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Although gene therapy might become a promising approach
for central nervous system diseases, the safely issue is a
serious consideration in human gene therapy. To overcome
this problem, we developed an efficient gene transfer method
into the adult rat brain based on plasmid DNA using a
microbubble-enhanced ultrasound method, since microbub-
ble-enhanced ultrasound has shown promise for fransfecting
genes into other tissues such as blood vessels. Using the
microbubble-enhanced ultrasound method, luciferase ex-
pression was increased approximately 10-fold as compared
to injection of naked plasmid DNA alone. Interestingly, the
site of gene expression was limiled to the site of insonation

with intracisternal infection, in contrast to previous studies
using viruses. Expression of the reporter gene, Venus, was
readily delected in the ceniral nervous system. The
transfected cells were mainly detected in meningeal cells
with intracisternal injection, and in glial cells with intrastriatal
injection. There was no obvious evidence of tissue damage
by microbubble-enhanced ultrasound. Overall, the present
study demonstrated the feasibility of efficient plasmid DNA
transfer into the central nervous system, providing a new
option for treating various diseases such as tumors.
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Introduction

Gene therapy for the central nervous system is a
promising approach to treat central nervous system
diseases. In fact, novel gene therapy has been tried
tlinically for glioblastoma,'* Parkinson’s disease,* and
Canavan's disease.* In these trials, adenovirus and
adeno-associated virus (AAV) were commonly used.
However, there are serious safety problems in the case
of viral vectors, such as immunogenicity,” delayed
demyelination,® and difficulties in the preparation of a
high titer of virus.” Since naked plasmid DNA is safe and
easy to handle as compared to viral vectors, intramus-
cular injection of naked plasmid DNA of angiogenic
growth factors such as vascular growth factor (VEGF)
has been used clinically for the treatment of ischemic
cardiovascular disease™ Although some researchers
have tried to apply direct injection of naked plasmid
DNA into the brain,'™"' the transfection efficiency was
quite low™ and a large amount of naked plasmid DNA
was required to produce the target protein.”

Recently, ultrasound-mediated gene transfer has been
reported to augment the transfection efficiency and
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facilitate local gene expression.'* Interestingly, gene
transfer into the fetal central nervous system was
successfully achieved by intrauterine injection with
microbubble-enhanced ultrasound.'® Compared to other
viral vectors, there are some theoretical advantages
including safety, simplicity of preparation, and local
gene transfer. Thus, we focused on the development
of gene transfer using naked plasmid DNA with an
ultrasound or microbubble-enhanced  ultrasound
method. In the present study, we investigated the
possibility of improving plasmid DNA-based gene
transfer into the rat brain.

Results

Gene transfer via cisterna magna

First, we measured luciferase activity in the brainstem
and cerebellum after injection of the luciferase gene into
the cisterna magna (Figure la—). Although luciferase
activity could be detected following injection of naked
DNA alone, it was very low (Figure 2a). Insonation
without microbubbles, Optison, after injection of naked
DNA showed a tendency for an increase in luciferase
activity. As expected, luciferase activity was markedly
enhanced by the addition of 25% Optison and ultrasound
{Figure 2a, P<0.03), while addition of Optison alone
without insonation did not affect luciferase activity.
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Figure 1 Schematic diagram of injection and insonation. For gene transfer via the cisterna magna, @ mixture of naked plasmid DNA and Optison
was injected (b) and animals were exposed to ultrasound {c). For gene transfer into the striatum or lateral ventricle, the solution was injected stereotnctically

(d), and animals were insonated wia the hole (e).
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Figure 2 Efficacy using ultrasound after injection of naked plasmid DNA into cisterna magna {(subarachnoid space). Luciferase activity in the brainstem
and cerebellum was measured 1 day (a—d) or 4 and 7 days (d) after injection of the luciferase gene into the subarachnoid space via the cisterna magna. {a)
Optisen was added to the vector at a concentration of 6.25, 12,5, 25, or 50% of fotal volwme (100 pl). The wltrasound conditions were fixed as follows:
intensity 5 Wjcm?; exposure time 10 5. N naked plasmid DNA alone; N+O: injected with a mixture of naked plasmid DNA and Optison (25%); N+U:
insonated after injection of naked DNA alone; N+O+1L insonated after injection of a mixture of naked plasmid DNA and Optison. (b) Influence of
intensity (Optison 25% , exposure time 10 s). (c) Influence of exposure Hime (Optison 25%, intensity 5 Wjcm?). (d) Time course of gene expression (Oplison
25%, intensity 5 Wicni®, exposure Hine 10 s). *P<0.05, **P <0.01. 1 =4 for each group.
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Although an increase in luciferase activity by addition
of 6.25, 12.5, or 50% Optison was also observed, the most
effective dose was 25% (Figure 2a). An increase in
intensity of ultrasound also increased Iuciferase activity.
An intensity of ultrasound of 5 W/em® was adequate for
high transfection efficiency (Figure 2b). In addition, an
increase in the exposure time of ultrasound up to 10s
enhanced the transfection efficiency (Figure 2¢). Accord-
ing to these results, the following experiments were
performed under the optimal conditions of 25% Optison,
10 5 duration, and 5 W/cm?®, Unexpectedly, the period of
expression of the fransgene was relatively short, and at 7
days after transfection, luciferase activity had almost
returned to an undetectable level (Figure 2d).

To examine which cells could be transfected, we
transfected the Venus gene into the cisterna magna. In
contrast to previous data using vectors such as adeno-
virus, gene expression was limited to the brainstem and
cerebellum, where insonation was performed (Figure
3d). There was no gene expression in the cerebral surface
(Figure 3b), striatum, or choroid plexus in the lateral
ventricle (Figure 3c). Coronal sections of the brainstem
showed readily detectable fluorescence of Venus in
meningeal cells in the pia mater and arachnoid mem-
brane (Figure 3e and f). Consistent with the expression of
the Venus gene, luciferase activity was also detected only
in the brainstem and cerebellum (Figure 4).

Gene transfer into striatum

Next, the luciferase gene was directly injected into the
striatum (Figure 1d and e). Although luciferase expres-
sion was detected following injection of the naked
luciferase gene alone (Figure 5a), it was very low. The
expression was enhanced about three-fold by addition of
ultrasound, and about 10-fold by the addition of 25%
Optison and ultrasound (Figure 5a, P <0.01). Since there
could be strong absorption of ultrasound by the cranium,
we further evaluated the optimal ultrasound conditions.
Luciferase activity was maximal at 5 W/cm* (Figure 5b)
and an exposure duration of 10 s (Figure 5c). According
to these results, the following experiments were per-
formed using the optimal ultrasound conditions of
5 W/am?® and 10 s duration. Gene expression was observed
at least 14 days after injection, which was different from
the result of intracisternal injection (Figure 5d). Then, we

_ injected the Venus gene (50 pug) to clarify the transfectable

cells. Transfected cells could not be detected at the
injection site with naked plasmid DNA alone. In contrast,
gene expression was successfully detected at the injec-
tion site using microbubble-enhanced ultrasound (Figure
6a). Immunohistochemical staining for NeulN revealed
that the transfected cells were not neurons (Figure 6c).

Safety evaluation

The safety of Optison and ultrascund for gene transfer in
the CNS is a critical issue. Since previous studies showed
destruction of the blood-brain barrier (BBB) several
hours after injection of Optison into the carotid artery**
or insonation after intravenous injection of Optison,'® we
carefully evaluated the safety aspect of the present gene
transfer method. We first evaluated the change in body
weight, tissue damage by hematoxylin and eosin (HE)
staining, and destruction of the BBB by microangio-
graphy using albumin-fluorescein isothiocyanate (FITC-
albumin),'® as the microbubble-enhanced ultrasound
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Figure 3 Typical example of transfected cells by plasmid DNA transfer
using microbubble-enhanced wltrasound. Fluorescent stereomicroscopic
imnage (b: surface of cerebral cortex; e: corongl section at the level of
strinhum; d: surface of cerebellum and medulla oblongata) and laser
scanning confocal microscopic images (e, f) of Venus gene expression. Gene
expression was observed only in the cerebellum and medulla oblongata,
which were the injection sites (d), Covonal sections showed gene expression
inn meningeal cells in the pia mater (e} and arachnoid membrane (f). CC:
corpus callosum; LV: lateral ventricle; Str: striatum. (b—d: bar=0.5mm; e,
fr bar =10 pm.)
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Figure 4 Local gene expression produced by plasmid DNA transfer using
wicrobubble-entnced ultrasound as assessed by huciferase expression.
Luciferase activity was measured in the brainstem and cerebellum, left
hemispliere, right hemisphere, and olfactory bulb at 1 day after trans-
fection. Gene expression was limited to the brainstem and cerebellum,
which were insonated, BS: brainstem and cerebellum; LH: left hemisphere;
RH: right hemisphere; OB: olfactory bulb. **P <0.01. r =4 for each group.
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Figure 5 Effect of microbubble-enhanced ultrasound after injection of naked plasmid DNA Into striatum. Luciferase activity was weasured at 1 day after
transfer of luciferase gene into the striatum. The Optison concentration was fived at 25%. (a) Effect of ultrasound andfor Optison on luciferase activity, (b)
Influence of intensity (Optison 25%, exposure time 10 s), (c) Influence of exposure time (Optison 25%, intensity 5 Wjem?). (d} Time course of lucifernse
gene expression. N: naked plasmid DNA alone; N+O: mixhure of naked plasmid DNA and Optison (25%); N+ insonation after injection of naked DNA
alone; N+O+US: treatinent with insonation after injeckion of n mixture of naked plasmid DNA and Qptison. *P<0.05, **P <0.01. n=4 for each group.
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Figure 6 Typical example of transfected cells after injection of naked DNA inte striatrm with microbubble-enhanced ultrasound. Venus expression was
observed by confocal imaging. Transfected cells are observed adjacent to the injection site (a). The transfected cells were not positive for NeuN (b, c). The

dotted aren indicotes the needle track. (Bar =50 ym.).

