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Abstract

Dendritic cells (DCs) capture, process proteins and present peptides on the cell surface in the
context of major histocompatibility complex (MHC1 and MHC11) molecules to induce antigen-
specific T cell immune responses. The aims of this study were to (1) employ an expanded and
purified DCs population and load them with aspartate-f3-hydroxylase (ASPH), a highly expressed
tumor associated cell surface protein, and (2) to determine if immunization induced anti-tumor
effects in an orthotopic rat model of intrahepatic cholangiocarcinoma (ICC). Splenocytes were
incubated with ASPH-coated beads and passed through a magnetic field to yield an 80% pure DC
0X62+ population. This DC subset was stimulated with GM-CSF, 1L-4, CD40L and IFN-y,
resulting in a 40-fold increase in IL12A mRNA expression to subsequently generate a Thq type
immune response. After incubation with the cytokine cocktail, DCs were found to have matured,
as demonstrated by increased expression of CD40, CD80 and CD86 co-stimulatory molecules.
Immunization with ASPH-loaded DCs induced antigen-specific immunity. A clone of the parental
tumorigenic rat BDEneu cholangiocyte cell line, designated BDEneu-C24 found to have the
highest number of cells expressing this surface protein (97%); it maintained the same phenotypic
characteristics of the parental cell line and was used to produce intrahepatic tumors in
immunocompetent syngeneic Fischer-344 rats. Immunization with ASPH-loaded DCs generated
cytotoxicity against cholangiocarcinoma cells in vitro and significantly suppressed intrahepatic
tumor growth and metastasis, and was associated with increased CD3+ lymphocyte infiltration
into the tumors.

Conclusions—These findings suggest that immunization with ASPH-loaded DCs may
constitute a novel therapeutic approach for ICC, since this protein also appears to be highly
conserved and expressed on human hepatobiliary tumors.
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Introduction

Cholangiocarcinoma is the second-most common primary liver tumor (10 to 15%) compared
to hepatocellular carcinoma (HCC). The incidence and subsequent mortality of intrahepatic
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cholangiocarcinoma (ICC) has been increasing worldwide (1). It is difficult to establish the
diagnosis of early stage ICC, since symptoms are not prominent until the disease is far
advanced. Patients with unresectable tumor have a dismal prognosis, with a median survival
time of nine months (2, 3). Surgical resection is considered to be the most viable approach to
attempt a “cure” for ICC; however, the five year survival rate ranges from 25% to 48% due
to incomplete resection and subsequent high recurrence rate (~50%) (4—6). New approaches
are urgently needed to prevent tumor recurrence after surgical resection in an attempt to
further improve patient survival.

Aspartate-B-hydroxylase (ASPH), also known as aspartyl-asparaginyl B-hydroxylase, is a
type 2 transmembrane protein belonging to the a-ketoglutarate-dependent dioxygenase
family. This molecule catalyzes post-translational hydroxylation of beta carbons of aspartyl
and asparaginyl residues in epidermal growth factor-like domains of certain proteins,
including Notch and Notch homologs (7-12). Over-expression of ASPH produces a
malignant phenotype characterized by increased cell motility and invasion (13). ASPH is
abundantly expressed in a number of malignant neoplasms, which include HCC, ICC, lung,
colorectal, pancreatic, and neural carcinomas (14-18). In contrast, most normal tissues have
relatively low or absent ASPH expression (14), as measured by immunohistochemistry and
“real time” RT-PCR. ASPH over-expression has been observed to contribute to the
infiltrative growth pattern of cholangiocarcinoma cells by promoting cell motility (19).
Moreover, surgically resected ICC tumors exhibited high level ASPH immunoreactivity in
over 95% of cases, with the degree of ASPH overexpression appearing to correlate with
tumor size, infiltrative growth pattern, histological grade, vascular invasion and poor
survival rates (20).

