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Figure 1. Experimental steps. Steps for gene targeting with RNA/DNA oligonucleotide chimera in vive and detection of sequence

changes with mutation reporter mice

In contrast, it is much less efficient and imprecise in
mammalian cells [2], although it is now widely used
to modify mouse genomes at the germ-line level with
embryonic stem (ES) cells. In order to employ this method
for targeted mutation correction in somatic cells, a high
frequency and a high precision are required.

A special form of oligonucleotides was reported to be
able to correct a point mutation with a high efficiency
in cultured rodent cells, in the body of mice and rats,
and in plants [3-6]. The efficiency of correction in the
liver of rats following their tail-vein injection together
with polyethylenimine was reported to be higher than
10% [3]. These oligonucleotides have a short double-
stranded structure with 20-30 bp homology with the
target and are characterized by the presence, in one strand
of the homologous region, of 2'-0-methyl RNA, which is
believed to be important in initiating homologous pairing
and stabilizing the structure [7,8]. However, molecular
mechanisms underlying this technique are not yet fully
understood. Some laboratories have reported failure to
reproduce the high efficiency [9-12].

We wished to sensitively detect gene correction, if
any, with these oligonucleotides invivo, In order to
avoid the potential drawbacks of the polymerase chain
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reaction (PCR)-based assays, we employed a mutation
reporter system with transgenic mice, which has been
used for sensitive and quantitatve measurement of
mutation frequency in vivo [13). This system has been
used successfully to detect mutation induction by various
agents interacting with DNA, which include N-methyl-
N-nitrosourea in various organs [14], which included
the liver [15]. For gene delivery, we carried out direct
injection into the liver lobe with HVJ-AVE liposome, which
has proved to be a reliable procedure for gene delivery and
expression in liver: the transgene was expressed in 30% of
the treated cells [16]. We found that the gene correction
efficiency with the RNA/DNA oligonucleotides was less
than 1/20000 in this system, This is the first report of a
failure in vivo using a sensitive reporter system.

Materials and methods

Bacteria, bacteriophages and plasmids

The strains of bacteria Escherichia coli, the strains of
bacteriophage lambda, and the plasmids used are listed
in Table 1. BIK12001 was used for titration of lambda
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phage and for measurement of lacZ-negative lambda by
phenyl-beta-D-galactoside (p-gal) selection. BIK2206 was
used for confirmation, with 5-bromo-4-chloro-3-indolyl-
beta-D-galactose (X-gal), of the LacZ-negative phenotype
of the phage selected with p-gal.

LIA25 and LIA26 were derived from lambda gt10lacZ
by introducing a G to C change at position 2210 and A
to C change at position 2211 of lacZ, respectively, We
first cloned its lacZ gene and the flanking region into
a plasmid in two steps (Table 1; pNY17 and pNY19).
We introduced the mutations by site-directed mutagene-
sis (pIAl and plA2) and transferred the mutations back
to lambda by homologous recombination in vivo as fol-
lows, The site-directed mutagenesis was carried out with
pPNY19 using the QuickChange XL site-directed muta-
genesis kit (Stratagene, CA, USA). To construct pIAl,
primers ML2-3 (ctggtcgetggggaatcaateaggecacggege) and
ML2-4 (gegeegtggectgatigaticeccagegaccag) were used;
to construct pIA2, ML3-3 (catctggicgetggggaatgeatcagge-
cacggegetaate) and ML3-4 (gattagegeegtggectgatgeatte-
cccagegaccagatg) were used, The lacZ region (st to
3127th bp) was sequenced to verify the presence of the
designed mutation and the absence of any other sequence
change. Sequencing was performed with the ABI PRISM
BigDye Terminator v3.0 ready reaction cycle sequencing
kit (Applied Biosystems, CA, USA) on a GeneAmp PCR
system 9600 (PE) (Applied Biosystems) with the sequenc-
ing primer. The recombinational transfer of the mutation
between lambda and plasmids was carried out as follows.
Cells of BIK12033 or BIK12034 were grown to about
3-5 % 108 cells/ml (ODggo = 0.3) in LB (10 g bactotryp-
ton, 5 g yeast extract, 10 g of NaCl per liter) containing
chloramphenicol (20 pg/ml), 0.2% maltose and 10 mM
MgS0,. The bacteriophage LIA22 was adsorbed to the
cells at a multiplicity of 1.0 at 37°C for 15 min. The
mixture was shaken at 37°C until the CDggo dropped

Table 1. Bacterial strains, plasmids, and bacteriophage strains

A.lno etal,

below 0.3. CHCl; was added to the mixture, which was
shaken for 30 s. The mixture was centrifuged, and the
supernatant was recovered. The supernatant were assayed
on agar plates containing p-gal, as detailed below, The
plaques on the p-gal plates were isolated and analyzed
for the designed sequence change.

P-gal selection

The lacZ-negative phage particles were detected by
positive selection [17,18]. Cells of BIK12001 were grown
to ODggo = 1.0 in LB containing ampicillin (50 pg/ml),
kanamycin (20 pg/ml) and 0.2% maltose at 37°C. The
culture was centrifuged at 3500 rpm for 15min at
4°C, The pellets were dissolved into half a volume of
LB containing 10 mM MgS50,. The phage sample was
adsorbed to BIK12001 cells at room temperature for
20 min. For estimation of total number of phage, 2.5 ml of
molten 1/4LB top agar (5 g of LB broth base (Gibco BRL,
Rockville, MD, USA), 6.4 g of NaCl, 7.5 g of bactoagar, per
liter) were added to 0.25 ml of the mixture of BIK12001
cells and phage and the mixture was poured onto a 1/4
LB plate (5 g 1B broth base (Gibco BRL), 6.4 g NaCl,
15 g bactoagar, per liter}. For estimation of the number
of lacZ-negative phages, 2 ml of the mixture of BIK12001
cells and phage and 22 ml of molten 1/4LB top agar
containing 0.3% p-gal (Sigma Chemical Co., MO, USA)
were mixed and poured onto four 1/4 LB plates. The
plates were incubated at 37°C for 12 h.

