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ucleotides used in the present study

ple1 Oligo”

C’ggt!'dﬂ

Oligont

Sequence of oligonucleotide (5'-3')

zm Of 75 A a-helical spacer (sense)
For 5 regi® ¥

. . of 75 A a-helical spacer (antisense)
Far §' regt”

] region of 75 A a-helical spacer (sense)
For centt®

rral region of 75 A a-helical spacer (antisense)
For cen

con of 75 A a-helical spacer (sense)
For 3 re&” F

0 region of 75 A a-helical spacer (antisense)
. ction enzyme sites from Ascl to Xbal at the downstream
For res:r“_helical spacer of pHM15-75 A (sense)
of 75 A & ction enzyme sites from Ascl to Xbal at the downstream
For restT' . jical spacer of pHM15-75 A (antisense)
gf 7% g ﬁﬂl“” plus RGD-4C peptide into pHM15-75A (sense)
or

For GS inker plus RGD-4C peptide into pHM15-75A (antisense)
or !

F RGD‘4C peptide into the C-terminus of pIX or HVRS of
or
se

hexon (sejc peptide into the C-terminus of pIX or HVR5 of
e into the C-terminus of pIX or HVRS of

¢ tag sequence into the C-terminus of piA or e}
For FL“;ensE) A .

G tag sequence into the C-terminus of pIX or HVRS5 of
(ﬂ_r.tisense)
AG 138 sequence into pHM15-75A (sense)

For FLAG tag sequence into pHM15-75A (antisense)
or

. tag sequence into the C-terminus of pIX (sense)
17 For His tﬂg sequence into the C-terminus of pIX (antisense)
:g g; mz tag sequence into pHM15-75A (sense)

20 For His 138 sequence into pHM15-75A (antisense)

CTAGTTACAAGCTGGCCGACGAGGAGACGCGGGCACGGCTG
TCCAAGGAGCTGCAGGCGGCGCAGGCCCGGCTGGGCGLGE
ACATGGAGGACGTGTGC
GGCCGCACACGTCCTCCATGTCCGCGCCCAGCCGGGCCTGE
GCOGCCTGCAGCTCCTTGGACAGCCGTGCCCGCGTCTCCTC
GTCGGCCAGCTTGTAA
GGCCGCCTGGTGCAGTACCGCGGCGAGGTGCAGGCCATGCT
CGGCCAGAGCACCGAGGAGCTGCGGGTGCGCCTCGCCTCCC
ACCTGCGCAAGCTGCGTAAGCGGCTCG
TCGACGAGCCGCTTACGCAGCTTGCGCAGGTGGGAGGCGAG
GCGCACCCGCAGCTCCTCGGTGCTCTGGCCGAGCATGGCCTG
CACCTCGCCGCGGTACTGCACCAGGC
TCGAGATCCCAACCTATCTGAGCGAAGATGAACTGAAAGCC
GCCGAAGCCGCCTTCAAACGCCACAACCCAACCGCGTTCGA
AG
GATCCTTCGAACGCGGTTGGGTTCTGGCGTTTGAAGGCGGCT
TCGGCGGCTTTCAGTTCATCTTCGCTCAGATAGGTTGGGATC
AATTGGCGCGCCGCGGOCGCCTAAATGAATAGACTAGTGCTA
GCCCTAGGTCTAGAGTGC
TCTAGACCTAGGGCTAGCACTAGTCTATTCATTTACGCGGCCG
CGGCGCGCC
CGAGGGATCCGGTTCAGGGAGTGGCTCTTGTGACTGCCGCG
GAGACTGTITCTGCTAA
CGOCGTTAGCAGAAACAGTCTCCGCGGCAGTCACAAGAGCCA
CTCCCTGAACCGGATCCCT
CTAGGGGCAGCTGTGACTGCCGCGGAGACTGTTTCTGCGGCA
GCC
CTAGGGCTGCCGCAGAAACAGTCTCCGCGGCAGTCACAGCT
GCCC
CTAGGGGCAGCGACTACAAGGACGATGATGACAAAGGCAG
cC
CTAGGGCTGCCTTTGTCATCATCGTCCTTGTAGTCGCTGCCC

CGAGGGATCCGGTTCAGGGAGTGGCTCTGACTACAAGGACG
ATGATGACAAATAA
CGCGTTATTTGTCATCATCGTCCTTIGTAGTCAGAGCCACTCCC
TGAACCGGATCCCT
CTAGGGGCAGCCATCACCATCACCATCACGGCAGCC
CTAGGGCTGCCGTGATGGTGATGGTGATGGCTGCCC
CGAGGGATCCGGTTCAGGGAGTGGCTCTCATCACCATCACCA
TCACTAA
CGCGTTAGTGATGGTGATGGTGATGAGAGCCACTCCCTGAAC
CGGATCCCT

the fiber, the intensity of the band of Ad-
g‘LaXé?aItxc;sz was weaker than that of Ad-FLAG(HI)-1.2
P AG(C)-L2. This phenomenon is not due to

and Ad-T — _orporation efficiency of the modified-pIX (at
il:;}s)la ‘t;eednfz)cdifid—pl)( without the 75 A o-helical spacer),
————1 L intensity of the pIX band was observed
R Ad-FLAG(pLX)-L?.. and Ad-L2 by Western
blotting using anti-pIX antibody (lldnd]y prgwde_cl by
Dr Keith N Leppard, Biglogical 5c1ence§ Umversﬂry of
Warwicl: Coventry, UK)¥ (Figure 5b; will be de_s.crlbed
laker). Te remains unclear why the results o_f Figure 2
(anti-FLAG 28 antibody) and Figure 5 (anti-pIX anti-
body) are Aifferent. The discrepancy might result from
the property of each antibody. Anti-FLAG tag antibody is
Mo laru 1, WOHE anti-pIX antibody is polyclonal. These
results sul ggesteci that the FLAG tag peptide was
expressed as 2 fusion protein of the fiber, pIX or hexon.
Next we examined by enzyme linked immunosorbent
assay (iELISA) whether the FLAG tag peptide in each
region was displayed on the virus surface (Figure 3).
Purified viruses Were incubated in carbonate-bicarbonate

ThmPv
i ¢

buffer (Sigma) and immobilized on a 96-well immuno-
plate (NALGE NUNC International, Tokyo, Japan) at
4°C. On the following day, wells were washed with
phosphate buffered saline and blocked with Block Ace.
Anti-FLAG tag monoclonal antibody (1:1000) diluted in
Block Ace was bound to the immobilized virus and
washed with phosphate-buffered saline containing 0.05%
Tween20 (Polyxyethylene (20) Sorbitan Monolaurate;
Wako Pure Chemical Industries Ltd, Osaka, Japan). Next,
a secondary antibody (goat anti-mouse IgG HRP-linked
antibody) diluted in Block Ace (1:1000) was bound to
a mouse anti-FLAG tag antibody, and HRP was detected
by TMB PEROXIDASE SUBSTRATE (MOSS Inc.,
Pasadena, ML, USA). Absorbance at 450-655 nm was
measured by microplate reader. Ad-FLAG(HI)-L2, Ad-
FLAG(C)-L2, Ad-FLAG(pIX)-L2 and Ad-FLAG(hexon)-
12 showed higher absorbance values than Ad-L2.
Ad-FLAG(hexon)-L2 showed the highest absorbance
values among all FLAG tag peptides displaying Ad
vectors (Figure 3). The absorbance values were depen-
dent on the copy number of the fusion protein on the
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Table 2 Ad vectors used in the present study
Fiber
Ad vectors Vector plasmids HI loop C—terminus pIX Hexon (HVRS)
Ad-L2 pAdHM4-12 ~ — - -
Ad-FLAG(HD-L2 pAdHM41-FLAG(HI-L2 DYKDDDDK — — —
Ad-FLAG(C)-L2 pAdHM41-FLAG(O)-L2  — (GS),DYKDDDDK — —_
Ad-FLAG(pIX)-L2  pAdHMS56-FLAG-L2 -_ — GSDYKDDDDKGS —
Ad-FLAG(pIX/75)- pAdHMS6-FLAG75-L.2 — - a-Helical linker plus —
L2 (GS),DYKDDDDK
Ad-FLAG(hexon)-L2 pAdHM62-FLAG-L2 — - - GSDYKDDDDKGS
Ad-His(pIX)-L2 pAdHMS56-His-L2 — — GSHHHHHHGS —
Ad-His(plX/75)-L2 pAdHMS56-His75-L2 = —_ a-Helical linker plus —
(GS):HHHHHH
Ad-RGD(HD)-L2 pAdHMI15-RGD-L2 ACDCRGDCFCD  — - -
Ad-RGD(C)-12 pAdHM41-RGD-L2 — (GS)L.ACDCRGDCFCG — —
Ad-RGD(pIX)-L2 pAdHMS56-RGD-L2 — - GSCDCRGDCFCGS —
Ad-RGD(pIX/75)-L2 pAdHMS56-RGD75-L2 — — a-helical linker plus —
(GS),CDCRGDCFC
Ad-RGD(hexon)-L2 pAdHM#62-RGD-L2 — ~— — GSCDCRGDCFCGS

Abbreviation: Ad, adenovirus.