DCs are professional antigen-presenting cells that capture and break-down proteins into
immunogenic peptides that are subsequently presented with products of the major
histocompatibility complex (MHC) to naive T cells. Therefore, DCs induce a cellular
immune response that involves both CD4+ T helper and cytolytic CD8+ T cells (21, 22).
Due to their demonstrable antitumor effects, DCs have emerged as attractive candidates to
deliver tumor associated antigens (TAAS) for tumor immunotherapy. In this study, our aim
was to preclinically establish this approach as being potentially useful for the prevention
and/or treatment of ICC by utilizing ASPH as a functional cell surface antigen delivered by
DCs to an immunocompetent animal model of ICC closely resembling the progressive
human disease.

Previously, we established a novel method of generating large numbers of DCs in mice by
hydrodynamic delivery of plasmid DNA that encoded for the secreted form of human fms-
like tyrosine kinase 3 ligand (hFIt3L) (23). DCs may be enriched from splenocytes in vitro
by phagocytosis of magnetic beads and separation in a magnetic field. Here we demonstrate
that a DC population was generated and characterized following hydrodynamic gene
delivery of hFIt3L. In this context, immunotherapy using mature ASPH-loaded DCs was
employed in an effort to induce antitumor effects against intrahepatic ICC tumors produced
by injection of the highly tumorigenic rat BDEneu cholangiocyte cell line into the liver of
syngeneic rats.

Cell lines and culture

BDEneu cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) as previously
described (24). Using the limiting dilution technique of BDEneu parental cell (BDEp), 10
clones of BDEneu cells were established. Among the 10 clones, BDEneu Clone 24 (BDE
CL24) was used in the generation of ICC, since it had the highest percentage of cells
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expressing ASPH on the cell surface. A murine hepatocellular carcinoma cell line, BNL
1ME A.7R.1 (BNL), obtained from American Type Culture Collection served as a positive
control.

Animals, tumor challenge and immunization

Young adult Fischer 344 male rats (Harlan, Indianapolis, IN) with mean body weight of
approximately 150 — 200 g were maintained in accordance with the guidelines set by the
Institutional Animal Care and Use Committee of Rhode Island Hospital (Providence, RI)
and used in the experiments described. The BDE CL24 cells were suspended in HBSS. A
small incision was made and the bile duct was identified and ligated using non-absorbable
silk surgical suture. BDE CL24 cells (3 x 106) were inoculated into the parenchyma of the
left hepatic lobe through 30 gauge needle. After tumor cell inoculation at day 0, animals
were immunized with 1 x 108 ASPH or GFP-loaded DCs 2 times at day 4 and day 8. Rats
were euthanized at day 18 and tumor volumes were measured using a caliper, and volumes
were calculated by the formula: V = length x width x height x0.5. When the tumors were
multiple, the largest three tumor volumes were calculated and the total tumor volume was
determined.

In vivo generation of dendritic cells

The rat DC population was expanded by hydrodynamic delivery of plasmid DNA construct
encoding the secreted form of hFIt3L (23) and the technique is described in detail under
Supplemental Methods.

Flow cytometry analysis

The cell surface expression of ASPH in BDEneu and BDEneu C24 cells and other
phenotypic markers expressed by purified DC populations were analyzed by flow cytometry
as previously described (23). Details are supplied in Supplemental Methods.

Recombinant human aspartate-B-hydroxylase

The full length human ASPH (GenBank accession no. 583325) was cloned into the EcoRI
site of the pcDNA vector (Invitrogen). Recombinant ASPH protein produced in a
Baculovirus system (Invitrogen) according to manufacturer’s instruction.

Western blot analysis

Western blot analysis was done as previously described (25) and the antibodies used are
described in the Supplemental Methods.

Cell proliferation and cytotoxicity assays
Descriptions are provided in Supplemental Methods.

Histochemical, immunohistochemical and immunofluorescent staining
Details are provided in the Supplemental Methods.

Quantitative reverse-transcription PCR analysis

Total RNA from cultured BDEneu cells, 5 x 106 freshly purified dendritic cells or
stimulated dendritic cells was isolated and gPCR was performed as described (26). Primer
sequences are provided in the Supplemental Methods.
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Cytokine enzyme-linked immunosorbent assays and immunization with DCs

To examine the production of 1L-10, 2 x 10° purified DCs per well were cultured in 96-well
plates in RPMI 1640 medium in the presence of GM-CSF and/or IL-4 and/or IFN-y and/or
CDA40L for 48 h. Culture supernatants were collected and subjected to enzyme-linked
immunosorbent assay (ELISA) using OptEIA set ELISA kits (BD Biosciences) according to
the manufacture’s instructions. Immunization of rats with purified antigen-loaded DCs was
performed as described (27). Details are provided in the Supplemental Methods.