method achieved high transfection efficiency via a
transient change in the cell membrane,'*?

Although body weight was decreased temporarily
after each treatment, there was no significant difference
among the groups (Figure 7). There was no histological
change or leakage of FITC-albumin in the brainstem and
cerebellum after intracisternal injection and insonation
(Figures 8a—c and 9a—c). Although there was hemorrhage
at the injection site with intrastriatal injection, the
damage was not worsened by Optison or ultrasound
(Figure 8d-f). The damage had not extended at least 28

days after injection (Figure 8f). There was slight leakage
of FITC-albumin at the injection site (dim green area
around vessels), but microbubble-enhanced ultrasound
did not worsen the leakage (Figure 9d-f). No behavioral
abnormality was observed.

Discussion

The most critical aspect of human gene therapy is the
safety of vectors, although the efficiency of transfection
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Figure 7 Effect of microbubble-enhanced ultrasound method on body weight. Body weight was measured after intracisternal injection of luciferase plasmid
DNA via the cisterna magna (a) and intrastriatal injection (b). There was no significant difference among the groups. Sham: anesthetized rats without
injection; N: rats transfected with naked plasmid DNA alone; N+O+U: rats insonated after infection of a mixture of naked plasmid DNA and Optison
(25%). Ultrasound conditions: infensity 5 Wjem?; exposure time 10s. n=3 for each group.
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Figure 8 Hematoxylin and eosin (HE) staining after infection of naked
DNA into cisterna magna or striatum with microbubble-enhanced
wltrasound method. There was 1o histological change such as hemorrhage
after intracisternal injection in both the acute phase (a, b) and chronic
phase (c). Following intrastriatal injection, limited hemorrhage at the
injection site was ebserved in the acute phase {d, e). However, there was
1o exacerbation by adding Optison and wltrasound. The damage had not
extended in the chronic stage (f), Bar =100 yun.

into target organs is also important. Recent clinical trials
of gene therapy using viral vectors revealed serious
problems such as immunogenicity.*'” From this view-
point, application of naked plasmid DNA seems most
attractive, as plasmid DNA is very safe as compared
to other vectors. However, extremely low transfection
efficiency has limited its utility.’®* To overcome this
problem, we focused on the application of ultrasound, as

Gene Therapy

Intracistemal injection intrastrlatum injection

Figure 9 Microangiograms using albumin-fluorescein isothiocyanate at
4 I after injection of naked DNA into cisterna magna or striatum with
Optison-enhanced ultraseund method. Confocal microscopie images of
vessels in the cerebellim (a—) and striatum (d-f). There was no leakage of
FITC-albumin following intracisternal injeciion in each group (a—c).
Although slight leaknge of FITC-albumin was shown after intrastriatal
injection, it roas not worsened by Optison-enhanced ultrasound. The arrow
indicate leakage of FITC-albumin.

enhancement of transfection efficiency using ultrasound
has been reported in various tissues such as cardiac
muscle,’™ skeletal muscle,’® carotid artery'® and the
fetus.!? Ultrasound-mediated plasmid DNA transfection
enhances transfection efficiency, since ultrasound
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induces porosity of the cell membrane.™ Nevertheless,
the increased efficiency may still not be enough. Thus,
we further modified ultrasound-mediated plasmid DNA
transfection using echo-contrast microbubbles. Indeed,
the efficiency of plasmid DNA transfection into artery as
well as skeletal muscle using ultrasound was reported
to be markedly improved by echo-contrast microbubbles,
Optison.’® The increase in transfection efficiency might
be due to transient holes in the cell membrane produced
by the spreading of bubbles.’?

However, different from other tissues, application of
insonation to the adult brain is not easy because of the
thick bone of the skull. Although it is well known that
pulsed transcranial ultrasound at low frequencies less
than 2 MHz can penetrate the human skull and is used
to estimate blood flow in the major cerebral vessels,
intracerebral ultrasound intensity is thought to be
attenuated by the thick skull.*' Thus, we initially applied
this method to the brainstem via the cerebrospinal fluid
(CSF) in the cisterna magna, as there is a large window in
the bone. As expected, the microbubble-enhanced ultra-
sound method resulted in marked enhancement of the
transfection efficiency as compared to naked plasmid
DNA alone. In contrast to previous data using vectors
such as adenovirus™ or HV]-envelope vector,” gene
expression was limited to the inmsonated sites with
intracisternal injection. Using the microbubble-enhanced
ultrasound method, the transfected cells were mainly
meningeal cells, but not neurons or glia. Although we
could not clarify the reason why the transfected cells
were limited to meningeal cells, one possible reason is
that the mixture of naked DNA and Optison might not
penetrate into the cerebral parenchyma. Unexpectedly,
the span of gene expression by intracisternal injection
was shorter than a week. Further studies are needed to
achieve longer gene expression.

When naked DNA was injected into the striatum
instead of CSF, the transfected cells were mainly glial
cells and not neurons, consistent with a previous
report.” Since glial cells are important for neuronal
survival via the secretion of various neurotrophic factors
such as fibroblast growth factor (FGF) and hepatocyte
growth factor (HGF),* gene transfer of neurotrophic
factors to glial cells might promote survival of neurons in
neurodegenerative diseases such as Parkinson’s disease.
Alternatively, as a recent report showed that delivery
of recombinant GDNF directly into the putamen of five
Parkinson’s disease patients in a phase 1 safety trial
produced functional improvement,® gene transfer might
allow long-term production of neuroprotective growth
factors, thus resulting in a better outcome.* Indeed, gene
therapy for Parkinson's disease in animal models also
induced functional recovery using an AAV vector” or
lentiviral vector,*® although these vectors have several
major problems such as immunogenicity. These diseases
might be targeted using the microbubble-enhanced
ultrasound method, as naked plasmid DNA is much
safer and easier to handle.

Although gene transfer using microbubble-enhanced
ultrasound was effective, there are some limitations of
the present study. First, the effective intensity of
ultrasound used in the present study (2 or 5 W/em?)
was higher than that of commonly used 1MHz
diagnostic ultrasound in the brain (0.5 W/cm®). While
there was no significant adverse effect of Optison and
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ultrasound on histological findings and BBB function at
the injection site, the possibility of hemorrhage, BBB
destruction, or an inflammatory response in other
regions could not be completely excluded. Also, the
possibility of damage to bone and soft tissue has not
been excluded, since they were not evaluated in the
present study. Since 185kHz ultrasound insonation
(2 W/cm?) was reported to potentiate transcranial ultra-
sound-improved thrombolysis without tissue damage,™
the ultrasound parameters such as frequency still need
to be optimized. Second, we did not examine other echo
contrast microbubbles such as Levovist, since they were
reported not to enhance the transfer efficiency into
culfured human vascular smooth muscle cells and
endothelial cells,’* However, as the biological conditions
might differ between in vive and in vitro or among
tissues, further studies are necessary to investigate which
kind of echo contrast microbubbles is best. Third, as we
did not examine lower {6.25 or 12.5%) or higher doses
(50%) of Optison with other conditions of ultrasound,
further studies are necessary to darify the optimal
combination of Optison and ultrasound. Fourth, we
dissolved a large amount of plasmid DNA in TE buffer,
which is a hypo-osmolar solution and known to be toxic
to the CNS. The solvent and amount of plasmid DNA
need to be optimized for clinical use in the future.