Each modified Ad vector has additional amino-acids derived from unique restriction enzyme sites (Csp45), Clal or Xbal) in each region, but

not be described here.
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Figure 2 Western blotting of FLAG tag-modified Ad vectors. The
total protein (1 ug) of each vector in 1x sample buffer containing
4% P-mercaptoethanol was separated on a 4-20% SDS-PAGE gel,
and the expression of the FLAG tag peptide was analyzed by
Western blotting using mouse anti-FLAG tag monoclonal antibody.
As a control, the membrane was also incubated with anti-fiber knob
antibody (kindly provided by RD Gerard, University of Texas
Southwestern Medical Center, Dallas, TX, USA). The band of the
fiber of Ad-FLAG(HI)-L2 and Ad-FLAG(C)-L2 was higher than that
of the other vectors, reflecting the insertion of the FLAG tag into the
HI loop or C-terminus of the fiber knob. The extra bands marked
with an arrow are proteolytic degradation products.

virus surface. Ad-FLAG(pIX)-L2, however, showed only
slightly higher absorbance than Ad-FLAG(HD-L2 and
Ad-FLAG(C)-L2. ELISA is based on the ability of the
anti-FLAG tag antibody to bind to the FLAG tag

1.6
B 1x10®vP _[
L
e (] axtotvp
(] 1x108vP
0.8

Absorbance (450-655nm)

- | J.ﬂ Jﬂ
0.0 . fe . )

Ad-L2 Ad-FLAG Ad-FLAG Ad-FLAG Ad-FLAG
(HI)-L2  (C)-L2  (pIX)-L2 (hexon)-L2

Figure 3 ELISA of FLAG tag-modified Ad vectors. Ad-L2, Ad-
FLAG(HD-L2, Ad-FLAG(C)-L2, Ad-FLAG(pIX)-L2 or Ad-FLA-
G(hexon)-L2 (10° VP/well, 3 x10* VP/well, or 1x10° VP/well)
were immobilized on a 96-well immunoplate. Mouse FLAG tag
antibody was applied and then detected by anti-mouse IgG HRP-
linked antibody. Absorbance at 450-655nm was measured by
microplate reader. The data are expressed as means +s.d. (n=3).

sequence on each Ad vector. The accessibility to the
FLAG tag sequence at the C-terminus of pIX might be
impaired, because plX was buried between the hexon-
tops. These results suggested that the fiber- (both the HI
loop and C-terminus), pIX-, and the hexon-modified Ad
vectors that were generated in this study did in fact
display foreign ligands on the viral surface.

We and several groups have reported the feasibility
of Ad vector application containing the RGD peptide
in the HI loop or the C-terminus of the fiber knob,
the C-terminus of pIX and the HVRS5 region of the
hexon.*0182128 However, there has been no report about
which region is suitable for displaying the RGD peptide.
To examine this, we constructed Ad vectors containing
the RGD peptide in the fiber knob (HI loop or
C-terminus), pIX (with or without 75 A a-helical spacer),

Gene Thera
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Figure 4 Transduction efficiency of RGD-modified Ad vectors.
SK HEP-1 (a) and SF295 (b) cells were transduced with 3000 VP /cell
of Ad-L2, Ad-RGD(HI)-L2, Ad-RGD(C)-L2, Ad-RGD(pIX)-L2, Ad-
RGD(pIX/75A)-1.2 or Ad-RGD(hexon)-L2 for 1.5h, respectively.
After culturing for 48 h, luciferase production was determined
using a luciferase assay system (PicaGene LT2.0; Toyo Inki, Tokyo,
Japan). The data are expressed as means +s.d. (n=3).

and hexon and compared the luciferase production in SK
HEP-1 and SF295 cells transduced with each vector
(Figure 4). In the case of the pIX-modified Ad vector, the
vector containing the 75 A o-helical spacer between
the C-terminus of pIX and the RGD peptide was also
constructed as described previously,'® together with
the vector without the o-helical spacer. The RGD
(CDCRGDCFC; RGD-4C) peptide binds to integrin
ovf33 and avf5 on the cellular surface.** SK HEP-1
cells were CAR-positive, while SF295 cells were CAR-
negative. Both cells expressed ovp3 and avf5 integrins
(the expression of CAR and integrins in each cell was
examined in our previous report by flow cytometry).*®
The luciferase enzymatic activity following transduction
with Ad-RGD(HI)-L2, Ad-RGD(C)-L.2, Ad-RGD(pIX)-L2,
Ad-RGD(pIX/75)-L2 and Ad-RGD(hexon)-L2 was only
about two to three times different from that with Ad-L2
in SK HEP-1 cells (Figure 4a). This would reflect that
all vectors efficiently transduce via (at least) CAR. In
contrast, in SF295 cells Ad-RGD(HI)-L2 and Ad-RGD(C)-
L2 showed approximately 230- or 10-fold higher lucifer-
ase production, which mediated via an RGD-integrin-
dependent pathway (our previous data and data not
shown),'%?® than Ad-L2 (Figure 4b). Luciferase produc-
tion in SF295 cells transduced with Ad-RGD(pIX)-L2,
Ad-RGD(pIX/75)-L2 and Ad-RGD(hexon)-L2 were not
enhanced compared with Ad-L2. Lower luciferase
production in SF295 cells transduced with Ad-RGD(hex-
on)-1.2 was due to the about four times lower ratio of

Gene Therapy

infectious titer-to-particle titer of Ad-RGD(hexon)-L2 in
comparison with that of Ad-L2. These results suggested
that the HI loop of the fiber knob is the most suitable
region for capsid modification at least in the case of the
insertion of the RGD peptide.

Vellinga et al.’® reported that Ad vectors containing
the RGD peptide at the C-terminus of pIX with a 75 A
a-helical spacer could transduce more efficiently into
CAR-negative Eoma cells than vectors with a 30 or 45 A
a-helical spacer or no spacer. In the present study,
we used a similar a-helical spacer sequence to that used
by Vellinga et al.,'® but no enhanced transduction was
observed. The level of gene expression of Ad-RGD(pIX/
75)-L2 was approximately three times lower in the SF295
cells than Ad-L2. We speculated that the lower transduc-
tion efficiency of Ad-RGD(pIX/75)-L2 might be due to
the decreased incorporation efficiency of pIX-spacer-
RGD into Ad-RGD(pIX/75)-L2. Therefore, we examined
the incorporation of pIX into virus particles by Western
blotting using the anti-pIX antibody (Figure 5a). The
data obtained suggested that the incorporation efficiency
of pIX-spacer-RGD into Ad-RGD(pIX/75)-L2 was greatly
decreased, and only a faint band (marked with an
asterisk) was observed, while that of pIX-RGD into Ad-
RGD(pIX)-L2 was similar to that into Ad-L2, a control
virus (Figure 5a). Therefore, a longer spacer might
hamper incorporation efficiency. This would be the
reason why Ad-RGD(pIX/75)-1.2 did not show increased
transduction efficiency. To examine this phenomenon in
more detail, the incorporation of modified-pIX with the
FLAG tag or His tag (HHHHHH) peptide into each virus
was examined instead of the RGD peptide (Figure 5b).
Modified-pIX without the spacer (Ad-FLAG(pIX)-L2 and
Ad-His(pIX)-L2) was similarly incorporated into the
wild-type virus (Ad-L2), while that with the spacer
(Ad-FLAG(pIX/75)-L2 and Ad-His(pIX/75)-L2) was
severely impaired. When the vectors were over-loaded
on the SDS-PAGE gel, the band of the RGD-, FLAG
tag- or His tag-modified pIX with a longer spacer
was observed. Therefore, incorporation efficiency of
modified-pIX was not completely impaired (Figure 5c).
The pIX-spacer-His tag peptide was more efficiently
incorporated into Ad-His(pIX/75)-L2 than the pIX-
spacer-FLAG into Ad-FLAG(pIX/75)-L2, suggesting
that the kind of peptide inserted might affect the
incorporation efficiency when the longer spacer
sequence is used. Vellinga et al."® reported the generation
of pIX-modified Ad vector with a longer spacer by
co-transfection of vector plasmid lacking pIX coding
region and the plasmid expresses a series of modified
pIX. The incorporation efficiency of pIX with a longer
spacer into virion was lower than that of conventional-
plX, although their efficiency was higher than that in
the present study. Subtle differences in the linker
sequence between pIX and the longer spacer or between
the longer spacer and the RGD peptide might
have caused this difference in results. Their group
recently reported new method for generation of pIX-
modified Ad vectors.* They created a series of helper
cell lines producing modified-pIX with and without
longer spacers. The incorporation efficiency of pIX
with a longer spacer into virion generated by the method
was similar to that of unmodified-pIX. They also
showed that the heat-stability of pIX-modified Ad
vector with a longer spacer was worse than that of the
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Figure 5 Analysis of the incorporation efficiency of modified-pIX.
Incorporation efficiency of modified-plX into the virus particles was
determined by Western blotting. The total protein (a and b, 1 ug;
¢, 10pg) of each vector in 1x sample buffer containing 4%
f-mercaptoethanol was separated on a 4-20% SDS-PAGE gel, and
pIX was detected by the anti-pIX antibody. As a control, the anti-
fiber knob antibody was used. (a) pIX-modified Ad vector contain-
ing the RGD peptide with or without a 75 A a-helical spacer. (b)
pIX-modified Ad vector containing the FLAG tag or His tag peptide
with or without a 75 A e-helical spacer. Ad-FLAG{pIX/75)-L2, Ad-
His(pIX)-L2 and Ad-His(pIX/75)-L2 containing the FLAG tag or
His tag peptide in the C-terminus of the pIX with or withouta 75 A
a-helical spacer were similarly generated, as shown in Figure la.
(c) The pIX-modifed Ad vector containing the RGD, FLAG tag, or His
tag peptide with a 75 A a-helical spacer. The extra bands marked
with an arrow are proteolytic degradation products. The asterisks
indicate the band of the modified-pIX with a 75 A a-helical spacer.

conventional Ad vector and pIX-modified Ad vector
without longer spacer. For these reasons, care should be
taken in the use of a longer spacer.
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Vigne et al.*' have reported that Ad vectors containing
the RGD peptide (DCRGDCF) at the HVRS5 region of the
hexon can infect cells via cellular ov integrin indepen-
dently of CAR, which was inconsistent with the present
study. The precise mechanism for these differences
remains unclear. Subtle differences in the inserted RGD
peptide sequence (SRGSCDCRGDCFCGSPR including the
restriction enzyme-coding sequence in our study and
GSDCRGDCFGS in their study) or the difference in the cell
types used might have caused the discrepancy in results.

After we submitted this manuscript, Campos and
Barry*® reported a similar study in which fiber-, pIX-
and hexon-modification were compared. They generated
metabolically biotinylated Ad vectors by the insertion of
the biotin acceptor peptide (BAP) in each location to
directly compare targeted transduction through the fiber,
pIX and hexon using a variety of biotinylated ligands,
such as antibodies and proteins, which had a higher
affinity than the RGD peptide. They reported that the
modification of the fiber was more efficient than that of
pIX and hexon,* which is consistent with the present
report. They discussed how high affinity ligands at pIX
or hexon made it impossible for the virus to escape from
the endosome, and enter the cytoplasm, and traffic to the
nucleus because the interaction between ligands at pIX
or hexon and the cellular receptor was very strong. In the
present study, we chose the RGD peptide to change (or
expand) the tropism of the Ad vector, which had a lower
affinity than antibodies or proteins. The modification of
pIX and hexon with the RGD peptide might also have
affected intracellular trafficking.