Statistical analysis

Results

Results were analyzed using the SPSS software (version 11.0.1 J, SPSS Inc., Chicago, IL).
Data was analyzed by a non-paired Student’s t-test or one-way analysis of variance followed
by a Tukey test when comparing more than two groups. Differences are considered
significant at p<0.05.

Expansion and Purification of Dendritic Cells

The rat DC population was expanded and identified by the rat DC-specific integrin CD103
which is recognized by the OX62 antibody. The OX62+DCs can be further classified as two
subsets based on the expression of the CD4 molecule i.e., CD4-0X62+DCs and
CD4+0X62+DCs. The hFIt3L-treated splenocytes were comprised of approximately 30% of
0X62+DC (28.4% of CD4-0OX62+DCs and 3.8% of CD4+0X62+DCs) compared to just
1% of such a population residing in the normal spleen. Incubation of expanded splenocyte
populations with magnetic beads followed by a purification step of the bead-containing cells
via separation on a magnetic column, generated an enriched DC population consisting of
greater than 80% OX62+DCs (73.8% of CD4-0OX62+DCs and 6.6% of CD4+0X62+DCs)
(Figure 1A). It is noteworthy that 5.0 —7.0 x 108 splenocytes were obtained per hFIt3L-
treated spleen. After purification of cells that phagocytized magnetic beads, the yield was
found to be 4.0 — 6.0 x 107 DCs per spleen, and these cells had greater than 90% viability.
The CD4-DC: CD4+DC ratio was approximately 1:1 in normal OX62+ cells compared with
7:1 in hFIt3L-treated OX62+ cells or 11:1 in OX62+ cells purified after phagocytosis of
beads. Thus, the CD4-OX62+ subset was the major subpopulation found in purified DCs
produced by this technique. Previously, rat plasmacytoid DCs (pDC) were identified as a
subset of MHC class 11+ CD4+CD3-CD11b-CD45R+ leukocytes and they have been found
to produce large amounts of type | IFN upon viral stimulation. The pDC subset, as shown as
the box in Figure 1B, was not able to be expanded by hydrodynamic injection of hFIt3L, nor
further purified by phagocytosis of magnetic beads.

Phenotypic Characterization of the DC Population

The phenotype of DC subpopulations expanded by hFIt3L injection and purified by
phagocytosis of magnetic beads was further analyzed after double staining using PE-
conjugated anti-CD103 (OX62) or PE-conjugated anti-MHC class 1l (RT1B) and other
FITC-conjugated antibodies (Figure 1C). The OX62+DCs showed negative expression of
CD3, CD8a, CD45R and CD45RA. In addition, the OX62+DCs showed dull expression of
CD161a (NKR-P1A) and positive expression of MHC class I, class Il and CD11b.
Previously, we have reported that a murine DC population expanded by hFIt3L injection and
enriched by magnetic beads contained approximately 17% macrophages (23). The enriched
rat DC population characterized here contained approximately 15% OX62-cells (Figure 1A)
and half of the OX62- cells stained positive by anti-granulocyte antibody (HIS48). In
contrast, the OX62- cells were negative for the macrophage markers CD68 (ED1), CD163
(ED2) and CD169 (ED3). But approximately 10% of these enriched DCs were positive for
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another macrophage marker, HIS36, indicating the presence of macrophage subsets. The
DCs isolated by positive selection using the OX62 antibody have been reported to be
negative for co-stimulatory molecule (CD40 and CD86) expression (28). However, the DC
population enriched by phagocytosis of magnetic beads shown here have a broad range of
CDA40 expression with no expression of CD86.