QOverall, the present study demonstrated a safe and
efficient method of nonviral gene transfer into the adult
central nervous system. As no significant body weight
loss, BBB dysfunction, or histological change was
observed throughout the experimental period, these data
clearly demonstrate the clinical utility of a therapeutic
strategy based on plasmid DNA-mediated transfer. What
is the clinical relevance of a highly efficient gene transfer
method based on plasmid DNA using ultrasound with
Optison? First, it is possible to decrease the amount of
plasmid DNA, thereby decreasing the potential side
effects and cost. Second, it is possible to achieve high
transfection efficiency without a viral vector. Avoiding
a viral gene transfer method such as by use of an
adenovirus may increase the safety of gene therapy and
extend its application to a wide variety of targeted
diseases. Third, further modification of delivery tools
such as a catheter with ultrasourd may expand the
utility of the present modification to transfection into
the adult brain. Although the achieved expression of the
transgene was still not particularly high in the present
study, more effective expression of transgene might be
achieved by optimizing these factors.

Materials and methods

Plasmid DNA

pCMV-luciferase-GL3 (pcLuc-GL3: 7.4kb) was con-
structed by cloning the luciferase gene from the pGL3-
promoter vector (Promega Corp., Madison, WI, USA)
into pcDNA3 (5.4 kb) {Invitrogen, San Diego, CA, USA)
at the HindIll and BamHI sites. Plasmid DNA was
purified with a QIAGEN plasmid isolation kit (Hilden,
Germany). Venus/pCS2 (4.1kb) was constructed by
insertion of the CMV promgter into the Venus gene at
the BamHI and EcoRI sites in pCS2, Verms/pCS2 was
donated by Dr Miyawaki® (Laboratory for Cell Function
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and Dynamics, Advanced Technology Development
Center, Brain Science Institute, RIKEN, Japan).

Preparation of naked DNA-microbubble mixture
Supercoiled plasmid DNA was dissolved in TE buffer.
Optison (Mallinckrodt Inc., San Diego, CA, USA) was
used for microbubbles. The plasmid-microbubble solu-
tion was prepared just before injection. For intracisternal
injection, a total volume of 100 ul containing 200 pg
plasmid and Optison (0, 6.25, 12.5, 25, or 50 ul) was used.
For intrastriatal injection, a total volume of 6 pl contain-
ing 50 ug plasmid and 1.5 pl Optison was used.

in vivo gene transfer in normal rats

Male Wistar rats (230-260 g; Charles River Japan, Atsugi,
Japan) were used in this study. All procedures were
conducted in accordance with Osaka University guide-
lines. Rats were anesthetized by intraperitoneal injection
of a mixture of ketamine (Sankyo, Tokyo, Japan) and
xylazine (Bayer, Tokyo, Japan). For infusion into the
subarachnoid space, the head of each animal was fixed in
a prone position, and the atlanto-occipital membrane
was exposed through an occipitocerebral midline inci-
sion. A stainless-steel cannula (27 gauge; Beckton
Dickinson) was introduced into the cisterna magna
(subarachnoid space). Plasmid DNA solution was
infused at 50 pl/min using an injector (IM-3, Narishige
Scientific Instrument Laboratory, Tokyo, Japan) after
removing 100 ul CSE. Then, animals were exposed to
ultrasound from the injection site or temporal bone
(Figure la—<).

For infusion into the striatum, animals were placed in
a stereotactic frame (Narishige Scientific Instrument
Laboratory, Tokyo, Japan) with the skull exposed. A
stainless-steel cannula (33 gauge) was introduced into
the striatum (0.2 mm anterior to the bregma, 3.0 mm
lateral to the midline, and 5.0 mm below the skull
surface}. Plasmid DNA solution was injected at 2.0 pl/
min using the injector. Rats were kept in the same
position for 3 min to avoid loss of plasmid by backflow.
Then, the animals were insonated from the parietal bone
(Figure 1d and e).

The ultrasound-emitting transducer used in the pre-
sent study was an Ultax UX-301 (Celcom Inc., Fukuoka,
Japan) with contact gel. The ultrasound parameters were
as described previously,’>'* with minor modifications:
the transducer diameter was 29 mm, the central- fre-
quency was 1MHz continuous wave {CW), the duty
cycle was 26% (on cycles/off cycles=26/74, pulse
repetition frequency =2Hz), the intensity was up to
5 W/em?, and acoustic pressure was 0.55 MPa. Animals
were exposed once in each experiment immediately after
injection of naked DNA.

Assay for luciferase aclivity

Animals transfected with the luciferase gene were killed
under anesthesia at 24 h after transfection, Tissues were
harvested and placed individually in FALCON 50 ml
tubes. Luciferase activity assay was performed as
described previously® Luciferase levels were norma-
lized by determining the protein concentrations of the
tissue extracts® Luciferase activity was expressed as
relative light units (RLU) per gram of tissue protein. To
examine the efficacy of ultrasound-mediated gene
transfer via the subarachnoid space, we divided the
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brain into brain stem and cerebellum, left hemisphere,
right hemisphere, and olfactory bulb. For gene transfer
after intrastriatal injection, the right hemisphere (injected
hemisphere) was cut at 3.0 mm anterior to the bregma
and 3.0 mm posterior to the bregma, after division of the
brain into left and right hemispheres.

Determination of Huarescence of Venus and

immunohistochemical staining

At 3 days after transfection, animals were killed by
perfusion with 150 ml physiological saline, followed by
200 ml 4% paraformaldehyde in physiclogical saline. The
brain was removed and fixed in the same fixative for
16 h. The brain was sectioned at 40 pm on a vibratome.
For immunohistochemical staining, free-floating sections
were incubated in 0.1% Triton X-100, 3% normal goat
serum, and anti-NeuN (1:1000, Chemicon, Temecula, CA,
USA) after blocking, followed by anti-rabbit fluorescent
antibody (1:1000, Alexa Flour 546-conjugated goat anti-
mouse IgG, Molecular Probes, OR, USA). The sections
were mounted with VECTA SHIELD (Vector Labora-
tories, Burlingame, CA, USA). Expression of Venus and
immunohistochemical staining were examined under a
confocal laser microscope (Bio-Rad, Hercules, CA, USA).

Histological staining

To investigate tissue damage, animals were killed by
perfusion with 150 ml physiological saline 4 h or 28 days
after each treatment. The brain was removed and fixed
in the same fixative for 24 h and embedded in paraffin.
Sections were cut at 8 um at 11.6, 12,6, 13.6, 14.6, and
156 mm posterior to the bregma in the case of
intracisternal injection or at the injection site in the case
of intrastriatal injection, and then subjected to hematox-
ylin and eosin staining. To evaluate BBB function, we
used a recently developed microangiographic techni-
que.’ This technique allows evaluation of BBB function
as well as vascular pattern. Briefly, fluorescent albumin
solution was prepared by reconstituting 500 mg bovine
desiccate albumin-fluorescein isothiocyanate (Sigma-
Aldrich, USA) in 50 ml PBS. The solution was injected
via the jugular vein at a rate of 1 ml/min (10 ml/kg) 4 h
after treatment. The same amount of blood was with-
drawn before the injection to avoid systemic blood
pressure elevation. The brain was fixed in 10% formalin
solution and then cryoprotected. The brain was cut in the
coronal plane at 50 pm using a freezing microtome and
mounted with VECTA SHIELD. We set the region of
interest (ROI) at the cerebellum and medulla oblon-
gata or striatum. Five consecutive sections in each rat
were observed using a confocal laser microscope
(Bio-Rad). BBB leakage could be determined by visuali-
zation of albumin.'¢
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Enhanced Tumor-Specific Long-Term Immunity of
Hemaggluttinating Virus of Japan-Mediated Dendritic
Cell-Tumor Fused Cell Vaccination by Coadministration with
CpG Oligodeoxynucleotides!