One of the possible reasons why the HI loop of the
fiber knob is efficient in the case of the RGD peptide is
that peptides displayed in the fiber knob can easily
access the target molecules (receptors) because fiber
knobs are the outmost capsid proteins of Ad vectors (the
HI loop of the fiber knob is more exposed than the
C-terminus). Therefore, pIX-modified or hexon-modified
Ad vectors without the fiber proteins might show
efficient ligand-mediated transduction because the
ligand can come close to the cellular surface receptor.
In addition, fiber-less Ad vectors do not infect cells via
CAR due to the lack of fiber proteins.?*** pIX-modified
or hexon-modified Ad vectors without fiber proteins
could be a platform vector for targeting, although the
fiber-less Ad vector was weaker against physical
burdens, such as heat-treatment and freeze-and-thaw,
than the conventional Ad vector (our unpublished data).

In summary, we have developed a simple method
based on in vitro ligation to construct Ad vectors contain-
ing heterologous peptides in the C-terminus of pIX or the
HVR5 region of the hexon. These Ad vectors displayed
foreign peptides on the viral surface in each region. In the
case of the insertion of the RGD peptide, Ad vectors
modified in the HI loop of the fiber knob proved the better
choice. As the vector system shown here enables easy
construction of capsid-modified Ad vectors displaying a
peptide of interest, it has great potential for gene therapy
and gene transfer experiments.
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Abstract

Human CD46 (membrane cofactor protein) has recently been identified to be an attachment receptor for subgroup B adenoviruses (Ads); however,
the precise interaction between human CD46 and subgroup B Ads are just beginning to be understood. In this study, to characterize the interaction
between human CD46 and subgroup B Ads, varieties of mutant CD46 were tested for their ability to act as a receptor for Ad serotype 35 (Ad35), which
belongs to subgroup B. In addition, we determined Ad35 vector-mediated transgene expression and cellular uptake of Ad35 vectors in the presence of a
set of anti-CD46 antibodies. Qur data demonstrated that the short consensus repeats (SCRs) 1 and 2 in human CD46 are important for interaction with
Ad35, whereas the cytoplasmic domain of human CDA46 was found not to be required for the function as an Ad35 receptor. Rather. a complete deletion of
the cytoplasmic domain of human C'D46 increased the transduction efficiencies of Ad35 vectors. This information should help in elucidation of the

mechanism of subgroup B Ad infection, as well in the improvement of the subgroup B Ad vectors.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Adenovirus serotype 35 vector; CD46; Short consensus repeal; Cytoplasmic tail; Gene therapy

1. Introduction

Human adenoviruses (Ads) compose a large family of non-
enveloped, double-stranded DNA viruses that are a significant
cause of acute respiratory, gastrointestinal, and ocular infections
in humans. So far, at least 51 serotype Ads have been identified
and classified into six distinct subgroups (A~F) [1,2]. Among
them, subgroup B is further subdivided into subspecies B1 and B2
on the basis of various biophysical and biochemical crilenia.
Among the 51 human Ad serotypes, the Ad vector most com-
monly used for gene transfer is composed of Ad serotype 5 (Ad35),
which belongs to subgroup C. Ad5 vectors are very powerful and
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useful vehicles, but recent studies have revealed that they also
have some disadvantages, such as high seroprevalence toward
Ad5 in adult populations and low infection activity in cells lack-
ing a primary receptor for AdS, coxsackievirus and adenovirus
receptor (CAR). On the other hand, subgroup B Ads have unique
properties that are distinct from those of other subgroup Ads, and
that are highly attractive features as a framework for alternative
gene delivery vehicles. First, subgroup B Ads have been
identified as having lower prevalence than the Ads of other
subgroups. The seroprevalences toward most subgroup B Ads is
less than 20% in healthy blood donors, while more than 70% of
serum samples from healthy donors are positive for anti-AdS
antibody [3]. This indicates that transduction with Ad vectors
based on subgroup B is unlikely to be inhibited by preexisting
anti-Ad antibodies. Second, subgroup B Ads utilize human CD46
(membrane cofactor protein) as a cellular receptor for infection
[4,5], while other subgroup Ads recognize CAR. Human CD46 is
ubiquitously expressed in human cells, suggesting that subgroup



: have previously developed an Ad vector composed of Ad sero-
. type 35 (Ad35), which belongs to subgroup B [6.7], and have
. demonstrated that Ad35 veclors exhibit a wider tropism for
human cells, including CAR-negative cells, than AdS vectors [7].
Human CD46 is a type | transmembrane glycoprotein ex-
pressed in almost all human cells, except for erythrocytes. Human
. CD46 is composed of four cysieine-rich short consensus repeats
(SCRs), a serine—threonine—proline-rich (STP) region, a short
region of unknown function, a hydrophobic (ransmembrane
domain, and a carboxy-terminal cytoplasmic domain. Altemative
splicing in the STP region and the cytoplasmic domain gives rise
to four major isoforms of human CD46 (BC1, BC2, C1, and C2).
All the isoforms function as cofactors for the plasma serine
protease factor | by binding to the complement factors C3b and
C4b deposited on self tissue [8.9], By promoting the proteolytic
degradation of these factors, these isoforms protect the cells from
complement attack [10.11]. In addition to this function, human
CD46 has been identified to be a receptor for several human
pathogens: measles virus (MV), human herpesvirus 6 (HHV6),
human subgroup B Ads, and two types ol bactena [4.5.12- 15].
Among these pathogens, the interactions between human CD46
and MV, HHV®, and pathogenic Neisseria have been well stu-
died. MV-binding residues are located on SCRI and SCR2
[16.17], while SCR3 and 4 are essential for binding of HHV6 to
human CD46 [18)]. The cytoplasmic domain of CD46 is not
required for infection of both MVand HHV6 [ 1¥,19]. However. it
still remains unknown which domains in human CD46 play an
important role in the interaction with subgroup B Ads. Elucidation
of the interaction between subgroup B Ads and CD46 would lead
to improvermnent of the Ad vectors that are composed of subgroup
B Ads.

In this study, the transduction experiments with Ad35 vectors
expressing luciferase were performed using cells expressing a
variety of human CD46 mutants in order to map the domains
which interact with Ad35. Furthermore, cells expressing wild-
type CD46 were transduced with Ad35 vectors in the presence of
monoclonal anti-huwman CD46 antibodies which recognize
different SCRs of human CD46. Finally, involvement of the
cytoplasmic domain of human CD46 with infection of Ad35 was
evaluated.

2. Materials and methods
2.1 Cells and antibodies

Chinese hamster ovary (CHO) cells and CHO transformants
stably expressing wild-type CD46, CD46 SCR deletion mutants
[ 16], or cytoplasmic tail deletion mutants were grown in Ham'’s F-
12 medium with 10% fetal bovine serum. Cytoplasmic tail dele-
tion mutants (ACyt0 and ACyt6 mutants) were stable CHO
transformants generated by the transfection of pcDNA-CD464
Cyt0 and pcDNA-CD46 ACyt6 (described below) into CHO cells
and selection with hygromycin (GIBCO-BRE, Rockville, MD).
Monoclonal antibodies against human CD46 SCR1, E4.3, MEM-
258, and J4-48 were purchased from Pharmingen (San Diego,
CA), Serotec Ltd. (Oxford, United Kingdom), and Immunotech
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(Marseille, France), respectively. SCR2-specific antibody M177
and SCR3-specific antibody M160 were described previously
[20]. The monoclonal anti-CD46 antibodies used in this study and
their recognition sites are lisied on Table |

2.2, Plasmids

The plasmid pcDNA-CD46C2. which contains the human
CD46 C2 isofonn gene, was constructed as follows. The cDNA of
the human CD46 C2 isoform was amplified by PCR using the
following primers: CD46-forward, 5-ATG GAG CCT CCC
GGC CGC CGC GAG TGT CCC-3"; CDA6-reverse, 5'-CGC
GGC CGC CTATTC AGC CTC TCT GCT CTG CTG-3'. The
PCR product was cloned into the Pmel site of pcDNA3.1-Hyg(+)
(Invitrogen, Carlsbad, CA). The cDNA of the CD46 mutant
lacking the cytoplasmic tail (amino acid residues 347-369)
(CD46ACyt0) was prepared by PCR using the parent CD46 C2
cDNA as a template. The following primers were used for PCR:
CD46-forward (described above); and CD46TM-reverse. 5'-
GCG GCC GCT CAG TAC GGG ACA ACA CAA ATT ACT
GCA AC-3'. The PCR product was cloned into the Pmel site of
pcDNA3. 1-Hyg(+), resulting in pcDNA-CD46ACyt0. The
plasmid pcDNA-CD46ACyt6, which contains a human CD46
C2 isofonm lacking a portion of the cytoplasmic domain (amino
acid residues 352-369) (CD46ACyt6), was construcled in a
similar manner using the following primers: CD46-forward (des-
cribed above); and CD46TMeé-reverse, 5'-GCG GCC GCT CAC
CTC CTT TGA AGA TAT CTG TAC GGG AC-3'. The sequen-
ces of all the constructs were confirmed by DNA sequencing.

2.3. Flowevtomerric analvsis of CD46 expression

Several CHO cell transformants suspended in staining buffer
(phosphate buffered saline (PBS) buffer containing 1% bovine
serum albumin (BSA)) were incubated with mouse anti-human
CD46 antibodies (E4.3, M177, and M160) for | h. Subse-
quently, the cells were reacted with phycoerythrin (PE)-labeled
secondary anti-mouse IgG antibody (Pharmingen). After
washing with the staining buffer, the stained cells (10 cells)
were analyzed using a FACSCalibur and CellQuest software
(Becton Dickinson, Tokyo. Japan). For evaluation of Ad35
vector-mediated downregulation of CD46, the CHO transfor-
mants were transduced with Ad35L at 3000 vector particles
(VP)/cell for 1.5 h as described below. Afier a 1.5-h incubation,
CD46 expression levels in the cells were measured using flow-
cytometry as described above.

