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Table 1. Clinical and histopathological characteristics of the patients with intraductal papillary-mucinous neoplasms (IPMN).

Histopathological confirmation (+)

Histopathological Histopathological
Benign Malignant confirmation (+) confirmation (-)
(n=15) (n=14) p-value (n=29) (n=43)
Gender 0.8367
Male 8 8 16 24
Female 7 6 13 19
Age (years) 6411 6619 0.3736 65+10 (48-82) 6811 (41-90)
Symptom 0.1976
Present 5 6 11 2
Absent 10 8 18 41
CEA (ng/ml) 2110 34436 0.1561 2.8+1.9 (1-8) 5.1+12.9 (1-69)
CA19-9 (U/ml) 2624213 38.3+50.1 02118 28.3+48.3 (5-240) 22.1+14.7 (5-60)
Multiplicity >0.9999
Solitary 12 12 24 28
Multiple 3 2 5 15
Location 0.4865
Head or uncinate 6 7 13 19
Body 4 5 9 12
Tail 5 2 7 12
Type 0.5859
Main duct 2 3 1
Combined 6 7 13 9
Branch duct 8 5 13 33
Diameter of cystic lesion (mm)* 4115 36x15 0.3498 39+15 (14-75) 21+14 (2-55)
MPD diameter (mm)" 7.6+£3.0 13.8+11.9 0.1993 11.1£9.5 (5.0-41.0) 4.8+3.0(2.1-11.0)
Mural nodule >0.0001
Present 3 13 16 6
Absent 12 1 13 37
Cytology* 0.0006
Positive 0 9 9 1
Negative 13 5 18 21
Histopathological type -
Adenoma 14 - 14 =
Borderline lesion 1 - 1 -
CIS - 3 3 -
Invasive carcinoma - 11 11 -
SUVmax of FDG-PET¢ 1.840.3 47+3.0 0.0011 33426 (1.3-13.5) 1.7+0.6 (1.0-4.4)

“Diameter of cystic lesion was determined on CT in patients with combined and branch types. "MPD diameter was determined on CT
in patients with main duct and combined types. ‘Cytology was performed in 49 patients. “Two patients were excluded from analysis
of SUVmax for hyperglycemia at the FDG-PET examination. CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen; MPD.
main pancreatic duct; CIS, carcinoma in situ; SUVmax. maximum standardized uptake value; FDG-PET, 2-('*F] fluoro-2-deoxy-D-

glucose positron emission tomography.

analysis showed that the optimal cut-off level of SUVmax
of FDG-PET was 2.5 for differentiation of malignant IPMN.

Using this cut-off level, the sensitivity, specificity, and
accuracy of differentiation of malignant IPMN were 93,



ONCOLOGY REPORTS 24: 613-620, 2010

617

Table II. Distribution of patients, sensitivity, specificity and accuracy of FDG-PET and certain CT parameters associated with

a higher likelihood of malignancy.

CT Findings
FDG-PET (SUVmax cut-off value) Diameter MPD
of cystic diameter Mural
2.0 2.5 30 lesion (mm)P (mm)* nodule
. (+) ) +) ) SO 230 <30 27 <7 () )
Adenoma 14 2 11 0 13 0 13 11 2 2 4 2 12
Borderline l 0 I 0 1 0 1 1 0 1 0 1 0
Carcinoma in situ 3 2 1 2 1 0 3 1 1 1 2 2 1
Invasive carcinoma 11 11 0 11 0 10 1 6 4 5 1 11 0
Sensitivity (%) 93 93 71 58 67 93
Specificity (%) 86 100 100 14 57 80
Accuracy (%) 89 96 86 35 63 86

“In the analysis of the FDG-PET (SUVmax cut-off value) (left side), one adenoma patient with hyperglycemia at the FDG-PET examination
was excluded. "Diameter of cystic lesion was determined on CT in patients with combined and branch types. “MPD diameter was
determined on CT in paticnts with main duct and combined types. FDG-PET, 2-["*F] fluoro-2-deoxy-D-glucose positron emission tomo-
graphy; SUVmax, maximum standardized uptake value: MPD. main pancreatic duct.
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Figure 3. ROC curve for the differential diagnosis of benign IPMN and
malignant IPMN according to SUVmax of FDG-PET. Data on the curve
represent SUVmax cut-off levels of 1.5-3.5. For abbreviations, see Fig. 1.
ROC, receiver operating characteristic.

100, and 96%, respectively. These values were superior to
those of CT parameters that had been reported previously
to be associated with a higher likelihood of malignancy
(5.9-17), including large cystic lesion size (=3.0 vs. <3.0 cm),
and large dilatation of MPD (=7 vs. <7 mm) (Table 1I). In
comparison to the presence/absence of mural nodules, which
is also previously reported to be associated with malignancy,
though the sensitivity was almost equal, the specificity and
accuracy were superior (Table IT).

Muralnodule(+) Muralnodule{-)

FDG-PET EEEER
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negative
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Figure 4. Correlation between histopathological type and results of com-
bination of FDG-PET (SUVmax) and CT (mural nodule) in 28 patients with
IPMNs. Among the enrolled 29 patients, one patient with hyperglycemia
at the FDG-PET examination was excluded. For abbreviations. see Fig. 1.
CT, computed tomography.

Combination of FDG-PET findings and mural nodule in
diagnosis of malignancy. Based on the above results, both
the FDG-PET findings and the presence/absence of mural
nodule on CT were considered useful in differentiation of
malignant IPMN. Therefore, the combination of SUVmax
of FDG-PET and mural nodule on CT were used for the diag-
nosis of malignancy (Fig. 4). In this analysis, SUVmax of
22.5 was considered positive for malignancy. All patients
with SUVmax 22.5 and mural nodule were histopatho-
logically confirmed to have malignant IPMN (n=12), and all
patients with SUVmax <2.5 and no mural nodule had benign
IPMN (n=11). A representative patient with malignant IPMN,
positive PET finding and mural nodule is shown in Fig. 5A.
In the remaining S patients, there was discrepancy in PET
findings and presence/absence of mural nodule. Four of the 5
patients had mural nodule on CT scans, but their nodule was
negative on FDG-PET. Among the 4 patients, 3 were con-
firmed to have benign tumors and one had malignant IPMN,
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Figure 5. CT and FDG-PET findings of three representative cases [(A) malignant IPMN, (B) benign IPMN, (C) malignant IPMN]. Arrows, mural nodules
on CT; arrowheads, the most intense area of FDG accumulation on PET. For abbreviations, see Fig. 1. CT, computed tomography.

The CT and FDG-PET of a representative patient with mural
nodule who had negative FDG-PET is shown in Fig. 5B.
On the other hand, one patient with malignant IPMN had a
positive lesion on FDG-PET (in pancreatic body), but mural
nodule could not be identified even on thin-slice CT scans
(Fig. 5C).

Follow-up of patients without surgical resection. The clinical
characteristics of the 43 patients followed up without
surgical resection are also shown in Table I. In 4 of the 43
patients followed up, the SUVmax was =2.5. One patient,
who had a mural nodule suggesting malignancy with the
SUVmax being 4.4, did not undergo surgery because of
refusal, but wished to be followed up without any treatment.
Now, 10 months after the start of follow-up, the tumor
has been gradually increasing and a pulmonary metastasis
has identified. In one patient having a mural nodule with the
SUVmax being 3.2, who also did not undergo surgery for
poor risk and followed-up without any treatment, the tumor
has been gradually increasing, now, 24 months after the start
of follow-up. In the remaining 2 patients, the tumor had
gradually progressed despite chemotherapy, and then they
died of the invasive cancer. On the other hand, in the
remaining 39 patients with the SUVmax <2.5, the tumor has
been unchanged for the follow-up period. The median
follow-up period of the 39 patients was 24 months. Under
the condition that the histopathological type of IPMN in the
patients with growing tumor and the patients with
unchanged tumor were hypothesized as malignant and
benign, respectively, the sensitivity, specificity, and accuracy
of FDG-PET with cut-off level being 2.5 for the differen-
tiation of malignant IPMN were 100, 100, and 100%.

