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Fig. 5. Tumorigenic/metastatic capacities of EpCAM™ and CD90™ cells in primary HCC. (A) Representative NOD/SCID mice with SC tumors
(white arrows) from EpCAM™ P4 or P7 celis (left and middie panels) and CDS0™ or CD90™ P12 cells (right panel). (B) FACS analysis of CD90
and EpCAM staining in primary HCCs and the corresponding secondary tumors developed in NOD/SCID mice. Unsorted cells (1 x 108 cells in
P4 and P7 or 1 x 10° cells in P12) were SC injected to evaluate the frequency of each marker-positive cell in primary and secondary tumors.
(C) IHC analysis of EpCAM and CD9O0 in primary HCCs P4, P7, and P12 (scale bar, 50 um). (D) FACS analysis of VEGFR1 (Alexa488) and
CD105 (APC) in primary HCC P12. (E) Hematoxylin and eosin staining of lung tissues in P4 and P12 (scale bar, 200 um). (F) Frequency of
lung metastasis in NOD/SCID mice SC transplanted using unsorted primary HCC cells.
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UM reduced cell proliferation and spheroid formation
in CD90™ cell lines, but had no effect on EpCAM™
cell lines (Supporting Fig. S4B,C).

We further explored the effect of imatinib mesylate in
vivo. Because EpCAM™ and CD90" cells reside in the
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primary HCC, but not in established cell lines, we SC
injected HuH7 and HLEF cell lines to generate tumors
organized by EpCAM™ and CD90" CSCs. Interestingly,
when HLF cells were coinjected with HuH7 cells,
EpCAM™ cells could merastasize to the lung, whereas
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SC primary tumors showed no difference in size

(Fig. 6B,C). Furthermore, although imatinib mesylate
treatment had litde effect on the size of primary SC
tumors, it significantly suppressed lung metastasis in pri-
mary tmors (Fig. 6C). These data suggest that CD90™
cells are not only metastatic to the distant organ, but
also help the metastasis of CD90™ cells, including
EpCAM™* cells, which originally have no distant meta-
static capacity. Our data further suggest that imatinib
mesylate can inhibit distant organ metastasis by sup-
pressing CD90™ metastatic CSCs, albeit with litde effect
on EpCAM™* tumorigenic epithelial stem-like CSCs.

To explore the potential mechanism of how CD90™
cells dictate the metastasis of EpCAM™ cells, we utilized
coculture systemns and tme-lapse image analysis. Wound-
healing analysis clearly indicated that motility of HuH7
cells was enhanced when HLF cells were cocultured, and
this effect was abolished by imatinib mesylate treatment
(Fig. 6D; see Supporting Videos 1-3). HLF cells abun-
dandy expressed TGFBI, compared with HuH7 cells,
and its expression was dramatically suppressed by imat-
nib mesylate treatment (Fig. 6E). Mothers against decap-
entaplegic homolog 3 (Smad3) phosphorylation was aug-
mented in HuH7 cells when cocultured with HLF cells,
and this effect was attenuated when cocultured with
HLF cells pretreated with imatinib mesylate.

Taken together, our data suggest that liver CSCs are
not a single entity. Liver CSCs defined by different
markers show unique features of tumorigenicity/metas-
tasis with phenotypes closely associated with commit-
ted liver lineages. These distinct CSCs may collaborate
to enhance tumorigenicity and metastasis of HCCs.

Discussion

The current investigation demonstrates that CSC
marker expression status may be a key determinant of
cancer phenotypes, in terms of metastatic propensity

HEPATOLOGY, Month 2012

and chemosensitivity, to certain molecularly targered
therapies. EpCAM appears to be an epithelial tumori-
genic CSC marker, whereas CD90 seems to be a mes-
énchymal metastatic CSC marker associated with
expression of cKit and chemosensitivity to imatinib
mesylate. Imatinib mesylate may be effective in inhibi-
ting metastasis, but has little effect on primary
EpCAM™ HCC cell growth.

We investigated the frequency of three CSC markers
(EpCAM, CD90, and CD133) in 15 primary HCCs
with a confirmed cell viability of >70% and found
that three HCCs contained CD133% cells, seven
HCCs contained EpCAM™ cells, and all HCCs con-
rained CD90™ cells. Among them, we confirmed the
perpetuation of CD133% cells derived from three
HCCs (P7, P12, and P14; data not shown), EpCAM™
cells derived from four HCCs (P4, P7, P13, and P14),
and CD90* cells derived from two HCCs (P12 and
P15). Recent studies showed that at least 8 of 21
HCCs (38%)* and 13 of 13 HCCs (100%) con-
tained tumorigenic CD133" or CD90™ CSCs, respec-
tively. Recent IHC and tissue microarray studies also
demonstrated that CD133" and CD90™ cells were
detected in 24.8% (>1% of tumor cells) and 32.2%
(>5% of tumor cells) of HCC cases examined,
respectively.'>'¢

One possible explanation of the comparatively low
frequency of CD133™ liver CSCs identified in our
study is that we used the monoclonal Ab CD133/2,
whereas Ma et al. used CD133/1. Another possible ex-
planation is the difference of etiology related to hepa-
tocarcinogenesis. We examined tumorigenicity using
15 HCCGs (five HBV related, four HCV related, three
non-B, non-C hepatitis [NBNC] related, and three
alcohol related) and identified that tumorigenic CSCs
were only obtained from HBV- or HCV-related cases.
Previous liver CSC studies were performed using
HBV-related HCCs,*® and a recent study showed that

Fig. 6. Suppression of fung metastasis mediated by CD90™ CSCs by imatinib mesylate. (A) FACS analysis of seven HCC celi lines stained by
APC-CD105, Alexa 488/VEGFR1, APC/VEGFR2, and Alexa 488/c-Kit Abs or isotype control. (B) Tumorigenicity of 5 X 10® HuH7 cells and 2.5
x 10° HUH7 cells plus 2.5 x 10% HLF cells treated with imatinib mesylate or control phosphate-buffered saline (PBS) (200 ul/mouse) orally
ingested three times per week (100 mg/kg) for 2 weeks. Data are generated from 5 mice per condition. (C) IHC analysis of EpCAM in lung
metastasis detected in NOD/SCID mice SC injected with 2.5 x 10% HuH7 cells and 2.5 x 10° HLF cells. Metastasis was evaluated macro- and
microscopically in the left and right lobes of the lung separately in each mouse (n = 5) (scale bar, 100 um). (D} Cell motility of HuH7 celis
cocultured with HuH7, HLF, or HLF cells with imatinib mesylate (10 uM) was monitored in a real-time manner by time-lapse image analysis.
HuH7 and HLF cells were labeled with the lipophilic fluorescence tracer, Dil (indicated as red) or DiD (indicated as blue), and incubated in a
u-Slide eight-well chamber overnight. Silicone inserts were detached and the culture media replaced with Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum, including 0.1% dimethyl sulfoxide (DMSO) (control) or 10 uM of imatinib mesylate dissolved in DMSO (final
concentration 0.1%). Immediately after the medium change, cells were cultured at 37°C in 5% CO, and time-lapse images were captured for 72
hours. (E) gPCR analysis of TGFB1 in HuH7 (white bar), HLF (gray bar), and HLF cells pretreated with imatinib mesylate for 24 hours. (F) Smad3
and its phosphorylation evaluated by western blotting. HuH7 cells and HLF cells were harvested in cell culture inserts and treated with DMSO
(0.1%) or imatinib mesylate (10 uM) for 24 hours. Cell culture inserts were washed with PBS, cocultured with HuH7 cells for 8 hours, and then
removed. HuH7 celis were lysed using radioimmunoprecipitation assay buffer for western biotting. (A) HuH7 cells cocultured with HuH7 cells. (B)
HUH7 cells cocultured with HLF cells. (C) HuH7 cells cocultured with HLF cells pretreated with imatinib mesylate.
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HBV X may play a role in generating EpCAM™
CSCs."” The role of hepatitis virus infection on the
generation of CSCs is still unclear and should be clari-
fied in future studies.

We were unable to confirm the tumorigenicity of
CD90™ cells in 13 of 15 HCCs, but we observed abun-
dant CD90* cells in more-advanced HCCs by ITHC
(data not shown). Tumorigenic CD90* cells may
emerge at a later stage of hepatocarcinogenesis, and the
majority of CD90™ cells in early HCCs may be cancer-
associated VECs without tumorigenic capacity. Further-
more, we identified tumorigenic CD90™ cells only from
HBV-related HCCs, and a recent study suggested that
expression of CD90 was associated with HBV infec-
tion.’® We could not detect the small population of
CD90" HuH7 and Hep3B cells reported on by Yang
et al. However, because we identfied a small population

“of CD90%" HuH7 cells after treatment with S-FU
(manuscript in preparation), it is conceivable that differ-
ent cellular stress statuses may explain the observed dif-
ferences between our findings and those of Yang et al.

