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Abstract

Background Neuron-selective gene transfer is an attractive therapeutic
strategy for neurological disorders. However, optimal rargets and gene
delivery systems remain to be determined.

Methods Following immunization of mice with PC12 cells, hybridomas
were screened by f-Gal reporter gene assay using FZ33 fiber-modified
adenovirus vectors. Subsequently, the efficacy and specificity of monoclonal
antibody (mAb)-mediated gene transfer via FZ33 and FdZ adenovirus
vectors were evaluated by flow cytometry, chemiluminescent §-Gal reporter
gene assay, and immunocytochemistry. Finally, the anrigen recognized
by the mAb was identified by mass spectrometry and transfection
analysis.

Results A hybridoma clone 6E3 producing monoclonal antibody, mAb6E3,
was screened. Flow cytometry, chemiluminescent f-Gal reporter gene assay,
and immunocytochemistry with mAb6E3 and the fiber mutant adenovirus
demonstrated efficient gene transfer into the PC12 cells. Treatment of
neuron-glia cocultures with mAb6E3 and FdZ adenovirus resulted in neuron-
selective gene transfer. Immunohistochemical images of rat spinal cord tissue
showed that mAbBE3 reacts specifically with neurons. Finally, Na K-ATPase
A1 was idenrified as the antigen of mAb6E3.

Conclusions Hybridoma screening using FZ33 fiber-modified adenovirus
vectors serves as an efficient approach to detect antigens in mAb-targeted gene
transfer. Neuronal tropism in the central nervous system through mAb6E3
represents an important initial step towards neuron-selective gene transfer
in the treatment of local neurological disorders, such as spinal cord injury.
Copyright © 2008 John Wiley & Sons, Ltd.

Keywords adenovirus vector; gene therapy; Na,K-ATPase f1; neuron; targeting

Introduction

Neurological disorders that result in severe physical loss of function and
sensory disturbance remain intractable [1]. Gene therapy serves as a new
trearment modality that potentially improves the prognosis of patients with
neurological disorders [2-7]. One of the current challenges concerning gene
therapy is the delivery of adequate genes into the appropriate cells. Without
developing selective gene delivery systems, high efficacy of gene trans-
fer by virus vectors may unintentionally lead to systemic and local adverse
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effects [8]. In fact, delivery of growth factor genes that
promote regeneration of neurons also has shown to
promote glial scar formation [9-11].

Several attempts have been made for selective gene
delivery into neurons. Steffen etal. [12] reported
neuroblastoma-specific gene expression using tyrosine
hydroxylase promoter. In addition, Huang etal. [13]
developed vectors using a combination of neuron restric-
tive silencer elements, hypoxia responsive elements, and
CMV minimal promoter. These vectors allowed gene
expression selectively in neurons in a hypoxia-regulated
manner. By contrast to these promoter driven approaches,
there is another approach via specific rtarget recep-
tors. Thus far, the receptor for glial cell line-derived
neurotrophic factor and high-affinity laminin receptors
have been proposed as neuron-specific targets [14,15].
However, optimal target receptors for gene therapy for
neurological disorders remain to be defined.

Recently, fiber mutant forms of adenovirus designated
as FZ33 [16] and FdZ [17-19] have been introduced
as targeting tools. Both FZ33 and FdZ adenovirus vectors
contain the immunoglobulin (Ig) G binding morif, thereby
incorporating into target cells together with specific
IgG monoclonal antibody (mAb). In the present study,
we screened hybridomas to define those that produce
IgG mAb specifically reacting with the rar neuronal
cell line PC12. Subsequently, we evaluated the efficacy
and specificity of gene transfer into the neuron cells
by FZ33 and FdZ adenovirus vectors along with the
established mAb.