Discussion

In the present study, the sensitivity, specificity, and accuracy
of FDG-PET were examined using several cut-off levels
of SUVmax to differentiate between benign and malignant
IPMN of the pancreas. The results showed that at the optimal
cut-off level of SUVmax was 2.5, with the specificity,

sensitivity and accuracy being 93, 100 and 96%, respectively.
Mansour er al (24) previously examined 68 patients with
pancreatic cystic tumors and reported that the sensitivity
and specificity of PET for malignancy were 57 and 85%,
respectively. However, only 5 patients had an IPMN, and
since detailed criteria for the positive/negative PET findings
were not reported in that study, it is difficult to compare
the results of our current study to their study. On the other
hand, Sperti et al (25) reported that FDG-PET was useful
for differentiation of benign and malignant IPMN with
the specificity, sensitivity and accuracy of 92, 97 and 95%,
respectively, using a cut-off level of SUVmax of 2.5, though
it was not clear in their report whether they had investigated
the usefulness with any cut-off levels of SUVmax other
than 2.5. The results of the present study were in agreement
with those reported by Sperti e al (25). However, since such
sensitivity, specificity, and accuracy calculations generally
depend highly on the underlying prevalence of the disease,
one should also consider the underlying prevalence of the
diseases, in the comparison of such calculations.

In the use of FDG-PET imaging for the diagnosis of
pancreatic tumors, we should remember that the FDG can
accumulate in chronic and acute pancreatitis and results in
false-positive interpretations on PET imaging. Furthermore,
IPMN is sometimes associated with secondary pancreatitis
due to disturbance in the run-off of pancreatic juice (29).
However, in the present study, the specificity of FDG-PET
was 100%, and false-positive PET scans from pancreatitis
were not observed.

In addition to the FDG-PET findings, we also examined
in the present study the diagnostic utility of conventional
modalities including pancreatic duct lavage cytology and/or
pancreatic juice cytology and certain imaging parameters,
which are known to be associated with a higher likelihood
of malignancy. The results of pancreatic duct lavage cyto-
logy and/or pancreatic juice cytology also actually helped
discriminate benign and malignant tumors in this study.
However, cytology frequently results in false-negatives or
inconclusive results, and it is of diagnostic value only if cancer
is proven. Therefore, it is difficult to compare its usefulness
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to that of other modalities. This study also showed the low
power of other imaging parameters, apart from mural nodule,
such as large/small size of cystic lesion and dilated/non-
dilated MPD, in the differentiation of malignant from benign
IPMN, which may be partly due to the potential prejudices in
selection of the enrolled patients; the enrolled patients might
be necessary for surgery. On the other hand, the presence/
absence of mural nodule, which has been considered an
indicator of malignancy in IPMN, was found to be useful in
the differentiation of malignancy in this study (12,13,15-17).
The sensitivity, specificity, and accuracy of the presence/
absence of mural nodule in the differentiation of malignant
IPMN were 93, 80 and 86%, respectively. This diagnostic
value of the presence/absence of mural nodule was in
agreement with some previous reports (15,16).

In this analysis, the specificity and accuracy of the
presence/absence of mural nodule in the differentiation of
malignant IPMN were just slightly inferior to those of the
FDG-PET findings, and the sensitivity was almost equal,
which suggests that we can actually obtain information enough
for the differentiation from CT findings alone. However, as
shown in Table II and Fig. 4, there were four cases with
discrepancy between the presence/absence of mural nodule
and histopathological finding (one malignant patient positive
on FDG-PET without mural nodule, and three benign patients
with mural nodule and negative FDG-PET finding). In all
the four cases, the FDG-PET findings with SUVmax cut-off
value being 2.5, corresponded perfectly to the histopatho-
logical findings. Considering such clinical significance in the
FDG-PET, the FDG-PET examination was found significant
in combination with CT. Reflecting the result of this study,
patients with positive FDG-PET finding despite negative CT
findings should be considered as potentially malignant, and
be recommended undergoing surgery. On the other hand,
now, we cannot exclude PET-negative patients with suspicious
malignant CT finding from surgical indication. However,
in future, by collecting histopathological information of
such patients, some of such patients may be expected to be
followed-up without surgical resection.

In addition to the surgically-resected IPMN patients,
IPMN patients without surgical resection were investigated.
In general, since most IPMNs are generally slow-growing
tumors, it is not determined that IPMNs which have been
unchanged for a certain period without histopathological
confirmation of the resected specimens are considered to
be benign (30). For this reason, patients without histo-
pathological confirmation of the resected specimens were
excluded from the present study, and only patients with
IPMN which had been histopathologically confirmed in
resected specimens were included in the present study. How-
ever, in the patients without surgical resection, the tumor
with the SUVmax <2.5 has been unchanged during the
follow-up period, and the tumor with the SUVmax 22.5 had
grown, which suggests association of tumor progression with
the FDG-PET findings. Considering the association, the
utility of the FDG-PET in the differentiation of benign and
malignant IPMN is suggested to be validated in patients
without surgical resection.

In summary, FDG-PET is a useful imaging technique
for the diagnosis of malignant IPMN of the pancreas when

619

used with SUVmax cut-off level of 2.5, with specificity,
sensitivity and accuracy of 93, 100 and 96%, respectively.
We recommend the use of FDG-PET in combination with
CT for the diagnosis of malignant IPMN of the pancreas.
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Abstract

Mucin 1 (MUC1), a bound mucin glycoprotein, is overexpressed and aberrantly glycosylated in >80% of
human ductal pancreatic carcinoma. Evidence suggests that MUC1 can be used as a tumor marker and is
a potential target for immunotherapy of pancreatic cancer. However, vaccination with MUCI peptides fails
to stimulate the immune response against cancer cells because immunity toward tumor-associated antigens
(TAA), including MUC1, in cancer patients is relatively weak, and the presentation of these TAAs to the im-
mune system is poor due to their low immunogenicity. We investigated whether vaccination with immuno-
genetically enhanced MUC1 (by expressing a-gal epitopes; Galal-3Galp1-4GlcNAc-R) can elicit effective
antibody production for MUCI itself as well as certain TAAs derived from pancreatic cancer cells and induced
tumor-specific T-cell responses. We also used al,3galactosyltransferase («1,3GT) knockout mice that were
preimmunized with pig kidney and transplanted with B16F10 melanoma cells transfected with MUC1 expres-
sion vector. Vaccination of these mice with a-gal MUCI resulted in marked inhibition of tumor growth and
significant improvement of overall survival time compared with mice vaccinated with MUCI alone (P = 0.003).
Furthermore, vaccination with pancreatic cancer cells expressing a-gal epitopes induced immune responses
against not only differentiated cancer cells but also cancer stem cells. The results suggested that vaccination
using cells engineered to express a-gal epitopes is a novel strategy for treatment of pancreatic cancer. Cancer

Res; 70(13); 5259-69. ©2010 AACR.

Introduction

Pancreatic cancer is the fourth most common cause of
death from cancer in men and women, with 5-year survival
for all stages of disease of <5% (1-3). Surgical resection re-
mains the only potentially curative intervention but is contra-
indicated in most patients because the disease is diagnosed at
an advanced stage. Potential treatments of pancreatic cancer
include immunotherapy, gene therapy, and antiangiogenic
agents.

Immunotherapy is an innovative approach that uses tech-
niques such as vaccination to activate the patient's immune
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system tumor-associated antigens (TAA) expressed in pan-
creatic cancer cells. Mucin 1 (MUC1) is one of the most con-
siderable targets for vaccine immunotherapy (4, 5). It is a
type I transmembrane protein composed of a heavily glyco-
sylated extracellular domain containing a variable number of
tandem repeats, a transmembrane domain, and a cytoplas-
mic domain (6-9). MUC1 is normally expressed on the apical
surface of ductal and glandular epithelial cells. In benign cells
of breast, prostate, ovarian, and pancreas, MUC1 is heavily
glycosylated, limited to the apical side of the glands, and
minimally expressed. Transformation of these cells into
malignant cells is associated with the overexpression of
MUCI, loss of MUC1 expression polarity, and dysregulation
of O-glycans of MUCI1 (6-8). Consequent to aberrant expres-
sion of a series of glycosyltransferases, the tumor-associated
MUCI carries a preponderance of shorter glycans (6-9). The
ultimate result of these changes is the exposure of normally
cryptic portions of the core protein structure, consisting of
the tandem repeat array, which is the most immunogenic
part of MUC], toward the effector cells of the patient's im-
mune system; therefore, MUC1 is considered a potential tar-
get for vaccine therapies.