Kazuya Hiraoka,*' Seiji Yamamoto,* Satoru Otsurn,* Seiji Nakai,* Katsuto Tamai,*
Ryuichi Morishita,* Toshio Ogihara,” and Yasufumi Kaneda®*

Immunization with dendritic cells (DCs) using various Ag-loading approaches has shown promising results in tumor-specific
immunotherapy and immunoprevention. Fased cells (FCs) that are generated from DCs and tumor cells are one of effective cancer
vaccines because both known and unknown tumor Ags are presented on the FCs and recognized by T cells. In this study, we
attempted to augment antitumor immunity by the combination of DC-tumor FC vaccination with immunostimulatory oligode-
oxynucleotides containing CpG motif (CpG ODN). Murine DCs were fused with syngeneic tumor cells ex vivo using inactivated
hemagglutinating virus of Japan (Sendai virus). Mice were intradermally (i.d.) immunized with FCs and/or CpG ODN. Coad-
ministration of CpG ODN enhanced the phenotypical maturation of FCs and unfused DCs, and the production of Thl cytokines,
such as IFN-y and IL-12, leading to the induction of tumor-specific CTLs without falling into T cell anergy. In addition, immu-
nization with FCs + CpG ODN provided significant protection against lethal s.c. tumor challenge and spontanecus lung metastasis
compared with that with either FCs or CpG ODN alone. Furthermore, among mice that rejected tumor challenge, the mice
immunized with FCs + CpG ODN, but not the mice immunized with FCs or CpG ODN alone, completely rejected tumor
rechailenge, indicating that CpG ODN provided long-term maintenance of tumor-specific immunity induced by FCs. Thus, the
combination of DC-tumor FCs and CpG ODN is an effective and feasible cancer vaccine to prevent the generation and recurrence
of cancers. The Journal of Immunology, 2004, 173: 42974307,

fective cancer treatments, some cancers are refractory to
these treatments. Effective treatment of advanced and
metastatic cancers and the prevention of recurrence are especially
difficult. Immunotherapy and immunoprevention are promising ap-
proaches to cancer treatment and prevention that may someday
overcome the shortcomings of traditional cancer managements.
Twe different signals are required to prime and activate naive
CD4* and CD8* T cells (1). First, antigenic peptides must be
presented on the surface of activated APCs by MHC class 1 or II
molecules to CDS™ or CD4™ T cells, respectively. The binding of
peptide/MHC complexes to TCRs mediates a signal into the T
cells. A second signal must be mediated from costimulatory mol-
ecules on activated APCs to T cells. Thus, it is essential for cancer
vaccines to activate APCs, such as dendritic cells (DCs),? that can
recognize and present tumor Ags to T cells (2).

ﬁ Ithough surgery, chemotherapy, and radiotherapy are ef-
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Tumor-associated Ags (TAAs) presented by mature DCs are
needed to evoke tumor-specific immune response. Several mela-
noma Ags recognized by T cells have been identified, including
MAGE, gpl100, MART-1, TRP-1, TRP-2, and tyrosinase (3). DCs
treated with TAA peptides or tumor lysates enhanced tumor im-
munity in melanoma patients (4). TAAs have also been identified
in cancers other than melanoma (5). However, TAAs in many
cancers have not been identified.

To solve this problem, hybrid cell vaccines have been developed
by fusing mature DCs with tumor cells. DC-tumor fused cells
(FCs) express known and unknown TAAs, as well as high levels
of MHC class I and I molecules and costimulatory molecules that
can prime and activate naive CD4* and CD8% T cells (6). There-
fore, even though tumor cells lose the expression of MHC class 1
molecules, TAAs can be presented on the surface of FCs by DC-
derived MHC class I molecules.

It has been reported that vaccinations of mice with DC-tumor
FCs induce therapeutic and protective immune responses against
established and spontaneous tumors, which included both immu-
nogenic and poorly immunogenic tumors (7-12). In these studies,
FCs were generated by polyethylene glycol (PEG) (7-10) or elec-
trofusion (11, 12). In vitro studies using human cells have shown
that DC-tumor FCs present both known and unknown TAAs in the
context of HLA class I molecules and induce tumor-specific CTL
response (10). In clinical trials, patients with malignant glioma
(13} or metanoma (14) were vaccinated with autologous DC-tumor

magglutinating virus of Japan; HAU, hemagglutinating units; BSS, balanced salt
solution; i.d., intradermal(ly); PEG, polyethylene glycol.
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FCs generated by PEG. These vaccinations were safe, but only
induced weak clinical responses.

TAA alone is not sufficient for producing effective vaccines, and
the aid of adjuvants to enhance vaccine effects has been pointed
out (15), Adjuvants play an important role in determining the qual-
ity and quantity of immune response to Ags. Many adjuvants in-
cluding recombinant Thl cytokines, such as IL-2 and IL-12, as
well as Freund's adjuvant, aluminum salts, and monophosphoryl
lipid have been used in animals and humans (16). However, these
adjuvants resulted in little or no immune enhancement and caused
toxicity in some cases.

Recently, synthetic oligodeoxynucleotides containing specific
bacterial unmethylated CpG motif (CpG ODN), which are one of
so-called pathogen-associated molecular patterns, have attracted a
great deal of attention as a novel and safe adjuvant (17-19). CpG
QDN are recognized by cells of innate immune systern of verte-
brates, such as B cells, macrophages, monocytes, and DCs, and
activate these cells (17, 18). CpG ODN preferentially induce Thl
immune response through its receptor, TLR9, with the production
of cytokines, such as TNF-a, IL-12, and [FN-v, appropriate for the
development of antitumor immunity (20). Indeed, the use of CpG
ODN as an adjuvant combined with other immunotherapies, such
as TAA peptide-pulsed DCs (21), or as a monotherapy (22) in-
duced antitumor response in mice, while TAA peptide-pulsed DCs
alone were not effective. The effect of CpG ODN on human can-
cers is currently being evaluated in clinical trials (23),

Several studies of DC-tumor FC vaccines in mice have reported
that coadministration of FCs with rIL-2 (8) or [L-12 (9, 11) by i.p.
injection as an adjuvant enhances the antitumor effect more effec-
tively compared with that induced by either FCs or the adjuvant
alone. These results suggest the need of adjuvant to enhance an-
titumor immunity in the use of FCs for cancer vaccines.

In this study, we investigated whether CpG ODN could safely
enhance tumor-specific immune response induced by DC-tumor
FC vaccines generated by inactivated hemagglutinating virus of
Japan (HVJ; Sendai virus).

Materials and Methods
Materials

All cell lines, including B16BL6 melanoma (H-2%), EL4 T cell
Iymphoma (H-2°), RENCA renal cell carcinoma (H-2°%), and CT26
colon adenocarcinoma (H-2°), were purchased from American
Type Culture Cotlection (Manassas, VA). Synthesized ODN, such
as phosphorothicate-modified CpG ODN (CpG 1668; 5'-TCCAT
GACGTTCCTGATGCT-3) and nen-CpG ODN (GpG 1668; 5'-
TCCATGAGGTTCCTGATGCT-3") (18), were purchased from
Hokkaido System Science (Sapporo, Japan) Male 8-wk-old
C57BLJ6 (H-2%) and BALB/c (H-29) mice were purchased from
Oriental Yeast (Tokyo, Japan) and maintained in a temperature-
controlled, pathogen-free room. All animals were handled accord-
ing to approved protocols and the guidelines of the Animal
Committee of Osaka University.

Preparation and culture of DCs

Murine bone marrow-derived DCs were generated as previously
described {24) with minor modifications (25). Briefly, after flush-
ing out bone marrow of tibia and femur with RPMI 1640 medium,
effluent tissue was passed through 40-pm mesh, and erythrocytes
were lysed with ammonium chloride. After washing, X 10° cells
were plated in 24-well plates (Costar, Comning, NY) in I ml of
RPMI 1640 medium supplemented with 10% heat-inactivated FBS
{Equitech-Bio, Kerrville, TX), antibiotics, 50 uM 2-ME, and 10
ng/ml recombinant murine GM-CSF (Genzyme-Techne, Minneap-

HVJ-MEDIATED DC-TUMOR FUSED CELL VACCINE WITH CpG ODN

olis, MN). The cultures were fed every other day by gentle pipet-
ting, aspirating all of the medium, and adding fresh mediura. On
day 6 of culture, nonadherent and loosely adherent clusters of pro-
liferating DCs were collected, and 1 X 10° cells were replated in
24-well plates in 1 ml of DC medium with 100 ng/ml LPS (Esch-
erichia coli 055:B5) (Sigma-Aldrich, St. Louis, MO) for 24 h. On
day 7 of culture, nonadherent DCs were harvested and used for
fusion. More than 90% of these DCs were positive for CD11c and
displayed a typical mature phenotype as confirmed by flow
cytometry.

