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Figure 3. Chemiluminescent §-Gal reporter assays with fiber-modified adenovirus vectors and mAbGE3. (A) Transfer efficiency into
PCI12 cells. The cells were lysed and assayed for §-Gal activity using a commercial kit. The left panel indicates the efficiency of
gene transfer into PC12 cells with AdvZ3-FZ33 alone (FZ33), AdvZ3-FZ33 and control mlgG, (FZ33 + mlgG,), and AdvZ3-FZ33
and mAb6E3 (FZ33 + mAb6E3). The right panel indicates the efficiency of gene transfer with AdvZ3-FdZ alone (FdZ), AdvZ3-FdZ
and control mIgG, (FdZ 4+ migG,), and AdvZ3-FdZ and mAbGE3 (FAZ + mAbGE3). Each dot represents the mean + SD of the four
experiments. (B) Transfer efficiency into C6 cells. In the same experiments with C6 cells, there were no increases in mAb6E3-targeted

gene transfer efficacy mediated by AdvZ3-FZ33 or AdvZ3-FdZ

to the manufacturer’s instructions. Specifically stained
protein bands were extracted from the gel, digested
by trypsin, and analysed by oMALDI-Qq-TOF MS/MS
QSTAR Pulsar i (Applied Biosystems Japan Ltd, Tokyo,
Japan).

Cloning and transfection of Rat
Na,K-ATPase cDNAs

The ¢DNAs of rat Na,K-ATPase «1-4 (pRc alpha 1-4)
were provided by Dr Lingrel (University of Cincin-
nati, USA). Total RNA of rat NaK-ATPase pB1-3
and ¥y a, b and ¢ was isolated from the PCI12
cells using RNeasy mini kits (Qiagen, Hilden, Ger-
many) according to the manufacturer's instructions.
The cDNA was synthesized by reverse transcriptase-
PCR. The oligonucleotide primers used to examine gene
expression were: rat NaK-ATPase fi1 forward primer
5'-AGCAGACACCATGGCCCGCGGAA-3', reverse primer
5-GTGCTTGTGATCAGCTCTTAACTTCAA-3'; rat NaK-
ATPase A2 forward primer 5"-CGTGCCTCCAAGATGGTC-
ATCCAAA-3', reverse primer 5-GGAGCCTCAGGCTTTGT-

Copyright © 2008 John Wiley & Sons, Led.
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TGATTCGA-3'; rat Na,K-ATPase A3 forward primer 5'-
TTCCACTCGCCCATCATGACGAAGA-3', reverse primer
5-GCCTACTCCTAGGCATGTGCTATGA-3; rat NaK-
ATPase ya forward primer 5-GAAATGACAGAGCTGTCA-
GCTAACCA-3"; rat Na,K-ATPase y b forward primer 5'-
TCAGCTAACCATGGTGGCAGTGCAG-3'; rar Na,K-ATPase
y ¢ forward primer 5-CCACCATGGACAGGTGGTACTTG-
GGTGGC-3'; rat Na,K-ATPase y a, b, and c reverse primer
5“TCTTCCGTCACAGCTCATCTTCATTG-3'. The resulting
c¢DNA was ligated into the pTarget vector (Promega).
Each cDNA was transfected into 293T cells using Lipofec-
tAMINE Plus reagent (Invitrogen) by incubating in Opti-
MEM medium (Gibco BRL) at 37°C for 48 h. The 293T
cells transfected with each cDNA of Na,K-ATPase and the
rat cell lines were suspended in staining medium [PBS,
2% FBS, 0.05% NaNj, and 1 mg/ml propidium iodide
(P1)] containing saturating amounts of mAb6E3 or migG,
(MOPC-21; BD PharMingen) as a control. The reactivity
of cells with mAb6E3 and mlgG, was determined by flow
cytometry using a FACS Calibur system. Dead cells defined
by positive staining with PI were gated our from the
analysis.