Differential IL12A and IL12B expression in activated DCs

We investigated the ability of DCs to produce IL-12 under stimulation with GM-CSF, IL-4,
CDA40L and IFN-y. IL-12 is 70kD heterodimeric cytokine composed of two disulfide-linked
subunits (p35 and p40) encoded by two separate genes. Bioactive IL-12p70 production by
antigen-presenting DCs or macrophages is a key factor for initiation of CD4+ T helper 1
(Thy) cell activation (29, 30). Furthermore, the IL-12p35 subunit plays a role as a limiting
component which determines production of IL-12p70 since 1L-12p35 is made at
substantially lower levels than IL-12p40; therefore, IL-12p70 production is dependent on the
level of 1L-12p35 expression in the cell (31). The IL12A and 1L12B mRNA expression
levels produced by DCs in the culture medium or stimulated through GM-CSF, IL-4,
CDA40L or IFN-y additions (24 h after purification with magnetic beads) were monitored.
Both the IL12A and IL12B mRNA expression results were normalized to levels found in
DCs before stimulation. The IL12A mRNA revealed highest expression (43.7 fold) 3 h after
IL-4 stimulation (Figure 2A). In contrast, IL12B expression was optimal 6h after CD40L
stimulation (16.0 fold) (Figure 2B). Next, studies were performed on IL12A expression by
DCs stimulated with the cytokine cocktail (GM-CSF, IL-4, IFN-y and CD40L) and
measured 3h after stimulation. The cytokine cocktail induced IL12A mRNA expression
approximately 40-fold compared with DCs cultured with medium alone (Figure 2C).
Finally, the production of IL-10 was measured in culture supernatants 48 h after stimulation
with cytokines either alone or in combination. The DCs stimulated by the full cytokine
cocktail had a reduced IL-10 level compared to GM-CSF, IL-4 and CD40L stimulation
(Figure 2D). From these results, we selected the combination of GM-CSF, IL-4, IFN-y and
CDA40L as optimal activators of IL-12 production by DCs in further experiments.

Maturation of DCs by the Cytokines

Changes in co-stimulatory molecule expression on DCs after cytokine stimulation were
evaluated. The DCs isolated by positive selection using an OX62 antibody exhibited lower
expression of MHC class Il and no expression of CD40, CD80 and CD86 co-stimulatory
molecules and were considered as immature DCs. However, DCs freshly isolated following
magnetic beads ingestion were found to have strong MHC class 11 expression and broad CD
40 expression. Thus, the final DC population purified by beads were considered to be of an
intermediate maturity phenotype. The DCs stimulated by the cytokine cocktail for 40 h
however, were considered mature because of the significantly higher expression levels of
CD40, CD80 and CD86 co-stimulatory molecules (Figure 3).

Immunization with ASPH-loaded Dendritic Cells Induces Antigen-Specific Immunity

Splenocytes derived from rats immunized with ASPH-loaded DCs produced significantly
higher amounts of IFN-y, which increased substantially when cells were incubated with
increasing concentrations of recombinant ASPH protein added to the culture medium
(Figure 4A). Increased production of IFN-y was not observed in splenocytes derived from
controls subcutaneously immunized with HBSS or GFP-loaded DCs. In contrast,
splenocytes derived from controls and animals inoculated with ASPH or GFP-loaded DCs
were similar with respect to their capability to produce low level IL-4 and these low levels
were not influenced by the presence of various concentrations of recombinant ASPH protein
in the culture medium (Figure 4B).
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Establishment and Characterization of BDEneu Subclones with High Expression of ASPH

The BDEneu parental (BDEneu-p) cell line was derived from rat cholangiocytes (BDE1)
stably transfected to express a mutationally activated rat neu oncogene (32). In addition,
BDEneu have been shown to be a transplantable cell line, and an animal model of ICC has
been developed (24) to explore the anti-tumor effects of ASPH-loaded DCs. In this context,
the cell surface expression of ASPH by the BDEneu cell line was analyzed by flow
cytometry. The highly positive murine HCC cell line (BNL) was used as a positive control.
BDEneu-p cells showed ASPH expression on approximately 85% of the cells, and there was
a dimorphic population visible by light microscopy indicating a mixture of cell types. Using
the limited dilution technique of BDEneu cells, 10 subclones were established and analyzed.
Among these subclones, the BDEneu-CL24 cell line exhibited the highest percent of
positive cells (97%) which expressed ASPH and it remained constant over 15 serial
passages; this clone was selected for the immunotherapy experiments (Figure 5A). The BDE
CL24 clone was further characterized and comparisons were made to BDEneu- p cells
(Figure 5B).