In fact, MUC1 vaccines were tested in several clinical trials
(10-13). However, they have not been as successful as hoped,
in part due to the immune evasion tactics applied by tumor
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cells to escape immunorecognition (14, 15). A prerequisite
for the induction of an effective antitumor immune
response by MUC1 vaccine is the effective uptake of this
molecule by professional antigen-presenting cells (APC).
Thus, processing of the internalized MUCI in the vaccine,
and presentation of antigenic MUC1 peptides on APCs in
association with MHC class I and class II molecules, could
activate antitumor cytotoxic T cells and helper T cells.
However, MUC1 proteins on pancreatic cancer cells do
not express markers that contain modification of MUC1
to be recognized by APCs. To increase the immunogenicity
of MUCI1 to APCs, IgG bound to MUC1 could be a suitable
strategy. In this study, we hypothesized that IgG-mediated
targeting of MUCI could enhance presentation to APC by
exploiting the natural anti-Gal in humans.

Anti-Gal is an IgG antibody (Ab) that is present in large
amounts in normal subjects and patients with malignancies,
comprising ~1% of serum-circulating IgG (16-18). Anti-Gal
Ab specifically interacts with a-gal epitopes on cell surface gly-
colipids and glycoproteins, and it is produced throughout life
due to antigenic stimulation by bacteria of the gastrointestinal
flora (19). Once anti-Gal binds to a-gal epitopes on the cell, its
Fc portion readily binds to FcyR III on dendritic cells and
macrophages. This interaction induces effective phagocytosis
of the anti-Gal-opsonized cells by APC (20-22). The a-gal epi-
topes are absent in humans, but are abundantly synthesized
on glycolipids and glycoproteins by the glycosyltransferase en-
zyme, al,3galactosyltransferase (a1,3GT) within the Golgi ap-
paratus of cells of nonprimate mammals, prosimians, and in
New World monkeys (23). In contrast, humans, apes, and Old
World monkeys lack o-gal epitopes; instead, they produce the
natural anti-Gal Ab in very large amounts (24, 25). Anti-Gal Ab
is an Ab that can be very active in vivo, as inferred from studies
in xenotransplantation (26, 27). The in vivo binding of anti-Gal
Ab to a-gal epitopes on transplanted pig heart or kidney is the
main cause of hyperacute rejection of such grafts in humans
and in Old World monkeys. Similarly, we hypothesized that
MUC1 vaccine processed to express o-gal epitopes (MUC1
has five potential sites of N-glycans that are targets for
a1,3GT) can bind the natural anti-Gal IgG Ab ir situ at the vac-
cination site. Such interaction would enhance recognition by
APCs, resulting in more effective vaccination.

In the present study, we investigated the effects of vacci-
nation with a-gal MUCI on pancreatic cancer cells and ex-
amined its usefulness in the induction of tumor-specific T-cell
responses, in vivo prevention of tumor growth, and prolonga-
tion of survival of a-gal MUCI vaccine recipients. A rare pop-
ulation of cells with stem cell properties called cancer stem
cells was identified recently. In 2007, Li and colleagues (28)
reported that CD44'CD24" epithelial-specific antigen (ESA)*
pancreatic cancer cells showed stem cell properties. It is nec-
essary to develop an effective therapy for cancer stem cells to
eradicate cancer cells; however, cancer stem cells are highly
resistant to adjuvant therapy including chemotherapy. We
hypothesized that biosynthesis of a-gal epitopes on the car-
bohydrate of cancer stem cell markers expressed on pancre-
atic cancer stem cells could effectively induce Ab production
against these stem cells. We also investigated the immune

response induced by vaccines expressing o-gal epitopes
against both differentiated pancreatic cancer cells and pan-
creatic cancer stem cells.

Materials and Methods

Flow cytometry

To evaluate the expression of a-gal epitopes on the cell
surface of a-gal PANCI cells, flow cytometric analysis was
performed. Parental PANC1 and «l,3GT transfectants were
incubated with 20 pg/mL biotinylated GS1B4 lection (Vector
Laboratories), which specifically binds to a-gal epitopes or
the monoclonal anti-Gal Ab M86 (29-35). Details of the pro-
cedure were previously described (26-30).

To examine the endogenous expression of MUC1 protein,
cells were primarily stained with anti-MUC1 monoclonal Ab
(mAb; clone VU4H5, Santa Cruz Biotechnology), and subse-
quently, cells were incubated with FITC-conjugated anti-
mouse immunoglobulins as a secondary Ab (DAKO).
Stained cells were washed, fixed, and then analyzed by a
flow cytometer.

To evaluate the expression of CD44, CD24, and ESA, which
are stem cell markers of pancreatic cancer cells on parental
PANC], parental PANC1 cells were stained with either FITC-
conjugated antihuman CD24 mAb, phycoerythrin-conjugated
antihuman CD44 mAb or FITC-conjugated antihuman ESA
mAb, respectively, as previously described (BD Biosciences;
ref. 36). To investigate Ab production against pancreatic can-
cer stem cells, isolated stem cells from PANCI cells were
stained with sera from vaccinated knockout (KO) mice. Can-
cer stem cells expressing both CD44 and CD24 were positive-
ly isolated by streptavidin-coated Dynalbeads M-280. The
magnetic beads were incubated with either biotinylated
antihuman CD24 mAb or antihuman CD44 mADb, respectively
(Ancell Corp.). Subsequently, 10 x 10° cells of parental PANC1
cells were incubated with anti-CD44 mAb-coated beads in 1%
bovine serum albumin (BSA)/PBS for 2 hours at 4°C, and the
CD44-positive cells were positively isolated by DynaMag
(Invitrogen). The isolated cells were then incubated with
anti-CD24 mAb-coated beads in a similar manner. Subse-
quently, CD44- and CD24-double-positive cells were isolated
by DynaMag (Invitrogen). The isolated CD44°CD24" pancre-
atic cancer cells were incubated with sera from KO mice that
had been vaccinated with either parental PANC1 or a-gal
PANCI cells. Subsequently, these cells were stained with
FITC-conjugated anti-mouse IgG1 (Bethyl Laboratories,
Inc.) as a secondary Ab to detect Abs that interact with the
pancreatic cancer stem cells. Moreover, PANC1 cells that did
not bind with either anti-CD44 mAb- or anti-CD24 mAb-
coated beads were combined and incubated with KO mice
sera to assess reactivity with differentiated pancreatic cancer
cells other than CD44*CD24" cells.

Tumor cell vaccination

al,3GT KO mice were immunized by pig kidney fragments,
and the presence of anti-Gal in their serum was confirmed by
ELISA as described above. Subsequently, the mice were
vaccinated i.p. thrice at 1-week intervals with 1 x 10°
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50 Gy-irradiated parental PANC1 or a-gal PANC1 cells.
One week after vaccination, the mice were assessed for
the immune response elicited by tumor cell vaccination
as described below.

Enzyme-linked immunospot analysis

The enzyme-linked immunospot (ELISPOT) assay was used
to measure the expansion of anti-MUC1-secreting B cells or
MUCI1-specific T cells, respectively (30, 37, 38). ELISPOT wells
(MultiScreen 96-well Filtration Plate, Millipore) were coated
with either MUC1-BSA (10 ug/mL) or BSA (5 pg/mL) for
20 hours at 4°C, then blocked overnight with RPMI containing
0.4% BSA and 50 pmol/L of 2-mercaptoethanol. Splenocytes
prepared from mice that had been vaccinated with a-gal
PANCI cells or parental PANCI1 cells were plated in the wells
at a concentration of 1 x 10° cells per well, and the plates were
incubated for 24 hours at 37°C. Subsequently, the wells were
washed, incubated with horseradish peroxidase (HRP)-
conjugated goat antimouse immunoglobulin (Bethyl Labora-
tories, Inc.), and the spots representing Abs secreted from
individual plasma cells were identified with diaminobenzidine
(DAB, Sigma-Aldrich). The number of anti-MUC1 producing
plasma cells in each well was determined by subtracting the
background number of spots in wells containing BSA as solid-
phase antigen from the number of spots in the corresponding
wells with MUC1-BSA.