Materials and methods
Cell culture

The cell lines used were rat pheochromocytoma cell lines,
PC12; rat kidney cell line, NRK; rat glioma cell line, C6;
rat thymoma cell line, MTHC-1; human embryonic kidney
cell line, 293T; and mouse myeloma cell line, P3UIL.
All cell lines except P3U1 were cultured in Dulbecco's
modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Gibeo BRL,
Rockville, MD, USA). P3U1 was cultured in RPMI-1640
supplemented with 10% heat-inactivated FBS. All the cells
were cultured at 37 °C in a 5% CO; incubator.,

Construction of plasmids

FZ33 type adenovirus vector containing the IgG binding
233 morif at the HI loop of the Ad5S fiber knob was
generated as Adv-FZ33, as described previously [20], Adv-
FZ33 has been proven to have the ability to incorporate
into target cells via both coxsackie and adenovirus
receptor (CAR) and the 1gG binding motif [20].

FdZ type adenovirus vector is a modified form of
Adv-FZ33 wherein four amino acids, TAYT (d489-492)

Copyright © 2008 John Wiley & Sons, Lud
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in the FG loop, were deleted to ablate the CAR-
binding motif [17-19]. Detailed information regard-
ing these vectors is available on request. For
plasmid construction: the FdZ fragment containing
d489-492 and Z33 motf was generated by polymerase
chain reaction (PCR) using the primers #2201 (71-
mer; TGCCAGAATATTGGAATTTTCGAAACGGAGATCT-
CACAGAGGGTAACGCTGTTGGATTTATGCCTAACCTA)
and #2202 (29-mer; GTGGATCCTTATTCTTGGGCAAT-
GTATGA), with the pSKII + 233 plasmid as template. The
PCR product was digested with BstXl and BamHI, and
the 438 bp fragment was inserted into the BstX1/BamHI
sites of pWE6.7R-F/wt2 [21], resulting in pWE6.7R-
FdZ. pAx3isi was derived from pAx3 by inserting an
1-Scel linker/Clal adapter sequence (ATCGATATTACCCT-
GTTATCCCTAATCGAT) into the Clal site of pAx3. The
Rsrll/1-Scel fragment from pAx3isi containing the left end
of the AdS genome (4 kbp), 1-Scel/EcoRI fragment from
pAx3isi containing the central 24 kbp of the Ad5 genome,
and EcoRI/Rsrll fragment from pWE6.7R-FdZ were ligated
together, resulting in pAx3i-FdZ. From the plasmid pCAZ3
[21], p-Gal expression cassette (CAZ3, 5153 bp) was cut
by BamHI/Bglll digestion, blunted, and ligated into the
Swal site of pAx3i-FdZ, resulting in pAx3iCAZ3-FdZ.

Construction of recombinant
adenoviruses

Each cosmid was linearized by Pacl digestion and
transfected into 293 cells using LipofectAMINE 2000
reagent (Invitrogen, Carlsbad, CA, USA). Plaques arising
from the transfected 293 cells were isolated and evaluated
by restriction enzyme digestion of the viral genome. The
resultant adenoviral vectors were expanded in the 293
cells and purified by cesium chloride ultracentrifugation.
Purified viruses were dialysed in phosphate-buffered
saline (PBS) with 10% glycerol and stored at —80°C
until further use. To determine the viral concentration
(vp/ml), the viral solution was incubated in 0.1% sodium
dodecyl sulfate (SDS), and the absorbance at 260 nm
(A260) was measured [22]. The concentration was defined
as vp/ml = Azeo % (1.1 x 10'?), Before using adenovirus,
contamination with replication-competent viruses in the
viral stock was ruled out by PCR analysis using primers
described previously [23]. Adenoviral infection was
performed essentially as described previously [24].