The BDEneu-p and BDEneu-CL24 cell lines revealed comparable expression and
phosphorylation of HER2/neu. The BDEneu-CL24 cells showed comparable levels of Akt
and p-Akt expression; there was a slight reduction of p44/42 MAPK phosphorylation in
BDEneu-CL24 compared with BDEneu-p cells. The expression levels of Cytokeratin 19,
ASPH and Jaggedl in BDEneu-p and BDEneu-CL24 cells were similar. In contrast, Notch 1
protein expression was increased in BDEneu-CL24. The mucin 1 mRNA expression levels
in both BDEneu-p and BDEneu-CL24 cells were analyzed by quantitative RT-PCR and
showed no significant difference (Fig. 5C). The BDEneu-CL24 clone had similar cell
proliferation potential compared to BDEneu-p cells (Fig. 5D). The BDEneu-CL24 cells
produced ductal carcinomas at a 100% incidence after bile duct ligation and direct
implantation into the left lobe of the liver which was identical to the BDEneu-p cell line.
Histopathological evaluation of the intrahepatic tumors formed from the BDEneu-p and
BDEneu-CL24 cells revealed ductal and trabecular growth patterns of tumor cells growth;
both developed multiple areas of intrahepatic metastasis. In addition, there was an extensive
intrahepatic irregular collagen deposition pattern representative of dense stroma formation in
reaction to tumor cell growth. Tumors derived from both cell lines demonstrated positive
immunoreactivity for HER2/neu and ASPH protein expression (Figure 6); normal rat heart,
lung, liver, kidney and brain were negative for ASPH expression (data not shown).

Immunization with ASPH-loaded DCs Induced Cytotoxicity and Inhibited ICC Growth

In vitro experiments were performed to determine if splenocytes derived from rats
immunized with ASPH-loaded DCs induced cytotoxicity against BDEneu-CL24 rat
cholangiocarcinoma target cells as shown in Figure 7A; such lymphocytes exhibited striking
cell killing at various lymphocyte/target cell ratios.

More important, were the observations in vivo; animals were immunized with ASPH or
GFP-loaded DCs two times on day 4 and day 8 after bile duct ligation and tumor cell
implantation into the left lobe of the liver. As shown in Figure 7B, control rats treated with
GFP-loaded DCs showed rapid ICC tumor growth (white arrow) with extensive intrahepatic
spread (arrow heads). In contrast, immunization with ASPH-loaded DCs significantly
suppressed tumor growth and intrahepatic spread compared with the non-relavent antigenic
control. The mean tumor volume was significantly less in animals treated with ASPH-loaded
DCs compared to those treated with GFP-loaded DCs (p<0.05) (Figure 7B). It was of
interest that the residual tumors derived from the ASPH-DC immunized rats still expressed
ASPH on the cholangiocarcinoma tumor cell surface indicating that “escape mutants™ had
not developed. Thus, more than two immunizations may be necessary to achieve optimal
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anti-tumor effects in future studies. In addition, the effect of ASPH-loaded DCs
immunization therapy on lymphocyte infiltration into tumors was investigated. We found
that immunotherapy with ASPH-loaded DCs resulted in increased T cell infiltration (CD3+
cells) into tumors by immunohistochemical analysis (Figure 7C).

Discussion

This study demonstrates that immunotherapy with the ASPH-loaded DCs generated anti-
tumor effects against ICC in an animal model system. Animal models of ICC have been
difficult to develop. Sirica et al. (24) has successfully established and characterized a novel
tumorgenic cholangiocyte derived cell line, BDEneu, which produced ICC in the Fischer
344 rat strain. Importantly, the identification of cell surface markers has facilitated the
isolation and characterization of rat DC populations from the spleen to make
immunotherapy feasible as shown here. The establishment of DC-based immunotherapy in a
suitable ICC animal model provides opportunities to evaluate new anti-tumor approaches.