To identify MUC1-specific T cells in the vaccinated KO
mice, the secretion of IFN-+y from the activated T cells was
measured by ELISPOT assay. ELISPOT plates were coated with
anti-IFN-y mAb (clone AN18, Mabtech). Splenocytes were in-
cubated in the coated ELISPOT wells (1 x 10° cells/well) in the
presence or absence of 100 pg/mL MUCI1 peptide. Further-
more, to investigate whether the reactivity of MUC1-specific
T cells was mediated through MHC class I, splenocytes were
incubated in the wells in the presence of both 100 mg/mL
MUCI1 peptide and mouse antimouse H-2D” mAb as anti-
MHC class I-blocking Ab (BD Biosciences) at a dilution of
1:50. After 24 hours of incubation at 37°C, the wells were
washed and then stained with biotinylated anti-IFN-y mAb
(clone R4-6A2, Mabtech) for 1 hour at room temperature. Sub-
sequently, the wells were washed, incubated with HRP-conju-
gated streptavidin (DAKO), and the spots representing
activated T cells were developed with DAB. The numbers of
developed spots in ELISPOT assays were counted by the
ChemiDoc XRS image analyzer (Bio-Rad Laboratories) using
Quantity one software (Bio-Rad).

In vivo studies of tumor cell vaccine in an experimental
animal model

The efficacy of tumor vaccines expressing «-gal epitopes
cannot be studied in a regular experimental animal model be-
cause normal wild-type mouse cells and the majority of mouse
tumor cell lines, including mouse pancreatic cancer, express
a-gal epitopes. Therefore, B16F10 melanoma cells (American
Type Culture Collection) from C57BL/6 mice were used in the
present study because they lack a-gal epitopes caused by inac-
tivation of the a2,3GT gene (30). First, B16F10 cells were trans-
fected with the full-length MUCI gene (5, 39), using

Lipofectamine, and a stable B16F10 transfectant expressing
MUCI protein was established {designated MUC1-B16F10).
High anti-Gal KO mice were generated by immunization
with pig kidney fragments then vaccinated with parental
PANCI or a-gal PANCI cells after irradiation. One week lat-
er, all mice were challenged with s.c. injection with 0.5 x 10°
live MUC1-B16F10 cells. Subsequently, mice were examined
serially for both tumor growth and survival. The production
of anti-MUCI1 Abs and Abs toward other tumor antigens was
examined by Western blot analysis, using «,3GT KO mice
sera. Subsequently, 3 pg of cellular proteins extracted from
PANC1 were loaded to 6% SDS-PAGE and transferred onto a
polyvinylidene difluoride membrane. After blocking with PBS
containing 3% BSA, the blot was incubated for 20 hours
at 4°C with «1,3GT KO mice serum obtained from either
nonimmunized, high anti-Gal, parental PANCI-vaccinated,
or a-gal PANCl-vaccinated KO mice at 1:20 dilution, respec-
tively. After washing, the blot was incubated with HRP-
conjugated anti-mouse IgG (Bethyl Laboratories) as the
secondary Ab and developed using the enhanced chemilumi-
nescence detection system.

Details of the mice used in these experiments, cell lines,
gene construct, methods used to establish stable pancreatic
cancer cells expressing a-gal epitopes, Western blot analysis
and immunoprecipitation, in vitro stimulation of lymphocytes,
ELISA, and statistical analysis are presented as Supplementary
Material in the electronic version of the journal.

Results

Generation of stable PANC1 transfectant expressing
o-gal epitopes

No expression of a-gal epitopes was observed in paren-
tal PANC1 cells, whereas high expression levels of a-gal
epitopes were observed on the cell surface of al,3GT
transfectants (Fig. 1A). Similar levels of MUC1 expression
were observed in parental PANC1 and a-gal PANCI cells
on both flow cytometry and Western blot analyses (Fig. 1B).
Immunoprecipitation with anti-Gal Ab showed a strong
band at 150 kDa, which was consistent with MUC1
(Fig. 1B).

Vaccination with a-gal PANCI1 elicits the production of
anti-Gal and anti-MUC1 Abs

The anti-Gal Ab, as a natural Ab, was negative in non-
immunized @l,3GT KO mice. Repeated immunizations
(four times) with pig kidney fragments resulted in the ap-
pearance of anti-Gal Ab, with the titer of anti-Gal IgG be-
ing similar to that observed in a large proportion of
human sera (Fig. 1C and D; refs. 23, 24). As shown in
Fig. 1C, vaccination with a-gal PANCI1 resulted in 8-fold
increase in production of anti-Gal IgG compared with high
anti-Gal KO mice generated by pig kidney immunization. In
contrast, no significant increase in the titer of anti-Gal IgG
was detected when anti-Gal KO mice were vaccinated with
parental PANC1 cells (Fig. 1D). A similar difference in anti-
MUCI IgG response was observed in mice vaccinated with ei-
ther a-gal PANCI or parental PANCI cells. Three vaccinations
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Figure 1. Expression levels of a-gal epitopes on MUC1 proteins in a-gal PANC1 (top) and anti~Gal IgG production in vaccinated KO mice (bottom).

A, the expression levels of a-gal epitopes in either parental PANC1 or a-gal PANC1. Closed histogram, unstained cells; open histogram, stained cells
with either GS1B4 lection or M86 mAb. MFI, mean fluorescence intensity. B, the expression levels of endogenous MUC1 protein and a-gal epitopes
on MUC1 protein were examined. Left, flow cytometry; closed histogram, unstained cells; open histogram, stained cells with anti-MUC1 mAb.
Middle, Western blotting analysis; arrowhead, MUC1 protein band. Right, immunoprecipitation assay; arrow, the band of a-gal epitopes on MUC1
protein; MW, molecular weight. C, anti-Gal IgG production in sera from a-gal PANC1-vaccinated KO mice. D, anti-Gal IgG production in sera from
parental PANC1-vaccinated KO mice. Representative data of five experiments with similar results. ELISA results represent three data sets from

five mice per group.

with 1 x 10° of a-gal PANCI elicited a strong anti-MUCI IgG
response, whereas vaccination with parental PANCI1 cells did
not elicit such an Ab response (Fig. 2A and B). Approximately
8- to 16-fold increase in anti-MUCI IgG production was eli-
cited by a-gal PANC1 vaccination compared with parental
PANCI vaccination (Fig. 2A and B). Analysis of anti-MUCI iso-
types in sera from KO mice vaccinated with a-gal PANC1
cells showed large production of anti-MUC1 IgG, a small
amount of anti-MUC1 IgM, but no IgA isotype (Supple-
mentary Fig. S1A). The isotypes of immunoglobulin reactiv-
ities in the sera from parental PANC1-vaccinated KO mice

also showed a similar pattern of anti-MUC1 isotypes to
that of sera from a-gal PANCl-vaccinated mice (Supple-
mentary Fig. S1B).