Transfer of RNA/DNA oligonucleotides
to mouse liver

All the animal experimental protocols were approved
and carried out in accordance with the guidelines of the

Strain Genotype Source/reference

Bacteria (Escherichia cofi)

BIK12001 Strain C, deletion lacgale~ T. SuzukiManufacturer's manual

BIK2206 Strain C, deletion lac Manufacturer's manual

BIK80S A recD;:Tn10 derivative of AB1157 of K-12 [14]

BIK12033 BIKS06 [plA1] This wark

BIK12032 BIKBOG6 [plAZ] This work

Bacteriophage lambda

LA22 Agt10immd34::lacz Recovered from MutaMouse/ [12]

LIA25 AQt10 imm434::lacZ—, Glu461GIn (GAA to CAA} This work

LA26 Agt10 imm434::lacZ—, Glud61Ala {(GAA to GCA} This work

Plasmids

piX153 p15A origin, cm/ and a multiple doning site from (18]

puct19

pNY17 aml laczt Bgli-BamH! fragment of ;.fgﬂ 0 facZ (carrying lacZ gene) was
inserted into BamHl site of pIK153.

pNY19 cml lacZ* Sac-Smal fragment of pNY17 (carrying origin, Cm" and /acZ) gene
Iami S‘Tal fragment of Agt10 acZ {carrying part of imm434) were
igated.

plA1 cml lacZ—, Glud61Gin (GAA to CAA) Point mutation that L2-2 is expected to induce was introduced to
pNY19 by site-directed mutagenesis,

plA2 eml lacZ—, Glu461 Ala (GAA to GCA) Point mutation that LZ-3 is expected to induce was introduced

into pNY19 by site-directed mutagenesis.
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Animal Committee of Osaka University, Male MutaMice,
8 weeks of age, were obtained from Covance Research
Products Inc. {Denver, PA, USA). The mice were housed
five per cage and allowed access to food and water
ad libitum. RNA/DNA chimera oligonucleotides were
synthesized by Applied Biosystems, Inc. (ABIL, Foster
City, CA, USA) and purified by high-performance liquid
chrematography (HPLC). This purification was done by
ABI also. The purity of full-length LZ-2 and LZ-3 was 80%
and 70%, respectively, according to the manufacturer.
The oligonucleotide was incorporated into liposomes as
detailed previously [16]. In brief, the oligonucleotide
(300 pg) was incorporated into liposomes prepared from
10 mg of lipids (artificial viral envelope, AVE), and
the resulting liposomes were fused with inactivated
hemagglutinating virus of Japan (HVJ). These HVJ-AVE
liposome complexes were then separated from free HVJ
by sucrose density gradient centrifugation. The final HVJ-
AVE liposome volume was approximately 500 pl, and
its total volume was adjusted to 900 ul with saline.
The mice were anesthetized and underwent midline
incision. A large lobe of the liver was exposed, and
300l of HVJ-AVE liposomes containing 20 pg of the
oligonucleotide were injected directly into the lobe with
a 1-ml syringe with 2 30-gauge needle, and the incision
was sutured,

Transfer of fluorescence-labeled
oligodeoxynucleotides

Fluorescence isothiocyanate-labeled oligodeoxynuclee-
tides (FITC-labeled oligonuclectides) (5'-FITC-TCCAT-
GACGTTCCTGATGCT-3") were synthesized by Hokkaido
System Science Co., Ltd. (Sapporo, Japan). The FITC-
oligonucleotides (31 jig, 4.6 nmol, which is the sanie mole
quantity as the RNA/DNA chimeric oligonucleotides) in
200 ul balanced salt solution (137 mM Nacl, 10 mM KCI,
10 mM Tris-HCl, pH 7.6) were mixed with 10 mg of dried
lipids to prepare HVJ anionic liposomes as described
above. Then, 200 i of the HVJ-AVE liposome containing
the FITC-oligonucleotides were injected directly into a
liver lobe of a mouse as described above. As a negative
control, HVJ-AVE liposomes containing an unlabeled form
of the oligonucleotides were prepared and introduced
similarly. Twenty-four hours after introduction, the livers
were removed and fixed with 4% paraformaldehyde.
Frozen sections (5pm thick) were observed under a
fluorescence microscope.

Isolation of DNA, recovery of lambda
phage, and measurement of mutant
frequency

Seven days after injection, the mice were sacrificed, and
the lobe of the liver was excised and stored frozen at
—80°C, DNA was isolated from the liver tissue with a
RecoverEase™ DNA isolation kit (Stratagene) following
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the manual. The starting amount of the liver was
about 30 mg. Lambda gt10lacZ particles were recovered
from the isolated genomic DNA with packaging extracts
(Transpack packaging extract; Stratagene). The lacZ-
negative mutants were detected by p-gal selection as
described above. Every plaque on the selective agar was
recovered in 100 pl of SM buffer (50 mM Tris-HCI, pH
7.5, 10 mM MgS80,, 100 mM NaCl, 0.01% gelatin). To
verify their lacZ-negative phenotype, these phage isolates
were assayed on agar with X-gal by a spot assay as
follows. BIK2206 was grown in LB containing ampicillin
(50 pg/ml) and tetracycline (10 pg/ml) to ODggg = 1.0.
The culture was centrifuged at 3500 rpm for 15 min.
The pellets were dissolved in half the initial volume
of LB containing 10 mM MgSO,. Then, 1.25 ml of the
culture were mixed with 6 ml of molten LB/MM agar
(100 ml LB medium, 0.75 g bactoagar, 10 mM MgSQO,,
0.2% maltose, 0.35 mg/ml X-gal) and spread on agar,
A 10-p aliquot of each phage sample was spotted. The
plates were incubated overnight at 37°C. The mutant
frequency was estimated by dividing the number of
plaque-forming units (pfu) on the selective plate (as
verified with X-gal) by the number of total pfu on 1/4
LB agar. The fraction of false positive clones was less
than 1/4.