J Gene Med 2008; 10: 597-609.
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Figure 4. In vitro gene transfer into neuron-glia cocultures. (A) Immunofluorescent image at the MOI of 300, Cocultured neural
cells were treated with adenovirus vectors (AdvZ3-FZ33 or AdvZ3-FdZ) and mAbs (control migG; or mAb6E3). Then, they were
immunolabeled with anti-f-Gal mAb (green) and antibodies for neural markers (red; MAP2, GalC and GFAP). DAPI (blue) was
used for counterstaining of the nuclei. (B) Quantification of gene transfer efficiency into the primary neuron. The number of
f-Gal-positive neurons was counted at random in three selected fields and expressed as a percentage of all neurons at the fields

RNA interference transfection S101490307 and S101490314) or a negative control
siRNA (Qiagen AllStars negative control siRNA, caralog

PC12 cells were transfected with rat Na,K-ATPases 81- number 1027 280) using HiPerfect reagent (Qiagen).
specific siRNAs (Qiagen Atplbl siRNA, catalog number The transfection mixtures were prepared in total 100 pl
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containing 3 pl of HiPerfect and siRNA (final 5 nM) in
serum-free Opri-MEM medium. The transfection mixtures
were then transferred to 24-well plate and overlaid with
0.5ml of PC 12 cell suspension (10°/ml) in serum-
containing medium. The cells were then placed at 37°C
for the indicated times. The surface antigen recognized
by mADb6E3 was measured by flow cytometry. Mean
fluorescence intensity (MFI) ratios were calculated as MFI
of the mAb6E3 divided by MFI of corresponding migG1
k (MOPC-21) isotype control. Experiments were carried
out in triplicate. MFI ratio of transfectants were compared
and statistically analysed by Student’s t-test. p < 0.05 was
considered statistically significant.

Results

Development of monoclonal antibody,
6E3, and targeted gene transfer

To develop mAbs suitable for neuron-cell specific gene
transfer using FZ33 fiber-modified adenovirus vectors, we
immunized PC12 cells in mice and screened hybridomas
by B-Gal reporter gene assay. f-Gal activity reflects the
transfer efficiency of f-Gal gene into the PC12 cells via
the antigen recognized by the antibodies secreted from
the hybridoma. We found thar A-Gal activity of the 6E3
well was constantly higher than that of other wells in
the repeated assays. Thus, we cloned the hybridomas
from the 6E3 well by limiting dilution and established the
hybridoma, 6E3, that secrets mAb6E3 of the 1gG, kappa
isotype.

Subsequently, we examined the effects of mAb6E3 in
Adv-FZ33-mediated gene transfer into several cell lines.
As shown in Figure 1A, the efficacy of EGFP gene transfer
by Adv-FZ33, as defined by the EGFP activity of cells,
increased dramatically in the PC12 cells when the cells
were treated with both AdvEGFP-FZ33 and mAb6E3. Such
increase in the gene transfer efficacy was also observed
in the NRK kidney and MTHC-1 thymoma cell lines,
but not in the C6 glioma cell line. Notably, there were
approximately 15% of the EGFP activities in the PC12
cells even when the cells were treated with AdvEGFP-
FZ33 alone or AdvEGFP-FZ33 with the control mouse
18G, (mlIgG,). These acrivities are likely mediated via
endogenous CAR-binding domain in Adv-FZ33.

Figure 1B shows cell surface expression of the 6E3
antigen in these cell lines. In line with mAb6E3-targeted
gene transfer efficacy, PC12, NRK and MTHC-1 cells, but
not C6 cells, expressed the mAb6E3 antigen.

mADbGE3-targeted gene transfer via
Adv-FdZ

To specifically target mAb6E3 in gene transfer, we
generated FdZ type adenovirus (Adv-FdZ) rhat lacks a
CAR-binding motif. Thus, Adv-FdZ predominantly uses
the IgG-binding morif to incorporate into cells. Figure 2

Copyrighr © 2008 John Wiley & Sons, Lid.
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shows the efficacy of mAb6E3-targetted gene transfer into
the PC12 cells via AdvZ3-FZ33 and AdvZ3-FdZ. As shown,
AdvZ3-FZ33 transferred f-Gal gene into 5.2% of PC12
cells in the absence of mAb6E3, as defined by positive
staining with anti-8-Gal mAb. This is probably due to the
CAR-binding domain of AdvZ3-FZ33. By contrast, none of
the PC12 cells treated with AdvZ3-FdZ and control mlgG,
were positive for anti-A-Gal mAb. Notably, 40% of PC12
cells were stained positively with anti-f-Gal mAb when
they were treated with both AdvZ3-FdZ and mAbGE3.
These findings indicate the dependency of AdvZ3-FdZ-
mediated gene transfer on mAb6E3.