Analysis of IgG subclasses of anti-MUC1 IgG response in
a-gal PANCl-vaccinated mice showed relatively large
amounts of IgGl (Fig. 2C), IgG2b, and IgG3 subclasses of
anti-MUCI IgG, but no IgG2a subclass of this Ab (Fig. 2C). On
the other hand, similar analysis of IgG subclasses of this Ab
response in parental PANC1-vaccinated mice showed small
amounts of IgG1 production, but no IgG2a, IgG2b, and IgG3
subclasses (Fig. 2D).
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Vaccination with a-gal PANCI results in the expansion
of systemic B- and T-cell response to MUC1

The marked increase in anti-MUC1 IgG titers in mice vac-
cinated with o-gal PANC1 was associated with expansion of
the B-cell clone with anti-MUCI. As shown in Fig. 3A, the ex-
pansion of anti-MUCI1-secreting B cells was detected in vitro
by ELISPOT assay with MUC1-BSA as the solid-phase anti-
gen. Splenocytes obtained from high anti-Gal KO mice with-
out PANCI vaccination displayed no dots in ELISPOT wells
(data not shown). Parental PANCI-vaccinated KO mice had
319.5 + 18.9 spots per 1 x 10° splenocytes. However, o-gal
PANCl1-vaccinated KO mice displayed 553.6 + 66.7 spots
per 1 x 10° splenocytes, and the proportion of anti-MUC1
B cells was significantly increased (P < 0.0001; Fig. 3A).

The priming of T cells, which specifically react with MUC1
peptide, was also determined by ELISPOT assay, by measur-
ing IFN-+y secretion following the in vitro activation of T cells
in the presence of MUC1 peptide. In parental PANC1-vac-
cinated KO mice, 211 + 33.4 and 153.2 + 15.2 spots per 1 x
10° splenocytes were detected in the presence or absence
of MUC1 peptide, respectively, and no significant increase
in the number of spots was observed (Fig. 3B). In contrast,
a-gal PANCI-vaccinated KO mice displayed 1,237.5 + 283.1
spots per 1 x 10° splenocytes in the presence of MUCI1

Absorbance at 492 nm

Figure 2. Anti-MUC1 IgG
production and subclass of
anti-MUCT1 1gG assessed by
ELISA. A, anti-MUC1 IgG
production in KO mice vaccinated

peptides and 313.8 + 489 spots in the absence of MUC1
peptides.

In the blocking assay, anti-MHC class I mAb completely
blocked the elicited increase in the number of spots observed
in a-gal PANCl-vaccinated KO mice. Splenocytes treated
with anti-MHC class I mAb displayed 316 + 70.4 spots, and
this number of spots was comparable with that in the ab-
sence of MUC1 peptides (Fig. 3B). In parental PANC1-vacci-
nated KO mice, no significant blocking effects for anti-MHC
class I mAb were observed (169.5 + 15.2 spots/1 x 10° sple-
nocytes, Fig. 3B). Taken together, KO mice vaccinated with
a-gal PANCI displayed a significant expansion of both B-
and T-cell responses to MUC1 (Fig. 3A and B). Further-
more, such elicited T-cell responses against MUC1 peptide
were induced through MHC class I molecule.

Immune responses of a-gal PANC1-vaccinated o1,3GT
KO mice are significantly stronger and more specific
against PANCI cells and MUC1 peptide

As shown in Fig. 3C and D, proliferation of lymphocytes
significantly induced in the presence of parental PANCI, o-
gal PANCI1, or MUC1 peptide was likely to result from specif-
ic immune response to vaccination with either parental
PANCI or a-gal PANC1 because lymphocytes obtained from
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Figure 3. Expansion of B and T cells in response to cell vaccination. A, ELISPOT assay for anti-MUC1 Ab—producing B cells with lymphocytes from
a-gal PANC1-vaccinated KO mice or parental PANC1-vaccinated KO mice. B, ELISPOT assay for in vitro activated T cells detected by the secretion
of INF-y with or without anti-MHC class | Ab. C, proliferation assay of spleen lymphocytes from a-gal PANC1- and parental PANC1-vaccinated KO
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PANC1-vaccinated KO mice stimulated by MUC1 peptide, with or without anti-MHC class Il Ab. Points, mean of five independent experiments; bars,

SD. Statistical analyses were performed by the Student's t test.

both nonimmunized «,3GT KO mice and a1,3GT KO mice
bearing high levels of anti-Gal Ab displayed almost no pro-
liferative response when incubated with parental PANCI,
a-gal PANC1, or MUC1 peptide. Furthermore, the elicited
immune responses expressed by lymphocytes from o-gal
PANCl-vaccinated al,3GT KO mice were significantly
stronger than those from parental PANCl-vaccinated
al,3GT KO mice (P < 0.001-0.01). Pig endothelial cells
stimulated the proliferation of lymphocytes from both vac-
cinated KO mice and high anti-Gal KO mice.

Lymphocyte stimulation was also tested with irradiated
cells from other species, including monkey COS7 cells,

mouse fibroblast NIH3T3 cells, and human HEK293 cells.
All types of stimulatory cells failed to induce lymphocyte
proliferation. These data indicate that a significant propor-
tion of the stimulatory effect was due to the specific rec-
ognition of peptide antigens present in PANC1 cells and
MUC1 peptide but absent in mouse, monkey, or human
cells. Interestingly, the proliferation induced by «-gal
PANCI cells was slightly lower than that induced by pa-
rental PANCI1 cells. However, the proliferation rate ob-
served in a-gal PANCl-vaccinated mice was significantly
higher than in parental PANCl-vaccinated mice. In all
the assays, the lymphocytes were viable and competent
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because they effectively proliferated as a result of nonspe-
cific stimulation by concanavalin A.

In the blocking assay with anti-MHC class II mAb, specific
lymphocyte proliferation elicited by vaccination with a-gal
PANC1 was significantly reduced by ~50% (Fig. 3C). More-
over, the specific immune response against MUC1 peptide
expressed by lymphocytes from a-gal PANC1-vaccinated
KO mice was also markedly suppressed by treatment with
anti-MHC class I mAb (Fig. 3D). Taken together, these re-
sults indicate that the specific immune responses against
PANCI1 and MUCI peptide are mainly induced through
MHC class II molecule.

a-gal PANC1 vaccines protect and prolong survival
against tumor challenge using MUC1-B16F10 cells

As shown in Fig. 4A, 1,3GT KO mice immunized with pig
kidney fragments were vaccinated with 1 x 10° irradiated pa-
rental PANCI1 or a-gal PANCI cells. The efficiency of such

vaccines was assessed by measuring the ability of irradiated
a-gal PANCI cell vaccines to induce a protective immune re-
sponse against challenge with live MUCI-expressing B16F10
cells. Before the in vivo study, we established the same
B16F10 clones that stably expressed MUCI. Although the
parental B16F10 cells did not react with anti-MUC1 mAb
(VU4H5), MUCI-transfected B16F10 cells showed strong
reactivity with this mAb (Fig. 4B). The expression level of
MUCI gene in B16F10 transfectant was similar to that in
parental PANCI1 cells.

Representative pictures of mice treated with either o-gal
PANCI or parental PANC1 vaccines are shown in Fig. 4C.
The tumor size in each mouse treated with a-gal PANCI
vaccines was much smaller than that of mice treated with
parental PANCI vaccines. Approximately 80% of parental
PANCI1-vaccinated mice died within 20 to 26 days postchal-
lenge, whereas 75% to 80% of mice treated with a-gal PANC1
vaccine were still alive at 30 days after tumor implantation
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[ss)
Cell number ———»

Analysis of tumor

A
7~ w-pal PANCH vacanated KO mce
23 P
¢ 74 s
Kon 2 }
NS 3 7
a1 3G KO mece Hgh ant-Gal KO meca Pacontst PANCYT vaconated KO nwee
lr b \L w \‘r tw \"'f 1w \‘r tw )‘( iw \‘r iw \‘
6 woek-oid
: Immunization with : Vaccination with ‘ : 8.C with MUC-B16F 10
pig kidney fragments irradiated cancer cells; melanoma live cell
(100 mg /i.p.) parental PANC1 or
a-gal PANC1
(1.0x10% cells / s.c.)
C
a-gal PANC1-
vaccinated group
Parental PANC1- 4
vaccinated group { -

16.4 % 16.2 mm = 265.7mm?

0.5%10% cells / s.c.)

23.0x20.6mm = 473.8 mm?

$- | growth and survival
rale

10°

Anli-MUCY mAb »
(VU4HS)-FITC

n

32.4%23.8 mm = 771.1 mm?