HV]-mediated cell fusion

HVJ (Z strain) was purified from chorioallantoic fluid of chick
eggs by centrifugation, and the titer was calculated as previously
described (26). The virus was inactivated by UV irradiation (99
mJ/cm?) just before use. With this preparation, the ability of virus
replication was lost completely, but fusion activity was not af-
fected as previously described (27). To determine optimal fusion
efficiency, mature DCs and tumor cells were labeled with fiuores-
cent red and green, respectively, using PKH26 and PKH67 accord-
ing to the mamufacturer’s instructions (Zynaxis Cell Science,
Malvern, PA), PKH dyes were intensively washed to remove the
unbound dyes and to avoid leakage of the bound dyes between
DCs and tumor cells. Alternatively, mature DCs and B16BL6 cells
were labeled with FITC-conjugated anti-mouse mAb against
CDl1lec and anti-human gpl00 primary mAb (DakoCytomation,
Glostrup, Denmark) followed by PE-conjugated anti-mouse x L
chain secondary mAb (BD Pharmingen, San Diego, CA), respec-
tively. FITC mAbs against CD40, CD80, CD86, or MHC class II
were dlso used as DC markers. The turnor cells were then irradi-
ated with 100 Gy using 1*"Cs gamma rays generated by Gamma-
cell (MDS Nordion, Ottawa, Ontario, Canada) and fused with ma-
ture DCs at a ratio of 1:2 using HVJ as previously described (28)
with some modifications. Briefly, mature DCs (4 X 10° cells) sus-
pended in 250 ul of balanced salt sclution (BSS; 10 mM Tris-Cl
(pH 7.5), 137 mM NaCl, 5.4 mM KC1) containing 2 mM CaCl,
and irradiated tumor cells (2 X 10° cells) suspended in 250 pl of
BSS containing 2 mM CaCl, and various amounts of HVJ (0-
1000 hemagglutinating units (HAU)) suspended in 500 ul of BSS
were mixed in a 2-ml tube, After incubation at 0°C for 5 min, the
mixture was incubated at 37°C for 15 min with shaking (120 rpm)
in a water bath to induce cell-cell fusion. After centrifugation at
1200 rpm for 3 min at 4°C, the fusion products were washed twice
with 1.5 ml of BSS to remove the free HV] and cultured overnight
at 37°C in 5% CO.,. After 24-h culture following fusion, the fosion
products were harvested. Fusion efficiency was evaluated with
FACScan and FACSVantage (BD Biosciences, San Jose, CA).
FCs collected using FACSVantage (BD Biosciences) were sub-
jected to some experiments.

Phenotypic analvsis

After fusion between nonlabeled mature DCs and PKH26-1abeled
B16BLA6 cells using 500 HAU of inactivated HVY, the fusion prod-
ucts were cultured for 24 h with or without 10 pg/ml CpG ODN,
followed by staining with FITC mAbs against CD11c, CD40,
CD80, CD86, or MHC class II as DC markers. Surface phenotypes
of FCs were analyzed by gating and excluding single red-positive
¢ells using FACSVantage (BD Biosciences).

Dmmmunization in vive

After 12-h incubation of fusion products generated from DCs and
irradiated syngeneic tumor cells (B16BL6 or RENCA cells) using
0 HAU (i.e.,, Mix) or 500 HAU (i.e., FCs) of HVJ, 6 X 10° cells
were harvested and suspended in 200 pl of PBS. CpG ODN (100
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ug) was dissolved in 100 gl of PBS and mixed with 100 pl of PBS
(i.e., CpG alone) or 6 X 10° cells suspended in 100 ul of PBS (ie.,
Mix + CpG and FCs + CpG) immediately before injection into
mice. In some experiments, FCs were collected with a cell sorter,
and 1.2 X 10° FCs (i.e., sorted FCs) were injected into mice. The
mice (10 mice/group) were immunized twice, at weekly intervals
as reported previously (9, 29, 30), with one of these vaccination
protocols in a total volume of 200 ul of PBS by i.d. injection into
the bilateral posterior flanks near the base of the tail (100 ul per
flank). We selected this route of immunization because FCs mi-
grate into draining lymph nodes after i.d. injection (31, 32). The
number of cells in the fusion products was described based on the
number of cells that were used in the DC-tumor cell fusion.

Cyiokine measurements

After 24-h incubation of fusion products generated by 0 HAU (ie.,
Mix) or 500 HAU (i.e., FCs) of HVJ with or without 10 pg/ml
CpG ODN, the supemnatants were harvested before immunization
and stored at ~80°C. After in vivo immunization, cell culture su-
pernatants of isolated spleen cells on day 5 during restimulation
were also collected and stored at —80°C. The concentrations of
TNF-q, IL-12 p40, TFN-+, and IL-4 in the supernatants were mea-
sured by ELISA Development kits (Genzyme-Techne).

Cytolytic assay

Ten days after the second immunization, spleen cells were pooled
from each group of mice (three mice per group). The spleen cells
(5 X 10° cells/well) were cocultured to restimulate with mitomy-
cin C-treated tumor cells at a ratio of 20:1 in 2 ml of T cell culture
redium (RPMI 1640 medium supplemented with 10% beat-inac-
tivated FBS, antibiotics, and 50 pM 2-ME) in 24-wel plates at
37°C in 5% CO,. The cells, which contained CTLs, were harvested
on day 5 and used as effector cells in a standard 4-h *'Cr release
assay 10 examine antitumor cytolytic activity. Briefly, target tumor
cells (1 X 10%) were labeled with 100 xCi of Na,*!'CrQ, (Amer-
sham Biosciences, Buckinghamshire, U.K.) in 200 pl of RPMI
1640 supplemented with 10% heat-inactivated FBS for 90 min at
37°C. The labeled target cells (1 X 10" cells/well) were incubated
with the effector cells for 4 h at 37°C in 96-well microtiter plates
in 200 pl of T cell medium at various E:T ratios. The plates were
then centrifuged, and the radioactivity of the supernatants was
counted using a MicroBeta Trilux Scintillation Counter (Wallac,
Gaithersburg, MD). The maximum or spontaneous release was de-
fined as counts from samples incubated with 2% Triton X-100 or
medium alone, respectively, Cytolytic activity was calculated us-
ing the following formula: percentage of specific >'Cr release =
(experimental release — spontaneous release) X 100/(maximum
release — spontanecus release). Assays were performed in tripli-
cate wells. The spontaneous release in all assays was <20% of the
maximum release.

Prophylactic treatment in s.c. tumor model

Ten days after the second vaccination, C57BL/6 mice were chal-
lenged by s.c. injection with 1 X 10° B16BL6 cells, and BALB/c
mice were injected s.c. with 1 X 10° RENCA ceils into the back
different, but proximal, from two vaccinated sites. After tumor
challenge, mice were monitored daily. Tumeor incidence was con-
sidered positive when the tumor length exceeded 3 mm. Tumeor
size was measured every other day in a blinded manner with digital
calipers. Tumor volume was calculated using the following for-
mula: turmor volume (mm?®) = length X (width)*/2 (Ref. 33). Mice
were euthanized when tumors became ulcerated or surpassed 4000
mm? in volume. Sixty days after tumor inoculation, tumor-free

C57BL/6 or BALB/c mice were rechallenged s.c. with 1 X 10°

4299

B16BL6 cells and 5 X 10* EL4 cells or 1 X 10° RENCA cells and
5 X 10* CT26 cells, respectively, injected into the back to clarify
tumor specificity of the vaccination in vivo,

Prophylactic treatment in spontaneous lung metastasis model

B16BL6 melanoma cells are highly invasive and spontaneously
metastatic from the primary site (34). Ten days after the second
vaccination, C57BL/6 mice (eight mice per group) were injected
s.c. with 5 X 10° BI6BL6 cells suspended in 50 ul of PBS into the
right hind footpad to initiate primary tumor growth. On day 21
after tamor inoculation, when the primary tumor was >10 mm in
length, it was surgically removed by a right hip disarticulation with
removal of the regional draining popliteal and inguinal lymph
nodes. All mice were euthanized 21 days after surgery, and the
lungs were fixed in Bouin’s solution {Sigma-Aldrich). The number of
lung metastases was counted under a dissecting microscope (35).

Statistical analysis

Statistical analysis was performed with StatView software (Aba-
cus Concepts, Berkeley, CA). The x* test was used to analyze
differences between percentages of tumor-free mice at day 60. The
log-rank test was used to analyze Kaplan-Meier survival ctrves.
The unpaired Fisher’s protected least significant difference test was
used in other analyses. We defined statistical significance as
p < 0.05.

Results
HVI-mediated DC-tumor cell fusion

We used inactivated HVJ to generate DC-tumor FCs. Murine DCs
(4 X 10° cells) stained with PKH26 (shown in red) and irradiated
BI6BLS6 cells (2 X 10°% cells) stained with PKH&7 (shown in
green) were fused with UV-inactivated HVJ. After 24-h incuba-
tion, the fusion products were analyzed by flow cytometry. Fluo-
rescent microscopic observation after sorting each fraction re-
vealed that double-positive cells in the upper right fraction were
large and fluorescent yellow DC-tumor FCs, while the lower right
and upper left fractions contained unfused B16BL6 cells and DCs,
respectively (Fig. 14).

To determine the optimal fusion conditions, fusion efficiency
and cell viability of fusion products generated by various amounts
of HVJ (0-1000 HAU) were investigated. Fusion efficiency ana-
lyzed by flow cytometry was 5.38, 13.71, 25.49, and 26.57% with
0, 100, 500, and 1000 HAU of inactivated HVJ, respectively (Fig.
1B). Spontaneous doubie-positive cells were obtained at low effi-
ciency (5.38%) even in the absence of HVJ, maybe resulting from
the capture of irradiated tumor cells by DCs (Fig. 1B, 0 HAT). Cell
viability assessed by lactose dehydrogenase release assay was 96,
93, 83, and 60% after 24-h culture following fusion, and 74, 67,
60, and 25% after 72-h culture following fusion with 0, 100, 500,
and 1000 HAU, respectively (500 HAU vs 1000 HAU, p < 0.05).
We obtained similar results for fusion efficiency and cell viability
in at least 10 separate experiments. Therefore, we chose 500 HAU
of inactivated HVJ to generate DC-tumor FCs in the following
experiments.