The majority of CSC markers discovered thus far
are almost identical to those found in healthy tissue
stem cells or embryonic stem cells. However, with
regard to the liver, the characteristics of healthy hepatic
stem/progenitor cells isolated using different stem cell
markers are currently under investigation. A recent ar-
ticle examined the characteristics of EpCAM™ and
CD90" oval cells isolated from 2-acerylaminofluorene/
partial hepatectomy or D-galactosamine-treated rars.'®
Interestingly, EpCAM™ and CD90% oval cells repre-
sent two distinct populations: The former expresses
classical oval cell markers, such as AFE, OV-1, and cy-
tokeratin-19 (CK-19), whereas the latter expresses des-
min and alpha smooth muscle actin, but not AFR
OV-1, or CK-19, which indicates that CD90™ popula-
tions are more likely to be mesenchymal cells. Another
study has demonstrated that mesenchymal cells can
interact with HSCs to regulate cell-fate decision.'” We
found that EpCAM™ and CD90™ cells isolated from
liver cancer are distinct in terms of gene- and protein-
expression patterns in both primary liver cancers and
cell lines. Furthermore, these distinct CSCs can inter-
act to regulate the tumorigenicity and metastasis of
HCC. Molecular characteristics of EpCAM™/CD90™
CSCs may potentially reflect the cellular context of
healthy stem or progenitor cells.

Although our study strongly indicates that abundant
CD90™ cells in a tumor is a risk for distant metastasis
in liver cancer, the cell identity and role of CD90™
cells remains elusive. As our IHC, FACS, and xeno-
transplantation assays revealed, some CD90™" cells in
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liver cancer may be cancer-associated VECs or fibro-
blasts that cannot perpetuate in the xenograft. Recent
findings have suggested the importance of stromal cells
in tumorigenesis and cancer metastasis,”*** so it is
possible that these cells may help TECs invade and
intravasate into blood vessels, thus playing crucial roles
in metastasis.

Another possibility is that CD90" cells are cancer
cells with features of fibroblasts (having undergone
EMT) or VECs (having undergone vasculogenic mim-
icry; VM) that can invade, intravasate, and metastasize
cells to distant organs. Recently, two groups reported
thar a subset of tumor VECs originate from glioblas-
toma CSCs.?2* We successfully confirmed the tumor-
igenicity and metastatic capacity of CD90" cells that
were morphologically identical to VECs from primary
HCCs that could perpetuate in the xenograft. How-
ever, a recent study demonstrated that CD90" HCC
cells express glypican-3, a marker detected in hepatic
epithelial cells.”® Further studies are warranted to clar-
ify the nature and role of CD90* HCC cells.

In our study, CD90™ cells expressed the endothelial
marker, c-Kit, CD105, and VEGFRI, and a2 mesen-
chymal VEC morphology and high metastatic capacity
were confirmed in both primary liver cancer and cell
lines. We further confirmed that CD90™ liver cancer
cells showed chemosensitivity to imatinib mesylate,
suggesting that cancer cells committed to mesenchymal
endothelial lineages could be eradicated by the com-
pound. Although imatinib mesylate treatment had lit-
tle effect on the size of primary tumors originated
from both EpCAM™ and CD90™ CSCs, it signifi-
cantly suppressed lung metastasis 7z vivo. These data
are consistent with a recent phase II study demonstrat-
ing the tolerable toxicity, but limited efficacy, of imat-
nib mesylate alone for unresectable HCC patients. Eli-
gibility of imatinib mesylate for advanced HCC
patients may be restricted to the HCC subtypes organ-
ized by CD90" CSCs with a highly metastatic
capacity and VEC features. Therefore, a combination
of compounds targeting EpCAM™ tumorigenic CSCs
as well as CD90" metastatic CSCs may be required
for the eradication of HCC and should be tested in
the future.
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ORIGINAL ARTICLE

Membrane-bound form of monocyte chemoattractant protein-1
enhances antitumor effects of suicide gene therapy in a model

of hepatocellular carcinoma

Y Marukawa', Y Nakamoto', K Kakinoki', T Tsuchiyama', N lida', T Kagaya', Y Sakai', M Naito?, N Mukaida® and S Kaneko'

Suicide gene therapy using the herpes simplex virus thymidine kinase/ganciclovir (HSV-tk/GCV) system combined with
monocyte chemoattractant protein-1 (MCP-1) provides significant antitumor efficacy. The current study was designed to
evaluate the antitumor immunity of a newly developed membrane-bound form of MCP-1 (mMCP-1) in an immunocompetent
mouse model of hepatocellular carcinoma (HCC). A recombinant adenovirus vector (rAd) harboring the human MCP-T gene
and the membrane-spanning domain of the CX3CL1 gene was used. Large amounts of MCP-1 protein were expressed and
accumulated on the tumor cell surface. The growth of subcutaneous tumors was markedly suppressed when tumors were
treated with mMCP-1, as compared with soluble MCP-1, in combination with the HSV-tk/GCV system (P<0.01). The numbers of
Mac-1-, CD4- and CD8a-positive cells were significantly higher in tumor tissues (P<0.05), and tumor necrosis factor (TNF) mRNA
expression levels with mMCP-1 were almost five-fold higher than those with soluble MCP-1. These results indicate that the
delivery of the mMCP-1 gene greatly enhanced antitumor effects following the apoptotic stimuli by promoting the recruitment
and activation of macrophages and T lymphocytes, suggesting a novel strategy of immune-based gene therapy in the

treatment of patients with HCC.

Cancer Gene Therapy (2012) 19, 312-319; doi:10.1038/cgt.2012.3; published online 9 March 2012

Keywords: herpes simplex virus thymidine kinase; hepatocellular carcinoma; membrane-bound form; monocyte chemoattractant

protein-1; monocyte/macrophages

INTRODUCTION

In spite of the recent development of locoregional treatments for
hepatocellular carcinoma (HCC), the frequency of tumor recur-
rence remains high, probably because of insufficient therapeutic
effects and the multicentric development of HCC in cirrhotic
liver.'=3 Non-surgical treatments of HCC, such as radiofrequency
ablation, transcatheter arterial embolization and transcatheter
arterial chemotherapy induce apoptosis of HCC cells, but these
treatments do not enhance antitumoral immunity sufficiently.
Thus, gene therapy aimed at enhancing antitumor immune
responses may be a promising approach to prevent HCC recur-
rence, when it is combined with non-surgical maneuvers.

We previously reported that monocyte chemoattractant pro-
tein-1 (MCP-1) gene delivery using recombinant adenovirus vector
(rAd) in vivo can enhance the efficacy of suicide gene therapy
consisting of the delivery of rAd containing herpes simplex virus
thymidine kinase (HSV-tk) and ganciclovir (GCV) in models of
HCC*> and colon cancer® We further demonstrated that the
antitumor effects depended on the activation of macrophages.*”
The adenovirus-specific spatial and temporal expression pattern
may result in the production of the transgene for a limited time.”
Mirroring these characteristics, the adenovirus vector-mediated
delivery of the MCP-1 gene alone was not sufficient to reduce
tumor growth.> To circumvent this bottleneck, sustained expression

of MCP-1 at the tumor site may be required to enhance the
efficacy of the gene therapy using the MCP-1 gene.

Systemic or local administration of cytokines has been used to
enhance the antitumor immune response induced by many
cancer vaccines. However, the systemic administration of cyto-
kines resulted in unwanted side effects. Recently, tumor therapy
that uses a membrane-bound form of cytokine was developed to
reduce the side effects of cytokine in the systemic circulation.
These experiments revealed that the membrane-bound form of
cytokine not only reduced the side -effects, but enhanced the
antitumor effects by prolonging the half-life of cytokines in the
tumor microenvironment.®

These observations prompted us to design the adenovirus
vector driving the expression of membrane-bound form of MCP-1
(MMCP-1) and to evaluate its antitumor effects in a model of HCC.
We demonstrated that the delivery of the mMCP-1 gene markedly
augmented HSV-tk/GCV suicide gene therapy, compared with that
of the soluble MCP-1 (sMCP-1).

MATERIALS AND METHODS
Recombinant adenovirus vectors

Ad-mMCP-1 (Figure 1a) harboring the human MCP-T gene and the membrane-
spanning domain of the CX3CL1 gene driven by the human cytomegalovirus
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Figure 1. Construct of recombinant adenovirus vector (rAds). Under
the control of the cytomegalovirus immediate early promoter/
enhancer (CMV/IE) promoter and the CAG promoter, rAd Ad-mem-
brane-bound monocyte chemoattractant protein-1 (mMCP-1) (a)
expressing human MCP-1 and the membrane-spanning domain of
fractalkine/CX3CL1 in sequence, rAd Ad-soluble-MCP-1 (sMCP-1), (b)
expressing MCP-1, rAd Ad-lacZ, (c) expressing lacZ and rAd Ad-tk, (d)
expressing HSV-tk. Solid lines indicate the rAd genome. An open
triangle below the rAd genome represents a deletion of adenovirus
early regions. Arrows show the orientations of the transcription.
GpA, rabbit B-globin poly (A) site.