-
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Figure 5. In vivo prevention of tumor growth and prolongation of survival.
A, tumor size of subcutaneous tumors after MUC1-B16F10 cells
challenge. +, death. B, survival of vaccinated KO mice. Survival curves
were generated by Kaplan-Meier method and assessed by log-rank
test (P = 0.003). C, Ab production against other unknown TAAs, assessed
by Western blot analysis. Single arrow, the band of MUC1 protein at
150 kDa; arrowheads, the band of unknown TAAs from PANC1 cells.
Representative data of five experiments with similar results.

(Fig. 5A and B). Tumor growth in mice vaccinated with
a-gal PANCI or parental PANC1 was monitored (Fig. 5A).
Tumors in mice vaccinated with parental PANC1 doubled
their sizes every 3 to 7 days and reached the maximum size
of ~980 mm? within 22 to 25 days. For tumors in mice trea-
ted with a-gal PANCI, they continued to grow in nonvacci-
nated a1,3GT KO mice but displayed a much slower growth
rate than most parental PANCl-treated KO mice. Tumors
reached the size of 200 mm? within 20 to 36 days, whereas
tumors in mice treated with parental PANCI vaccines grew
to a similar size within 12 to 14 days (Fig. 5A).

The beneficial effects of a-gal PANC1 vaccines were
further shown in the prolongation of survival after tumor
challenge. As shown in Fig. 5B, the mean survival time
of KO mice treated with a-gal PANC1 was significantly
prolonged (41.4 + 10.4 d) compared with that of parental
PANC1 vaccine (21.1 + 10.5 d; P = 0.003; Fig. 5B).

o-gal PANC1 vaccines induce Ab production against
MUC1 protein and other unknown tumor antigens

To understand the induced Ab response for other tumor
antigens, the presence of immunostained PANCI1 proteins
was investigated by Western blots with mice serum before
and after vaccination. As shown in Fig. 5C, sera from
«1,3GT nonimmunized or pig kidney fragment-immunized
KO mice did not contain any Ab that bound to MUCI pro-
tein, and displayed only several nonspecific bands. Sera ob-
tained from al,3GT KO mice vaccinated with parental
PANCI also did not display obvious bands that were reflected
by anti-MUCI Ab. No detectable differences in these blot pro-
files were observed before and after parental PANCI vaccine.
In contrast, sera from a-gal PANC1-vaccinated a1,3GT KO
mice were positive for Abs that bound to not only MUCI1 pro-
tein but also different immunogenic proteins in PANCI1 cells.
These findings indicate that the expression of a-gal epitopes
on TAAs in PANCI cells can upregulate its immunogenicity
and can induce the production of Abs against TAAs, includ-
ing MUCI1 and various tumor proteins.

Vaccination with o.-gal PANC1 can effectively elicit
immune response against pancreatic cancer stem cells
To assess Ab production against parental PANCI cells,
cells were stained with sera from vaccinated KO mice. As
shown in Fig. 6A, sera from a-gal PANC1-vaccinated KO
mice more strongly interacted with PANCI cells than those
from parental PANC1-vaccinated mice, as judged by the
mean fluorescence intensity. Next, we confirmed that the
subpopulation of pancreatic cancer stem cells expressed
CD44, CD24, and ESA in parental PANC1 cells. Flow cyto-
metric quantification (Fig. 6B) showed that 82.8% to 87.0%
of parental PANCI cells expressed CD44, 72.8% to 75.6% ex-
pressed CD24, and 91.4% to 93.8% expressed ESA. Examina-
tion of the expression of multiple surface markers showed
70.4% of PANCI1 cells were CD44+CD24+ and 82.4% were
CD44+ESA+. We isolated PANCI cells with CD44*CD24" phe-
notype by magnetic beads as described in Materials and
Methods to investigate Ab production against both pancreat-
ic cancer stem cells (i.e., binding PANC1 cells with beads)
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PANCH1 cells. C, production of
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data of five experiments with
similar results.
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and differentiated pancreatic cancer cells (i.e., nonbinding
cells with beads). A strong Ab production against both pan-
creatic cancer stem cells and differentiated pancreatic cancer
cells was effectively elicited by vaccination with a-gal PANC1
cells; however, vaccination with parental PANCI cells did not
induce any immune response against each subpopulation
(Fig. 6C and D).

Discussion

Development of immunotherapy for pancreatic cancer is
necessary to improve the poor prognosis associated with this
disease. In this study, we showed the in vitro and in vivo ef-
fectiveness of immunotherapy through vaccination, with a
resultant increase in immunogenicity of a-gal MUCI, and
showed that repeated vaccination with o-gal PANCI elicited
the production of anti-MUCI Ab as well as the generation
of an effective cytotoxic T lymphocyte (CTL) response
against the MUC1 molecule. Although MUCI protein is a po-
tential target for the immunotherapy of pancreatic cancer,
vaccination against a single antigen is disadvantageous be-
cause it is not clear which antigens, including MUCI, have
the potential to induce effective antitumor immune re-
sponses. In addition, immunity against various antigens is ex-
pected to be effective in heterogeneous cell populations of
tumors.

Therefore, the use of unfractionated TAAs in the form of
tumor cell lysates or whole cancer cells circumvented these
disadvantages as described above. In this study, we used vac-
cination with whole cancer cells, and the immunogenicity of

CD24-FITC

ESA-FITC

Nonbinding PANC1 cells with beads
100.

= u-gal PANC1 vaccnated KO mice
sera

== = Parental PANC1.vaconated KO mice
sera

2612
"ns

. ,:JJV\N"(«
10° \w‘ 10" 10 10

Anti-mouse IgG1
mAb-FITC

well-characterized as well as uncharacterized multiple TAAs
contained in cancer cells was upregulated by a-gal epitopes;
and thus, these TAAs would be effectively internalized by
APC, which phagocytose-vaccinating tumor cells opsonized
by anti-Gal. Multiple TAAs can be presented to T cells by
both MHC class I and class II pathways, ultimately leading
to polyclonal expansion of both B and T cells. In this study,
whereas the sera obtained from parental PANC1-vaccinated
KO mice failed to produce both anti-MUC1 Ab and anti-
unknown TAA Abs, those from a-gal PANC1-vaccinated
KO mice contained several Abs that bound to not only
MUCI protein but also different unknown TAAs. Future
studies are required to identify and characterize these un-
known molecules as novel TAAs for immunotherapy of
pancreatic cancer. For the development of an effective im-
munotherapy of pancreatic cancer, we proposed that tumor
cell lysate is a suitable source of tumor antigens because it
contains several known as well as unknown antigens that
could elicit an antitumor immune response.

Recently, the existence of cancer stem cells was confirmed
in acute myelogenous leukemia and was subsequently verified
also in breast cancer and brain tumors (39, 40). Putative pan-
creatic cancer stem cells express CD44, CD24, and ESA, which
are glycoprotein marker molecules that can be used to iden-
tify cancer stem cells (28-48). In the present study, sera
obtained from o-gal PANCI-vaccinated KO mice produced
anti-CD44°CD24" PANC1 Ab, but those from parental
PANC1-vaccinated KO mouse were negative for anti-CD44*24"
PANCI1 Ab. These results suggest that the buildup of a-gal epi-
topes on carbohydrates of cancer stem cell markers, thus
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allowing these molecules to be internalized by APC, is a novel
strategy for treatment of cancer stem cells, including pancre-
atic cancer stem cells.

Tumor lysate is a suitable material for vaccination because
it contains not only differentiated cancer cells but also
cancer stem cell population. Because the number of cancer
stem cells is small, it is difficult to induce immune response
against cancer stem cells by standard vaccination with tumor
cell lysates. In contrast, vaccination with tumor lysate enzy-
matically engineered to express a-gal epitopes might result
in elicitation of immune response toward these cancer stem
cells because putative pancreatic cancer stem cells express
glycoprotein marker molecules that can identify cancer
stem cells (28, 40, 46). Accordingly, the a-gal epitopes could
be synthesized on the carbohydrates of both TAAs and
stem cell markers, allowing these molecules to be internal-
ized by APC.

