tumors.
(C) IHC analysis of EpCAM and CD90 in primary HCCs P4, P7, and P12 (scale bar, 50 um). (D) FACS analysis of VEGFR1 (Alexa488) and
CD105 (APC) in primary HCC P12. (E) Hematoxylin and eosin staining of lung tissues in P4 and P12 (scale bar, 200 um). (F) Frequency of
lung metastasis in NOD/SCID mice SC transplanted using unsorted primary HCC cells.
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