Teble |
Monoclonal antu-CD46 antibodics used in this study

Anti-CD46 antibodics

Recognition domain

E4.3 SCRI1
Ja-48 SCRI
MEM-258 SCRI
MI177 SCR2
M160 SCR3
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2.4. Adenovirus vectors

Ad35 vectors expressing luciferase, Ad35L, were prepared
by an improved ligation method as previously described [21].
Briefly, the luciferase-expressing Ad35 vector plasmid pAdMS4-
CMVL2 was constructed by ligating 1-Cewl/Pl-Scel-digested
pAdMS4 with 1-Ceul/Pl-Scel-digested pCMVLI [22]. pAdMS4-
CMVL2 was digested with Shf1 and the linearized DNA was
transfected into VK10-9 cells (kindly provided by Dr. V. Kroug-
liak) [23]. Ad35L were generated 1014 days after transfection,
amplified and purified as described previously [6,7]. Determina-
tion of virus particle titers was accomplished spectrophotomet-
rically by the method of Maizel et al. [24].

2.5. Transduction experiments

CHO cells and CHO transformants stably expressing wild-
type CD46 or CD46 mutants lacking SCRs or the cytoplasmic tail
were seeded at 1x 10" cells/well into a 96-well plate. On the
following day, the cells were transduced with Ad35L at 3000 VP/
cell for 1.5 h. Forty-eight hours later, luciferase productions in the
cells were measured using a luciferase assay system (PicaGene
LT2.0, Toyo Inki Co. Ltd., Tokyo, Japan).

For antibody blocking experiments, CHO transformant ex-
pressing CD46 C2 isofonm, which was seeded at | % 107 cells/well
in a 96-well plate the day before transduction, was preincubated
with the medium containing anti-CD46 antibodies (E4.3, MEM-
258, J4-48, M 177, and M160) at the indicated concentrations at
4 °C for 1 h. Ad35L was then added at 3000 VP/cell and left for
1.5 h at 4 °C, after which the cells were washed and incubated at
37 °C. Luciferase productions in the cells were measured 48 h
after transduction as described above.

2.6. Real-time quantitative PCR

CHO cells and CHO transformants were seeded at 1 x 10° cells/
well into a 12-well plate. On the following day, the cells were
transduced with Ad35L as described above. After a48-h incubation,
the cells were washed with PBS, harvested, and pelleted. Total
DNA, including the Ad35 vector DNA, was extracted from the
cells using a Tissue DNeasy Kit (Qiagen, Valencia, CA, USA). The
quantitative real-time PCR was performed with 25 ng of sample
DNA, 0.5 uM each primer, 0.16 pM TagMan probe, and 25 ul of
TagMan universal PCR master mix (Applied Biosystems, Foster
City, CA, USA) in a final volume of 50 pl using the ABI Prism
7000 sequence detection system (Applied Biosystems). The PCR
was initially denatured at 95 °C for 10 min and then subjected to
cycles of 95 °C for 15 s and 60 °C for 1 min. The reaction was
carried out for 50 cycles. Primers for amplification were located in
the pIX region of Ad35 genome. The sequences of the pnimers and
probe used were as follows: forward, 5'-TGGATGGAAGACCC
GTTCAA-3'; reverse, 5'-CGTCCAAAGGTGAAGAACTTA
AAGT-3'; probe, 5' FAM-CGCCAATTCTTCAACGCTGACC
TATGC-TAMRA 3'. These sequences were designed using Primer
Express software version 1.0 (Applied Biosystems), and it was
confirmed that they amplified the products of desired size. The
Ad35 vector plasmid pAdMS4 was used as a standard.

3. Results

3.1. Ad35 vector-mediated transduction on CHO transformants
expressing CD46 deletion mutants

First, we examined which SCR domains of human CD46 P
(Fig. 1) are essential for infection of Ad35 using CHO trans-
formants expressing CD46 deletion mutants [16]. Before the
transduction experiments, CD46 expression levels and SCR &
deletion on CHO transformants were confinned by flowcyto-
metric analysis using anti-CD46 antibodies against each of the
SCRs. We found the sufficient levels of CD46 mutant expression
for all the clones (Fig. 2). The combined use of several anti-CD46
antibodies demonstrated that the corresponding SCR domains
were properly deleted on the CHO transformants. Deletion of
SCR4 on the ASCR4 mutant was confirmed by RT-PCR and
DNA sequence, because the SCR4-specific antibody was not
oblained (data not shown).

Next, transduction experiments with Ad35 vectors on CHO
transformants were performed. Transduction with Ad35L in
ASCRI1 and ASCR2 mutants resulted in approximately 50% of
the luciferase production obtained in CHO-CD46 cells, which
express full-length CD46. The decreases in the transduction
efficiencies in ASCR1 and ASCR2 mutants were similar. In
contrast, the ASCR3 and ASCR4 mutants produced amounts of
luciferase similar to those in CHO-CD46 cells afier Ad35L
transduction (Fig. 3). Real-time PCR analysis also demonstrated
that the uptake of Ad35L was significantly reduced by 58% and
by 45% in ASCR] and ASCR2 mutants, respectively, com-
pared with CHO-CD46 cells, in contrast, ASCR3 and ASCR4
mutants exhibiled the levels of Ad35 vector uptake similar to
CHO-CD46 cells (Fig. 4). These results suggested that SCR1
and 2 are involved with Ad35 infection.

3.2. Blocking of Ad35 vector infection by anti-CD46 antibodies

Next, to further examine which SCR domains in CD46 are used
for Ad35 infection, several monoclonal antibodies recognizing

SCR
(Short Consensus Repenl)

Fig. 1. A schematic diagram of human CD46. Human CD46 15 ubiquitously
expressed in almost all human cells mainly as four isofarms (BC1, BC2, C1, C2) that
are derived via alternative splicing. Human CD46 is composed of four cysteine-rich
short consensus repeats (SCRs), s secnne—threonine—proline-rich (STP) region. a short
region of unknown funcrion, 2 hydrophobic iransmembrane domain, and a carboxy-
termingl cytoplasimic domain,



2 274 F. Sakurai et al. / Journal of Conirolled Release 113 (2006) 271--278

g g §
4 s CHO g ASCR1 s ASCR3
2 &1 28] 28
£§° " g
3sg S 8- Sg
g g1 g \
. | \
Q ol . - r o - - - o+ e -
Kol 10° 10! 102 103 10' 100 10 102 108 104 10° 10" 102 103 104
1= FL2H FL2-H FL2-H
=]
2 g, & g
% 2] CHO-CD46 2 ] ASCR2 2] ASCR4
o . - = e
25 28 28]
g 3 3
©al O g o g4
A #
$ \ ER v ES 2
VAR -\\ ,:"'/f'
o e bW o o = e - -
100 10' 102 108 w0t 100 10" 10? 10° 104 109 10! 102 10? 10t
FL2-H FL2-H FL2-H
o

CD46 Expression

Fig. 2. Expression profiles of CD46 deletion mutants detected by monoclonal anti-CD46 antibodies. The cells were stained with anti-C'D46 entibodies against SCR 1 (E4.3;
thin line), or SCR2 (M177: doted linc). followed by a PE-labeled sccondary antibody, and subscquently analyzed by a floweylometer, ASCR3 mutanis were treated with
anti-CD46 antibody against SCR3 (M 160: dotted linc) insicad of M177. As a ncgative control, the cells were incubated with irrclevant control 1gG. followed by a PE-labeled

sccondary antibody (thick line).

different domains of CD46 were used Lo block the transduction with
Ad35 vectors. As shown in Fig. 5, the SCRI1-specific antibody
MEM-258 and the SCR2-specific antibody MI177 efliciently
inhibited the Ad35 vector-mediated transduction in CHO-CD46
cells. The manufacturer’s infonmation indicates that MEM-258
recognizes the SCR4 domain; however, our data indicates that
MEM-258 binds fo the SCR] domain (data not shown). A recen(
study also reported that the epitope of MEM-258 is located in SCR 1
[25]. We found that the luciferase production in the presence of both
MEM-258 and MI177 al 0.5 pg/ml was significantly reduced.

400+
3501
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Fig. 3. Ad35L-mediated transduction in CHO cells expressing CD46 mutants lacking
SCRs. The cells were transduced with Ad35L at 3000 VP/cell for 1.5 h. The luciferase
productions in the eclls were measured 48 h afier transduction by luminescent assay.
The date were normalized to the luciferase production in parental CHO ccells. The
absolute luciferase production in parental CHO cells was 200 pg/well. The data arc
expressed as the mean=S8.D. (n=4). The asterisks indicate the level of significance
(P<0.005 [doublc asterisk] for comparison with CHO-CDA6 cells)

compared with each of these antibodies alone (Fig. 5B). In contrast,
the antibodies E4.3 and J4-48, which also recognize SCR1, did not
decrease the luciferase production by Ad35L, suggesting that the
region recognized by MEM-258, but not E4.3 and J4-48, would be
involved with Ad35 infection. Decrease in the transduction
efficiencies with Ad35L was not also found in the presence of
the SCR3-specific antibody M160. The anti-CD46 antibodies
which reduced the Ad35 vector-mediated transduction also inhi-
bited the uptake of Ad35L by CHO-CD46 cells in a dose-depen-
dent manner (Fig. 6). The SCR1-specific antibody MEM-258 and

2504
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Fig. 4. Cellular uptake of Ad35L in CHO celis expressing CD46 mutants lacking
SCRs. The cells were ransduced with Ad35L at 3000 VPieell for 1.5 h. The total
DNA. including the vector DNA, was cxtracted from the cells 48 h afier
transduction. The copy numbers of the vector DNA were quantified by TagMan-
PCR. The data were normalized to the amounts of the vector DNA in CHO cells.
The data arc cxpressed as the mean=S.D. (n= 3). The asterisks indicate the level of
significance (P<0.005 [double asicrisk] tor comparison with CHO-CD46 cells).
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the SCR2-specific antibody M 177 at 5 ug/m] decreased the cellular
uptake of Ad35L by 94%. These results suggest that CD46 SCR1
and SCR2 are crucial domains for Ad35 infection.