Analysis of mutant DNA

The lacZ-negative lambda DNA from the mice that had
been treated with LZ-3 was analyzed with restriction
enzyme after PCR, The primers LG-1 (5' TACCGGCGAT-
GAGCGAAC 37) and LG-2 (5’ CTCCAGGTAGCGAAAGCC
3D were used to amplify the target region of the
Jlambda phage in a thermal cycler (Robocycler; Strata-
gene) with DNA polymerase Ex. Tag (TAKARA BIO
Inc. Shiga, Japan) as follows: 94°C, 2'; 94°C, 30";
56°C, 30”; 72°C, 30", 30 cycles; 72°C, 2, The PCR
product of 288 bp was purified by ethanol/sodium pre-
cipitation. The fragment was digested with THAI (New
England Biolabs, Beverly, MA, USA) at 65°C and ana-
lyzed by agarose electrophoresis. The mutant sequence
is resistant to Tfl, while the wild-type sequence is sen-
sitive, yielding 204 and 84 bp fragments. DNA from the
mice that had received LZ-2 was analyzed by sequenc-
ing. The PCR was carried out to amplify the target
region with primers AdG-3 (5 CTCTATCGTGCGGTG-
GTTG 3") and AdG4 (5 CGGGGATACTGACGAAACG
3. The amplification was checked by electrophoresis
of 5 pl of the products. The PCR products were purified
with the QIAquick PCR purification kit (Qiagen, Valen-
cia, CA, USA). Cycle sequencing was performed with the
ABI PRISM BigDye Terminator v3.0 ready reaction cycle
sequencing Kit (Applied Biosystems) on a GeneAmp PCR
system 9600 {(PE) (Applied Biosystems) with the same
primers.
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sequencing
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augc: 2'-0-methylated RNA

Figure 2. Design of gene targeting with RNA/DNA oligonucleotides. The Glu*? codon of the lacZ gene for the active site of
beta-galactosidase is boxed in gray. LZ-2 and LZ.3 RNA/DNA oligonucleatide chimera sequences were designed to induce a G/Cito
C/G and a A/T to C/G mutation, respectively. The mutant sequence is indicated in bold. Capital letters indicate DNA residues, while

lower-case letters indicate 2'-O-methylated RNA residues

Results

A system for detection of gene
correction in vivo

Figure 1 illustrates our experimental design to sensitively
detect gene correction (targeted mutagenesis) invivo
without depending on PCR. Muta™Mouse, a transgenic
mouse developed as a mutation reporter [13], carries
approximately 40 copies of )gt20lacZ on a chromosome
[19]. The target of gene correction with the RNA/DNA
oligonucteotides is the region of its wild-type lacZ gene
coding the active site of beta-galactosidase. After the
induction of chimeric oligonucleotides, the DNA is isolated
and, after in vitro packaging, recovered in a bacteriophage
particle. The lacZ-negative mutant phage is selected on
Escherichia coli mutants defective in the galE gene on
a special agar plate containing p-gal. This chemical is
converted by beta-galactosidase into a toxic intermediate,
which accumulates in the absence of GalE protein to kill
the cell. The ratio of the mutant plaque formers to the
total plaque formers is taken as the fraction of the mutated
gene. The mutant gene is further analyzed by restriction
and sequencing.

For gene delivery in vivo, we used a liposome composed
of HVJ (hemagglutinating virns of Japan, also called
Sendai virus)}-AVE (artificial viral envelope), which is
known for efficiency and reliability [16,20]. Instead of
tail-vein injection, we chose direct injection into a lobe
of the liver. This procedure has been demonstrated to
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be excellent in gene delivery and expression. When a
complex of the HVJ-AVE liposome carrying a lacZ plasmid
was injected directly into mouse liver, about 35% of the
liver cells expressed beta-galactosidase {16].

Figure 2 shows two RNA/DNA chimerie oligonu-
cleotides, L.Z-2 and LZ-3, constructed to introduce a point
mutation at the active site of LacZ. As in the successful
studies, these oligonucleotides were prepared by ABIL The
basic design of the chimeric oligonucleotides used here is
the same as that in the previous studies [3,7,21]. They
have 25 bp homology with the target, a GC clamp at the
3’ terminus and four T bases at the hairpins. The one
strand of homologous region is comprised of 2-O-methyl
RNA that is thought to be important in initiating homolo-
gous pairing and stabilizing the structure [7,8). The target
sequence is 5 GAA coding for Glu461 that is essential for
the activity of LacZ [22,23]. LZ-2 is expected to change
its 1st base (1436th base of the coding region) from G to
C and generate a Glu461GIn mutation, which decreases
activity 750-fold [23]. LZ-3 is expected to change its 2nd
base (1437th base) from A to C and generate a Glu461Ala
mutation, which decreases activity 120-fold [23]. The G to
C change and the A to C change have been reported to be
generated by the chimeric oligonucleotides [3,21,24,25].
The mutation in this target site (G1436A) was previously
used to evaluate the efficiency of RNA/DNA oligonu-
cleotides and single-stranded oligonucleotides for gene
correction in cell culture and nuclear extracts [26~28].
This mutation is different from the mutations that LZ-2
or LZ-3 is predicted to introduce, We constructed the lacZ
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mutant bacteriophage lambda strains and the strains were
investigated with p-gal selection as follows.

Figure 3. Transfer of FITC-labeled oligonucleotides te liver
cells by direct injection with HVJ-AVE liposome. (A) Unlabeled
oligonucleotides (x72). {B) FITC-labeled oligonucleotides
(x72). (C) FITC-labeled oligonucleotides (x 360). Unlabeled or
FITC-labeled oligonucleotides were transfected to mouse liver
by direct injection of HVJ-AVE liposome. The cells were observed
under a fluorescence microscope 24 h later

Copyright © 2004 John Wiley & Sons, Ltd.
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Control experiments

We demonstrated that those lacZ mutants that are
predicted to be generated by RNA/DNA oligonucleotides
could be selected with p-gal as follows, We constructed the
bacteriophage lambda strains carrying these mutations as
detailed in Materials and methods. First, we subcloned
the lacZ gene on a plasmid, Second, we introduced
the expected mutations into this lacZ gene by site-
directed mutagenesis. We sequenced the entire lacZ gene
(1-3126) to show it has the single base-pair change.
Third, we transferred this mutation back to lambda by
homologous recombination in vivo.