Furthermore, we analyzed the expression of specific markers
derived from DCs and B16BL6 melanoma cells in DC-tumor FCs.
FACS analysis (Fig. 24) showed that, with 500 HAU of inacti-
vated HV], cells expressing both DC surface markers such as
CDllc, CD40, CD80, CD86, or MHC class II and B16BL6
marker, gpl00, were generated at ~30% efficiency. Without HVJ
(indicated as 0 HAU in Fig. 24), cells with both surface markers
were 3-9% in this assay. Fluorescent microscopic observation of
the fusion products generated from DCs stained with FITC mAb
against CD11¢ (Fig. 2B, left panel), a DC marker, and B16BL6
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FIGURE 1. HVI-mediated DC-tumor

cell fusion. A, Fusion protocol. Bone mar-
row-derived DCs (4 X 10° cells) stained
with PKH26 (red) and irradiated B16BL6
cells (2 X 10° cells) stained with PKH67
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(shown in green) were mixed at a 2:1 ratio,
and fused with UV-inactivated HV], The
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free HVJ was removed by centrifagation
and washing with BSS, and the cells were
cultured at 37°C in 5% CO,. After 24-h
incubation, the fusion products were col-
lected. Double-positive (upper right), sin-
gle green-positive (fower right), and single
red-positive cells (upper leff) were sorted
using flow cytometry and observed by fluo-
rescent microscopy (magnification, X100).
B, Fusion efficiency. Various amounts of
HVI (0-1000 HAU) were used to fuse DCs B
stained with PH26 (shown in red} and irra-
diated B16BL6 cells stained with PKIH67
{shown in green). The fusion efficiency was
assessed by flow cytometry. Fluorescence
microscopy was used to demonstrate DC-
B16BL6 FCs, shown as large veliow cells
(magnification, X200,

—_—
Bi6/PKHE7

cells stained with PE mAb against gpl00 TAA (Fig. 2B, center
panei), a BI6BL6 cell marker, showed that DC-B16BL6 FCs were
positive for both markers (Fig. 2B, right panel). These findings
indicate that inactivated HVJ could be used as a fusogen for DC-
tumor cell fusion.

Enhanced phenotypical maturation and Thl cytokine production
of FCs by administration with CpG ODN in vitro

We analyzed the phenotypical maturation of FCs containing un-
fused DCs by examining the expression of various surface markers
of DCs. The expression of surface markers of DCs was up-regu-
lated by the treatment with 100 ng/ml LPS, and maintained in FCs
after fusion (Fig. 34). The phenotypical maturation of FCs was
further enhanced by 10 pg/ml CpG ODN, especially in CDS0,
CD36, and MHC class II (Fig. 34). We also analyzed the produc-
tion of Thi cytokines, such as TNF-or and IL-12, from the mixture
of mature DCs and B16BL6 cells (Mix) or FCs. FCs produced
significantly more TNF-« than Mix (Fig. 38). The production of
IL-12 p40 was comparable between FCs and Mix (Fig. 3C). The
amount of both cytokines produced by FCs or Mix was approxi-
mately doubled when CpG ODN were administered with the cells.
However, non-CpG ODN did not enhance the production of these
cytokines (Fig. 3, B and C). The highest production of these cy-
tokines was obtained in the supernatants of FCs incubated with 10
pgfml CpG ODN (FCs + CpG). CpG ODN did not affect the

X :.rr.-.-.‘l. :
oy ’ﬁ“}; 3) Ovemight incubation
FLI-H

LR : B16s

viability of FCs (data not shown). We also found that mature DCs
treated with inactivated HVJ did not enhance the cytokine produc-
tion (data not shown). These results indicate that CpG ODN, but
not inactivated HVJ, could promote further phenotypical matora-
tion and activation of FCs.

Enhanced namor-specific immune response of FCs by
coadministration with CpG ODN in vivo

To assess whether tumeor-specific CTLs were induced after immu-
nization with FCs, two parameters of effector function, TFN-y and
IL.-4 production and cytolytic activity, were investigated (Fig. 4).
IFN-¥ secreted from spleen cells on day 5 during restimulation
with B16BL6 cells was highest when the mice were vaccinated
with the combination of FCs and CpG ODN (FCs + CpG:; Fig.
44). To examine cytokine production from only FCs, we sorted
DC-tumor hybrid cells using a cell sorter. IFN-y production in
sorted FCs was similar to that in FCs in the absence of CpG ODN.
Furthermore, the production of IFN-vy in sorted FCs was enhaaced
with CpG ODN as much as that in FCs. Although the production
of Th2 cytokine, IL-4, was also enhanced with either FCs or sorted
FCs, the amount was much less than JFN-v.

Cytolytic activity of spleen cells from the mice immunized with
FCs was significantly higher compared with that from other vac-
cination protocols, such as PBS, CpG, Mix, and Mix + CpG (Fig.
4B). Furthermore, the highest cytolytic activity was observed in
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FIGURE 2. Characterization of DC-tumor FCs.
A, FACS analysis of DC-tumor FCs generated by
inactivated HVJ. After 24-h incubation of fusion
products with (500 HAU} or without (0 HAU) in-
activated HVJ, surface phenotypes of DCs and
gp100 expression of B16BLS were analyzed by
flow <cytometry. Each number indicates the per-
centage of double-positive cells. These experi-
ments were repeated twice with similar results. B,
Identification of DC-tumor FCs with specific
markers. After 24-h culture of fusion products
generated from DCs, stained with FITC mAb
against CD11c (leff) as a DC marker, and B16BL&
cells, stained with PE mADb apainst gpl00 TAA
(center) as a BL6BLS cell marker, fluorescent mi-
croscopy showed that DC-B16BL6 FCs were dou-
ble-positive cells expressing both markers (right)
with ~20% fusion efficiency. White arrows indi-
cate DC-B16BL6 FCs (magnification, X400).
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the mice that received FCs + CpG compared with that in the mice
that received FCs alone (Fig. 4B). No cytolytic effect was observed
when other syngeneic tumor cells, EL4 T cell lymphoma cells,
were used as the target cells (Fig. 4C). These results indicate that
CpG ODN strongly enhanced the tumor-specific immune response
generated by FCs.

Enhanced prophylactic effect of FCs coadministered with CpG
ODN on the growth of mouse tumors

The effect of vaccination with FCs + Cp@ on the inhibition of s.c.
tumor growth was investigated in a melanoma model (Fig. 5).
After the challenge with 1 X 10° B16BL6 cells, mice immunized
with FCs + CpG significantly inhibited tumor growth compared
with mice that received either FCs or CpG ODN alone (Fig. 54).
‘When mice were immunized with sorted FCs, tumor growth was
similarly inhibited as immunized with FCs, and the inhibition of
tumor growth was also enhanced with CpG ODN (Fig. 5A). Mice
vaccinated with FCs + CpG significantly increased survival times.
Eighty percent of mice vaccinated with FCs -+ CpG were alive 60
days after tumor challenge, while only 20% of mice immunized
with FCs alone were still alive and all mice in the other groups

died (Fig. 5B). Furthermore, 6 of 10 mice vaccinated with FCs +
CpG remained tumor free 60 days after tumor injection, whereas
none of the mice immunized with FCs alone was tumor free in the
B16BL6 tumor model (Fig. 5C).

We also examined the effect of vaccination with FCs + CpG en
the enhancement of tumoer-specific immuonity against murine
RENCA tumors in which TAAs have not been identified (Fig. 6).
Mice vaccinated with FCs generated from DCs and RENCA cells
had greater IFN- sectetion than mice immunized with the mixture
without fusion (Mix). [IFN-y secretion was enhanced by coadmin-
istration with CpG ODN (Fig. 64). Tumor-specific CTLs were also
generated and the highest cytolytic activity was obtained by vac-
cination with FCs + CpG (Fig. 6, B and C). Sixty days after tomor
challenge with RENCA cells, 8 of 10 mice vaccinated with FCs +
CpG were tumor free, while 5 of 10 mice immunized with FCs
alone were tumor free and no mice from the other vaccination
groups were tumor free (Fig. 6D). Similar results were obtained in
two other experiments (Table I, Tumor-free mice/mice st
challenged).