immediate early promoter/enhancer was prepared, purified and titrated
according to the protocols supplied by the manufacturer (Takara, Tokyo,
Japan). The human MCP-1/CX3CL1 (fractalkine) chimera was designed
as follows: DNA encoding a fragment of human CX3CL1 spanning the
intracellular, transmembrane and partial extracellular region was amplified
from the full-length CX3CL1 cDNA by PCR with the following primers (5'-
GCGAGCTCGGGTACCTTCGAGAAGCAGATCG-3’ and 5-GCGAATTCAGATT
GTCACACGGGCACAGG-3'). Sacl, Kpnl and EcoRl restriction enzyme sites
were added at the 5" and 3’ ends of this fragment. MCP-1 was also
amplified by PCR with the following primers (5-GCGAGCTCGCCAGCAT-
GAAAGTCTCTGCCG-3' and 5'-GCGGTACCAGTCTTCGGAGTTTGGGTTTGC-3).
Sacl and Kpnl restriction enzyme sites were added at the 5 and 3’ ends of
this fragment. The CX3CL1 and MCP-1 DNA fragments were digested with
restriction enzymes by coligation into the Sacl and EcoRl sites of pSTBlue-1
(Novagen, Darmstadt, Germany), generating pSTBiue-1-mMCP-1. Then,
pSTBlue-1-mMCP-1 was digested by Notl and BamH| restriction enzymes
and the fragment was inserted into the pShuttle Vector (Clontech
Laboratories, Mountain View, CA) under the control of cytomegalovirus
immediate early promoter/enhancer, generating pShuttle-mMCP-1. The
pShuttle-mMCP-1 was digested with Pl-Scel/I-Ceul (New England Biolabs,
Hitchin, UK) and the purified product was ligated with Adeno-X genome
DNA, containing nearly the full length of the adenovirus type 5 genome

© 2012 Macmillan Publishers Limited
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lacking the E1 and E3 regions, to generate pAd.mMCP-1. Subsequently, Ad-
mMCP-1 was generated by transfecting 293 cells with pAd.mMCP-1, which
was linearized with Pacl, as described in the manual. Ad-sMCP-1 (which
expresses SMCP-1), Ad-lacZ (which expresses beta-galactosidase (lacZ)) and
Ad-tk (which expresses HSV-tk) were constructed as previously described
and propagated in 293 cells (Figures 1b-d).® The rAds were purified on a
cesium gradient, and the titer of rAd was determined by the 50% tissue
culture infectious dose (TCIDso) method.'

Cell lines and culture

The mouse HCC cell lines (BNL TNG A2, BNL TME A.7R. 1, MM45T.Li and
Hepa 1-6) and the colon cancer cell line Colon 26 were used in these
experiments. Cells were cultured in Dulbecco’s modified Eagle medium
(Gibco, Long Island, NY) supplemented with 10% heat-inactivated fetal
bovine serum (Gibco).

ELISA for MCP-1

Aliguots of 1 x 10° HCC lines (BNL 1NG A2, BNL 1ME A.7R. 1, MM45T.Li and
Hepa 1-6) and the colon cancer cell line, Colon 26 clone 20, were seeded in
1.0 ml of culture media in a six-well tissue culture plate. After 24 h, the cells
were infected with Ad-mMCP-1, Ad-sMCP-1 and Ad-lacZ at various
multiplicities of infection (MOI). After 48 h, the cells were harvested and
sonicated to obtain the membrane fractions, and the media was collected
from each well. Tumor tissues were resected on day 1 after subcutaneous
injection of 5 x 10% MMA45T.Li cells infected with indicated rAds (MOI 50) as
described below. Tumor tissues were washed with phosphate-buffered
saline (PBS) and sonicated to obtain the membrane fractions. The concen-
tration of MCP-1 was determined by enzyme-linked immunosorbent assay
(ELISA) as described previously.” Briefly, each well of a 96-well microtiter
plate was coated with monoclonal anti-human MCP-1 antibody (ME61;
1mgml~") overnight at 41 °C. After washing, the plates were biocked by
incubation with PBS containing 1% bovine serum albumin for 1 h at 37 °C.
Diluted sample media was added, and the plate was then incubated for 2 h
at 37 °C. Following incubation, the plates were washed and incubated with
rabbit anti-MCP-1 antibody (1 mg mi™"), followed by alkaline phosphatase-
conjugated goat anti-rabbit antibody (1/12000, Tago, Burlingame, CA),
each for 2h at 37 °C. After the plate was washed, aliquots of 1mgml™’
p-nitrophenylphosphate (Sigma, St Louis, MO) in 1m diethanolamine
(Sigma; pH 9.8) supplemented with 0.5 mm MgCl, were added to the wells,
and the plate was incubated for 40 min at room temperature. After the
addition of 1 M NaOH, the optical density (405 nm wavelength-0OD405) was
assessed by using an ELISA plate reader (MTP-120; Corona Electric, Ibaragi,
Japan).

In vitro chemotaxis assay

in vitro migration assays were performed with the QCM chemotaxis cell
migration assay (5 pm, Chemicon International, Temecula, CA) according to
the manufacturer's instructions. Briefly, 7.5 x 10* splenocytes were resus-
pended in 100 ul of RPMI1640 containing 5% bovine serum albumin, and
loaded into the upper well of a transwell chamber. The lower wells were
filled with 150 pl of supernatant from MM45T.Li cells that were harvested
48 h after infection with rAds. The cells were incubated for 4h at 37°Ciin a
humidified, 5% CO, atmosphere. The migrated cells were lysed and
detected by the CyQuant GR dye (Molecular Probes, Eugene, OR), and
fluorescence was read at an excitation wavelength of 490nm and an
emission wavelength of 520 nm in a fluorescence microplate reader (Thermo
Scientific Fluoroskan Ascent FL, Thermo Fisher Scientific Oy, Vantaa, Finland).

In vitro proliferation assay

In vitro proliferation assays were performed with the CellTiter 96 Aqueous
Non-Radioactive Cell Profiferation Assay (Promega, Madison, WI) according
to the manufacturer’s instructions. Briefly, aliquots of 1 x 10* MM45T.Li
cells that were harvested 24 h after infection with rAds were seeded in
a 96-well tissue culture plate and incubated for 24h. MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] solution was added and incubated for 2 h, and the absorbance
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at 490 nm was measured by using an ELISA plate reader (MTP-120; Corona
Electric).

Animal studies

The following investigations were performed in accordance with the
guidelines of our Institutional Animal Care and Use Committee. Six-week-
old immunocompetent female BALB/c-jcl mice (CLEA Japan, Tokyo, Japan)
were injected subcutaneously on both sides of the flank on day 0 with
3 x 10° MM45T.Li cells infected with each rAd at an in vitro MOI of 5. For
the next 5 days (days 1-5), mice received 75mgkg™" of intraperitoneally
administered GCV (Tanabe Pharmaceutical Drug, Tokyo, Japan). In some
series of experiment, 1pg of the recombinant human MCP-1 in 200 p! of
PBS containing 1% bovine serum albumin were injected intraperitoneally,
as previously described,’ from days 0 to 2 (3 consecutive days) in the
group of the tumor cells transduced with Ad-lacZ on HSV-tk/GCV suicide
therapy. Tumor sizes were measured every 3 days, and tumor volumes
were calculated according to the formula (longest diameter)/{shortest
diameter)%/2.

Immunohistochemical analysis

Tumor tissues and spleens were resected on day 10. The tissue samples
were embedded in OCT compound (Sakura Finetek, Toorrance, CA) and
snap-frozen in liquid nitrogen. Cryostat sections of the frozen tissues were
fixed with 4% paraformaldehyde in PBS, followed by washing once with
distilled water for 5min and three times with PBS for 5min. To avoid
nonspecific staining, avidin and biotin in the tissues were blocked by using
a blocking kit (Vector Laboratories, Burlingame, CA).

The tissue sections were subsequently stained with rat anti-mouse CD4
Ab, rat anti-mouse CD8a Ab, rat anti-mouse CD11b Ab (BD Biosciences, San
Diego, CA), or monodonal mouse anti-human MCP-1 Ab (R&D systems,
Minneapolis, MN) overnight at 4 °C. Isotype controls were also used. Then,
the slides were incubated for 0.5 h at room temperature with biotinylated
polyclonal rabbit anti-rat IgG (Dako Cytomation, Tokyo, Japan), or the
antibodies in the M.O.M. immunodetection kit to detect mouse primary
antibodies on mouse tissues (Vector Laboratories). The reactions were
visualized by using a VectaStain ABC standard kit (Vector Laboratories),
followed by counterstaining with hematoxylin. The positive cells were
counted in 10 randomly chosen fields at 400-fold magnification by an
examiner without any prior knowledge of the experimental procedures.

Quantitative real-time reverse-transcriptase PCR

Total RNA was extracted from tumor tissues resected on day 10 using an
RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. After treating the RNA preparations with ribonuclease-free
DNase | (Qiagen) to remove residual DNA, cDNA was synthesized as
described previously.”® Quantitative real-time PCR was performed on a
StepOne real-time PCR system (Applied Biosystems, Foster City, CA) by
using the comparative Cy quantification method. TagMan Gene Expression
Assays (Applied Biosystems) containing specific primers (assay ID: tumor
necrosis factor (TNF), MmO00443258_m1; glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), Mm99999915_g1), TagMan MGB probe (FAM dye-
labeled), and TagMan Fast Universal PCR Master Mix were used with 10ng
cDNA to quantify the expression levels of TNF. Reactions were performed
for 20 s at 95 °C followed by 40 cycles of 15 at 95°C and 20 at 60 °C. The
GAPDH was amplified as an internal control, and the GAPDH Cr values
were subtracted from Cy values of the target genes (Cy). The ACy values of
tumors after immune gene therapy with both the suicide gene (HSV-tk
system) and rAds were compared respectively.