The two lambda strains, lambda gt10 lacZ™ Glu461GIn
(LIA25) and lambda gtl0 lacZ™ Glu461Ala (LIAZ6),
were used in the p-gal selection. As shown in Table 2,
lambda with wild-type lacZ showed an efficiency of plaque
formation less than 1/10 000 on the selective agar relative
to that in non-selective agar. On the other hand, each of
the mutant lambda strains showed an essentially identical
efficiency of plaque formation in the selective agar and
in the non-selective agar. We concluded that the targeted
products of LZ-2 or LZ-3, if produced, should be selected
with p-gal.

Delivery of FITC-labeled
oligonucleotides with HVJ-AVE
liposome

FITC-labeled oligonucleotides were introduced into
mouse liver lobes by direct infjection using the HVJ-
AVE liposomes. Twenty-four hours later, the liver was
removed, and its frozen sections were observed under a
fluorescence microscope. The fluorescence was detected
in every cell in the sample treated with the FITC-labeled
oligonucleotides (Figure 3B), but not at all in the sample
treated with the unlabeled oligonucleotides (Figure 3A).
Swong fluorescence was detected in the nucleus in many
of these cells: 286/1547 in the area for Figure 3B and
118/215 in the area for Figure 3C.

Gene delivery and measurement of
mutant frequency

DNA was isolated from the treated liver and recovered as
lambda phage particles by in vitro packaging, The lacZ-
negative phages were selectively detected on agar with
p-gal. The plaques on these selection plates were isolated,

Table 2. Selection efficiency of lambda facZ-negative mutant

Relative plaque
Titeronp-gal  formation
Lambda Genotype Titer  selectiveplate  efficiency
UA22  fact 1.1x10'% 7.9 10% 7.0 x 10-%
HAZS  facZ- Gluds1GIn 5.0 x 107 4.6 107 9.4 x 10~
LA26  JacZ- Glu46lAla 3.4 10° 3.1 x 107 9.2 x 10~}
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Table 3. Detection of lacZ~ phage

DNARNA  Animal  Total lacZ=  Mutant  Expected
chimera number plaques plaques Frequency  type
Exp. 1 None 1 48x10 7  15x10°8 -
Lz2 2 B9x10* 11 16x10°3 oM
22 3 65x10f 9 14x10°% 09
172 4  45x10* 14 3 x10% 04
Exp. 2 None 1 54x10* 4 Tx10-" -
LZ3 5  54x10 1 2x10% o
123 6  40x10¢ 3 7xt0% 03
Lz3 7 26x10% 1 4x10% 0N

and the LacZ-negative phenotype was confirmed on agar
plates with X-gal. The mutant frequency was estimated as
the fraction of lacZ-negative phage (Table 3). The control
mouse (animal number 1) was injected with phosphate-
buffered saline (PBS) buffer/HVJ liposome lacking the
RNA/DNA oligonucleotides. The mutant frequency of the
injected mice was around the same level as this control
mouse, which was approximately 1/10000 (Table 3).
All the lacZ-negative phages were isolated and analyzed

A,
Wild type

—-GRAIATC—
—C|T TAG-'\—

Glu

A lnoetal.

by way of sequencing or restriction. The lacZ-negative
phages from the LZ-2-injected mice were analyzed for the
sequence of the target region (1226-1466). However, the
intended mutation was absent in any of the mutants. Their
sequences were identical with the parental sequence.
The lacZ-negative phages from LZ-3-injected mice were
analyzed by restriction as illustrated in Figure 4A. A
PCR product obtained from the predicted mutant DNA
is not digested with Tfil. On the other hand, wild-type
and the other mutants are digested with Tfil. All the
lacZ-negative phages were digested with this restriction
enzyme (Figure 4B). We did not detect the expected
mutation in any of the isolates. In conclusion, gene
correction frequency by these RNA/DNA oligonucleotides
was shown to be less than 1/20 000 in this system.

Discussion

The high efficiency gene correction with DNA/RNA
chimeric oligonucleotides has been a subject of

Recombinant

- TC —

= EeRAs =
Ala
&

" {1419 bp

517
1396

£ st B

B et s e B

Figure 4. Restriction analysis of lacZ-negative phage from LZ-3 transferred mice. (A) The assay of PCR/restriction fragment length
polymorphism for detection of Glu461Ala. The PCR product of Jambda phage DNA using primers that flank the target site is 288
bp. The wild-type PCR product is digested with TAI to 84 and 204 bp fragments, whereas the Glu461Ala mutant product is not.
(B} Agarose gel electrophoresis of Tfil-digested PCR products. Lane M: Marker DNA prepared by Hinfl digestion of plasmid pUC19;
1-3, lacZ-negative phage from animal number 7; 4-7, lacZ-negative phage from animal number 6; 8, lnnz-negative phage from
animal number 5; lacZ*: Lambda phage recovered from control mouse; lacZ~ E461A: phage LIA26
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controversy. We attempted to sensitively detect and quan-
titatively measure the efficiency of gene correction in vivo
in a system that is free from the potential drawbacks
of PCR-based assays used in the previous works. We
chose a transgenic mouse system that allowed sensitive
{1/10000) detection of mutagenesis by various agents
interacting with DNA in liver and other organs [14,29].
However, the designed mutations were not detected at
all. The correction efficiency was shown to be less than
1720000 in the present system. We would like to discuss
several factors that could be important for future suc-
cess, for example, the delivery agents and target genomic
sequences, and the quality of RNA/DNA oligonucleotides.