3.3, Ad35 vector-mediated transduction on CHO cells expres-
sing mutant CD46 lacking the cytoplasmic domain

To examine whether the intracellular domain of human CD46
is required for Ad3S infection, CHO transformants expressing
human CD46 C2 isoforms lacking the cytoplasmic domain,
CD46ACYTO and CD46ACYT6, were transduced with Ad35L.
All of the cytoplasmic domain is deleted in CD46 ACYTO (amino
acid residues 347-369), while CD46 ACYT6 contains the mem-
brane-proximal 6 amino acids of the cytoplasmic tail and lacks a
portion of the cytoplasmic domain (amino acid residues 352-369)
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Fig. 5. Blocking of Ad35L-mediated wansduction by monoclonal anti-CD46
antibodies. (A) Inhibition of Ad35L-mediated transduction by monoclonal anti-CD46
antibodics. E4.3, MEM-258. and J4-48 (recognizing SCR1). M177 (recognizing
SCR2), and M160 (recognizing SCR3) were used as moneclonal ant-CD46 ant-
bodies. CHO cells expressing wild-type CD46 were preincubated with cach antibody
at the indicated concentrations for | h and then infected with Ad35L at 3000 VP/cell.
The luciferase productions in the cells were imeasured by lumincscent assay 48 h after
tansduction. In control settings (Control). the cells were preincubatcd with medium
anly prior to ansduction. The level of the luciferase production in contiol settings
was almost the same as that in the presence of control mouse 1gG (data not shown).
(B) Combined inhibitory effect of MEM-258 and M1 77, The cclls were preincubated
wilh MEM-258 and/or M177 a1 0.5 pg/ml. The transduction expenments were
performed as described above. The data are expressed as the meanS.D. (n=4)
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Fig. 6. Inhibition of cellular uptake of Ad35L by monoclonal ant-CD46
antibodics. CHO mansformants expressing full-length CD46 were transduced with
Ad35L in the presence of anti-CD46 antibody MEM-258 and M 177 as described in
Fig. 5. The total DNA, including the vector DNA, was cxtracted 48 I afier
transduction. The vector copy number was quantified by TagMan-PCR. The dala
were normalized to the amounts of the vector DNA in CHO cells expressing full-
length CD46 in the presence of control mouse IgG. The data arc expressed as the
mean=S.D. (n=4).,

including the potential phosphorylation domain [26,27], which
might be involved with various intracellular events, such as Ca™"
flux. The efficiency of the Ad35L-mediated transduction was
similar between CHO cells expressing CD46ACYT6 and CHO
cells expressing the full-length CD46 (Fig. 7). Furthenmore,
deletion of all the cytoplasmic domain significantly increased the
transduction efficiency with Ad35L. These results indicate that
the cytoplasmic domain of human CD46 would not be required to
serve as a receptor for Ad35.

Next, we further measured the levels of CD46 expression in
CHO transformants expressing wild-type CD46 or CD46 ACYTO
following transduction with Ad35L to investigate why deletion of
all the cytoplasmic domain increased the Ad35 vector-mediated
transduction efficiency. The cytoplasmic domain is largely res-
ponsible to the downregulation of CD46 induced by MV [28], and
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Fig. 7. Ad35L-mediated transduction in CHO cells cxpressing CD46 mutants
lacking the cytoplasmic domain. The eclls were transduced with Ad35L at 3000
VP/eells for 1.5 h. The luciferasc praductions in the cells were measured 48 h after
transduction by luminescent assay, The data were normalized to the luciferase
production in parental CHO cells. The data are expressed as the mean £8.D. (n=4),
The asterisks indicale the level of significance (P<0.003 [double asterisk] for
comparison with CHO-CD46),
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Fig. 8 CD46 cxpression levels in CHO transformants afier infection with
Ad35L. The CHO transformants expressing full-length CD46 or CD46ACYTO
were transduced with Ad35L at 3000 VPicell for 1.5 h. After a 1.5-h incubation,
the cells were subjected to floweytometric analysis for measurcment of CD46
expression. The data arc expressed as the mean+S.0. (n=4)

CD46 downregulation might influence the infectivity of the
viruses. Flowcylometric analysis demonstrated that CD46 down-
regulation did not occur in both CHO transformants expressing
full-length CD46 or CD46ACYTO following transduction with
Ad35L (Fig. 8), suggesting that CD46 downregulation by Ad35
vectors was not involved in the increase in the transduction
efficiencies of Ad35L in CHO cells expressing CD46ACYTO.

4. Discussion

Elucidation of the interaction between wviruses and their
receptors is of great importance for studies of virus pathogenicity.
In addition, for the viruses that provide a framework for gene
delivery vehicles, such information may help us not only to
evaluate the transduction properties of virus vectors but also to
improve virus vectors. In this study, CHO cells expressing CD46
deletion mulants and several monoclonal anti-CD46 antibodies
were used to examine which regions are crucial lor Ad35 in-
fection. Infection experiments in cells expressing CD46 mutants
lacking SCRs and blocking experiments using monoclonal anti-
CD46 antibodies have already been used to determine the
essential regions for infection of the pathogens recognizing CD46
in previous studies [16- 18,29]. We applied this approach to
elucidation of the crucial regions in CD46 for subgroup B Ad
infection. The results presenled herein demonstrated that the
essential domains for Ad35 infection are located in SCR1 and 2.
and that deletion of all the cytoplasmic domain in CD46 signi-
ficantly increases Ad35 vector-mediated transduction.

Previous studies have demonstrated that MV binds to SCR1 and
2 [16.17], whereas infection o HHV6 is mediated by SCR2 and 3
| 18]. Thus, SCR2 of CD46 is a crucial domain for all the human
viruses utilizing CD46 (MV, HHV6, and subgroup B Ads). More-
over, SCR2-specific antibody M177 significantly inhibits the in-
fection of all three viruses (Fig. 3) | | 8], suggesting thal these viruses
would interact with the region recognized by M177. The amino
acids important for M177 binding, R69 and D70, which are located
in the middle of SCR2 [30], are also present in CD46 of the
cynomolgus monkey |3 1], which is susceptible .o MV and HHVé.
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We also confinned that primary cells isolated from the cynomolgus
monkey were efficiently transduced with Ad35 vectors (data not
shown).

Deletion of SCR1 as well as SCR2 largely decreased both the
transduction efficiency and the cellular uptake of Ad35L (Figs. 3
and 4). However, SCR1-specific E4.3 and J4-48 did not signi-
ficantly reduce the luciferase productions by Ad35L (Fig. 5). On the
other hand, the antibody MEM-258, which also recognizes SCRI1,
significantly inhibited the Ad35 vector-mediated transduction and
cellular uptake of Ad35L (Figs. 5 and 6). The amino acids impor-
tant for binding of E4.3 and J4-48 are located on the top of SCRI
{31]. At present, it remains unclear where the epitope of MEM-258
is located within SCR1; however, the location of the epitope of
MEM-258 would be different from those of E4.3 and J4-48, and
would be important for Ad35 infection.

Recognition of SCR1 and 2 by Ad35 would be favorable for
infection of Ad35. SCR1 and 2 are located on the upper region of
CD46, leading to the decrease in electrostatic repulsion between
the virus capsid and acidic cell surface proteins and the increase in
attachment of Ad35 to the cell surface. Shayakhmetov and Lieber
demonstrated that electrostatic repulsion between the virus capsid
and cell surface is an important [actor for Ad infection, especially
for Ads possessing a short fiber shaft {32]. Ad35 has a shorter
fiber shalt (9 nm) than AdS (37 nm).

During the preparation of this manuscript, two reports
concermning the domains of human CD46 which interact with
subgroup B Ads were published [25.33]. Gaggar et al. demons-
trated that the subgroup B Ad-binding domain is located within
SCR2 alone [33], while Fleischli et al. reported that the presence
of both SCR1 and 2 is sufficient for infection of Ad35 and that
binding of Ad35 is not confined (o a single SCR domain |25]. Our
data support the conclusion of Fleischli et al. The SCR2-specific
antibody M177 and the deletion of SCR2 decreased Ad3 5 vector-
medialed transduction (Figs. 3 -6), suggesting thal the region in
SCR2 recognized by M177 would be important for interaction
with Ad35. Luciferase production by Ad35L and cellular uptake
of Ad35L in ASCRI mutanis was largely decreased, compared
with CHO-CD46 cells (Figs. 3 and 4), suggesting that SCR]
would also play a role in Ad35 infection. Although the decrease in
luciferase production and cellular uptake of Ad35L in the ASCRI
mutant might be due to conformational change of SCR2 by the
deletion of SCRI, this is unlikely because the SCR2-specific
antibody M 177 showed positive staining in the ASCR1 mutant
(Fig. 2). This suggests that the region recognized by M 177 would
hold an appropriate conformation in the ASCR1 mutant. There-
fore, we conclude that both SCR! and SCR2 are involved with
Ad35 infection. The finding that the SCRI-specific antibody
MEM-258 largely inhibited the transduction with Ad35L sup-
ports this conclusion (Figs. 5 and 6).

The cytoplasmic domain of human CD46 is not an absolute
requirement in order for this protein to serve as an attachment
receptor for Ad35 (Fig. 7). MV and HHV6 can also infect cells
via mutant CD46 lacking the cytoplasmic domain [18.19).
However, the luciferase production was significantly increased
in ACYTO, compared with that in CHO-CD46, in contrast,
Ad35L mediated similar levels of luciferase productions in both
CHO-CD46 and ACYT6. It remains unclear why the deletion of
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the entire cytoplasmic domain of human CD46 increased the
transduction efficiency, however, downregulation of C D46 was
not observed in both CHO-CD46 and ACYTO after transduction
with Ad35L (Fig. 7). These results suggest that the increase in
the transduction efficiencies of Ad35L in ACYTO was not due to
the lack of CD46 downregulation. One possibility for the in-
creased transduction efficiencies in ACYTO is that the amounts
of CD46 which Ad35 vectors can access to would be increased
by the deletion of the cytoplasmic domain. Maisner et al. de-
monstrated that CD46 are predominantly distributed in baso-
Jateral side of the cells and that CD46 lacking the entire
cytoplasmic domain were transported to both apical and baso-
lateral sides [34]. CD46ACYTO might be more widely dis-
tributed than full-length CD46 in the CHO transformants,
leading to the increase in the infection of Ad35 vectors. Another
possibility is that the membrane-proximal 6 amino acids of the
cytoplasmic domain in CD46 C2 isoform might contain a signal
sequence for suppression of viral infection. Mouse macrophages
expressing a tailless human CD46 mutant are more susceptible
to MV infection than those expressing wild-type CD46 [35]. In
addition to these functions of the cytoplasmic domain, the
cytoplasmic domain plays important roles in immune responses
through CD46, such as cytokine productions. Hirano et al.
reported that the production of high levels of NO and IL-12 upon
MV infection is dependent on the CD46 cytoplasmic domain
[35]. Kurita-Taniguchi et al. demonstrated that intracellular
phosphatase SHP-1 was found o be recruited to the cytoplasmic
tail of human CD46 when human macrophages became suffi-
ciently mature (o produce [L-12 and NO in response to measles
virus [36]. Thercfore, the cytoplasmic domain might be mvolved
with immune responses induced by Ad35 infection.