In addition, we compared the capacity of AdvZ3-FZ33
and AdvZ3-FdZ in mediating mAb6E3-targerted gene
transfer into the PC12 cells and C6 cells by chemilu-
minescent f-Gal reporter assays (Figure 3). In PC12 cells
(Figure 3A), there was a linear correlation between f-Gal
activity and viral concentration in all the experimen-
tal conditions, especially in those involving AdvZ3-FZ33.
AdvZ3-FZ33 exhibited gene transfer efficacy, which was
approximately five-fold higher in the conditions with
mAb6E3 than in those without mAb6E3. By contrast,
AdvZ3-FdZ showed approximately a 20-fold difference in
gene transfer efficacy berween the conditions in the pres-
ence and absence of mAb6E3. By contrast to PC12 cells,
addition of mAb6E3 did not increase the gene transfer effi-
cacy mediated by AdvZ3-FZ33 or AdvZ3-FdZ (Figure 3B)
in C6 cells, indicating the dependency of gene transfer on
the expression of the 6E3 anrigen. The difference in gene
transfer efficacy in the absence of mAb6E3 berween PC12
and C6 cells likely reflects their distinct expression levels
of integrins and CAR.

These findings are consistent with the structural
characteristics of AdvZ3-FdZ that lacks the CAR-binding
domain, thereby depending on 1gG-binding domain for its
gene transfer. Based upon these findings, we then focused
on Adv-FdZ in the subsequent experiments.

Neuron-selective gene transfer in
neuron-glia cocultures

Using Adv-FdZ, we examined whether mAb6E3-targeted
gene rransfer led to neuron-specific expression of the
gene product, To address this in vitro, we used a kit
composed of primary cultures from fetal rat cerebral
cortex. The culture consists of three types of cells; neuron
cells, oligodendrocytes, and astrocytes, as defined by the
expression of specific markers MAP-2, GalC, and GFAP,
respectively (Figure 4A). These mixed cell cultures were
treated with AdvZ3-FdZ or a combination of AdvZ3-FdZ
and mAbBE3. Figure 4A shows the immunofluorescent
image at the MOI of 300. A-Gal gene was introduced
into the cell culture by AdvZ3-FdZ depending on
mAb6E3, Notably, the cells positive for anti-f-Gal mAb
simultaneously were positive for anti-MAP-2 antibody.
No such correspondence was observed in the expression
of f-Gal and GalC or GFAP, indicating the specificity of
mAb6E3-targeted gene transfer via Adv-FdZ into neuron

J Gene Med 2008; 10: 507609
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Figure 5. Immunostaining of rat spinal cord tissue with mAb6E3. (A) Representative images at low magnification (x20)
(B) Representative images at high magnification (x63). Sections of rat spinal cord tissue were immunolabeled with mAb6E3
(green) and with antibodies for neural markers (red; MAP2, GalC and GFAP). DAPI (blue) was used for counterstaining. The
expression of MAP-2 and Na,K-ATPase 1 was observed mainly in the gray matter, whereas GalC and GFAP were observed in the
white matter
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FISFFAFFEF DRDLLFYEVS MDDHFLSLDE
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RYLGFCHLLL PDEQFPECF]
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IVEGCUROGA IVAVTCDGYN
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Figure 6. ldentification of mAb6E3 antigen. (A) Immunoprecipitation of PC12 cell lysate with mAb6E3. Lysates of PC12 cells
were immunoprecipitated with control migG, (left lane) and mAbGE3 (right lane). In the right lane, biotinylated proteins were
immunoprecipitated at the molecular weight of 110- and 50-kDa. (B) Silver staining of PC12 cell lysate. PC12 cell lysate was
immunoprecipitated with mAb6E3 on SDS/PAGE and then silver stained. From the sliver-stained gel, two bands at 110- and 50-kDa
(indicated by arrows) were excised from the gel and analysed by mass spectrometry, respectively. (C) Mass spectrometry of the
110-kDa protein. A band at 110 kDa was extracted from the gel, digested by trypsin, and analysed by oMALDI-Qq-TOF MS/MS
QSTAR Pulsar. Figure 6C indicates the amino acid sequence of Na,K-ATPase «1. The sequence of the peptide detected from the

110-kDa protein band is indicated in bold. (D) Mass spectrometry of the 50-kDa protein. Similar to the 110-kDa protein band, the

acid

50-kDa protein band was analysed. Figure 6D indi the
detected from the 50-kDa protein band is indicated in bold

cells. The efficacy of neuron-selective gene transfer by a
combination of AdvZ3-FdZ and mAb6E3 was in the range
65-90% in a dose-dependent manner (Figure 4B).