The HVIJ-AVE liposome procedure we employed has
been demonstrated to be efficient and reliable in gene
delivery [20]. When the luciferase gene was injected
directly into mouse liver, its expression was observed for at
least 7 days [16]. Fluorescence was observed in essentially
all the cells treated with FITC-labeled cligonucieotides
(Figures 3B and 3C). Kawamura etal. reported that
transfection of FITC-labeled oligonucleotides of either
of three different sequences with the HVIi-liposome
system showed a comparable efficiency as assessed by
fluorescence [30]. Although the structures of FITC-labeled
oligonucleotides and RNA/DNA chimerie oligonucleotides
are different, we hypothesize that the RNA/DNA chimeric
oligonucleotides were transfected at a comparable
efficiency to FITC-labeled oligonucleotides.

When HVIJ-liposome is introduced via tail-vein injec-
tion, the agent goes not only to liver, but also to kidney
and spleen, and the efficiency is lower than in direct
injection into liver [30]. That is why we chose direct
injection. Our attempts at targeted gene correction by
tail-vein injection of dsDNA-DMRIE-C (Gibco BRL) have
been unsuccessful (N. Handa, Y. Naito and L. Kobayashi,
unpublished results).

The effect of target sequences is difficult to evaluate,
In the suceessful reports, GC contents of target sequences
varies between 39.3% [5], 48.3% [4] and 60% [3]. On the
other hand, in two failure reports, it was 76% {9,31]. GC
contents of the target sequences of our LZ-2 and LZ-3 are
60% and 64%, respectively. Trying sites distant from the
ones tried here might avoid any local effect and increase
the likelihood of success.

The quality of RNA/DNA oligonucleotides is one
of the most important factors reported [31]. The
fracion of full-length oligonucleotides in the LZ-2
preparation and in the LZ-3 is 80% and 70%, respectively
(Materials and methods). The fraction of oligonucleotides
precisely with the designed sequence in these full-
length oligonucleotides is estimated to be 36% from
the average step-wise yield provided by ABI (98.5%).
In electrophoresis using TBE (Tris-borate-EDTA)-urea
polyacrylamide gel electrophoresis [31], LZ-2 gave a very
sharp band, while LZ-3 gave a slightly fuzzier band (data
not shown).

The MutaMouse has not been produced specifically
to study gene correction. It contains 40 concatemeric
copies of the lacZ shuttle vector rather than a single copy,

Copyright @ 2004 John Wiley & Sons, Ltd.
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mimicking an endogenous gene. If a specific mouse model
were to be generated, the preferred option would be to
introduce a single copy of mutated lacZ so that comrection
to the wild-type gene would result in a direct positive
readout in the mouse body. Use of transgenic mice that
could be generated from ES cells with a single copy of the
mutant lac? gene [28] would be ideal for this purpose.
However, the presence of multiple copies might increase
the sensitivity of detection. The use of only one mutation
allele might limit the choice in mutation correction.

While this represents an invivo study, it would be
possible to carry out studies in vitro using skin fibroblasts
or other sort of cell lines derived from MutaMouse (cf. a
recent study in Gaucher’s disease [12]), that would enable
factors such as time, concentration and delivery vehicle
to vary more easily. Such in vitro studies would provide a
way to in vive studies.

All we can say now is that the DNA/RNA chimeric
oligonuclectide strategy for gene correction in vivo did
not work in one system with one of the reliable gene
delivery procedures and with one of the sensitive mutation
detection procedures.
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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 Otsuru,* 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. Fused 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-
oxynucleofides 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 enbanced the phenotypical maturation of FCs and unfused DCs, and the production of Th1 cytokines,
such as IFN-y and TL-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 spontaneous 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
rechallenge, 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: 4297-4307,

Ithough surgery, chemotherapy, and radiotherapy are ef-
fective cancer treatments, some cancers are refractory to
these treatmenis. 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.
Two 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 I or I
molecules to CD8Y or CD4™" T cells, tespectively. 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. Thug, 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). '
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Tumor-associated Aps (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, gp100, 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 IT 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 melanoma (14) were vaccinated with autologous DC-tumor

magglutinating virus of Japan; HAU, hemagglutipating units; BSS, balanced salt
solution; i.4., 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
ODN are recognized by cells of innate immune system 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, TLRY, with the production
of cytokines, such as TNF-a, IL-12, and IFN-+, 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 antiumor 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 IL-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 (HVI; Sendai virus).

Materials and Methods
Materials

All cell lines, including B16BL6 melanoma (H-2%), EL4 T cell
lymphoma (H-2"), RENCA rena! cell carcinoma (H-2%), and CT26
colon adenocarcinoma (H-2%), were purchased from American
Type Culture Collection (Manassas, VA). Synthesized ODN, such
as phosphorothioate-modified CpG ODN (CpG 1668; 5'-TCCAT
GACGTTCCTGATGCT-3') and non-CpG ODN (GpG 1668; 5'-
TCCATGAGGTTCCTGATGCT-3) (18), were purchased from
Hokkaido System Science (Sapporo, Japan). Male 8-wk-old
C57BL/6 (H-2") and BALB/c (H-2") mice were purchased from
Oriental Yeast (Tokyo, Japan) and maintained in a ternperature-
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-gm mesh, and erythrocytes

were lysed with ammonium chloride. After washing, 1 X 10° cells .

were plated in 24-well plates (Costar, Coming. NY) in 1 m} 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-

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

olis, MIN). The cultures were fed every other day by gentle pipet-
ting, aspirating all of the medium, and adding fresh medium. 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/mi 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
cytormetry.