Therefore, immunization with FCs + CpG strongly induced Thl
cytokines and activated tumor-specific CTLs, resulting in the
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FIGURE 3. Enhanced phenotypical maturation and Thi cytokine production of FCs in combination with CpG ODN in vitro. A, Surface phenotype. After
24-h incubation of fusion products with (FCs + CpG) or without (FCs) 10 pg/ml CpG ODN, surface phenotypes of DC-tumor FCs were gated and analyzed
by flow cytometry. Phenotypes of immature and LPS-prestimulated mature DCs are shown as controls. Each number indicates the percentage of positive
cells. These experiments were repeated twice with similar results. B and C, Th cytokine production. TNF-a (B) and IL-12 p4Q (C) in the supernatants of
either mixture (Mix) of DCs and tumer cells or DC-tumor FCs were measured with ELISA kits. The effect of 10 ug/ml CpG ODN on cytokine production
was assessed, Non-CpG ODN were used as a control. Data are presented as the mean = SD of four independent experiments.

significantly sufficient protection against B16BL6 tumors, in
which TAAs have beer identified, and RENCA tumors, in which
TAAs are unknown,

Inhibition of lung metastasis by FCs in combination with
CpG ODN

The effect of vaccination with FCs + CpG on the inhibition of lung
metastasis was further investigated. B16BL6 cells were injected
into the right hind footpad of vaccinated mice. On day 21 after
tumor inoculation, the primary tumor was surgically removed. All
mice were euthanized 21 days after surgery, and the number of
lung metastases of melanoma was counted in the eight mice. The
number of metastatic foci was significantly reduced by vaccination

with FCs (Fig. 7). Moreover, mice immunized with FCs + CpG
further inhibited lung metastases as compared with either FCs
alone or Mix + CpG (Fig. 7).

Enhanced long-lasting immune response of FCs by
coadministration with CpG ODN

Our results indicated that CpG ODN strongly enhanced turnos-
specific immune response of FCs, We finally investigated whether
CpG ODN maintain tumor-specific immunity of FCs. Six of 10
mice in the B16BL6 tumor model and 8 of 10 mice in the RENCA
tumor model that received vaccination with FCs + CpG remained
turnor free for 60 days after the first tumor injection (Figs. 5C and
6D). These mice were rechallenged with the sarne tomor cells used
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for the first chalienge or with other syngeneic tumor cells. All mice
immunized with FCs + CpG completely rejected tumor rechal-
lenge with the same tumor cells (B16BL6 or RENCA cells) and
remained tumor free for 60 days after the second tumor injection
(Table I), while the mice did not reject other syngeneic tumor cells
(EL4 or CT26 cells). However, among five BALB/c mice that
rejected the first tumor challenge with RENCA cells by immuni-
zation with FCs alone (Fig. 6D), only two mice rejected tumor
rechallenge with the same tumor cells and three mice developed
RENCA tumors (Table I, Expt. 1). Similar results were obtained in
two other experiments {Table I). These findings indicate that CpG
ODN could enhance long-lasting tumor-specific immunity gener-
ated by FCs. FCs in the absence of CpG ODN did not maintain
tumor-specific immunity so effectively as FCs + CpG ODN, re-
sulting in incomplete protection against tumor rechallenge.

Discussion

In this study, we demonstrated that a new vaccination strategy of
HVI-mediated DC-tumor FCs in combination with CpG ODN in-
duced tumor-specific and long-term immunity against two different
murine tumeors.

A number of studies have reported that DC-tumor FCs induce
tumor-specific immune response (7-12). These studies suggested
that the effective presentation of both known and unknown TAAs
is feasible with DC-tumor FCs. Our study also supports the utility
of DC-tumor cell fusion for eliciting antitumor immunity. In this
study, we used inactivated HVJ as a fusogen. Under optimal fusion
conditions, HVJ generated 20-30% of DC-tumor FCs with low
toxicity, accompanied by few or no DC-DC or tumor-tumor FCs
{Fig. 1, A and B). The fusion efficiency using HVJ was comparable
to the previously reported fusion efficiency of PEG (7-10) and
electrofusion (11, 12). However, in our hands, fusion efficiency
between DC and tumor cells and the viability of FCs using PEG
was very low (<10 and 40%, respectively). The PEG fusion
method is technically challenging, Tt has been reported that it is
difficult to determine optimal conditions for effective electrofusion
with low toxicity (11, 12). Thus, HVJ-mediated cell fusion ap-
peared to be simpler and more reproducible than other fusion
methods.

Two distinct glycoproteins of HVJ are required for cell fusion
(26). Hemagglutinin neuraminidase protein binds to sialic acid
receptors on the cell surface and degrades the receptor by sialidase
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activity. Fusion protein then associates with lipid molecules, such
as cholesterol, on the cell surface to induce cell fusion. Recently,
Phan et al. (32) developed a new method to generate DC-tumor
FCs based on gene transfer of a fusogenic glycoprotein derived
from vesicular stomatitis virus into tumor cells. This report sup-
ports our DC-tumor cell fusion method using viral fusion proteins,
such as hemagghitinin neuraminidase and fusion proteins, of HVI.

DC-tumor FCs possess properties that include both known and
unknown TAAs derived from tumor cells, as well as necessary
levels of MHC, costimulatory molecules, and probably other com-
ponents derived from DCs (Fig. 2, A and B). The rationale for
using DC-tumor FCs as a cancer vaccine is to raise T cells directed
against the whole antigenic repertoire of the tumor cells (6). Be-
cause tumors escape from immunosurveillance through the down-
regulation of MHC class I or TAA expression (36), it is likely that
successful vaceination for immunotherapy or immunoprevention
against turnors requires multiple tumor Ags like a polyvalent vac-
cine (37). DC-tumor FCs appear to be ideal cancer vaccines be-
cause various kinds of TAAs can be presented by MHC class [

10 20 30 40 50 &0
Days after B16 inoculation

molecules derived from DCs, even though tumor cells lose the
expression of MHC class I molecules and some TAAs (6, 38).

Because it is necessary to trigger innate immunity for subse-
quent effective acquired immunity (20), we attempted to enhance
the antitumor activity induced by immunization with DC-tumor
FCs by using CpG ODN as an adjuvant. CpG ODN are recognized
by TLRO mainly in DCs, leading to activation of the innate im-
mure system, which includes DCs, macrophages, and NK cells
(20). Because DC-tumor FCs possessed properties of both DCs
and temer cells (Fig. 2B), we expected that TLR9 expressed in
DCs could also be expressed in DC-tumor FCs, and therefore, CpG
ODN could directly stimulate these cells. Indeed, we found that
CpG ODN enhanced the phenotypical maturation and Thl cyto-
kine production of FCs, but not of the mixture without fusion,
indicating that FCs themselves might be activated by CpG ODN
through TLRY.

We observed that repeated i.d. administration of CpG ODN
alone was safe, but failed to protect mice against subsequent tumor
challenge as previously reported (39), indicating that, especially in
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prophylactic use, CpG ODN alone induce only nonspecific expan-
sion of the innate immune cells (40). In contrast, we demonstrated
that i.d. immunization with FCs, but not the mixture of DCs and
tumor cells, induced higher tumor-specific cytolytic activity and

10 20 30 40 50 60
Pays after RENCA inoculation

provided significant protection against tumor challenge. We found
that vaccination with fusion products generated from either DCs
alone, which centain DC-DC FCs, or tamor cells alone, which
contain tumor-tumor FCs, did not protect mice (data not shown).

Table I.  Complete induction of tumor-specific long-term immunity after tumor rechallenge in mice immunized with FCs plus CpG ODN®

Tumor Ceil Preimmunization Tumor-Free Mice! Tumor Cell
Mice 1st Challenged Mice 1st Challenged” 2nd Challenged Tumer-Free Mice/Mice 2nd Challengad®
C57/BL6 Bl16 FCs
0/10 (0%), 0/1C (0%), 0/10 (0%)
FCs + CpG Bl6 3/3(100%), 2/2 (100%), 3/3 {100%)
6/10 {60%), 4/10 (40%), 5/10 (50%) Ei4 0/3 (0%}, 0/2 (0%, 0/2 (0%)
BALB/c RENCA FCs RENCA 25 (40%}, 3/6 (50%), 1/4 (25%)
5110 (50%), 6/10 (60%), 4/10 (40%)
FCs + CpG RENCA 4/4 (100%), 5/5 (100%), 3/3 (100%)
8/10 (80%), 9/10 (90%), 6/10 (60%) CT26 0/4 (0%}, 0/4 (0%, 03 (0%)

“This 1zble represents the results of three independent experiments (Expt. 1, Expt. 2, Expt. 3).