In sunymary, we demonstrated here that SCR1 and 2 of human
CD46 are required for Ad35 infection, while the cytoplasmic
domain of hurman CD46 is not crucial for an attachment receptor
function for Ad35. These results offer insight into the interaction
between human CD46 and subgroup B Ads, such as the inter-
nalization of Ad35 into the cells via CD46 and the crucial domain
in the Ad35 fiber knob for binding to CD46.
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Fractalkine (CX3CL1) is a unique membrane-bound CX3C chemokine that serves as a Revised 26/12/06

potent chemoattractant for lymphocytes. The hypothesis of this study is that dendritic Accepted 12/2/06
cells (DC) genetically modified ex vivo to overexpress fractalkine would enhance the T

cell-mediated cellular immune response with a consequent induction of anti-tumor  [DOI 10.1002/eji.200535549)
immunity to suppress tumor growth. To prove this hypothesis, established tumors of
different mouse cancer cells (B16-F10 melanoma, H-2°, and Colon-26 colon
adenocarcinoma, H-2%) were treated with intratumoral injection of bone marrow-
derived DC that had been modified in vitro with an RGD fiber-mutant adenovirus vector
expressing mouse fractalkine (Ad-FKN). In both tumor models tested, treatment of
tumor-bearing mice with Ad-FKN-transduced DC gave rise to a significant suppression
of tumor growth along with survival advantages in the treated mice. Immunchisto-
chemical analysis of tumors treated with direct injection of Ad-FKN-transduced DC
demonstrated that the treatment prompted CD8 ™ Tcells and CD4™* T cells to accumulate
in the tumor milieu, leading to activation of immune-relevant processes. Consistent
with the finding, the intratumoral administration of Ad-FKN-transduced DC evoked
tumor-specific cytotoxic T lymphocytes, which ensued from in vivo priming of Thl
immune responses in the treated host. In addition, the anti-tumor effect provided by
intratumoral injection of Ad-FKN-transduced DC was completely abrogated in CD4* T
cell-deficient mice as well as in CD8" T cell-deficient mice. These results support the
concept that genetic modification of DC with a recombinant fractalkine adenovirus
vector may be a useful strategy for cancer immunotherapy protocols.
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undergo maturation and move into secondary lymphoid
organs to present the antigenic peptides to T lympho-
cytes [1, 2]. For efficient antigen presentation, the
matured DC produce T cell-attracting chemokines that
facilitate attracting T cells [4]. Fractalkine (CX3CL1) is a
CX3C chemokine included in such T cell attractants
expressed by mature DC [5-9]. Fractalkine has a unique
membrane-bound structure with the chemokine domain
perched atop a long mucin-like stalk at the cell surface,
and can be cleaved by ADAM10 (ADAM for a disintegrin
and metalloproteinase) or TNF-a-converting enzyme
(TACE or ADAM17) to produce a soluble 80-kDa
glycoprotein [5, 7, 10, 11]. The structure of fractalkine
allows not only the shed soluble form to recruit T cells
and monocytes expressing its specific receptor CX3CR1
in local chemoattractant gradients, but also the
membrane-anchored form to act upon CX3CR1-positive
cells directly and promote the cell-cell adhesion [5-7].

Although many tumors have antigens recognizable
by the immune system, the escape of tumors from
immunological surveillance suggests that the immune
mechanism lacks something to overcome the growing
potential of the tumors [12, 13]. In an attempt to
provoke anti-tumor immunity efficiently, the present
study focuses on a strategy to enhance the ability of DC
to attract T lymphocytes for antigen presentation by the
genetic strategy of modifying DC to express fractalkine.
To accomplish this, we used an RGD fiber-mutant
recombinant adenovirus vector expressing fractalkine
(Ad-FKN) to transfer the mouse fractalkine cDNA to DC,
and then injected the modified DC into established
tumors. The data demonstrate that intratumoral injec-
tion of Ad-FKN-transduced DC elicits specific anti-tumor
immunity, and inhibits the growth of established
tumors, leading to improved survival of the tumor-
bearing hosts.

Results
Ad-FKN modification of DC

To enhance the chémoattracting property of DC, we
genetically modified DC with an RGD fiber-mutant
recombinant adenovirus vector (E17) expressing mouse
fractalkine (Ad-FKN), and confirmed the induced
fractalkine expression of the modified DC by RT-PCR
and chemotaxis assay (Fig. 1). In the RT-PCR analysis,
0.7-kb fragments corresponding to the fractalkine
mRNA were markedly or slightly amplified with the
total cellular RNA from Ad-FKN-transduced DC or Ad-
LacZ-transduced DC, respectively, but were not ampli-
fied with that from non-transduced DC (Fig. 1A).
Comparable levels of expression of the housekeeping
GAPDH gene in all DC demonstrated the intactness of

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Fractalkine expression in genetically modified DC. (4)
RT-PCR analysis for fractalkine mRNA expression. DC were
transduced with Ad-FKN or Ad-LacZ at an MOl of 100 for 3 h, or
PES alone (mock transduction). After 48 h, total cellular RNA
was extracted from the transduced cells, and reverse tran-
scribed using oligo(dT) primer. The generated cDNA was used
as a template to amplify fractalkine and GAPDH cDNA
fragments by PCR. Samples were separated by 1% agarose
gel electrophoresis and stained with ethidium bromide. (B)
Chemotaxis assay using conditioned media of genetically
modified DC. THP-1 cells placed in the upper chamber of a
transwell chamber were assayed for chemotaxis in response to
serial dilutions of supernatant from DC transduced with Ad-
FKN or Ad-LacZ (MOI 100, 3 h), or PBS alone (mock transduc-
tion) in the lower chamber. The number of cells migrating to
the lower chamber at 37°C for 4h was counted by flow
cytometric analysis. The migration index was calculated as the
number of cells migrating to the conditioned media over the
number of cells migrating to the control medium. Results
represent the mean = standard error (n=3 per data point).

the RNA samples from the Ad-FKN-transduced and
control Ad-LacZ-transduced DC as well as the non-
transduced DC. The chemoattracting activity of the
fractalkine produced by Ad-FKN-transduced DC was
assayed using the THP-1 leukemia cell line (Fig. 1B). An
eightfold migratory response of THP-1 cells was
observed in the non-diluted culture supernatant of
Ad-FKN-transduced DC compared with that of Ad-LacZ-
transduced DC and non-transduced DC (1:1 dilution,
p<0.00001). Similar results were achieved in the 1:2
and 1:3 dilutions (1:2 dilution, six- to sevenfold,
p<0.0001; 1:3 diluton, sevenfold, p<0.00001; Ad-
FKN-transduced DC compared with Ad-LacZ-transduced
DC and non-transduced DC), although the chemoat-
tracting potential of the supernatant of Ad-FKN-
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transduced DC disappeared at the 1:5 dilution (p>0.2,
Ad-FKN-transduced DC compared with all other control
DC). There were no detectable differences in the
chemoattracting function of the supernatant between
Ad-LacZ-transduced DC and non-transduced DC at any
dilutions (p>0.05). These results showed that the Ad-
FKN infection of DC robustly enhanced the fractalkine
mRNA expression, endowing the Ad-FKN-transduced
DC with high chemoattracting activity, but that the
control adenovirus vector (ie., Ad-LacZ) infection
slightly increased the fractalkine mRNA expression
without affecting the chemoattracting property. The
relevance of the observed chemotaxis to adenovirus-
mediated fractalkine expression was demonstrated by
the observation that the chemotactic activities of the Ad-
FKN-conditioned media and the recombinant fractalk-
ine (rFKN) were significantly inhibited by an addition of
neutralizing anti-mouse fractalkine antibody to the
media (Ad-FKN-transduced DC, p<0.0001; rFKN,
p<0.005), but unaffected by that of isotype-matched
control antibody (Ad-FKN-transduced DC, p>0.1; rFKN,
p>0.6; supplementary Fig. 1). No striking difference
was observed between Ad-FKN- and non-transduced DC
in the migratory ability to the draining lymph nodes
(supplementary Fig. 2).

Anti-tumor effects of Ad-FKN-transduced DC

In B16-F10-bearing C57BL/6 mice (H-2"), marked
tumor suppression was observed with intratumoral
administration of Ad-FKN-transduced DC, in contrast to
that of Ad-LacZ- or non-transduced DC (p<0.05 at
11-17 days), and the treatment of Ad-FKN-transduced
DC resulted in a survival advantage (Kaplan-Meier
analysis, p<0.05 to all other groups; Fig. 2A). Admin-
istration of Ad-LacZ-transduced DC had no beneficial
effect as compared to that of non-transduced DC (tumor
size, p>0.3; survival, p>0.5; Fig. 2A). Similar results
were achieved in the Colon-26 tumor model in BALB/c
mice (H-2%). Tumor growth was suppressed significantly
by the treatment of Ad-FKN-transduced DC as compared
to that of all other control DC (days 8-16, p<0.05),
leading to long-term survival in 40% of the Ad-FKN-
transduced DC-treated mice (p<0.05 to all other groups;
Fig. 2B). Tumors injected with Ad-LacZ-transduced DC
grew in a similar fashion to tumors treated with non-
transduced DC (p>0.05) and did not have enhanced
survival (p>0.4; Fig. 2B). The anti-tumor effect of Ad-
FKN-transduced DC was also observed in the larger
Colon-26 tumor model over days 16-20 (p<0.05 to all
other groups; supplementary Fig. 3). In addition, the
specificity of the anti-tumor effect produced by Ad-FKN-
transduced DC was ascertained using Ad-FKN-trans-
duced fibroblasts as a control (days 7-19, p<0.05

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Tumor growth and survival of mice treated with
intratumoral administration of Ad-FKN-modified DC. (A) B16-
F10 tumors, C57BL/6é mice. B16-F10 cells (3 x 10°) were
implanted subcutaneously in the right flank of €57BL/6 mice
(day 0). On day 8, tumor-baring mice were treated by
intratumoral injection of 7 x 10° DC transduced with Ad-
FKN (@), Ad-LacZ (A), or PBS alone (Q). (B) Colon-26 tumors,
BALB/c mice. This study is similar to that in (A), but BALB/c
mice with 5-day established Colon-26 tumors were treated. For
the left panels, the size of each tumor was assessed using
calipers, and is reported as the average tumor volume (mm?) +
standard error (n=5 per group). For the right panels, survival
was recorded as the percentage of animals in each group.

compared with control mice that had been treated with
Ad-FKN-transduced fibroblasts and non-transduced DC;
supplementary Fig. 4).