Flow cytometry

MM45T.Li. cells transfected with rAds were resuspended in PBS containing
1% bovine serum albumin and 0.1% sodium azide and incubated for
30 min on ice with PE-conjugated rat anti-human MCP-1 (BD Pharmingen,
San Diego, CA). The cells were washed, resuspended in PBS and analyzed
in a FACScan with CellQuest software (FACSCalibur, BD Biosciences, San
Jose, CA).
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Depletion of macrophages/monocytes. Clodronate liposome was pre-
pared and systemic depletion of monocytes/macrophages was performed
as previously described.'*'® Mice were intraperitoneally injected with
200 pl of clodronate liposome five times: days —2, 0, 3, 6 and 10 after tumor
injection. PBS-clodronate was given in the same manner as a negative
control. Depletion of CD11c-negative monocytes in blood was confirmed
by flow cytometry after injection of clodronate liposome.

Statistical analysis

Mean and s.d. or s.e. were calculated for the obtained data. The statistical
significance of differences between groups was evaluated by the Mann-
Whitney U-test. P<0.05 was considered statistically significant.

RESULTS

In vitro and in vivo MCP-1 production by cells infected with
recombinant adenoviruses

When various tumor cells were infected with either Ad-mMCP-1 or
Ad-sMCP-1 at an MOI of 10, the cells did not show any signs of cell
death (data not shown). Both types of adenoviruses induced the
secretion of human MCP-1 into the supernatants to similar levels
in all the cell lines that we examined (Figure 2a). On the contrary,
MCP-1 contents in the membrane fractions were higher in the
cells infected with Ad-mMCP-1 than in those with Ad-sMCP-1
(Figure 2a). The proportion of MCP-1-positive cells were progres-
sively augmented in MM45T.Li cells as the MOIs of the used Ad-
mMCP-1 were increased (Figure 2b). In contract, MCP-1-positive
cells were not detected in tumor cells infected with Ad-sMCP-1
and Ad-lacZ, even when the cells were infected with either vector
at a MOI of 100 (Figure 2b). Thus, Ad-mMCP-1 infection can in vitro
drive human MCP-1 expression on the cell surface, as well as its
secretion into the culture medium. These results indicate that
large amounts of MCP-1 protein were expressed and accumulated
on the tumor cell surface when tumor cells were infected with Ad-
mMCP-1 as compared with Ad-sMCP-1 in vitro. To define the biological
functions of secreted human MCP-1 protein, we examined the
migratory capacity of splenocytes to the culture supernatants
obtained 24 h after the infection. The supernatants from either Ad-
mMCP-1- or Ad-sMCP-1-infected cells enhanced the transmigra-
tion of splenic lymphocytes to similar extents, compared with
those from Ad-lacZ-infected cells (Figure 2c). These results
indicated that biologically active human MCP-1 was secreted into
the culture supernatants.

Proliferation of tumor cells infected with rAds in vitro and in vivo

To quantify the proliferation of tumor cells infected with rAds, the
MTS assay was performed 24h after infection. The optical
absorbance at 490nm of tumor cells did not change in the
presence or absence of rAd infection (Figure 3a). Next, tumor cells
infected with rAds (MOl 10) ex vivo were transferred subcuta-
neously in syngeneic wild-type mice, and tumor development was
monitored (Figure 3b). Tumor cells infected with Ad-mMCP-1 and
Ad-sMCP-1 showed similar growth rates to tumor cells infected
with Ad-lacZ. These results indicate that infection with the rAds
used in this study did not affect the proliferation of tumor cells
in vitro and in vivo, and that the delivery of mMCP-1 did not
display antitumor activity when used alone. In addition, the levels
of MCP-1 expression were confirmed immunohistochemically in
the subcutaneous tumor tissues (Figure 3c). MCP-1-positive tumor
cells were detected in tumor tissues infected with Ad-mMCP-1;
however, the cells were negative for MCP-1 staining in tissues
infected with Ad-sMCP-1 and Ad-lacZ. Moreover, larger amounts
of MCP-1 were detected in the tumor tissues of the mice treated
with Ad-mMCP-1 than in those with Ad-sMCP-1 (Figure 3d). The
data indicated that large amounts of MCP-1 protein were
expressed and accumulated on the tumor cell surface when the
tumor cells were infected with Ad-mMCP-1 in vivo.
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Figure 2. Monocyte chemoattractant protein-1 (MCP-1) production in tumor celis infected with recombinant adenovirus vectors (rAds).
(a) Concentrations of MCP-1 in the membrane fractions and in the media of hepatoma cells (BNL 1NG A.2, BNL 1ME A.7R.1, MM45T.Li and
Hepal-6) and colon cancer cells (colon 26 clone 20) infected with rAds at multiplicities of infection (MOI) of 10 were measured by
enzyme-linked immunosorbent assay (ELISA). Each value is the mean s.d. of triplicate experiments. * P<0.05 when compared with Ad-
soluble MCP-1 (sMCP-1) by the Mann-Whitney's U-test. (b) Surface expression of MCP-1 on MM45T.Li cells infected with rAds (Ad-mMCP-1,
Ad-sMCP-1 and Ad-lacZ) at the indicated MOIs was assessed by flow cytometry by using PE-conjugated anti-human MCP-1 antibody.
Histograms represent MCP-1 staining of tumor cells. Numbers indicate percentages of MCP-1-positive cells. Surface MCP-1-positive cells
were detected in 0.08, 1.2, 8.1 and 48.0% of MM45T.Li cells infected by Ad-mMCP-1 at MOIs of 0.1, 1, 10 and 100, respectively. The results
are representative of three independent experiments. (¢) The migratory activity of MCP-1 secreted from rAd-infected tumor cells. Mouse
splenic lymphocytes were loaded into the upper wells of transwell chambers, and supernatants of tumor cells infected with rAds at an
MOI of 10 were added to the lower wells. Cells that migrated through the 8-pm pores to the feeder tray after 4 h incubation were lysed
and detected by CyQuant GR dye that exhibits enhanced fluorescence upon binding cellular nucleic acids. Each value is the mean s.e. of
data from three separate migration chambers.

Potentiation of HSV-tk/GCV suicide therapy by co-infection with
Ad-mMCP-1

We previously demonstrated that the gene delivery of Ad-sMCP-1
enhanced the antitumor effects of the HSV-tk/GCV system.*®1617
Hence, we compared the effects of Ad-mMCP-1 and Ad-sMCP-1
infection on HSV-tk/GCV suicide therapy. When MM45T.Li cells
were co-infected with Ad-tk and Ad-lacZ, and received GCV, tumor
growth was defayed marginally but not significantly (Figure 4a).

© 2012 Macmillan Publishers Limited

Co-infection with Ad-tk and Ad-sMCP-1 retarded tumor growth
significantly after GCV treatment. Moreover, tumor growth was
almost abrogated by the combination of co-infection with Ad-tk
and Ad-mMCP-1, and GCV treatment. To address whether the
antitumor effects could be induced not only by the gene delivery
using Ad vector, but also by the administration of recombinant
protein, we gave intraperitoneally recombinant MCP-1 to
the animals, which were injected with tumor celis, treated with

Cancer Gene Therapy (2012), 312-319

- 942 -

315



Antitumor effects of membrane-bound form of MCP-1
Y Marukawa et al

316

a b
£ 20l — 22997 & Ad-mMCP1 (n=6)
2 & A Ad-sMCP1 (n=6)
a - B Ad-lacZ (n=8)
g 1) —% 1000
g 7] >
£ 5
:
< -
0 & Ziny = 1
0 7 14 21 28
Days after Injection
c

Ad-sMCP1 Ad-lacZ

Tumor tissue

200 -

100 -

MCP-1 Concentration (pg/ml)

N
S @63 ¢ b,\'o&\v’
a\;& b}: e

¥ s

&P

Figure 3. Proliferation of tumor cells infected with recombinant adenovirus vectors (rAds) in vitro and in vivo. (@) Tumor cell growth after
the infection of indicated rAds in vitro. A total of 5 x 10° of MM45T.Li cells were infected with the rAds at multiplicities of infection (MO1)
of 10 and incubated for 24 h. The cell numbers were quantitated by MTS (3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) assay. The absorbance was determined at 490 nm with a microplate reader. Each value is the mean s.d. of
data from triplicate experiments. (b) Tumor cell growth after infection of indicated rAds in mice. BALB/c mice were subcutaneously
injected with 3 x 10° MM45T.Li cells infected with the rAds at an MOI of 10 on day 0. Tumor diameters were monitored. Each value is the
mean s.e. (¢) Immunohistochemical analysis of subcutaneous tumor tissues 7 days after the injection in panel b. Tissues were stained and
visualized by using anti-human monocyte chemoattractant protein-1 (MCP-1) Ab and ABC methods. MCP-1 expression was seen as
brown in the cytoplasm of tumor cells. The bar represents 30 pm. Original magnification, x 400. (d) Concentrations of MCP-1 were
measured in the s.c. tumor tissues resected on day 1 after injection of 5 x 10° MM45T.Li cells infected with the indicated rAds at an MOI
of 50 by enzyme-linked immunosorbent assay (ELISA). Each value is the mean s.d. of duplicate experiments. *P<0.05 when compared
with Ad-sMCP-1 by the Mann-Whitney's U-test.