DCs are professional antigen-presenting cells that show an extraordinary ability to stimulate
naive T cells and to initiate primary adaptive immune responses. Because of this property,
DCs are excellent candidates as vehicles for therapeutic and prophylactic immunizations
against neoplasms. ASPH appeared to have attractive properties since it was a
transmembrane cell surface protein highly conserved and expressed on most tumor cells in
human cholangiocarcinomas, and not on surrounding proliferating normal bile ducts and
liver parenchyma (13, 14, 19, 20). Furthermore, expression levels correlated with tumor
recurrence and patient survival following surgical resection (20). The protein has well-
defined biologic functions by promoting the transformed phenotype through promotion of
increased cell migration, invasion, and proliferation (19). ASPH biologic activity involves
an interaction with the Notch signaling cascade known to be important in cell migration
(33). To deliver ASPH as an immunogen, we characterized a rat DC population following
hydrodynamic gene delivery of hFIt3L expression plasmid. After maturation with cytokines,
purified antigen-loaded DCs were injected subcutaneously to induce an antigen-specific host
immune responses in the rat model of ICC. This investigation suggests that immunization of
rats with ASPH-loaded DCs may induce substantial antitumor effects against orthotropic
intrahepatic cholangiocarcinomas produced by hepatic injection of BDE CL 24 cells.

To achieve anti-tumor activity, it was necessary to generate and purify sufficient numbers of
DCs with high viability. The selection approach to purify DCs from normal rat spleen was a
major method used to accumulate sufficient cells with the desired phenotype for
immunization studies as previously described (23). The yield was found to be 3-5 x 106
0X62+ cells per normal rat spleen (28). In contrast, in vivo DC expansion by hydrodynamic
gene delivery of a hFIt3L expression plasmid yields 4.0 — 6.0 x 107 DCs which is 10 times
more than the amount of DCs isolated without such stimulation.

DCs are divided into different subsets and those derived from the rat spleen express the DC-
specific integrin CD103 recognized by the OX62 mAb (34). The OX62+ DCs are further
divided into two subsets based on CD4+ and CD4- expression. The CD4- DC subset is the
main producer of IL-12 and induced the Thy immune responses, whereas CD4+ DC do not
produce bioactive IL-12 (28). The rat pDCs do not express the DC-specific OX62 marker
and are generally defined by expression of MHC class Il, CD3, CD4, CD45R and CD11b
antigens. Rat pDCs produce type | interferon upon stimulation with oligonucleotides
containing type B CpG motifs (35). Voisine et al demonstrated that the CD4- DCs produced
robust amounts of the IL-12 proinflammatory cytokines and induced Th; responses whereas
CD4+ DCs were found to have low levels of 1L-12 expression. The DC population which
exhibits the highest expression level of IL12A mRNA after stimulation with the four GM-
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CSF, IL-4, IFN-y and CD40L cytokines, will subquently augment optimal Thy and CTL
responses. More important, IL-10 production by rat DCs was limited and would provide less
suppression of beneficial Th; type anti-tumor immune responses.

The maturation status of DCs is critical for activating the appropriate effector T cells.
Immature DCs function as antigen-capturing cells, whereas mature DCs represent potent
antigen-presenting cells. The maturation of DCs is associated with the expression of co-
stimulatory molecules such as CD40, CD80 and CD86 (36, 37). In this study, the freshly
purified DCs generated after phagocytosis of magnetic beads from a mixed splenocyte
population were negative for CD80 and CD86 antigens but demonstrated broad expression
of CD40. Our laboratory previously demonstrated that the DCs incubated with un-coated
(antigen negative) beads exhibit very low expression of CD40 in mice (23). This finding
suggests that during the process of purification by magnetic beads, an intermediate
maturation status of DCs occurs in the rat. Culture of rat DCs without any cytokine addition
leads to spontaneous maturation and such cells are moderately positive for CD40, CD80 and
CD86 expression; however, the addition of four cytokines to the culture medium results in a
striking increase of CD80 and CD86 expression. This finding is consistent with previous
observation suggesting that CD40L or GM-CSF triggers strong CD80 and CD86 expression
on CD4- DCs (28, 38, 39).