Distribution of mAb6E3 antigen in rat
spinal cord

To determine whether mAb6E3 is useful for neuron-
selective gene transfer in vivo, we stained rat spinal cord
rissue with mAb6E3 and a specific marker of neural
cells. Low magnification images (Figure 5A) showed
the reactivity of mAb6E3 and anti-MAP-2 antibody (a
specific marker of neurons) in the gray marter. By sharp
contrast, GalC (a specific marker of oligodendrocytes)
and GFAP (a specific marker of astrocytes) are expressed
mainly in the white matter., The high magnification
images (Figure 5B) show thar the distribution of the cells
reacting with mAb6E3 corresponds with the distribution
of MAP-2-expressing cells, but not with GalC- or GFAP-
expressing cells. These findings indicare thar mAb&E3
react specifically with neuron cells in the neural tissue.

Identification of mAb6E3 antigen

Subsequently, we identified the antigen recognized by
mAbG6E3. As shown in Figure 6A, mAb6E3 immunoprecip-
itated 110- and 50-kDa proteins from the PC12 cell lysates.
In western blot analysis with the PC12 lysate, mAbGE3

Copyright © 2008 John Wiley & Sons, Lrd.

e of Na,K-ATPase 1. The sequence of the peptide

failed to detect any proteins (data not shown). Silver stain
of SDS/PAGE where PC12 lysate had been immunopre-
cipitated with mAb6E3 revealed several protein bands,
including two bands defined by immunoprecipitation
using mAb6E3 (Figure 6B). The 110- and 50-kDa protein
were cut and analysed by mass spectromerry. This analysis
identified the extracted protein bands as rat Na,K-ATPase
o1 and g1, respectively (Figures 6C and 6D).

Na,K-ATPase has three subunits (¢, f# and y) that
usually form complexes. The & subunit has 1-4 isoforms,
the B subunit has 1-3 isoforms [25,26], and the y
subunit has three splice variants including variant a
[27], b [28] and another [29] thar we named c in the
present study. To determine the antigen recognized by
mAbGE3, we transfected each ¢cDNA of these subunits and
isoforms into 293T cells and assessed the reactivity of
these transfectants with mAb6E3. As shown in Figure 7A,
mAb6E3 did not cross-react with human cell-derived 293T
cells (NT and pTarget). Among ten transfectants, mAb6E3
reacted only with the 293T transfectant expressing the
Na,K-ATPase 1 subunit.

To further confirm the specificity of mAb6E2 to Na K-
ATPase B1 subunit, we carried out RNA interference
rransfection experiments using siRNAs specific to Na,K-
ATPase f1 subunit. As shown in Figure 7B, transfection
of PC12 with Atplbl (1) siRNA and Arplbl (2) siRNA
resulted in significant decreases in the reactivity of PC12
with mAb6E3 as compared to PC12 cells transfected with
a control siRNA.

J Gene Med 2008; 10: 597-609.
DOI: 10.1002/jgm
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Figure 7. Transfection analysis of 6E3 antigen. (A) Reactivity of mAb6E3 with 293T cells transfected with ¢cDNA of each subunit and
isozyme of rat Na,K-ATPase. The x-axis indicates the intensity of fluorescein i i (FITC)-labeled cell surface molecule. The
y-axis indicates cell counts. The 293T human cell line was transfected with each ¢DNA of ten isoforms and variants of Na,K-ATPase.
mAbGE3 only reacted with 293T cells transfected with ¢cDNA of rat Na,K-ATPase §1. NT, no treatment; pTarget, transfectants of
pTarget vector; pRC alpha 1-4, transfectants of 1-4 isoforms of the « subunit; pTarget betal-3, transfectants of 1-3 isoforms
of the # subunit; pTarget gamma a-c, transfectants of a-c variants of the y subunit. (B) Reactivity of mAb6E3 with PC12 cells
transfected with siRNAs of rat Na,K-ATPase. PC12 were transfected with rat Na, K-ATPases g 1-specific siRNAs or a negative control
siRNA using HiPerfect. The surface antigen recognized by mAb6E3 level were measured by flow cytometry. Expression levels were
calculated as mean fluorescence intensity ratio and statistically analysed by Student’s (-test. *p < 0.05 compared to control siRNA

able to efficiently assess the efficacy of mAb-targeted
gene transfer via fiber-modified adenovirus vectors. The
subsequent screening focused on the specificity of mAb-