Overall, the anti-Gal-mediated in situ targeting of
immunizing tumor cells to APC might provide the immune
system with the opportunity to be activated effectively
by several TAAs, including MUCI in tumor cells. Further-
more, novel approaches using vaccines of a-gal epitope-
expressing pancreatic cancer cells are anticipated to induce
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Objective. Interferon (IFN) has an anti-tumor activity
in hepatocellular carcinoma (HCC) via anti-angioge-
nesis and induction of apoptosis. We have previously
reported anti-metastatic effects of IFN combined chemo-
therapy on the outcome of HCC patients. The aim of this
study was to investigate anti-metastatic effects of IFN.

Methods. In vitro, pegylated interferon o2b (PEG-
IFN-02b) was administered to mouse MHI134 cells
(mouse HCC cell line, MH134), and anti-implantation
effects were examined by evaluating the inhibition of
cell invasion and cell proliferation. Expressions of vas-
cular endothelial growth factor (VEGF) mRNA were
also measured. In vivo, PEG-IFN-o2b was subcutane-
ously administered into MH134 cells and tumor growth
was evaluated. In distant metastasis models, PEG-IFN-
o2b was subcutaneously administered and MH134 cells
were injected into the spleen. The number of liver me-
tastases and microvessel densities (MVD) were counted.

Results. In vitro, the proliferation of MH134 cells
was significantly suppressed by PEG-IFN-a2b dose-
dependently. MH134 cells added with PEG-IFN-a2b ex-
hibited significantly lower levels of invasion potential.
In vivo, tumor size in mice treated with PEG-IFN-a2b
significantly suppressed compared with control mice
(mean 0.5 versus 5.0 cm, in diameter, P < 0.05) and
also decreased number of liver metastases (19.3 versus
6.0, P < 0.05). Moreover, PEG-IFN-a2b significantly
suppressed angiogenesis compared with the control.

Conclusion. PEG-IFN-a2b in itself had remarkable
anti-metastatic effects via inhibition of angiogenesis
and cell adhesions. © 2010 Published by Elsevier Inc.

1 A part of this study was presented in ASCO-GI, San Francisco,
January 16-18, 2009.

2 To whom correspondence and reprint requests should be addressed
at Institute of Health Biosciences, Department of Surgery, The Univer-
sity of Tokushima Graduate School, 3-18-15 Kuramoto, Tokushima,
770-8503 Japan. E-mail: mshimada@clin.med.tokushima-u.ac.jp.
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INTRODUCTION

Hepatocellular carcinoma (HCC), which is the main
type of primary liver cancer, is one of the most common
and aggressive malignancies. Hepatic resection is the
standard treatment for HCC; however, the survival
rate is still low because of the high incidence of recur-
rence [1]. Especially the tumor portal vein thrombus is
poor prognostic factor due to intra- and extra-hepatic
metastasis [2]. HCC is not generally sensitive to chemo-
therapy. Recently, new chemotherapy has appeared and
interferon (IFN) has an anti-tumor activity in HCC via
anti-angiogenesis and induction apoptosis for primary
liver lesion [3-5]. We have already reported anti-
metastatic effects of IFN combined chemotherapy
(CDDP+5-FU) on the outcome of HCC patients [6].
There are some reports demonstrating the inhibitory ef-
fects on HCC after IFN therapy alone {7, 8]. However,
mechanisms of anti-metastatic effects of IFN for HCC
are still unclear. Cancer metastasis is the hallmark of
malignant tumors. The progressive metastasis of malig-
nant tumors depends mainly on angiogenesis and cell
adhesion [9-11]. The aim of this study is to investigate
the effects of IFN inhibiting HCC proliferation and
metastasis via angiogenesis and cell adhesions.

MATERIALS AND METHODS

Cell Line and Animals

MH134, a mouse hepatocellular carcinoma cell line, was moder-
ately differentiated and grows in synergenic recipients in both solid
and ascitic forms [12]. The cell lines were kindly provided from Cell

0022-4804/$36.00
© 2010 Published by Elsevier Inc.
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Resource Center for Biomedical Research, Institute of Development,
Aging, and Cancer, Tohoku University (Sendai, Japan).

Six-wk-old male C3H/HEN Crj mice were obtained from Charles
River Laboratories (Kanagawa, Japan). Animals were provided with
water and standard laboratory diet for atleast 7 d before use. Through-
out the experiment, the animals were maintained behind barriers un-
der controlled conditions and had free access to tap water and food. The
present study was conducted in compliance with the Division for
Animal Research Resources, Institute of Health Biosciences, and the
University of Tokushima. The experiments and procedures were
approved by the Animal Care and Use Committee of the University
of Tokushima.

Interferon

Pegylated IFN a2b (PEG-IFN-a2b) was kindly provided by
Schering-Plough K.K. (Osaka, Japan). The specific activity of PEG-
IFN-a2b was 6.4x10" IU/mg protein.

Experiment 1 (In Vitro) MTT Assay

PEG-IFN-a2b was added to MH134 cells and anti-proliferative
effects were examined by evaluating 3-(4, 5-dimethyithiazol-2yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (Chemicon Interna-
tional Inc., Temecula, CA, USA). The cells were seeded on 96-well
plates (Coster; Corning Inc., Tokyo, Japan), cultured for 24 h, and
the culture medium was changed to a new medium with or without
PEG-IFN-a2b (1 X 103, 1 x 10% 1 X 10° IU/mL). After culturing for
24, 48, 72, or 96 h, the number of viable cells was measured with ab-
sorbance meter (F-2500; Hitachi, Tokyo, Japan) by setting the wave-
length at 570 nm [13].

Cell Invasion Assay

PEG-IFN-a2b was added to MH134 cells and anti-invasion effects
were examined by evaluating cell invasion assay (Cultrex 96 Well
BME Cell Invasion Assay). The assay kit was adapted to multiple for-
mats so that cell invasion might be evaluated against different extracel-
lular matrices; laminin 1, collagen 1, and collagen 4. The cells were
seeded on 96-well plates, cultured for 24 h, and the culture medium
was changed to a new medium with or without PEG-IFN-a2b (1 X 10°,
1 x 10% 1 x 10° IU/mL). After culturing for 24 h, the number of viable
cells was measured with absorbance meter (F-2500; Hitachi) by setting
the wavelength at 520 nm [14].

Quantitative Real Time RT-PCR for VEGF and bFGF in HCC
Cells

The mRNA expression levels of vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF) were evaluated by
quantitative real time reverse transcription polymerase chain reac-
tion (RT-PCR). Total RNA was extracted from cultured MH134 cells
in medium containing (1 X 103, 1 x 10%, 1 X 10° IU/mL) PEG-IFN-
a2b using RNeasy Mini Kit (Qiagen, Hilden, Germany). Quantitative
real time RT-PCR was performed by using an ABI 7500 real-time PCR
system (PE Applied Biosystems, Carlsbad, CA, USA). TagMan gene
expression systems (PE Applied Biosystems) for VEGF (assay ID
MmO00437304) and bFGF (assay ID Mm01285715) were used for quan-
tification of mRNA expression of the respective genes. To normalize,
amplification of GAPDH (TagMan ribosomal RNA control reagents,
assay ID Rn9999916) was performed as an endogenous control.

Experiment 2 (In Vivo, Subcutaneous Injection Model)

The mice were divided into two groups; control group (n = 10) and
IFN group (n = 10). Twenty-four hours before subcutaneous implan-
tation of the MH134 cells (1 X 16° cells/mouse), IFN (1 x 10%,1 X 10*,

or1x10° IU/body)was subcutaneously administered in each mouse.
Tumor maximum diameter was measured in single direction using
calipers 7 d after cell transplantation.

Experiment 3 (in vivo, Intrahepatic Via Portal Vein Metastasis
Model) Intrahepatic and Portal Vein Metastasis Model (Splenic
Injection Model)

Six-wk-old male C3H/HEN Crj mice were obtained from Charles
River Laboratories, and were anesthetized with ether. A small upper-
quadrant incision was made to expose the spleen. Using a 27-gauge nee-
dle, 1 x 10° cells/mouse was injected into the lower splenic pole. One
week after splenic injection, the number of macroscopic metastases
on the surface of the liver was counted [15]. Twenty-four hours before
the splenic injection, IFN (1x10%,1x10% or 1xX10° IU/body) was sub-
cutaneously administered in each mouse.