In this context, immunization with ASPH-loaded DCs produced striking cytotoxicity against
cholangiocarcinoma cells in vitro as shown in Figure 7A. To investigate the mechanism(s)
of anti-tumor effects, we examined the tumor-infiltrating lymphocyte population in the
tumors treated with GFP-loaded (control) or ASPH-loaded DCs. We found increased tumor-
infiltrating CD3+ lymphocytes which suggest that the ASPH-loaded DC immunization
approach may foster anti-tumor activity via recruiting T cells into the tumor. It is important
to note that BDEneu-p and the clonal BDEneu-CL24 cells elicit a dense collagenous stromal
response during tumor formation; yet CD3+ T cells were able to penetrate this barrier and
reduce or retard established ICC tumor growth. We also examined ASPH expression of the
residual tumor after immunization x2 with ASPH-loaded DCs. The remaining tumor cells
still express ASPH on the cell surface. These findings suggest that additional immunizations
may be required to achieve optimal anti-tumor activity and that “escape” tumors did not
develop under these conditions. Finally, this general approach may be attractive for other
human malignancies since hepatocellular, pancreas, colon and breast carcinomas have also
been found to highly express ASPH on the tumor cell surface (14).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

ICC intrahepatic cholangiocarcinoma

ASPH aspartate-beta-hydroxylase

DC dendritic cell

MHC major histocompatibility complex
hFIt3L human fms-like tyrosine kinase 3 ligand
PCR polymerase chain reaction

RT reverse-transcription
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ELISA enzyme-linked immunosorbent assay
pDC plasmacytoid dendritic cell

PE phycoerythrin

FITC fluorescein isothiocyanate

GFP green fluorescent protein
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Figure 1. Flow cytometry analysis of cell surface markers on purified DCs

(A) The changes observed in the OX62+DCs population obtained from non-expanded
(normal) expanded and purified from splenocyte populations. Cells are displayed in a OX62
and CD4 plot. (B) Detection of pDCs (CD3-CD4+CD45R+) in non-treated (normal),
hFIt3L-treated splenocytes, or purified after phagocytosis of beads using flow cytometry.
(C) The phenotype of the hFIt3L stimulated and purified DC population. To detect the
HIS36+ cells, cells were stained with PE-conjugated anti-macrophage subset (HIS36)
antibody and FITC-conjugated anti-RT1B antibody.
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Figure 2. Cytokine expression in purified DCs

(A) Transient expression of IL12A mRNA of the IL-12p35 subunit in purified DCs
stimulated for the indicated times with GM-CSF (4 ng/ml), IL-4 (100 ng/ml), or CD40L (1
pg/ml), or IFN-y (20 ng/ml). (B) The expression of IL12B mRNA of the IL-12p40 subunit
after cytokine stimulation. In panel (A) and (B), the expression of IL12A mRNA or IL12B
mRNA was normalized to ribosomal 18S as measured in parallel reactions. The fold change
was shown as the ratio to the expression level of IL12A mRNA or IL12B mRNA derived
from DCs at 0 h without cytokine stimulation. *, p<0.05; **, p<0.01, as compared with cells
cultured in medium alone. (C) Effects of the cytokine cocktail of GM-CSF, IL-4, IFN-y, and
CDA40L either alone or in combination on the expression of IL12A mRNAs. The fold change
is shown as the ratio to the expression level of ILL2A mRNA from DCs at 3h without
cytokine additions. **Significantly higher than the other groups (p<0.01). (D) IL-10
production by purified DCs cultured with cytokines either alone or in combination for 48
hours. Each value in all panels represents the mean + SD.
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Figure 3. In vitro maturation of DCs following stimulation with the cytokine cocktail
The cytokine cocktail induced phenotypic maturation of purified DCs. The expression of
RT1B, CD40, CD80, CD86 and OX62 (solid lines) were assessed by flow cytometry on
freshly purified DCs or the same cells cultured for 40 hours in the presence or absence