Production and screening of
hybridomas

A female Balb/c mouse, aged 6 weeks, was injected
intraperitoneally with PBS containing 1 x 10° PC12 cells
every 10 days. The final boost was then performed with
the same number of PC12 cells intravenously 10 days
after the fifth injection. Three days after the final
boost, the mouse was sacrificed and 1 x 108 splenocytes
from the mouse were fused with 2 x 107 P3U1 cells

J Gene Med 2008; 10; 597-609
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using polyethylene glycol. When the hybridomas had
grown to approximately 50% confluence, the culture
supernatant fluid was tested for antibody activity. The
PC12 cells were prepared in 96-well microplates at a
concentration of 1 x 10* cells per well. After the removal
of the culture medium, supernatant fluid was added
to each well and the microplates were incubated for
1h at 4°C. The supernatant fluid was then removed
and the microplates were washed with PBS, Fifty
microliters of AdvZ3-FZ33 prepared in FBS-free DMEM at
a concentration of 6 x 107 vp/ml [multiplicity of infection
(MOI) = 300 vp/cell] was added to each well, and the
microplates were incubated for 1 h at 4°C. Then, the
microplates were washed twice with PBS and incubated
at 37°C in a 5% CO; incubator. Twenty-four hours
after infection, chemiluminescent f-Gal reporter gene
assays (Roche Diagnostics, Mannheim, Germany) were
performed according to the company’s recommendarions.
The hybridomas that showed high pg-Gal activity were
selected. The same assays were performed several times
on the selected wells. Finally, the hybridomas were cloned
by limiting dilution. Using a commercial kit (Roche
Diagnostics), one, 6E3, was shown to be IgG; kappa
isotype. The mouse monoclonal antibody was purified
using protein G-sepharose beads (Amersham Bioscience,
Uppsala, Sweden).

Flow cytometric analysis

In the experiments examining the efficacy of gene transfer
by Adv-FZ33 in combination with mAb6E3, rat cell
lines were prepared in 12-well plates at a concentration
of 3 x 10° cells per well, respectively. After culturing
overnight, the culture medium was replaced with 500 pl
of FBS-free DMEM in the presence or absence of the mAbs
(2 ng/ml of mAb6E3 or migG,) and incubated for 1h
at 4°C. migG,; (MOPC-21; BD PharMingen, San Diego,
CA, USA) was used as a control. Then, the microplates
were washed with PBS, Next, 500 ul of AdvEGFP-FZ33
in FBS-free DMEM at a concentration of 1.8 x 108 vp/ml
(MOI = 300 vp/cell) was added to each well, and the
plates were incubared for 1 h ar 4°C. The wells were
then washed twice with PBS and the culture medium was
added to each well. They were incubared at 37°C in a
5% CO3 incubator for 24 h. The efficiency of EGFP gene
transfer was determined by measuring green fluorescent
protein activity using a FACS-Calibur system (Becton
Dickinson, San Jose, CA, USA).

The reactivity of cell lines with mAb6E3 was also
examined by flow cytometry using FITC-conjugared
rabbit anti-mouse IgG (Dako, Glostrup, Denmark) as the
secondary antibody.

Immunofluorescent staining
Immunofluorescent staining was conducted with the PC12

cell cultures, neuron-glia cocultures, and rat spinal cord
sections.

Copyright © 2008 John Wiley & Sons, Ltd.
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The PC12 cells were prepared on collagen-coated slides
(BD Bioscience, Bedford, MA, USA) at a concentration
of 2 x 10 cells per well and incubated overnight. After
washing with PBS, the culture medium was replaced
with FBS-free DMEM in the presence of the mAbs
(1 pg/ml of mAb6E3 or migG,) and incubated for
1h at 4°C. The medium was again replaced with
FBS-free DMEM containing AdvZ3-FZ33 or AdvZ3-FdZ
(1.8 x 10® vp/ml: MOI = 300 vp/cell) and incubated for
1h at 4°C. Next, the wells were washed twice with
PBS and incubated at 37°C for 24 h. Samples were
soaked in paraformaldehyde (4% in 0.1 M phosphate
buffer, pH7.4) for 30 min ar room temperature. Then,
the samples were permeabilized with 0.2% Triton X-100
in PBS for 20 min and blocked with 0.2% Triton X-100,
0.2% bovine serum albumin, and 5% normal goat serum
(Dako, Glostrup, Denmark) in PBS for 30 min at room
temperature. Mouse anti-g-Gal monoclonal antibody
(DC1-4C7: Promega, Madison, WI, USA: 2 pg/ml) was
added to the blocking buffer and incubated for 1 h.
The samples were then incubated with Alexa Fluor 594
goat anti-mouse 1gG (1:500 Molecular Probes, Eugene,
OR, USA) as the secondary antibody for 1h. After
washing, the samples were counterstained with 4',6'-
diamidino-2-phenylindole hydrochloride (DAPI; Vector
Laboratories, Inc. Burlingame, CA, USA) and examined
under a fluorescence microscope.