Intratumoral T cell infiltration provoked by Ad-
FKN-transduced DC

Fractalkine-expressing DC that had been injected into
the established tumors augmented the intratumoral
infiltration of both CD4" T cells and CD8" T cells
(Fig. 3). Immunochistochemical analyses demonstrated
an enhanced accumulation of CD4™ T cells within Colon-
26 tumors treated with Ad-FKN-transduced DC as
compared to control tumors treated with Ad-LacZ- or
non-transduced DC (CD4™ T cells per ten random high-
power fields: Ad-FKN-transduced DC 385, LacZ-DC 21,
PBS-DC 34, Fig. 3A-C). Similar results were achieved for
CD8™ T cells. A markedly increased number of CD8™ T
cells accumulated in Colon-26 subcutaneous tumors
treated with direct administration of Ad-FKN-trans-
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Figure 3. Immunohistochemical evaluation of tumors treated with Ad-FKN-modified DC. BALB/c mice with 5-day established
subcutaneous Colon-26 tumors were treated by intratumeoral injection of 7 x 10° DC that had been transduced with Ad-FKN (A, D),
Ad-LacZ (B, E), or PBS (C, F). The tumors were dissected 3 days after the injection, and the frozen tumor sections were stained with
anti-mouse CD4 antibodies (A-C) or anti-mouse CD8 antibodies (D-F). Signals were amplified by secondary biotinylated antibodies
and detected by peroxidase-conjugated streptavidin and DAB. Nuclei of sections were counterstained with methyl green.
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Figure 4. Induction of tumor-specific cytotoxic T cells by
intratumeoral injection of Ad-FKN-modified DC. (A, B) B16-F10
tumors. C57BL/6 mice bearing 8-day established subcutaneous
B16-F10 tumors were treated by intratumeoral injection of
7 x 10° DC transduced with Ad-FKN (@), Ad-LacZ (a), or PBS
(). At 10 days after the treatment, spleen cells were isolated
and restimulated with mitomycin C-treated B16-F10for 5 days.
The restimulated effector cells were then assayed for cytolytic
function using B16-F10 cells (A) or LLC cells (B) as target cells.
(C, D) Colon-26 tumors. This study was similar to that described
in (A) and (B), but BALB/c mice with 5-day established Colon-2€
tumors were treated. Colon-26 cells (C) or BALB/3T3 cells (D)
were used as target cells. Results are shown as the mean x
standard error (n=3 per data point).

€ 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

duced DC, but this was not observed in any other control
tumors (CD8" T cells per ten random high-power fields:
Ad-FKN-transduced DC 443, LacZ-DC 16, PBS-DC 23,
Fig. 3D-F).

Anti-tumor CTL induced by intratumoral
injection with Ad-FKN-transduced DC

Direct injection of Ad-FKN-transduced DC to B16-F10 or
Colon-26 tumors elicited tumor-specific CTL activity
(Fig. 4). C57BL/6 mice bearing B16-F10 tumors were
intratumorally injected with Ad-FKN-, Ad-LacZ-, or non-
transduced DC. Effector cells were generated from
splenocytes obtained 10 days after the injection by
culture with mitomycin C-treated B16-F10 cells. Effector
cells from mice treated with Ad-FKN-transduced DC
exhibited remarkable lysis of B16-F10 target cells, but
control effector cells of mice treated with Ad-LacZ- or
non-transduced DC exhibited minimal lysis (Fig. 4A). No
apparent lysis was observed against irrelevant but
syngenic LLC cells (Fig. 4B). BALB/c mice bearing
Colon-26 tumors treated with Ad-FKN-transduced DC
exhibited a strong Colon-26-specific splenic CTL re-
sponse (Fig. 4C, D). Controls for this analysis included
lymphocytes obtained from tumor-bearing mice injected
with Ad-LacZ- or non-transduced DC. Splenocytes were
restimulated with Colon-26 cells as described above, and
the resulting effector cells were evaluated for cytolytic
activity against Colon-26 and BALB/3T3 cells. Only Ad-
FKN transduction markedly enhanced the cytolytic
activity against Colon-26 cells. With effector cells in
the Colon-26 tumor model, no lysis was observed
against BALB/3T3 cells. The relevance of the in vitro
tumor cytolysis to in vivo function was demonstrated by
showing that BALB/c mice eradicating Colon-26 tumors
after intratumoral administration of Ad-FKN-transduced
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DC acquired resistance to the subsequent rechallenge of
Colon-26 tumors (p<0.000001 to control mice; supple-
mentary Fig. 5).

Splenic responses of mice treated with Ad-FKN-
transduced DC

The treatment of Ad-FKN-transduced DC elicited
cytokine-secreting reactivity in spleens of C57BL/6 mice
bearing B16-F10 tumors (Fig. 5). B16-F10 tumors were
treated by intratumoral inoculation of Ad-FKN-, Ad-
LacZ-, or non-transduced DC, and splenocytes of the
treated mice were evaluated for their IFN-y- and IL-4-
secreting reactivity against B16-F10 cells. The co-culture
with the parental B16-F10 cells significantly induced
IFN-y release from the spleen cells of mice treated with
Ad-FKN- and Ad-LacZ-transduced DC (p<0.01 com-
pared with non-transduced DC), and the level of IFN-y in
the Ad-FKN/DC-treated group was 3.3-fold greater than
that in the Ad-LacZ/DC-treated group (p<0.0001). On
the other hand, the spleen cells from Ad-FKN-trans-
duced DC-treated mice exhibited moderate enhance-
ment of IL-4 production in the co-culture with B16-F10
cells (p<0.0005 compared with control spleen cells from
mice that had been treated with Ad-LacZ- and non-
transduced DC). No increase in the secretion of IL-4 was
observed with splenocytes from mice treated with Ad-
LacZ-transduced DC (p>0.05 compared with non-
transduced DC).

Requirements of CD4" and CD8" T cells

To determine the role of CD4* Tcells and CD8™ Tcells in
. the anti-tumor responses prompted by intratumoral
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Figure 5. Cytokine profile of splenocytes from tumor-bearing
mice treated by intratumoral injection of Ad-FKN-modified DC.
C57BL/6 mice bearing 8-day established subcutaneous B16-F10
tumors were treated by intratumoral injection of 7 x 10° DC
transduced with Ad-FKN (FKN-DC), Ad-LacZ {LacZ-DC), or PBES
(PBS-DC). At 10 days after the treatment, spleen cells were
isclated and co-cultured for 5 days with mitomycin C-treated
B16-F10 in 24-well culture plates. The culture medium was
collected, and the levels of mouse IFN-y and IL-4 were assayed
by ELISA. Results are shown as the mean + standard error (n=3
per data point).
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administration of Ad-FKN-transduced DC, B16 tumors
established in wild-type, CD4* T cell-deficient (CD4™"),
or CD8" T cell-deficient (CD8") C57BL/6 mice were
treated by intratumoral injection with Ad-FKN-trans-
duced DC (Fig. 6). The growth of B16 tumors in CD4™~
and CD8”" mice was not abated by the Ad-FKN-
transduced DC treatment compared with that in wild-
type mice receiving the identical treatment, and it was
similar to the growth of PBS-treated B16 tumors in wild-
type mice (days 10-18, p<0.05, CD4~~ and CD8™~ mice
compared with Ad-FKN-transduced DC-treated wild-
type mice; p>0.05 or p>0.05, CD4™~ or CD8”~ mice
compared with PBS-treated wild-type mice, respec-
tively; Fig. 6).

Discussion

In the present study, we hypothesized that genetic
modification of DC with an RGD fiber-mutant recombi-
nant adenovirus to express a T lymphocyte chemoat-
tractant, fractalkine, would enable them to attract T
lymphocytes for optimal antigen presentation, and to
initiate tumor-specific cellular immune responses for
suppressing the tumor growth. The data support this
hypothesis. Intratumoral administration 6f Ad-FKN-
transduced DC to two different types of mouse tumors
elicited therapeutic anti-tumor immunity that sup-
pressed the growth of established tumors and increased
the survival of the tumor-bearing hosts. The observed
tumor suppression was coupled with the induction of
tumor-specific CTL in vivo, and the involvement of Th1-
dominant immune responses was suggested by the
cytokine analyses. In line with the immunohistochem-
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Figure 6. The role of CD4* and CD8* T cells in suppressing
tumeor growth by intratumoral injection of Ad-FKN-modified
DC. CD4" T cell-deficient (@), CD8" T cell-deficient {A), or wild-
type C57BL/6 mice () bearing 8-day established subcutaneous
B16-F10 tumors were treated by intratumoral injection of
7 x 10° DC transduced with Ad-FKN. The size of each tumor
was assessed using calipers, and is reported as the average
tumor volume (mm? + standard error (n=5 per group). Controls
included tumor-bearing wild-type C57BL/6 mice that had been
treated by intratumoral injection of PBS alone (O).
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ical evidence that both CD4" T cells and CD8"* T cells
accumulated in the Ad-FKN-transduced DC-treated
tumors, the knockout mice experiments demonstrated
that both CD4™ T cells and CD8™ T cells are required for
the therapeutic efficacy of Ad-FKN-transduced DC
administered to established tumors.