Discussion

The primal requirements for successful gene therapy

include: (i) abundanr expression of rarger molecules on
the cell surface of targer cells; (ii) incorporation of the
gene into the targer cell; and (iii) expression of the gene
products. Our hybridoma screening procedure is designed
to quantitatively evaluate these requirements. Through
the first screening by 8-Gal reporter gene assay, we were

Copynight © 2008 John Wiley & Sons, Lid

targeted gene transfer and the identification of antigens
recognized by the mAb. As a result of these screening
procedures, we developed the hybridoma 6E3 and
identified Na,K-ATPase f£1 as the anrigen.

The immunostaining and chemiluminescent A-Gal
reporter assays revealed that the mAb-targeted pathway

J Gene Med 2008; 10: 597-609.
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showed dose-dependent increases that were the same
as the CAR-dependent pathway in gene rtransfer. These
findings indicarte that Na,K-ATPase f1 functions the same
as CAR as a target of gene transfer.

The Na,K-ATPase 1 subunit has been shown to play a
fundamental role in K* transport [30] and is distributed
in almost all organs, especially in the brain and kidney
[31]. Thus, NaK-ATPase B1 is not a neuron-specific
molecule. However, previous reports [32-36] showed
that NaK-ATPase fil1 is expressed abundantly on the
surface of neurons but poorly expressed on other types
of neural cells, such as oligodendrocytes and astrocyres.
Consistent with this, we found that the expression of
Na,K-ATPase A1 corresponded with that of MAP-2 but not
with that of GalC or GFAP in the rat spinal cord tissue.
In addition, mAb6E3-targeted gene transfer was specific
to neuron cells in primary cultures of fetal rar cerebral
cortex. The efficacy of mAb6E3-targeted gene transfer
was in the range 65-90% depending on the virus doses.
Since Cameron et al. [34] reported that the expression of
Na,K-ATPase f1 in immarture neurons is lower than that
of mature neurons, more efficient and selective gene
transfer would perhaps be possible in mature neural
tissue. Therefore, it is conceivable thar Na,K-ATPase fil is
a neuron-specific molecule in the neural tissues where it
may serve as an target for neuron-specific gene transfer.
Identification of an optimal ratio of antibodies to viruses
as well as the development of new vectors superior to
adenovirus are prerequisites for in vivo gene transfer.

In terms of clinical relevance, targeting of the Na,K-
ATPase f1 subunit may have adverse effects on cells
since it plays a fundamenral role in K* transport. In
this regard, mAb6E3 did not affect the viability or form
of the PC12 cells (dara not shown). Neuron-specific
expression of Na,K-ATPase £1 in the neural tissues prefers
the use of a mAb6E3-targeted gene transfer approach in
local neurological disorders. In this regard, Agrawal and
Fehlings [37] reported thar Na K-ATPase was involved
in the mechanism of secondary spinal cord injury. Thus,
gene transfer via Na,K-ATPase f1 may target neurons that
are secondarily injured.

Clearly, further studies including animal treatment
models are necessary to demonstrate the feasibility of
therapeutic targeting of transgene expression to neurons
using mAb6E3 and AdvZ3-FdZ. For clinical applicarion, it
is also important to determine whether mAb6E3-targeted
gene transfer can circumvent immunological reactions to
adenovirus vectors, However, there are some problems
with respect to performing an in vivo study. For example,
animal models for neural disorders and methods of
administration are not yer established. These are the
critical themes for us to overcome in our next study.

In conclusion, the present study has demonstrated
that hybridoma screening using FZ33 fiber-modified
adenovirus vectors serves as an efficient approach for
detecting antigens in mAb-targeted gene transfer. This
approach may be more broadly applicable to other
research fields. Na,K-ATPase f1 defined by mAbG6E3

Copyright © 2008 John Wiley & Sons, Ltd -
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represents a candidate molecule for neuron-selective gene
ransfer within the neural tissues.
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