For immunostaining the neuron-glia cocultures, the
Nerve-Cell Culture System (Sumitomo Bakelite Co.,
Tokyo, Japan) was used. Cells were prepared on poly
L-lysine-coated slides (BD Bioscience, Bedford, MA, USA).
After the cells had adhered and sprouted fibers, they were
rreated with the mAbs (1 ug/ml of mAb6E3 or migG,),
followed by infection with AdvZ3-FdZ as described above
ar the MOI of 100,300 and 1000. They were double-
stained with DC1-4C7 and each of the rabbit anti-MAP-
2 polyclonal antibody (1:500; Chemicon, Temecula,
CA, USA), rabbit anti-GalC polyclonal antibody (1 :500;
Chemicon) or rabbit anti-glial fibrilliary acidic protein
(GFAP) polyclonal antibody (1:500; Dako, Glostrup,
Denmark). Alexa Fluoro 488 goat anti-mouse IgG or Alexa
Fluor 594 goat anti-rabbit IgG (Molecular Probes) was
used as the secondary antibody. The number of g-Gal-
positive neurons was counted at three randomly selected
fields and expressed as a percentage of all neurons at the
fields.

For immunostaining of the spinal cord, 12-week-old,
female Sprague-Dawley rats were perfused transcardially
with PBS followed by 4% paraformaldehyde under deep
anesthesia. The spinal cord was excised at the Th10
level and fixed with 4% paraformaldehyde overnight.
The fixed spinal cord was then equilibrated in PBS
containing 30% sucrose for 24 h and then embedded
in OCT compound. Horizontal sections of the spinal cord
were made. Following permeabilization and blocking,
the sections were double-stained with mAb6E3 and each
of rabbit anti-MAP-2 polyclonal antibody, rabbit anti-
GalC polyclonal antibody or rabbit anti-GFAP polyclonal

J Gene Med 2008; 10: 597-609.
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Figure 1. Efficacy of mAb6E3-targeted gene fer and exp
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ion of the 6E3 antigens. (A) Efficiency of gene transfer into cell

lines using AAVEGFP-FZ33 and mAbGE3. Numbers in each panel indicate the percentage of cells expressing EGFP. Cell lines used
were PC12 (rat pheochromocytoma cell line), NRK (rat kidney cell line), C6 (rat glioma cell line), and MTHC-1 (rat thymoma cell
line). Treatment with AdvEGFP-FZ33 and mAb6E3 resulted in enhanced gene transfer efficacy in PC12, NRK and MTHC-1. (B) Cell
surface expression of the 6E3 antigen. Reactivity of cell lines with mAb6E3 was determined by flow cytometry. The 6E3 antigen was
expressed by PC12, NRK and MTHC-1, but not C6, which failed to show enhanced gene transfer efficacy by mAb6E3-targeted gene

transfer

antibody, followed by an incubation with the secondary
antibody.