HVI-mediated cell fusion

HVI (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
ml/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 cptimal fusion
efficiency, mature DCs and tumor cells were labeled with fluores-
cent red and green, respectively, using PKH26 and PKH67 accord-
ing to the manufacturer’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 celis
were labeled with FITC-conjugated anti-mouse mAb against
CDl1lc and anti-human gpl(0 primary mAb (DakoCytomation,
Glostrup, Denmark) followed by PE-conjugated anti-mouse « L
chain secondary mAb (BD Pharmingen, San Diego, CA), respec-
tively. FITC mAbs against CD40, CD80, CD86, or MHC class I
were also used as DC markers. The tumor cells were then irradi-
ated with 100 Gy using *’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 gl of balanced salt solution (BSS; 10 mM Tris-Cl
(pH 7.5), 137 mM NaCl, 5.4 mM KCI} containing 2 mM CaCl,
and irradiated tumor cells (2 X 10° cells) suspended in 250 ul 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% CQ.. After 24-h culture following fusion, the fusion
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 analysis

After fusion between nonlabeled mature DCs and PKH26-1abeled
B16BL6 cells using 500 HAU of inactivated HV]J, 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,
CDg0, CD86, or MHC class II as DC markers, Surface phenctypes
of FCs were analyzed by gating and excluding single red-positive
cells using FACSVantage (BD Biosciences).

Immunization in vivo

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 ul of PBS. CpG ODN (100
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pg) was dissolved in 100 ] of PBS and mixed with 100 ul of PBS
(i.e., CpG alone) or 6 X 10° cells suspended in 100 pl 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 pl 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.

Cytokine measurements

After 24-h incubation of fusion products generated by 0 HAU (i.e.,
Mix} or 500 HAU (ie., FCs} of HVJ with or without 10 peg/ml
CpG ODN, the supematants 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-a, IL-12 p40, IFN-v, and IL.4 in the supernatants were mea-
sured by ELISA Development kits (Genzyme-Techne).

Cyrolvtic assay

Ten days after the second immunization, spleen cells were pooled
from each group of mice (three mice per group). The spleen celis
(5 X 10° cells/well) were cocultured to restimulate with mitomy-
cin C-treated tumor cells at a ratic of 20:1 in 2 ml of T cell cuiture
medium (RPMI 1640 medium supplemented with 10% heat-inac-
tivated FBS, antibiotics, and 50 uM 2-ME) in 24-well plates at
37°Cin 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 to examine antitumor cytolytic activity. Briefly, target tumor
cells (1 > 10%) were labeled with 100 pCi of Na,*'CtQ, (Amer-
sham Biosciences, Buckinghamshire, U.K.) in 200 ul 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 b at 37°C in 96-well microtiter plates
in 200 pl of T cell medivm at various E:T ratios. The plates were
then centrifuged, and the radioactivity of the supernatants was
counted using a MicroBeta Trilux Scintillation Countér (Wallac,
Gaithersburg, MD). The maximum or spontaneous release was de-
fined as counts from saroples incubated with 2% Triton X-100 or
medium alone, respectively. Cytolytie activity was calculated us-
ing the following formula: percentage of specific >'Cr release =
(experimental release — spontaneous release) X 100/(maximum
release — spontaneous release). Assays were performed in tripli-
cate wells. The spontaneous refease in all assays was <20% of the
maximum release.

Prophylactic treatment in s.c. tumor model

Ten days after the second vaccination, CS7BL/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 cells into the back
different, but proximal, from two vaccinated sites, After tumor
challenge, mice were monitored daily. Tumor incidence was con-
sidered positive when the tumor length exceeded 3 mm, Tumor
size was measured every other day in a blinded manner with digital
calipers. Tumor volume was calculated using the following for-
mala: tumor 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 % 10°
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BI16BL6 cells and 5 X 10* EL4 cells or 1 X 10° RENCA cells and
5 % 10* CT26 cells, respectively, injected into the back to clarify
tumor specificity of the vaccination in vive,

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° B16BL6 cells suspended in 50 pl of PRS into the
right hind footpad to initiate primary tumor growth. On day 21
after tumor 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 day$ after surgery, and the
longs were fixed in Bouin’s solution (Sigma-Aldrich). The number of
Iung metastases was counted under a dissecting microscope (35).

Statistical analysis

Statistical analysis was performed with StatView software (Aba-
cus Concepts, Berkeley, CA). The ¥* 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 curves.
The unpaired Fisher’s protected least significant difference test was
used in other anatyses. We defined statistical significance as
p < 0.05.

Resuits
HVI-mediated DC-tumor cell fusion

‘We used inactivated HV] to generate DC-turnor FCs. Murine DCs
(4 X 10° cells) stained with PKH26 (shown in red) and irradiated
B16BL6 cells (2 X 10° cells) stained with PKFI67 (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 3.38, 13.71, 25.49, and 26.57% with
0, 100, 500, and 1000 HAU of inactivated HVJ, respectively (Fig.
1B). Spontaneous double-positive cells were obtained at low effi-
ciency (5.38%) even in the absence of HVJ, maybe resulting from
the capture of irradiated tumor ceils by DCs (Fig. 18, 0 HAU), Cell
viability assessed by lactose dehydrogenase release assay was 96,
93, 83, and 60% afier 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 tnelanoma cells in DC-tumor FCs.
FACS analysis (Fig. 24) showed that, with 500 HAU of inacti-
vated HVJ, cells expressing both DC surface markers such as
CDl1c, CD40, CD80, CD86, or MHC class Il and B16BL6
marker, gp100, 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 CD1lc {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 irvadiated B16BLS
cells (2 X 10° cells) stained with PKH67
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B16/PKHE?
{24108 cells)
(green)

Add UvV-inactivated HVJ

(shown in green) were mixed at a 2:1 ratio,
and fused with UV-inactivated HVJ, The
free HV] was removed by centrifugation
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 (lower right), and single
red-positive cells (upper left) were sonted
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 B16BLG cells stained with PKHE7
{shown in green). The fusion efficiency was
assessed by flow cytometry., Fluorescence
microscopy was used (o demonstrate DC-
B16BLé FCs, shown as large yellow cells
(magnification, x200).