Ad-lacZ and Ad-tk. The systemic administration of recombinant macrophages, CD4-positive lymphocytes and CD8-positve lym-
MCP-1 rather enhanced tumor growth (Figure 4b). As we phocytes, compared with GCV treatment following Ad-lacZ
previously demonstrated that MCP-1 can promote tumor growth infection (Figures 5A and B). GCV administration following co-
in a context-dependent manner by recruiting macrophages, which infection with Ad-sMCP-1 and Ad-tk increased the intratumoral
can secrete an angiogenic factor, the vascular endothelial growth Mac-1-positive macrophage, CD4-positive lymphocyte and CD8-
factor,'®'® systemic MCP-1 injection may promote tumor growth positve lymphocyte numbers (Figure 5A and B). The increases
by its pro-angiogenic activities. were further enhanced by GCV treatment following co-infection

with Ad-mMCP-1 and Ad-tk (Figures 5A and B). Moreover, intra-

tumoral mRNA expression of TNF, a known macrophage and
Recruitment and activation of macrophages and T lymphocytesin = T ymphocyte secretagogue, was markedly enhanced in tumors
tumor tissues co-infected with Ad-mMCP-1, compared with those with
The GCV treatment following co-infection with Ad-lacZ and Ad-tk Ad-sMCP-1 plus Ad-tk. To evaluate the functional contribution
failed to increase the intratumoral numbers of Mac-1-positive of intratumoral immune cells, we depleted CD11c-negative
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Figure 4. Antitumor effects of recombinant adenovirus vector (rAds) in vivo. (a) BALB/c mice were subcutaneously injected with 3 x 10°
MM45T.Li cells infected with rAds Ad-membrane-bound monocyte chemoattractant protein-1 (mMCP-1) + Ad-tk, Ad-soluble MCP-1 (sMCP-
1) + Ad-tk, Ad-lacZ + Ad-tk, and Ad-lacZ at multiplicities of infection (MO1) of 10 on day 0. Subsequently, 75 mgkg ™" of ganciclovir (GCV) was
administered for 5 consecutive days (days 2-6). Each value is the mean s.e. of triplicate experiments. ¥P<0.05 when compared with Ad-sMCP-
14 Ad-tk, and **P<0.01 when compared with Ad-lacZ + Ad-tk by the Mann-Whitney's U-test. (b) BALB/c mice were injected with MM45T.Li
cells and treated as described in the legend to (a). in Ad-lacZ + Ad-tk + recombinant human MCP-1 (rMCP-1) group, the mice were injected
with 1 pg of tMCP-1 intraperitoneally from days 0 to 2 (3 consecutive days). The mice were injected with phosphate-buffered saline (PBS) as
controls. Tumor sizes were measured every 3 days. Each value is the mean s.e. **P<0.01 when compared with Ad-lacZ + Ad-tk + rMCP-1 by

the Mann-Whitney's U-test.

monocytes/macrophages by intraperitoneal administration of
clodronate liposome in the current mouse model. The monocyte/
macrophage-depleted mice developed larger tumor than those
treated with PBS liposome (Figure 5D), indicating that monocytes/
macrophages were critically involved in the suppression of tumor
growth by Ad-mMCP-1. Collectively, these data demonstrate that
the delivery of mMCP-1 promoted the recruitment and activation
of macrophages and T lymphocytes in tumor tissues, presumably
leading to the beneficial antitumor responses in this model.

DISCUSSION

We have proposed a strategy for improving the efficacy of suicide
gene-based gene therapy by the combined heterochronic
administration of HSV-tk and MCP-1 genes. *~%%7"® In the current
study, we generated recombinant adenovirus Ad-mMCP-1 expres-
sing a fusion protein containing the human MCP-1 ¢<DNA fused
with the membrane-spanning domain of fractalkine/CX3CL1, to
drive more efficient and sessile expression of MCP-1. Ad-mMCP-1
infection did not affect the proliferation of MM45T.Li tumor cells in
vitro or in vivo, by itself. Of interest is that Ad-mMCP-1 infection
pontentiated HSV-tk/GCV suicide therapy more efficiently than
Ad-sMCP-1. Moreover, Ad-mMCP-1-mediated antitumor effects
were associated with the recruitment and activation of macro-
phages and T lymphocytes in tumor tissues. Collectively, the
delivery of membrane-bound MCP-1 gene can augment antitumor
effects caused by the HSV-tk/GCV system in an immunecompetent
mouse model of liver tumor and therefore, can be a novel strategy
of immune-based gene therapy to prevent tumor proliferation
and recurrence in patients with HCC,

Chimeric membrane-bound cytokine gene expression vectors
were generated to drive the efficient expression on tumor cell
surface and to reduce the severe side effects caused by systemic
administration of high doses of cytokines. With this maneuver,
cytokines can be anchored on the cell plasma membrane. As a
consequence, a locally high concentration of cytokines can be
achieved with ease and their in vivo half-life can be prolonged in
the tumor site. The availability of cytokines on tumor cell surface
can eventually bring immune cells to the tumor site for better
antigen uptake and stimulation, thereby inducing antitumor
effects at a higher efficiency. On the basis of these assumptions,
this type of modified cytokine gene therapy has been reported
on interleukin-2,"*19%° interleukin-12,%' fractalkine (CX3CL1)** and

© 2012 Macmillan Publishers Limited

TNF.2 Indeed, accumulating evidence revealed that the mem-
brane-bound form of cytokine genes can exhibit more antitumor
effects than the corresponding soluble ones. Likewise, the current
study confirms that the membrane-bound form of MCP-1 can
attract more immune cells, including monocytes/macrophages
and T lymphocytes, to the tumor sites and can induce the
expression of TNF. In addition, TNF can activate endothelial cells to
express several adhesion molecules, such as the interceliular
adhesion molecules and vascular cell adhesion molecules.®*~
Circulating immune cells can utilize these adhesion molecules to
effectively transmigrate into the tissues in addition to the direct
chemotactic activities exerted by MCP-1.

The effects of MCP-1 on tumor growth was controversial, either
destructive®®3° or protective®'? in a context-dependent manner.
Likewise, murine colon carcinoma cell expressing MCP-1 failed to
metastasize when injected into mice,*® whereas other carcinoma
cells showed enhanced metastasis.>' These discrepancies may be
explained by the observations reported by Nesbit et al>® They
demonstrated that low-level MCP-1 secretion with modest
monocyte infiltration resulted in tumor formation, whereas high
secretion was associated with massive monocyte/macrophage
infiltration into the tumor mass, leading to its destruction within a
few days. Thus, systemic MCP-1 administration may not be able to
induce massive monocyte/macrophage infiltration into tumor
mass and may promote tumor mass as we observed in the present
study. Moreover, we previously revealed that suicide therapy can
induce tumor cell apoptosis and that apoptotic tumor cells can
secrete MCP-1 more efficiently, thereby recruiting a massive
number of macrophages and retarding tumor growth.* Consis-
tently, we further demonstrated that the delivery of an optimal
amount of rAd expressing MCP-1 enhanced the antitumor effects
of the HSV-tk/GCV system in a model of HCC.'®'® Infection with
Ad-mMCP-1 can sustain MCP-1 expression in tumor tissues more
efficiently than that with Ad-sMCP-1 as evidenced by an immu-
nohistochemical analysis on the infected tumor tissues. The sustained
MCP-1 expression can potentiate suicide gene therapy more
efficiently.

The present data suggest that the use of Ad-mMCP-1 can be
promising, but several problems remain to be solved before the
clinical application. First, subcutaneous tumor models of an HCC
cell line may not be relevant to HCCs in patients. However, in
cases of nonsurgical procedures for HCC treatment in patients,
such as percutaneous radiofrequency ablation therapy®* and
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Figure 5. Immunohistochemical analysis for Mac-1-, CD4- and CD8a-positive cells and expression of tumor necrosis factor (TNF) mRNA in
tumor tissues. In the experiment described in the legend to Figure 4, tumors were resected on day 10 and used for the analyses. (A) Tumor
tissues treated with Ad-membrane-bound monocyte chemoattractant protein-1 (mMCP-1) + Ad-tk (a, e and i), Ad-soluble MCP-1 (sMCP-1)
+ Ad-tk (b, f and j), Ad-lacZ + Ad-tk (¢, g and k) and Ad-lacZ (d, h and I) were stained with anti-Mac-1 antibody (a-d), anti-CD4 antibody
(e-h) or anti-CD8a antibody (i~l). Positive cells are seen as brown. Original magnification, x 400. (B) Quantitative morphometric analysis
showing the proportions of positive cells in areas of 100 tumor cells. Ten high-power ( x 400) fields of tumor tissue were examined. Results are
expressed as means per 1000 hepatoma cells. Values are the means s.d. of triplicate experiments, *P <0.05 when compared with Ad-sMCP-1
by the Mann-Whitney's U-test. (C) Real-time PCR analysis for TNF mRNA expression in tumor tissues, presented relative to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA. Each value is the mean s.d. of duplicate experiments. *P<0.05 when compared with
Ad-sMCP-1 + Ad-tk by the Mann-Whitney U-test. (D) BALB/c mice were subcutaneously injected with MM45T.Li cells infected with indicated
rAds and treated as described in the legend to Figure 4a. In the Ad-mMCP-1 + Ad-tk + clodronate liposome (CL) group, mice were injected
with 200l of CL to deplete monocytes/macrophages as described in Materials and methods. The mice were injected with phosphate-
buffered saline (PBS) liposome as controls. Tumor sizes were measured every 3 days. Each value is the mean s.e. *P <0.05 when compared with
Ad-mMCP-1 + Ad-tk + PBS by the Mann-Whitney's U-test.

transcatheter arterial chemotherapy,® administration of the administered in HCC patients, particularly by the use of
current rAd vectors could be easily applied, immediately once intraarterial procedures. Actually, the infection of high doses of
the standard nonsurgical procedures to ensure tumor cell killing. rAds causes severe unexpected side effects>® However, the
Moreover, rAd can elicit its immunogenicity or cytotoxicity when delivery of membrane-bound form of the MCP-1 gene can cause
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a high and effective concentration at the tumor sites even when it
is administered at a relatively lower titer, and therefore, can evade
severe adverse effects caused frequently by the administration of
a high titer of adenovirus vectors.
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Abstract

Background: Dendritic cells (DCs) play a pivotal role in the immune system. There are many reports concerning DC-based
immunotherapy. The differentiation and maturation of DCs is a critical part of DC-based immunotherapy. We investigated
the differentiation and maturation of DCs in response to various stimuli.