5 The ratio of tumor-free mice on day 60 after the first tumor challenge-
“The ratio of tumor-free mice on day 60 after the second tumor challenge,
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Additicnally, in the combination with or without CpG ODN, an-
titamor activity of 6 X 10° FCs containing both fused and unfused
cells was compatable to that of 1.2 X 10° sorted FCs (Figs. 44 and
5A). These findings indicate that DC-tumor FC fraction, which
only exists in the FCs, is required to elicit the antitumor effect.
Moreover, we revealed that i.d. immunization with CpG ODN in
combination with FCs, but not with the mixture, further enhanced
tumor-specific immune response generated by FCs. CpG ODN
might enhance cross-presentation of TAAs by both FCs (38) and
unfused DCs (41), leading to effective activation of MHC class
I.testricted CTLs. The results of cytolytic assay indicate that
CD8™ CTLs are mainly involved in the tumor-specific cytolytic
activity, at least through TJFN-v release induced by the vaccination
with FCs in combination with or without CpG ODN. However,
cytolytic activity against CT26 cells was observed in spleen cells
from the mice vaccinated with FCs between DCs and RENCA
tumor cells in combination with CpG ODN (Fig. 6C), although the
activity was much lower than that against RENCA cells. This re-
sult suggests that NK cells might also participate in this response
to some extent. This speculation is supported by previous reports
showing that both CD3* and NK cells (29, 30), in additien to
CD4™* cells (7), are activated by the immunization with FCs be-
tween DCs and tumor cells, and that both CD8* and NX cells
mediate CpG ODN-induced antiturnor immune response (42).

~ We demonstrated that CpG ODN provided long-term mainte-
nance of tumor-specific immunity induced by FCs, leading to com-
plete rejection of tumor rechallenge (Table I}, Although the precise
mechanisms by which CpG ODN are capable of maintaining the
antituror effect generated by FCs are unknown, several possibil-
ities can be explored. Effective antitumor immunity generally re-
quires CD4™ Th cells, which participate in further activation of
DCs through CD40-CD40L interaction and subsequent induction
of CD8™ effector CTL response (1). However, it is also indicated
that effector CTLs can be induced without CD4* Th cells (43).
The induction of CD4* Th cell-independent CTL function may
aiso occur in DC-tumor FC vaccines. However, in terms of main-
tenance after the induction of effector CTLs, recent studies have
reported that CD4™ T cell help plays a critical role in the devel-
opment and activation of functional CD8% memory T cells (44,
45). 1t has also been recently reported that CpG ODN not only
enhance but also maintain CD8" effector CTL response through

HVI-MEDIATED DC-TUMOR FUSED CELL VACCINE WITH CpG ODN

the expansion, inhibition of apoptosis, and subsequent promotion
of long-term survival of CD8™ effector and memory T cells (40,
46). Especially, the expansion and survival of memory CD8* T
cells have been reported to be mediated by IL-15 (47), which is
produced by DCs in response to type FIFN (48). CpG ODN stim-
ulate DCs to produce type I IFN (49). Taken together, we esti-
mated that in our expetiments, CD4*, CD8™, and NK cells would
play a key role in the activation and enhancement of long-lasting
tumor-specific immune response by the immunization with FCs +
CpG ODN.

Moreover, the generation of humoral response against tumors
using hybrid cell vaccine has been already reported in several pa-
pers (9, 50), and the significance of antimelanoma Ab after the
injection of TAA genes has been also reported (51). Therefore, it
is estimated that the humoral response against tumors might be -
also induced by the vaccination with FCs or FCs + CpG ODN.

From the viewpeint of cancer immunoprevention, this combi-
nation vaccine is ideal because the presentation of many MHC-
restricted known and .unknown TAAs or Ags presented by the
MHC-independent pathway on FCs as well as the long-lasting ef-
fect of CpG ODN on tumor-specific immunity are very useful to
avoid the selection of TAA-loss variants and to recognize MHC-
loss variants in the generation and recurrence of cancer (52).

In the surviving mice immunized twice with FCs in combination
with CpG ODN and challenged with B16BL6 cells, no apparent
inflammation, such as autoimmune skin depigmentation (vitiligo),
was observed. Only localized hair loss in the area surrounding the
tumot injection site was observed. Similar findings were observed
in the surviving mice from the RENCA tumor model. These find-
ings suggest that repeated vaccinations with FCs in combination
with CpG ODN are safe and feasible for clinical immunotherapy
and immuncprevention against cancers. This safety is essential for
clinical use as a cancer immunoprevention vaccine.

In conclusion, we have developed a simple and reproducible
methad to generate DC-temor FCs using inactivated HVJ. Vacci-
nation of HVJ-mediated DC-tumor FCs in combination with CpG
ODN induced tumor-specific and long-term immunity in the pro-
phylactic setting of a s.c. tumor medel and a spontaneous lung
metastasis model, resulting in significant inhibition of tamor inci-
dence and prolongation of survival time. CpG ODN could strongly
enhance and maintain tumor-specific immune response induced by
DC-tumor FC vaccines in vivo. We hope that this type of immu-
noprevention can eventually be tested in human clinical trials to
inhibit cancer recurrence and micrometastasis after surgery.
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In vivo transfection of a cis element ‘decoy’ against
signal transducers and activators of the transcription 6
(STAT®6) binding site ameliorates the response of

contact hypersensitivity
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Wae herein demonsirate that STATE plays an important rofe
in the induction of not only-acute contact hypersensitivity
(CHS), but also chronic CHS in & mouse model using
STAT6-deficient (STAT6~) mice. Wo, therefors, determine
whether synthetic double-stranded DNA with a high affinity
for STATS can be introduced in vivo as a decoy ¢ls element
to bind the kanscriptional factor and block the induction of
not only acute CHS but also chronic CHS. Treatment by the
transfection of STATE decoy oligodeoxynucleotides (ODN),
after the Induction of 2,4,6-trinitrochlorobenzene or other
haptens had a significant inhibitory effect on the induction of
both acute CHS and chronic CHS. We thus examined the

mechanism of the in vivo effect of the transfection of STATE
decoy ODN in both acute and chronic CHS. In the
histological analysis, the Infiltration of eosinophils and
degranulated mast cells, and the production of IL-4, IL-6
and eotaxin, but not IFN=y in the extracts from challenged
skin significantly decreased by the transfection of STATE
decoy ODN, We herein report the first successful in vivo
transfor of STATE decoy ODN to inhibit acute and chronic
CHS, thus providing a new therapeutic strategy not only for
the treatment of CHS but also for atopic dermatitls.

Gene Therapy (2004) 0, 000—000. doi:10,1038/s].gt.3302345
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Introduction

Contact hypersensitivity (CHS) responses are mediated
by T cells following the epicutaneous application of
chemically reactive compounds (haptens) to the skin.
CHS is thought to be associated with the activation of T
cells of Th (T helper) 1 type. However, the role of Th2
cells in CHS is still not clear. Interleukin-4 (IL.4)/IL-10
secreting CD4+ T cells (Th2) have been demonstrated to
negatively regulate the CHS response.! Steinbrink et al®
suggested that CD8+ T cells producing IL-4, -5 and -1Q
play a downregulatory role. A negative regulatory effect
of L4 on the CHS responses to trinitrochloronbenzene
(TNCB} has been also reported by Guatam ef al® and
Asada et al.* These authors observed that IL-4 inhibited
the efferent phase of CHS but not the afferent phase.4 In
contrast to these reports, IL-4 has been demonstrated to
be an essential cytokine during the elicitation phase of
CHS by several groups.*” In line with these reports, the
CHS response has been reported to be diminished in IL-
4-deficient mice at the late phase of the elicitation
reaction.®
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We have recently established STAT6-deficient
(STAT6~/-) mice® and demonstrated that STAT6 plays
an essential role in the induction of CHS.!® We also
recently reported that not only Th2 cytokines, but also
mast cells and IgE are important in the induction of
CHS."*? Furthermore, Kitagaki ef al’>* demonstrated
that the repeated elicitation of CHS (chronic CHS)
induces a shift in the cutaneous cytokines milien from
a Thl to a Th2 profile. They demonstrated that an
important function of Th2 cells and mast cells in chronic
CHS may be to minimize the tissue-damaging effects of
Th1 cells by producing Th2 cytokines.'** They con-
cluded that this chronic CHS mouse model could thus
play a beneficial role in investigating the pathogenesis of
such chronic allergic diseases as atopic dermatitis.}®14
We, therefore, focused our attention on the role of STAT6
in the pathogenesis of both acute and chronic CHS using
STAT6~/~ mice.

Recently, a decoy strategy has been developed and
considered a useful tool as a new class of antigene
strategy.’®'® The transfection of double-stranded oligo-
deoxynucleotides (ODN) as a decoy corresponding to the
cis sequence results in the attenuation of the authenic cis-
frans interaction, leading to the removal of trans-factors
from the endogeneous cis-clement, with a subsequent
modulation of gene expression.'®'¢ Therefore, this decoy
approach enables us to treat diseases by modulating