—
B16/PKHET

cells stained with PE mAb against gpl00 TAA (Fig. 2B, center
panel), a BL6BL6 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 Thi 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. 3A). The phenotypical maturation of FCs was
further enhanced by 10 pg/ml CpG ODN, especially in CDg0,
CD86, and MHC class II {Fig. 34). We also analyzed the produc-
tion of Th1 cytokines, such as TNF-« and IL-12, from the mixture
of mature DCs and B16BL6 cells (Mix) or FCs. FCs produced
significantly more TNF-a than Mix (Fig. 38). The production of
I-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
pg/ml CpG ODN (FCs + CpG). CpG ODN did not affect the

[} .
1} 0°C 6min , 37°C 15min 10
2) Remove free HVJ

by centrifugation

{*100)

LR :Bifs

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 matura-
tion and activation of FCs,

Enhanced tumor-specific immune response of FCs by
coadministration with CpG ODN in vive

To assess whether tumor-specific CTLs were induced after immu-
nization with FCs, two parameters of effector function, IFN-y and
IL4 production and cytolytic activity, were investigated (Fig. 4).
IFN-v 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.
4A). 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-v in sorted FCs was enhanced
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 TFN-y.

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) ia-
activated HVJ, surface phenotypes of DCs and
gpl00 expression of BI16BL6 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 CD11¢ (lefe) as a DC marker, and B16BLG
cells, stained with PE mAb apainst gpl00 TAA
(center) as a B16BL6 cell marker, fluorescent mi-
croscopy showed that DC-BI6BL6 FCs were dou-
ble-positive cells expressing both markers (right)
with -~20% fusion efficiency. White arrows indi-
cate DC-B16BL6 FCs (magnification, X400).

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 + CpG 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. 54). Mice
vaccinated with FCs + Cp(G 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

DCFAITC-CO80 T

DC/FITC-CD86 T 5

DCIFITC-MHC It T

4301
_— —_—
B18/PEgp100 B16/PEgp100
B16/PE-gp100 Fused ceWFITC-CD11c/PE-gp100

died (Fig. 5B). Furthermore, 6 of 10 mice vaccinated with FCs +
CpG remained tumor free 60 days after turmor injection, whereas
pone 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 on
the enhancement of tumor-specific immunity 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-y secreticn 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 tumor
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 1st
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 Th1 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 marure IDCs are shown as controls. Each number indicates the percentage of positive
cells. These experiments were repeated twice with sirnilar results. B and C, Thi cytokine production. TNF-a (B) and IL-12 p40 {C) in the supernatants of
either mixture (Mix) of DCs and tumor 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 & control. Data are presented as the mean * SD of four independent experiments.

significantly sufficient protection against B16BL6 tumors, in
which TAAs have been 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 tamor-
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
tumor free for 60 days after the first tumor injection (Pigs. 5C and
6D). These mice were rechallenged with the same tumor cells used
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for the first challenge or with other syngeneic tumor ceils. 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
techallenge 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
HVJ-mediated DC-tumor FCs in combination with CpG ODN in-
duced tumor-specific and long-term immunity against two different
murine tumors.

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, HV] generated 20-30% of DC-tumor FCs with low
toxicity, accompanied by few or no DC-DC or mmor-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. It 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 distinet glycoproteins of HVI 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 molecules derived from DCs, even though tumor cells lose the
as cholesterol, on the cell surface to induce cell fusion. Recently, expression of MHC class I molecules and some TAAs (6, 38).
Phan et al, (32) developed a nrew method to generate DC-tumor Because it is necessary to trigger innate immunity for subse-
FCs based on gene transfer of a fusogenic glycoprotein derived  quent effective acquired immounity (20), we attempted to enhance
from vesicular stomatitis virus into tumor cells, This report sup- the antitumor activity induced by immunization with DC-tumor
ports our DC-tumor cell fusion method using viral fusion proteins,  FCs by using CpG ODN as an adjuvant. CpG ODN are recognized
such as hemagglutinin neuraminidase and fusion proteins, of HVY. by TLRY mainly in DCs, leading to activation of the innate im-
DC-tumor FCs possess properties that include both known and  mune system, which includes DCs, macrophages, and NK cells
unknewn TAAs derived from tumor cells, as well as necessary  (20). Because DC-tumor FCs possessed properties of both DCs
levels of MHC, costimulatory molecules, and probably other com-  and tumor cells (Fig. 2B), we expected that TLRY expressed in
ponents derived from DCs (Fig. 2, A and B), The ratonale for  DCs could also be expressed in DC-turnor FCs, and therefore, CpG
using DC-tumor FCs as a cancer vaccine is to raise T cells directed ~ ODN could directly stimulate these cells. Indeed, we found that
against the whole antigenic repertoire of the tumor cells (6). Be-  CpG ODN enhanced the phenotypical maturation and Thi cyto-
cause tumors escape from immunosurveillance through the down-  kine production of FCs, but not of the mixture without fusion,
regulation of MHC class I or TAA expression (36), it is likely that  indicating that FCs themselves might be activated by CpG ODN
successful vaccination for immunotherapy or immunoprevention  through TLRS,
against tameors requires multiple tumor Ags like a polyvalent vac- ‘We observed that repeated i.d. administration of CpG ODN
cine (37). DC-tumor FCs appear to be ideal cancer vaccines be- alone was safe, but failed to protect mice against subsequent tumor
cause various kinds of TAAs can be presented by MHC class I 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

Table I. Complete induction of tumor-specific long-term immunity after

10 20 30 40 50 &0
Days after RENCA incculation

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

tumor rechallenge in mice immunized with FCs plus CpG ODN®

Tomor Cell Preimmunization Tumor-Free Mice/ Tumor Cell
Mice 1st Challenged Mice st Challenged® 2nd Challenged Tumer-Free Mice/Mice 2rd Challenged®
C357/BL6 B16 FCs
0/10 (0%, 0/10 (0%), 0/10 (0%)
FCs + CpG Bls 313 (100%), 2/2 (200%), 3/3 (100%)
6/10 (60%), 4/10 (40%), 5/10 (50%) EL4 0/3 (0%, 012 (0%, 0/2 (0%)
BALB/c RENCA FCs RENCA 2/5 (40%), 3/6 (50%), 1/4 {25%)
5/10 (50%), 6/10 (60%), 4/10 (40%)
FCs + CpG RENCA 4/4 (100%), 5/5 (100%), 33 (100%)
8/10 (80%), 9/10 (90%), 6/10 (60%) CT26 0/4 (0%), 0/4 (0%), 013 (0%)