Methods: Thirty-one patients with malignant bone and soft tissue tumors were enrolled in this study. All the patients had
metastatic tumors and/or recurrent tumors. Peripheral blood mononuclear cells (PBMCs) were suspended in media
containing interleukin-4 (IL-4) and granulocyte-macrophage colony stimulating factor (GM-CSF). These cells were then
treated with or without 1) tumor lysate (TL), 2) TL + TNF-¢, 3) OK-432. The generated DCs were mixed and injected in the
inguinal or axillary region. Treatment courses were performed every week and repeated 6 times. A portion of the cells were
analyzed by flow cytometry to determine the degree of differentiation and maturation of the DCs. Serum IFN-y and serum
IL-12 were measured in order to determine the immune response following the DC-based immunotherapy.

Results: Approximately 50% of PBMCs differentiated into DCs. Maturation of the lysate-pulsed DCs was slightly increased.
Maturation of the TL/TNF-a-puised DCs was increased, commensurate with OK-432-pulsed DCs. Serum IFN-y and serum IL-
12 showed significant elevation at one and three months after DC-based immunotherapy.

Conclusions: Although TL-pu!sed DCs exhibit tumor specific immunity, TL-pulsed cells showed low levels of maturation.
Conversely, the TL/TNF-a-pulsed DCs showed remarkable maturation. The combination of IL-4/GM-CSF/TL/TNF-a resulted in
the greatest differentiation and maturation for DC-based immunotherapy for patients with bone and soft tissue tumors.
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MHC class IT* tumors and provide help to a variety of antitumor
effector cells, including CD8" cytotoxic T cells, B cells and
macrophages [7-9].

There are a number of experimental and clinical studies about
DC-based immunotherapies {10-12]. In the study of malignant

Introduction

Dendritic cells (DCs) play a pivotal role in the immune system,
bridging the innate and adaptive immune responses [1-3]. DCs
are critical professional antigen-presenting cells (APCs), crucially

important in the capture, processing and presenting of tumor
antigens to tumor-specific T cells [4,5]. Necrotic tumor debris
contains endogenous “danger signals”, required for the activation
and maturation of APCs. DCs reach the damaged tissue, take up
tumor antigens in the context of inflammation and abundant
cytokines, and undergo a change in phenotype characterized by
the upregulation of cell surface markers, such as costimulatory,
adhesion and integrin molecules. The activated APCs migrate to
tumor-draining lymph nodes where they present tumor antigens
on major histocompatibility complex (MHC) molecules, as well as
costimulatory signals, to resting tumor-specific T cells, inducing
their activation [6]. Activated effector CD4™ T cells can attack

PLOS ONE | www.plosone.org

bone and soft tissue tumors, there are some reports concerning
DC-based immunity. Joyama reported that DCs inhibit primary
tumors and metastatic turnors in an osteosarcoma model using
LMS8 [13]. Kawano reported that frozen tumor and DCs inhibit
metastatic tumors, and increase IFN-y and the migration of CD8-
positive cells to the metastatic site in the osteosarcoma model [14].
These reports suggest that DC-based immunotherapy may be
effective in the treatment of sarcoma. However, there are few
reports about DC-based immunotherapy for malignant bone and
soft tissue tumor.

DCs are present in peripheral blood. However, the concentra-
tion of DCs in the blood cells is too low to make their collection
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DC-preparation Protocol

A. Basic Protocol B. Modified Protocol
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Figure 1. Preparation of DC from peripheral blood monocytes. A. Basic DC-preparation Protocol. DCs were generated from peripheral
blood (50 ml) collected from study patients. Mononuclear cells were isolated by density gradient centrifugation on Lymphoprep. Interphase celis
were removed, washed twice in phosphate-buffered saline (PBS), and suspended in CellGro. After adherence for 2 hours, adherent cells were cultured
in media containing IL-4 (50 ng/ml) and GM-CSF (100 ng/ml). On days 4 and 5, the cultures were additionally supplemented with or without tumor
lysate (TL) (100 pg/ml) and OK-432 (0.1 KE/ml). B. Modified DC-preparation Protocol. TNF-o. was added to the protocol of tumor lysate and
OK432. Similar to the first DC preparation protocol, the cells were cultured in a medium containing IL-4 and GM-CSF. On days 4 and 5, the cultures

were additionally supplemented with or without tumor lysate (TL) (100 pg/ml), rhTNF-a (100 ng/mi), and OK-432 (0.1 KE/ml).

doi:10.1371/journal.pone.0052926.g001

practical for clinical applications [13]. Instead, DCs are manufac-
tured in either hematopoietic stem cells or peripheral blood
monocytes [15,16]. DCs are most frequently produced from
peripheral blood mononuclear cells (PBMCs). Immature DCs are
generated from PBMOCs by suspension in media containing
interleukin-4 (IL-4) and granulocyte-macrophage colony stimulat-
ing factor (GM-CSF) for several days. In the steady state,
nonactivated (immature) DCs present self-antigens to T cells,
which leads to tolerance [17,18]. Conversely, activated (mature)
DGCs initiate antigen-specific immunity, resulting in T-cell prolif-
eration and differentiation into helper and effector cells. DCs are
also important in launching humoral immunity, partly because of
their capacity to directly interact with B cells and to present
unprocessed antigens. Therefore, the maturation of DCs is
important for DC-based immunotherapy. Immature DCs (iDC)
can be matured using various exogenous stimuli, including
cytokines, growth factors, costimulatory molecules and inflamma-
tory signals. Although various methods of generating DCs have
been reported, the methods for differentation and maturation of
DCs are controversial. In this study, we developed methods for
DC maturation using tumor necrotic factor alpha (TINF-a). The
aim of our study was to generate and to investigate the
differentiation and maturation of DCs. DCs were generated using
various stimuli on PBMGCs from patients with advanced malignant
bone and soft tissue tumors.

Patients and Methods

Patients

Inclusion criteria were as follows: radiological and pathological
diagnosis of malignant bone and soft tissue tumor, surgically
resected tumor, age =6 years old, informed consent, and
performance status (PS) =2.

Exclusion criteria included: severe cardiac, renal, pulmonary,
hematological or other systemic disease associated with a
discontinuation risk; chemotherapy or radiation therapy within
four weeks; immunological disorders including splenectomy and
radiation of the spleen; corticosteroid or anti-histamine therapy; or
difficulty in follow-up.

PLOS ONE | www.plosone.org

This study protocol was approved by the Institutional Review
Board of the Kanazawa University Graduate School of Medical
Science, Kanazawa, Japan. This study complied with ethical
standards outlined in the Declaration of Helsinki. Written
informed consent was obtained from all patients and/or their
parents before entry of the patients into this study. In cases that the
patients were under twenty years old, the informed consent was
obtained from all the parents.

Preparation of Tumor Lysates

Tumor lysates (TL) were prepared from tumor tissues obtained
from resected tumors. A portion of the tumor tissues (1 cm®) was
frozen in liquid nitrogen for 20 min, and then thawed at room
temperature for 20 min. The freeze-thaw cycle was repeated two
times. Then, the tumor tissues were stirred and centrifuged, and
supernatants were collected through a 0.2 pm filter. The amounts
of protein in TL were evaluated by protein assay using a Bio-Rad
protein assay kit (Bio-Rad, Tokyo, Japan) and stored at —20°C for
later use.