(medium) of GM-CSF (4 ng/ml), IL-4 (100 ng/ml), IFN-y (20 ng/ml), and CD40L (1 pg/ml)
added to the culture medium. The dashed line represents isotype-matched control antibodies.
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Figure 4. Antigen-specific responses of splenocytes derived from rat immunized with ASPH-
loaded DCs

(A) Rats were subcutaneously immunized 2X at 2-week intervals with HBSS or with media
that contained 1 x 108 ASPH-or GFP-loaded DCs. Splenocytes were harvested at 2 weeks
after the second immunization and cultured for 48 hours in the presence of recombinant
ASPH at the concentration indicated. Immunization with DCs purified via ingestion of
ASPH-loaded beads exhibited antigen-specific IFN-y secretion. (B) I1L-4 secretion levels
were similar in splenocytes derived from rats immunized with HBSS, GFP or ASPH-loaded
DCs. Each value in all panels represents the mean £ SD. **, p<0.01.
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Figure 5. Establishment and characterization of BDEneu-CL24 cells with a high percent of cells
that express ASPH on the plasma membrane

(A) Cell surface ASPH expression in BDEneu-p, BDE CLneu-CL24 at passage 5 and 15
respectively (BDEneu-CL24 p5 and BDEneu-CL24 p15) along with the murine BNL HCC
cell line (positive control) using flow cytometery analysis. The percent of ASPH positive
cells was determined by comparison with the isotype-matched control antibody (dashed
line). (B) The BDEneu-CL24 cell showed similar protein expression patterns to BDEneu-p
cells in signaling pathways related to HER2/neu by Western blot analysis. In contrast, the
BDEneu-CL24 cell revealed increased Akt expression with reduced Akt and p44/42 MAPK
phosphorylation levels. Notch 1 expression was also up-regulated in the BDEneu-CL24 cell
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line. (C) The BDEneu- CL24 cells maintained high mucin 1 mRNA expression levels
similar to the parental cell line (BDEneu-p); mucin 1 mRNA expression was normalized to
ribosomal 18S. (D) Cell proliferation kinetics of BDEneu-p and BDEneu-CL24 cells were
similar. Results were normalized by the average absorbance measured at day 0. Each value
in panels (C) and (D) represents the mean + SD.
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Figure 6. Histopathologic features of ICC tumors

Hematoxylin-eosin staining in central portion of tumors (upper panel 40x, and middle panel
100x), Masson Trichrome staining (upper middle panel 40x), HER2/neu and ASPH
expression by immunohistochemical staining in rat liver tumors after bile duct ligation and
BDEneu-p or BDEneu-CL24 inoculation into the liver parenchyma and harvested 18 days
later (lower middle panel 400x magnification). ICC tumors were also immunostained with
an anti-ASPH antibody (green) and DAPI (blue) (lower panel; bar, 50 pm) and
demonstrated intense cell surface expression.
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Figure 7. Immunotherapy with ASPH-loaded DCs induced anti-tumor effects with accumulation

of tumor-infiltrating lymphocytes

A. Cytotoxicity against rat BDEneu-CL24 cholangiocarcinoma cells exhibited by
splenocytes isolated from rats immunized with ASPH-loaded DCs compared to ASPH-
coupled microbeads alone. Note the striking cell killing at various L/T ratios (B)
Representative comparison of the morphology of ICC after GFP- or ASPH-loaded DC
immunization (there were 8 animals in each group). Rats inoculated with GFP-loaded DCs
showed robust growth of main tumor (white arrow) with intrahepatic spreads (arrow heads).
In contrast, immunization with ASPH-loaded DCs substantially suppressed tumor growth.
Comparison of tumor volumes 18 days after BDEneu-C24 inoculation into the liver were
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also obtained (right panel). (C) Infiltration of CD3+ T lymphocytes into the ICC tumor of
rats immunized with either GFP- or ASPH-loaded DCs (bar, 50 pm). In addition, the mean
number of CD3+ cells in ICC tumors sections derived from animals treated with GFP- or
ASPH-loaded DCs, respectively, was determined (right panel). Results represent the mean
CD3+ cell number per five microscopic fields randomly selected from each tumor section.
The values in all panels represents the mean + SD. *, p<0.05; **, p<0.01.
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