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

*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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FIGURE 7. Inhibition of lung metastasis by FCs in combination with
CpG ODN. The effect of various vaccinations on the inhibition of lung
metastasis was investigated. Ten days after the second vaccination,
C5TBL/6 mice (eight mice per group) were s.c. injected with 5 X 10°
B16BL6 cells into the right hind footpad. On day 21 after tumor inocula-
tion, the primary tumor was surgically removed. All mice were euthanized
21 days after surgery, and the number of lung metastatic foci in each mouse
is shown. Data are presented as the mean * SD of three independent
experiments.
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Additionally, in the combination with or without CpG ODN, an-
titumor activity of 6 X 10¢ FCs containing both fused and unfused
cells was comparable 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-restricted CTLs. The results of cytolytic assay indicate that
CDS* CTLs are mainly involved in the tumor-specific cytolytic
activity, at least through IFN-v release induced by the vaccination
with FCs in combination with or witheut CpG ODN. However,
cytolytic activity against CT26 cells was observed in spleen cells
from the mice vaccinated with FCs between DCs and RENCA
tumer 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 CD8* and NK cells (29, 30), in addition to
CD4" cells (7), are activated by the immunization with FCs be-
tween DCs and tumor cells, and that both CD8* and NK cells
mediate CpG ODN-induced antitumor 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 tumeor rechallenge (Table I). Although the precise
mechanisms by which CpG ODN are capable of maintaining the
antitumor effect generated by FCs are unknown, severa! 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
atso 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). It has also been recently reporied 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 1 IEN (48). CpG ODN stim-
ulate DCs to produce type I IFN (49). Taken together, we esti-
mated that in our experiments, CD4*, CD8*, and NX 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 antimelanomz 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 viewpoint 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 unseful 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
tumor 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 immunoprevention against cancers. This safety is essential for
clinical use as a cancer immunoprevention vaccine.

In conclusion, we have developed a simple and reproducible
method to generate DC-tumor FCs wvsing inactivated HVJ. Vacci-
nation of HVI-mediated DC-tumor FCs in combination with CpG
ODN induced tumor-specific and long-term imrmunity in the pro-
phylactic setting of a s.c. tumor model and a spontanecus lung
metastasis model, resulting in significant inhibition of tumor 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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Subcellular Trafficking of Exogenously Expressed
Interferon-B in Madin—-Darby Canine Kidney Cells
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We have recently demonstrated that when IFN-B was exogenously expressed in
epithelial cells, transiently expressed IFM-B was predominantly secreted from the
cell side to which the transfection was performed, while stably expressed one was
almost equally secreted to the apical and basolaterai sides. In the present study, we
analyzed the subcellular transport of IFN-§ using confocal imaging with green
fluorescent protein {GFP)-tagged IFN-B in Madin-Darby canine kidney (MDCK)
cells. Stably expressed and transiently expressed human IFN-B {HulFN-B)-GFPs
were seen in upper regions of the nucleus, in stable HulFN f-GFP-producing
transformants, transiently expressed mouse IFN-B (MUlFN-p) was apparently co-
localized with the bulk of the constitutive HulFN B—~GFP proteins at TGN, and a
significant quantity of them then appeared to pass into distinct post-TGN vesicles,
accepting either type of IFN. Meanwhile, when cells were co-transfected with both
expression vectors, transiently expressed both IFNs tended to co-localize not only at
TGN but in post-TGN vesicles. These results suggest that stably and transiently
expressed IFN-fs, albeit co-localized at TGN, were transported through apparently

discriminated post-TGN routes. ). Cell, Physiol. 201: 117-125, 2004.
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In polarized epithelial cells, the surface membrane is
divided by the tight junctions (TJ) into apical and
basorateral domains, which have different lipid and
protein compositions (Rodriguez-Boulan and Nelson,
1989). This domain structure is maintained by specia-
lized vectorial transport of the components. Newly
synthesized domain-specific membrane proteins are
conveyed through the endoplasmic reticulum (ER)-
Golgi apparatus to the trans-Golgi network (T'GN)
(Keller and Simens, 1997), and packaged into transport
carriers for membrane integration (Griffiths and
Simons, 1986). The destination of the membrane
proteins seems to be determined by interrelation
between some signal sequences on the protein and
various cellular components playing roles in sorting and
trafficking (Wandinger-Ness et al., 1990). Secretory
proteins are also considered to be transported in the
same manner as the membrane proteins (Lippincott-
Schwartz et al., 2000). In spite of many investigations of
the issue, the mechanisms regulating apical or basolat-
eral sorting of secretory proteins remain elusive.

The green fluorescent protein (GFP) of the jellyfish
Aequorea victorig (Tsien, 1998) and its variants are
widely used in cell imaging applications (Lippincott-

© 2004 WILEY-LISS, INC.

Schwartz and Patterson, 2003) to reveal the location of
proteins. Results from those applications are providing
new insights into protein function and cellular processes
inthe complex environment ofthe cell. The GFP-tagging
technology is useful for directly investigating the
intracellular localization, movement and fate of secre-
tory proteins of interest in living cells.

‘We have recently examined the mode of secretion
polarity of interferon (IFN)-p expressed exogenously in
several epithelial cell lines (Nakanishi et al., 2002) or by
stimulation with a type I IFN inducer, polyriboinosinic

Contract grant sponsor: Scientific Research from the Ministry of
Education, Cultures, Sports, Science, and Technology, Japan.
*Correspondence to: Yoshinobu Takakura, Department of
Biopharmaceutics and Drug Metabolism, Graduate School of
Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Kyoto 606-
8501, Japan. E-mail: takakura@pharm kyoto-u.ac.jp

Received 8 September 2003; Accepted 9 December 2003

Published online in Wiley InterScience
(www.interscience. wiley.com.), 27 February 2004.
DOI: 10.1002/jep.20038

_58_