Quantification of Microvessel Density

Excised liver specimens were fixed in 10% formaldehyde and em-
bedded in paraffin. Histologic study was performed on 4 um sections
stained with hematoxylin and eosin. Immunohistochemical staining
was performed on 4 um sections using the anti-mouse CD34 antibody
(H-140; Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Overnight
incubation at 4°C with primary antibody and indirect immunoperox-
idase staining with the avidin-biotin complex (DAKO, Glostrup, Den-
mark) and DAB Tablet (Wako Pure Chemical Industries, Ltd. Osaka,
Japan) were applied for visualization of the antigens. Quantification
of blood vessels was carried out as described previously [16]. Any
brown-staining endothelial cell cluster distinct from adjacent micro-
vessels, tumor cells, or other stromal cells was considered a single
countable microvessel. Sections were examined at a magnification of
X400, and five fields were randomly chosen to determine the expres-
sion of CD34 by two pathologists who had no direct relation to this
study. Expression of these proteins was evaluated as the number of
positive staining cells.

Histology and Immunohistochemistry (ICAM and VCAM) in the
HCC

Vascular cell adhesion molecule-1 (VCAM) and intercellular adhe-
sion molecule-1 (ICAM) are expressed in the normal mouse hepatic si-
nusoid [17]. Excised liver specimens were fixed in 10% formaldehyde
and embedded in paraffin. Histologic study was performed on 4 um
sections stained with hematoxylin and eosin. Immunohistochemical
staining was performed on 4 pm sections using the anti-mouse
ICAM antibody (10020-1-AP; ProteinTech Group, Inc., Chicago, IL)
and anti-mouse VCAM antibody (sc-8304; Santa Cruz Biotechnology,
Inc.). Overnight incubation at 4°C with primary antibody and indirect
immunoperoxidase staining with the avidin-biotin complex (DAKO)
and DAB Tablet (Wako Pure Chemical Industries, Ltd.) were applied
for visualization of the antigens.

Statistical Analysis
All results were presented as mean + standard deviation (SD). Stu-

dent’s t-test and Mann-Whitney U test were used for statistical analy-
sis. P value < 0.05 was considered statistically significant.

RESULTS

MTT Assay

To evaluate the effect of PEG-IFN-a2b for MH134 cells,
we performed MTT assay. Twenty-four hours after the
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FIG.1. (A)MTT assay showed antiproliferative effect of PEG-IFN-a2b. The proliferation of MH134 cells was suppressed dose-dependently
(P < 0.05). (B) Invasion assay showed anti-invasive effect of PEG-IFN-a2b. The invasion of the matrigel-coated filters was suppressed dose-
dependently (P < 0.05). (C) Expression of VEGF mRNA by quantitative real-time RT-PCR. (D) Expression of bFGF mRNA by quantitative
real-time RT-PCR. In vitro inhibition of VEGF mRNA but not bFGF mRNA by PEG-IFN-a2b. mRNA was extracted in MH134 cells and those

cells incubated in medium containing PEG-IFN-a2b (P < 0.05).

addition of PEG-IFN-a2b (1 x 10%, 1 X 10%, 1 X 10° IU/
mL), the proliferation of MH134 cells was significantly
suppressed by PEG-IFN-a2b dose-dependently com-
pared with control group (P < 0.05, Fig. 1A).

Cell Invasion Assay

MH134 cells were examined in the invasion assay to
determine if their ability to penetrate the reconstituted
basement membrane matrigel. MH134 cells added
with PEG-IFN-a2b (1 X 10,1 x 10*, 1 X 10° IU/mL) ex-
hibited significantly lower levels of invasion potential
(control versus PEG-IFN-a2b 1 X 10%, 1 x 10* 1 x 10°
1U/mL, mean 3.239 versus 1.707, 1.499, 1.047, Fig. 1B).

Quantitative Real Time-PCR for VEGF and bFGF in HCC Cells

Anti-angiogenic effects of PEG-IFN-a2b on MH134
cells by blocking the expression of VEGF and bFGF

were studied. The expression of VEGF mRNA decreased
in cells with PEG-IFN-a2b significantly (P < 0.05,
Fig. 1C). The treatment with PEG-IFN-a2b resulted in
a reduction of VEGF mRNA for 24 h. However, the ex-
pression of bFGF mRNA in the cells with PEG-IFN-
a2b did not differ significantly compated with the control
(P > 0.05, Fig. 1D).

Tumor Diameter

Dose-dependent suppression of tumor diameter was
observed in mice receiving PEG-IFN-a2b. PEG-IFN-
a2b significantly suppressed compared with control
mice (P < 0.05, Fig. 2).

Liver Metastasis

Macroscopic metastasis of all mice could be seen on
the surface of the liver. PEG-IFN-a2b significantly
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FIG. 2. Dose-dependent change in tumor diameter of subcutane-
ously injection model. The mice received a subcutaneous injection of
1x10* and 1x10° IU/mL PEG-IFN-a2b. PEG-IFN-a2b significantly
suppressed tumor growth (P < 0.05).

decreased the number of liver metastases (19.3 versus
6.0, P < 0.05, Fig. 3).

Tumor Angiogenesis (Microvessel Density)

The number of blood vessels was quantified by count-
ing the stained regions in five high-power fields (X400).
PEG-IFN-a2b significantly suppressed angiogenesis
compared with control mice (P < 0.05, Fig. 4).

Expressions of VCAM and ICAM Protein

These pictures show non-tumorous area of mouse liver.
Immunohistochemically, they showed weak positive re-
action in the entire field, so both the VCAM and ICAM ex-
pressions showed no difference between the metastatic
tumors or the non-tumorous liver tissues (Fig. 5).

DISCUSSION

The metastasis of cancer cells has a multi-step and
key-molecule so-called ‘seed and soil’ theory [18]. The
steps of metastasis are characterized by cells that lose
their cell-cell contact (E-cadherin, pB-catenin), cross
basement membrane [matrixmetaloprotease (MMP)
family], invade stroma (MMP family), spread across
blood vessels, adhere vascular endothelial cells (Sialyl-
Lewis X, integrin, ICAM, VCAM) and form new neoplas-
tic tissue and angiogenesis (integrin, VEGF, bFGF,
angiopoietin 2) in sites other than that of the original
tumor.

IFN has been shown to reduce the incidence of pre-
neoplastic foci and cancer in HCC model [19, 20]. IFN
has been already reported to inhibit the growth of
a variety of cancer cells, including multiple myeloma,
ovarian cancer, and liver cancer cells [21]. In HCC,
IFNe is reported to up-regulate tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) in T cells,
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FIG. 3. Intrahepatic metastasis via portal vein model showed
number of liver metastasis nodule seven days after operation. The
mice received a subcutaneous injection of 1x10* and 1x10° TU/mL
PEG-IFN-a2b. PEG-IFN-a2b significantly decreased number of liver
metastasis (P < 0.05).

NK cells and monocytes [3], and Fas/Fas ligand path-
way [5]. It also exerts immunomodulatory effects by
stimulating T cells, NK cells, and monocytes [3].

In this study, we use the mouse cell lines. The effect of
human IFNs on murine tumor cells in vivo has already
been reported [22]. First, we demonstrate that PEG-
IFN-a2b can inhibit the invasion of floating MH134
HCC cells. Second, we can demonstrate the anti-
metastatic effect of PEG-IFN-a2b with in vivo intrahe-
patic and portal vein metastasis model showing the
reduction of the liver metastases. So these results can
cause the speculation about the anti-metastatic effect
of PEG-IFN-a2b. However, few studies have reported
the anti-metastatic effects of IFN«a, and the mecha-
nisms of these effects are still unclear. The invasiveness
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FIG. 4. Microvessel density in metastatic liver tumor. Detection
of CD34 positive cells by immunohistochemical staining (X400).
Any brown-staining cell cluster distinct from adjacent microvessels,
tumor cells, or other stromal cells was considered a single countable
microvessel, and the number of CD34 positive cells was significantly
lower compared with the control group (P < 0.05).