The observations in the present study are consistent
with the concept that DC transduced to express
fractalkine efficiently initiate protective anti-tumor
immunity. DC are professional antigen-presenting cells
that take up antigens in peripheral tissues and migrate to
lymphoid organs where they present antigens to T
lymphocytes [1-3]. Several reports suggest that, in
many instances, DC cannot stimulate cytotoxic CD8* T
cells directly unless they contact activated CD4* T cells
and are stimulated by multiple ligand-receptor pairs
such as CD40 on DC and CD40 ligand on activated CD4*
T cells [14]. In this context, DC present antigenic
peptides associated with MHC class II molecules to
CD4" helper T cells, and drive their proliferation and
differentiation [1-4, 15). Therefore, the direct interac-
tion of DC and T cells is of central importance in priming
specific immune responses [4, 15-17]. This is achieved
not only by the DC migrating to the T cell-rich area of
lymphoid organs, but also by the DC themselves
producing chemokines that stimulate DC-T cell interac-
tion [4, 18). Fractalkine is one of such T cell-attracting
chemokines, and has recently been shown in vitro and in
vivo to attract subsets of activated T cells, in particular
Th1 CD4™ T cells [19). These observations suggest that
fractalkine may further enhance the encounter of
antigen-specific T cells with antigen-bearing DC, and
thus retain the DC-T cell interactions for prolonged
periods of time to achieve the T cell activation [15, 17,
18]. In keeping with this knowledge, the present study
has demonstrated that genetic modification of DC to
express fractalkine accomplishes the goal of optimal DC-
T cell interaction to induce functionally relevant cell-
mediated adaptive immune responses, such as the
suppression of tumor growth in an antigen-specific
fashion. When administered to tumors, DC which have
been modified with Ad-FKN most likely capture tumor
antigens, and present processed protein antigens of
tumor origin on MHC class II molecules. Adenovirus
vector-mediated fractalkine probably enhanced the
extent of the encounter between antigen-presenting
DC and antigen-specific CD4™ T cells, thus more
efficiently amplifying the relevant antigen-specific
immune responses. Consistent with this hypothesis,
the administration of fractalkine-transduced DC to
tumors resulted in the local accumulation of both
CD4™ Tcells and CD8™ T cells. Further evidence for this
concept comes from the observations that the Ad-FKN-
transduced DC treatment could not induce the tumor
regression in either CD4™ T cell-deficient mice or CD8™
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T cell-deficient mice, and that the intratumoral admin-
isration of Ad-FKN-transduced DC elicited IFN-vy-
secreting reactivity in spleens of the tumor-bearing mice.
Based on the chemoattractive and promotive effects
of chemokines on different leukocyte subpopulations in
vitro and in vivo, a variety of strategies for cancer
immunotherapy have been developed: the transduction
of tumor cells with chemokine genes, the injection of
recombinant chemokine protein into tumor sites, the
administration of fusion proteins combining tumor
antigen and chemokine, and the transfection of
chemokine genes into DC or stromal cells [20-22].
Studies with experimental tumor models have shown
that the introduction of chemokines including T cell
activation protein-3 (TCA-3; CCL1), monocyte chemoat-
tractant protein-1 (MCP-1; CCL2), macrophage inflam-
matory protein-la (MIP-la; CCL3), regulated on
activation normal T cell expressed and secreted
(RANTES; CCL5), hemofiltrate CC chemokine-4
(HCC-4; CCL16), macrophage inflammatory protein-
3B (MIP-3B; CCL19), macrophage inflammatory pro-
tein-3a (MIP-3a; CCL20), secondary lymphoid tissue
chemokine (SLC; CCL21), macrophage-derived chemo-
kine (MDC; CCL22), interleukin-11 receptor a-locus
chemokine (ILC; CCL27), fractalkine (CX3CL1), mono-
kine induced by y-interferon (Mig; CXCL9), y-interfer-
on-inducible protein-10 (yIP-10; CXCL10), and lympho-
tactin (XCL1), is capable of inducing anti-tumor
immunity resulting in tumor regression [21, 23-27].
Several chemokine gene modifications of DC have
been evaluated in an attempt to stimulate tumor-specific
cellular immunity through the preferential attraction of
T lymphocytes [22]. Cao er al. [28] reported that
immunization with lymphotactin gene-modified DC
pulsed with 3LL cell-specific Mutl peptide induced
specific CTL responses against 3LL tumor cells, and
could render mice completely resistant to 3LL tumor cell
challenge. Kirk et al. [29] showed that the anti-tumor
response mediated by DC pulsed with tumor lysate in a
distal immunization site of tumor-bearing mice could be
improved by genetically modifying the DC to express
SLC. Yang et al. [30] also used DC genetically modified
ex vivo to express SLC to induce anti-tumor Immunity in
a mouse tumor model. Finally, Matsuyoshi et al. [31]
compared the anti-tumor effect of DC modified to
express limphotactin, SLC, and Mig, and observed that,
among the three types of chemokine gene-modified DE,
SLC-expressing DC were the most potent in priming
tumor-specific CTL in vivo and providing the immunized
mice with protection against subsequent tumor chal-
lenge. The present study has extended the concept of
using chemokine gene-modified DC to induce the
formation of the immunological synapse that deter-
mines the class of immune response, and demonstrated
that genetic modification of DC to express fractalkine, a
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CX3C chemokine that preferentially attracts Thl cells,
enhances their capacity to elicit a Thl-poralized anti-
tumor immunity.

Materials and methods
Mice

Female C57BL/6 (H-2") and BALB/c (H-2%) mice, 6-10 weeks
old, were purchased from Japan Charles River (Atsugi, Japan).
CD4* T cell-deficient (B6.12952-Cd4™ %) and CD8" T cell-
deficient (B6.12952-Cd8a"™*M2%) mice that had been back-
crossed to the C57BL/6 background were obtained from
Jackson Laboratory (Bar Harbor, ME). Animals were housed
under specific pathogen-free conditions in accordance with the
guidelines of the institutional Animal Care and Use Commit-
tee.

Cell culture

The Colon-26 colon adenocarcinoma cell line (H-2%9), the
BALB/3T3 fibroblast cell line (H-2%), the B16-F10 melanoma
cell line (H-2%), the Lewis lung carcinoma (LLC) cell line (H-
2", and the THP-1 human monocytic leukemia cell line were
obtained from the Cell Resource Center for Biomedical
Research (Tohoku University, Sendai, Japan). The LLC cell
line was maintained in complete Dulbecco's modified Eagle's
media (10% FBS, 100 pg/mL streptomycin, and 100 U/mL
penicillin). All other cell lines were maintained in complete
RPMI 1640 media. DC were generated from mouse bone
marrow precursors in complete RPMI 1640 media with 10 ng/
mL recombinant mouse granulocyte-macrophage colony-
stimulating factor (GM-CSF; R&D Systems Inc., Minneapolis,
MN) and 2 ng/ml recombinant mouse IL-4 (R&D Systems), as
described previously [32-34].

Adenovirus vectors

The replication-deficient adenovirus vectors with an RGD fiber
mutation used in this study are based on the human AdS
genome with E1 and E3 deletions. The Ad-FKN vector and the
Ad-LacZ control vectors express the mouse fractalkine cDNA
and the lacZ cDNA, respectively, under the control of the
cytomegalovirus early/immediate promoter/enhancer. The
propagation, purification and ttration of the adenovirus
vectors were as previously described [35]. All vectors were free
of replication competent adenovirus.

RT-PCR

Total cellular RNA was extracted from the cells using ISOGEN
(Nippon Gene Co., Tokyo, Japan), and 2 ug RNA were
subjected to reverse transcription using the RNA PCR kit
(Takara Shuzo Co., Kyoto, Japan) at 42°C in a total volume of
20 pL. One tenth of the cDNA was amplified with the following
primers specific for either fractalkine or the control glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) transcripts:
for fractalkine, 5-GCTTACGGCTAAGCCTCAGA-3' and 5'-
CACTGGCACCAGGACGTATG-3"; for GAPDH, 5-ATGGT-
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GAAGGTCGGTGTGAACGGA-3' and 5'-TTACTCCTTGGAGGC-
CATGTAGGC-3'. The amplification profile was 94°C for 2 min,
36 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 90 s. One
tenth of the PCR product was resolved on a 1% agarose gel and
stained with 0.5 pg/mL ethidium bromide.

Chemotaxis assay

To determine the function of the fractalkine protein produced
by the Ad-FKN-transduced DC, the supernatant of the
genetically modified DC was obtained from the culture in
RPMI 1640 medium containing 1% FBS, and serial dilutions
(1:1,1:2, 1:3 and 1:5) were placed in the lower chambers of 5-
um pore transwell plates (Corning Costar Inc., Corning, NY).
THP-1 cells (10% cells) suspended in RPMI 1640 medium
containing 1% FBS were loaded to the upper chambers, and
incubated for 3 h ar 37°C. The number of migrating cells into
the lower chamber was determined by flow cytometric
analysis. The migration index was calculated as the number
of cells migrating into the conditioned medium divided by the
number of cells migrating into the control medium alone.

Tumor therapy model

B16-F10 cells (3 x 10%) or Colon-26 cells (2 x 10%) were
injected subcutaneously into the right flank of C57BL/6 mice
or BALB/c mice, respectively. When the tumors had grown and
could be easily palpated (day 8 for B16-F10 tumors; day 5 for
Colon-26 tumors), they were injected with 7 x 10° DC that
had been transduced with Ad-FKN, Ad-LacZ, or PBS alone (i.e.,
mock transduction) at a MOI of 100 for 3 h. The size of each
tumor was assessed using calipers, and was recorded as the
tumor volume (length x width? x 0.52). When animals
became moribund or the tumors reached 20 mm in diameter,
the mice were killed, and this was récorded as the date of death
for the survival studies. Where indicated, CD4™ Tcell-deficient
mice and CD8™ T cell-deficient mice were used for the B16-F10
tumor model.

Immunohistochemistry i

Three days after the treatment of tumor-bearing BALB/c mice
(intratumoral injection of the genetically modified DC to 5-day
established subcutaneous Colon-26 tumors), the tumors were
removed, and frozen sections of 5 um in thickness were
prepared and fixed in acetone. After blocking nonspecific
staining and endogenous peroxidase, sections were incubated
with 0.31 pg/mL anti-mouse CD4 mAb (clone RM4-5; BD
Bioscience PharMingen) or 10 pg/mL anti-mouse CD8 mAb
(clone KT15; Serotec, Kidlington, UK) overnight at 4°C [36].
After washing, the specimens were then incubated with
2.5 pg/mL Dbiotinylated rabbit anti-rat immunoglobulins
(DakoCytomation, Glostrup, Denmark) for 15 min at room
temperature. Signals were visualized with horseradish perox-
idase-conjugated streptavidin and 3-3'-diaminobenzidine
tetrahydrochloride (DAB) chromogen/substrate mixture (Ni-
chirei, Tokyo, Japan). The sections were then incubated with
2.5% methyl green for nuclear counterstaining [36].
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