Preparation of Autologous Dendritic Cells (DCs)

As previously reported, DCs were generated from blood
monocyte precursors [19,20]. Briefly, PBMCs from each patients
were isolated by centrifugation in LymphoprepTM Tubes
(Nycomed, Roskilde, Denmark). For generating DCs, PBMCs
were plated in six-well tissue culture dishes (Costar, Cambridge,
MA, USA) at 1- 4x107 cells in 2 ml per well and allowed to
adhere to plastic for 2 h. Adherent cells were cultured in serum-
free media (GMP CellGro® DC Medium; CellGro, Manassas, VA,
USA) with 50 ng/ml recombinant human IL-4 (GMP grade;
CellGro®) and 100 ng/ml recombinant human granulocyte—
macrophage colony-stimulating factor (GM-CSF) (GMP grade;
Cell- Gro®) for 7 days. DC maturation was performed with
various combinations of stimuli: TL, TL/TNF-a, or OK432
(Bicibanil, Chugai Pharmaceutical Co. Ltd, Tokyo, Japan)
(Figure 1). Basic DC-preparation protocol comprised of TL and
OK-432. Modified DC-preparation protocol comprised of TL,
TNF-¢ and OK-432. On day 7, the generated DCs were
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Table 1. Characteristics of study patients.
No. Gender Age Diagnosis Metastatic tumor Recurrence primary Protocol
1 M 26 Osteosarcoma Lumbar, lung Tibia Basic
2 M 15 Osteosarcoma Lung Tibia Basic
3 F 9 Osteosarcoma Lung, lumbar - Femur Basic
4 M 31 Chondrosarcoma Lung - Tibia Basic
5 F 53 Leiomyosarcoma Lung + Inguen Basic
6 F 19 Osteosarcoma Lung - Femur Basic
7 F 17 Osteosarcoma Pelvis, humerus, - Femur Basic
lumbar, lung
8 F 49 Osteosarcoma Lung, tibia, - Femur Basic
brain
9 F 61 Clear cell sarcoma - + Foot Basic
0 F 40 ASPS Lung - Hand Basic
1M1 M 65 Leiomyosarcoma - + Thigh Basic
2 M 24 Osteosarcoma Lung - Femur Basic
13 M 45 Osteosarcoma Lung, femur + Pelvis Basic
4 M 19 Osteosarcoma Lung, brain - Femur Basic
15 M 59 MFH Lung + Tibia Basic
% M 29 Angiosarcoma Lung - Lower leg Basic
17 M 43 Chondrosarcoma Lung, calcaneus - Tibia Basic
18 F 43 Clear cell sarcoma Lung - Lower leg Basic
19 F 26 Clear cell sarcoma Thigh, inguen - Lower feg Basic
20 M 59 Synovial sarcoma lung - Lower leg Basic
21 M 30 Osteosarcoma Lung - Femur Basic
22 F 39 Chondrosarcoma - + Pelvis Modified
23 M 37 Liposarcoma Lung - Thigh Modified
24 F 27 Osteosarcoma tung - Pelvis Modified
25 F 41 Synovial sarcoma Lung - Back Modified
26 F 24 Synovial sarcoma Lung - Inguen Modified
27 M 64 MFH - + Back Modified
28 F 8 Ewing’s sarcoma Lung - Calf Modified
29 M 31 Osteosarcoma Lung - Femur Modified
30 F 64 MFH Lung - Shoulder Modified
31 F 28 Osteosarcoma Lung - Pelvis Modified
Protocol: DC-preparation protocol; MFH, malignant fibrous histiocytom; ASPS, alveolar soft part sarcoma; MPNST, malignant peripheral nerve sheath tumor.
doi:10.137 1/journal.pone.0052926.t001
harvested and mixed for injection, and 5x10° cells were
reconstituted in 1 ml normal saline. The DCs were injected in
Table 2. Comparison of %CD14"HLA-DR* cells by DC ?c inguinal or axillary region which the original tumor was closer.
maturation cocktails. -reatment. courses were performed every erk and repeated 6
times. During the course of treatment, a portion of the cells were
analyzed by flow cytometry to determine the degree of differen-
Group DC-preparation protocol %CD14 HLA-DR* tiation and maturation of the DCs.
Control 1) IL-4, GM-CSF 45.4£2.5% Flow Cytometry Analysis
e 24 IL-4 GM-CSF+TL 50.01.8% DC preparation was assessed by staining with the following
TNF-at 5) IL-4, GM-CSF + TL + TNF-ar  55.62.9%* monoclonal antibodies: (MoAb) for 30 min on ice, antilineage
OK-432 3),6) IL-4, GM-CSF + OK-432 60.1%1.9%** cocktail 1 (lin-1; CD3, CD14, CD16, CD19, CD20 and CD56)-
Total 52.5+1.2% fluorescein isothiocyanate (FITC), anti-HLA-DR peridinin chlo-
rophyll protein (PerCP) (L243), anti-CD 14-allophycocyanin (APC)
CD14: mononuclear cell marker, HLA-DR: dendritic cell marker, IL-4: interleukin- (MOPQ), anti-CD11c-APC (S-HCL-3), anti-CD123-phycoerythrin
4, GM-CSF: g*ranulocyt*%n;agzpharge colonty sltirr:z:fxting factor, TL: tumor lysate. (PE) (9F5) (BD PharMingen, San Diego, C A, uUs A), anti-CD80-PE
B oy e monenosasmamaos (MAB104), anti-CD83-PE (HB15a) and anti-CD86-PE (HAS5.2B7)
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Figure 2. Comparison of %CD80, %CD83, and %CD86 by DC maturation cocktails. TL: tumor lysate, TNF: tumor necrosis factor-u, **
P<0.01, n.s.: not significant A. Basic DC-preparation Protocol. Cells treated with tumor lysate (TL) showed slightly higher maturation than control
cells (not significant). Cells treated with OK-432 showed greater maturation (P<0.01). B. Modified DC-preparation Protocol. Cells treated with a
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combination of tumor lysate (TL) and TNF-a (TNF) showed markedly higher maturation than cells treated with TL (P<0.01).

doi:10.1371/journal.pone.0052926.g002

(Beckman Coulter, Fullerton, CA, USA). Cells were analyzed on a Immune Response

FACS Calibur™ flow cytometer. Data analysis was performed Blood samples were collected from patients before surgery and
with CELLQuestTM software (Becton Dickinson, San Jose, CA, one and three months after surgery. IFN-y and IL-12 were
USA). To determine the degree of differentiation and maturation measured in order to determine the magnitude of the immune

of DCs, %CD14"HLA-DR", %CD80, %CD83, and %CD86 response following the DC-based immunotherapy.

were measured.
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Figure 3. Serum IFN-y and serum IL-12 before and after DC therapy. * P<0.05, ** P<0.01, n.s.: not significant.

doi:10.1371/journal.pone.0052926.g003

Overall survival and progression free survival following
the DC-based immunotherapy

Overall survival and progression free survival were evaluated by
Kaplan-Meier method. Survival was defined as the time from the
date of end of DC-based immunotherapy to the date of last follow-
up or death due to any cause. Progression free was defined as the
time from the date of end of DC-based immunotherapy to the date
of last follow-up or tumor progression.

Statistical Analysis

Results are expressed as mean * SEM. Data were analyzed
using one-way analysis of variance (ANOVA) test. Any P-values
less than 0.05 were considered statistically significant. Statistical

A. Overall survival
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months

analyses were performed on a personal computer with the
statistical package ystat2000Q software.

Results

Patients

Thirty-one patients were included in this study. All the patients
had metastatic and/or recurrent tumors. There were 14 males and
17 females, with a mean age of 36.3 years (8—64, Table 1). There
were 16 patients with bone tumors (13 osteosarcoma and 3
chondrosarcoma,) and 15 patients with soft tissue tumors (3 clear
cell sarcoma, 3 synovial sarcoma, 3 malignant fibrous histiocytoma
(MFH), 2 leiomyosarcoma, 1 Ewing’s sarcoma, | liposarcoma, 1

B. Progression free survival

12

24 36
months

Figure 4. Kaplan-Meier analysis of overall survival and progression free survival distributions for 31 patients with advanced

malignant bone and soft tissue tumors.
doi:10.1371/journal.pone.0052926.g004
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alveolar soft part sarcoma (ASPS), and 1 angiosarcoma). None has
experienced an adverse event during and after the treatment
course.

Differentiation of DCs

To determine the degree of differentiation, %CD14 "HLA-DR*
was measured by flow cytometry. In total, 52.51.2% of cells were
classified as CD14"HLA-DR" cells (Table 2). The cells treated
with IL-4, GM-CSF, and TL showed more differentiation than the
cells treated with IL-4 and GM-CSF only (not significant). The
cells treated with IL-4, GM-CSF, and OK-432 showed more
differentiation than the cells treated with the other protocols
(P<0.01). Furthermore, the cells treated with IL-4, GM-CSF, TL,
and TNF-o showed more differentiation than the cells treated with
IL-4, GM-CSF, and lysate alone (P<<0.05). These results suggest
that TL, TNF-o and OK-432 promoted the differentiation of
DCs.

Maturation of DCs

To determine the effects of DC maturation by TL, OK-432,
and the combination of TL and TNF-a, %CD80, %CD83, and
%CD86 were measured (Figure 2).

The effects of DG maturation by TL and OK-432 (basic DC
preparation protocol) were analyzed (Figure 2-A). The %CD80 of
the control group, TL group, and OK-432 group were 38.3£3.4,
49.4+3.2, and 64.2%3.1%, respectively. The %CD83 of the
control group, TL group, and OK-432 group were 5.9%1.2,
6.2+1.0, and 25.1+1.9%, respectively. The %CD86 of the
control group, TL group, and OK-432 group were 41.7%3.6,
45.5+3.9, and 69.9+3.0%, respectively. OK-432 group showed
significant increase of %CD80, %CD83, %CD86 comparing with
the other groups (P<<0.01). However, there was no significant
difference between TL group and control group. These results
indicate that TL slightly induced the maturation of the DCs and
that OK-432 markedly induced the maturation of DCs.

The effects of DC maturation by the combination of TL and
TNF-a, or OK-432 (modified DC preparation protocol) were
analyzed (Figure 2-B). The %CD80 of the TL group, TL + TNF-
o (TNF) group, and OK-432 group were 39.1£5.3, 60.3%=4.9,
and 62.5%3.6%, respectively. The %CD83 of TL group, TL +
TNF group, and OK-432 group were 4.5%1.1, 12.2+1.5, and
17.5%2.4%, respectively. The %CD86 of TL group, TL + TNF
group, and OK-432 group were 42.0%6.5, 62.5%5.1, and
68.2:23.8%, respectively. Both of TL + TNF group and OK-
432 group showed significant increase of %CD80, %CDB83,
%CD86 comparing with TL groups (P<<0.01). These results
indicate that the combination of TL and TNF-o markedly induced
the maturation of DCs.