Chemiluminescent g-Gal reporter gene
assay

PC12 and C6 cell lines were prepared in 96-well plates ara
concentration of 1 x 10* cells per well, respectively. They
were divided into six groups: AdvZ3-FZ33 alone, AdvZ3-
FdZ alone, AdvZ3-FZ33 with control migG,, AdvZ3-FdZ
with control mlgG,, AdvZ3-FZ33 with mAb6E3, and
AdvZ3-FdZ with mAbGE3, Each group was assayed with
the MOI of 300, 1000, 3000 and 10000 vp/cell. After
removing the culture medium, 50 ul of FBS-free DMEM
containing 100 ng of mAb was added to each well and
incubated for 1 h at 4°C. The medium was removed and
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the microplates were washed with PBS. Fifty microliters of
adenovirus prepared in FBS-free DMEM ar rhe indicated
concentrations was added to each well and incubared
for 1 h at 4°C. The microplates were then washed twice
with PBS and incubated at 37°C in a 5% CO3 incubator.
Twenty-four hours after infection, chemiluminescent f-
Gal reporter gene assays were performed according to
the manufacturer’s instructions. The experiments were
repeated four times.

Immunoprecipitation and mass
spectrometry

PC12 cells (4 x 107) were prepared and the cell
surfaces were biotinylated (Pierce, Rockford, IL, USA).
Membranes were solubilized on ice for 30 min in

J Gene Med 2008; 10: 597-60%
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Figure 2. Expression of §-Gal in PC12 cells treated with fiber-modified adenovirus vectors and mAb6E3. PC12 cells were treated
with adenovirus vectors (AdvZ3-FZ33 or AdvZ3-FdZ) and mAbs (control migG,; or mAbGE3). DAPI indicates counterstained nuclei.
PCI2 cells treated with AdvZ3-FZ33 showed positive reactivity with anti-g-Gal mAb regardless of whether mAb6E3 was applied in
combination. By contrast, AdvZ3-FdZ required mAb6E3 for successful gene transfer because none of the PC12 cells treated with

AdvZ3-FdZ and migG, were positive for anti-§-Gal mAb

1 ml buffer containing 1% NP40, 50 mMm Tris-HCl (pH
7.6), 150 mm NaCl, and protease inhibitor cocktail
(Roche Diagnostics). Samples were cleared of nuclear
15000 g
The samples were mixed with protein G-

fragments by centrifugation for 20 min at
ar 4°C.
Sepharose beads and incubated for 2 h at 4°C, and the
beads were then centrifuged to remove nonspecifically
bound proteins. Five micrograms of mAb6E3 and control
migG, (eBioscience, San Diego, CA, USA) were added
to the supernatant of each sample and allowed rto
incubate for 1 h at 4°C. The immunocomplexes were
precipitated by the addirtion of protein G-Sepharose beads
to each sample and incubated for 2h at 4°C. The
supernatant was discarded and the beads were washed six
times with solubilization buffer. The immunocomplexes
binding with beads were boiled for 5 min in 20 pl of
SDS sample buffer containing 5% 2-mercaptoethanol.
The 5-20% gradient
polyacrylamide gels (BioRad, Hercules, CA, USA) and
transferred onto nitrocellulose membranes (Millipore,
MA, USA). After blocking with 5% milk in TBS
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[10 mM Tris-HC1, (pH 7.5), 150 mM sodium chloride,
0.05% Tween-20], the membranes were incubated for
1h art room remperature with 20 pul (per 40 ml) of
avidin-horseradish peroxidase (Amersham Bioscience,
Bucks, England). Detection was conducted by enhanced
chemiluminescence (Amersham Bioscience) according to
the manufacturer's instructions.

For mass spectrometry, The PC12 cells (1 x 10%) were
solubilized in 20 ml buffer as described above. After
the removal of nuclear fragments by centrifugation, the
samples were mixed with protein G-Sepharose beads and
incubared over night at 4°C to remove nonspecifically
mADbGE3
control mlgG, were added to the supernatant of each
sample and allowed to incubate for 2h at 4°C The
immunocomplex was precipitated by addition of protein
G-Sepharose beads to each sample and incubated for
2h at 4°C. The samples were then separated by
SDS/PAGE as described above. The polyacrylamide gel
silver kit (Wako
Pure Chemical Industries, Ltd, Osaka, Japan) according

bound proteins. Five micrograms of and

was stained using a Silver Stain
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