Immune Responses

Serum IFN-y and serum IL-12 were compared prior to DC-
based immunotherapy, and one and three months after DC
injection (Figure 3). Serum IFN-y before DC injection, and one
and three months after the injection was 17.6+3.1, 36.85.2, and
33.4%4.4 TU/ml, respectively. Serum IL-12 before DC injection,
and one and three months after the injection was 19.7%4.3,
43.1+8.6, and 45.07.8 pg/ml, respectively. Both of IFN-y and
IL-12 showed significant increases after DC injection. These
results indicate that our DG therapy induced the activation of
immune responses one month after the therapy, and that the
activated immune response is maintained for at least three months.

PLOS ONE | www.plosone.org

TNF-o. and Tumor Lysate Promote the DC Maturation

Overall survival and Progression free survival

The mean follow-up of all patients was 14.9 months (range 2—-
43 months). Of the 31 patients, 17 patients were alive and 1
patient was progression free at the time of the final follow-up.
Overall survival rates and progression free survival rates of the
patients at 3 years were 68.7% and 3.2%, respectively (Figure 4).

Discussion

The introduction of chemotherapy dramatically improved the
treatment outcome for patients with primary bone and soft tissue
sarcoma [21]. The standard surgery for bone and soft tissue
sarcoma before the introduction of chemotherapy was limb
amputation [21]. Consequently, the prognosis of patients with
bone and soft tissue sarcoma was very poor before the introduction
of chemotherapy. The most important prognostic factor before the
introduction of chemotherapy was the metastatic lesions that
existed before limb amputation. Unlike surgery and radiotherapy,
chemotherapy shows systemic antitumor effects, which affect
primary tumors and metastatic tumors. However, the continuation
of chemotherapy causes many complications, such as renal failure,
heart failure, and neuropathy. In cases with local recurrence or
metastatic tumors, complications make it difficult to continue the
chemotherapy course. Therefore, further systemic treatment of
sarcoma is required an improved prognosis of patients with bone
and soft tissue tumors. Recently, many experimental and clinical
studies concerning immunotherapy for the treatment of malignant
tumors have been reported [12]. Additionally, some patients
showed a possible tumor suppressive effect of immunotherapy,
indicating that this could be a promising approach in the
treatment of patients with refractory malignant tumors.

Immunotherapy is classified as either non-specific immunother-
apy or tumor specific immunotherapy [22,23]. Non-specific
immunotherapy includes cytokine therapy, lymphokine-activated
killer cells therapy, natural killer cell therapy, ERM activated killer
cell therapy, and CD3-activated T cell therapy. Tumor-specific
immunotherapy includes DC-based immunotherapy, cytotoxic T
lymphocyte therapy, and peptide-vaccine therapy.

DGs play a critical role in T cell priming, as well as direct and
cross-priming {12]. In the steady state, nonactivated (immature)
DCs present self-antigens to T cells, which leads to tolerance
through different mechanisms. Once activated (mature), antigen-
loaded DCs promote T cell proliferation and differentiation into
helper and effector cells. DCs are also important in launching
humoral immunity. This is partly due to their capacity to directly
interact with B cells and to present unprocessed antigens. DCs
demonstrate tumor-specific antitumor effects by presenting tumor-
specific antigens to immune cells. Furthermore, DCs play a pivotal
role in the immunity to tumors. Once a dendritic cell takes up
tumor antigens, the dendritic cell will present the tumor antigens
to 100- 5,000 lymphocytes. Therefore, DC-based immunotherapy
seems to be an efficient treatment for malignant tumors. However,
the population of DCs in PBMGs is 0.2% [24], which is too low to
make their collection practical for clinical applications [15].
Methods of collection or generation of DCs are required in order
to use DC-based immunotherapy clinically. To date, PBMCs-
derived DCs have been commonly used for DC-based immuno-
therapy.

IL-4 and GM-CSF are commonly used for the differentiation of
DCs. Nakamoto et al. [23] reported that 45% of PBMCs in
patients with hepatocellular carcinoma were differentiated into
DGs by the treatment with IL-4 and GM-CSF. This study showed
that 52.5% of PBMCs in patients with bone and soft tissue tumors
were differentiated into DCs by IL-4 and GM-CSF. Furthermore,
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DC maturation requires stimuli such as IL-1B, TNF-a, IL-6, or
prostaglandin E,. Although various DC maturation cocktails have
been reported, there is no gold standard method for DC
maturation for DC-based immunotherapy. OK-432 (Picibanil), a
penicillin-killed Streptococcus pyogenes, is reported to have potent
immunomodulation properties in cancer treatment [26]. Hovden
reported that OK-432 induces the maturation and migration of
DCs and stimulates the secretion of Th-1 type cytokines [27]. Our
results show that OK-432 had a strong effect on DCs-differentd-
ation and DC maturation. Although OK-432 has strong effects on
DC-differentiation and DC maturation, OK-432-pulsed DCs are
not able to activate tumor antigen-specific immunity. Conversely,
tumor antigen-pulsed DCs can induce a tumor-specific immune
response. Hsu et al. {10] reported that DC pulsed with a tumor
antigen could elicit specific tumor-reactive T cells, and have
clinical efficacy in patients with lymphoma. As with other
malignancies, TL-pulsed DCs seem to be effective in the treatment
of sarcoma. Our results showed that the TL slightly promoted
differentiation and maturation of DCs. The effect of promoting
DC-differentiation and DC maturation suggests the existence of
tumor-specific antigens in many malignant bone and soft tissue
tumors. Additionally, our results showed that TNF- has a strong
effect on promoting DC maturation. The TL/TNF-a pulsed DCs
showed 1.6— 1.7 times greater maturation than the TL-pulsed
DCGs. Although TL-pulsed DCs can present tumor antigens, the
TL-pulsed DCs showed only slight maturation. TNF-o promotes
the maturation of TL-pulsed DCs. The well-differentiated and
well-matured DCs generated by our DCs-generation protocols are
considered to have strong tumor antigen-specific effects.

DC-based immunotherapy has been generally ineffective in
promoting tumor rejection. The failure may be attributed to the
use of insufficiency matured or activated DCs. In patients with
advanced and metastatic cancer, immunity is generally suppressed
by factors produced by tumors and tumor infiltrating cells such as
regulatory T cells [28]. In order to overcome the immunosup-
pressive circumstances around tumors, inductions of sufficiently
activated DCs, which highly express MHC molecules, CD80,
CD86, and I1-12, are required. The existence of matured DCs
around tumors has a great importance in antitumor immune
response and prognostic significance [29,30]. Ménard et al.
reported that levels of IFN-y significantly correlate with progres-
sion-free survival [31].

Therefore, evaluations of the DCs-maturation and DCs-related
cytokines are important in the DC-based immunoctherapy. In this
study, levels of IFN-y and IL-12 were measured before and after
the immunotherapy. The immunological responses are commonly
evaluated by IL-12 and IFN-y because these cytokines reflect the
activation of the DCs [14,32—35]. Furthermore, it is reported that
the existence of tumors does not influence the levels of the serum
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IL-12 and IFN-y [32]. IL-12 secreted by DGCs acts on IFN-y
production by Thl cells. IFN-y activates natural killer (NK) cells
and cytotoxic T lymphocytes (CTL) that contribute to optimal
antitumor immunity. Although chemotherapy shows rapid effects
on tumors, DC-based immunotherapy shows slow tumor regres-
sion. The immune response is highest at 8~ 10 weeks after DC-
injection [36]. This study showed significant elevations of IFN-y
and IL-12 at one and three months after DC-based immunother-
apy. However, a limitation of this study is the lack of data about
serum IFN-y and IL-12 in placebo group. Therefore, it seems that
tumor progression influenced the increase of serum IFN-y and IL-
12. There are some reports about the correlation between tumor
progression and serum cytokine levels [37,38]. Tsuboi et al. [37]
reported that mean serum IL-12 level in patients with esophageal
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volunteers (15). The levels of serum IL-12 correlated with tumor
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correlation between serum IL-12 level and tumor progression.
Morreti et al. [38] reported the difference of the serum IL-12 and
IFN-y levels in control population (n = 45), patients with localized
melanoma (i=11), and patients with metastatic melanomas
(n=234). Mean serum IL-12 level .of the patients with localized
melanomas was lower than that of the patients with metastatic
melanomas. Mean serum IFN-y level of patients with localized
melanoma was higher than that of patients with metastatic
melanomas, although there is no significant difference. In our
study, serum IL-12 and IFN-y showed significant increases which
are much higher than the influence of tumor progression. These
results suggest that the increase of the serum IL-12 and IFN-y
levels were influenced by the DC-based immunotherapy.

Conclusions

DCs-based immunotherapy is a promising approach for the
treatment of malignant tumors. In this study, about 50% of
PBMCs were differentiated into DCs, and markedly matured by
the combination of GM-CSF, IL-4, TL and TNF-o. Our results
contribute to the development of DC-based immunotherapy for
malignant bone and soft tissue tumors.
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