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To achieve oligodendrocyte (OL)-specific gene transfer, we applied a two-step
method in which target cells were first engineered to express CD4 in a tissue-specific
manner using adenoviral (Ad) vectors and were then transduced with human
immunodeficiency viral (HIV) vectors. Primary cultures of mixed rat brain cells were
initially incubated with an Ad vector harboring the human CD4 gene under the control
of the OL-specific myelin basic protein promoter and a second Ad vector harboring the
CXCR4 gene. The cells were subsequently incubated with an HIV vector harboring the
enhanced green fluorescent protein (EGFP) gene. With this protocol, only OLs previously
transduced with the Ad vectors were transduced with the HIV vector. Furthermore,
when we injected the Ad and HIV vectors into the brains of adult rats, only OLs were
transduced. These results suggest that a combination of Ad and HIV vectors could be
useful for development of neuronal cell-specific gene transfer protocols. And because
both Ad and HIV vectors can transduce non-dividing cells, this method may enable the
in vivo targeting of any type of non-dividing cells for gene transfer just by choosing the
appropriate promoter.

Abbreviations: Ad: Adenoviral; HIV: Human Immunodeficiency Viral; EGFP: Enhanced
Green Fluorescent Protein; MBP: Myelin Basic Protein; TU: Transducing Unit; MOI:
Multiplicity of Infection; FACS: Fluorescence Activated Cell Sorting; PBS: Phosphate
Buffered Salts

Introduction

Viral vectors such as retrovirus, adenovirus (Ad), lentivirus,

Several strategies for targeting cells for gene transfer

and adeno-associated virus (AAV) are widely used in clinical
gene therapy protocols as vehicles for the delivery of genes into
mammalian cells [1-5]. One advantage of these vectors is their
ability to transduce a wide range of cell types, but this lack of
specificity is also a distinct disadvantage, especially for in vivo
gene transfer. This is because transduction of both target and non-
target cells results in massive wastage of the vector, and stable gene
transfer into non-target cells by retroviral vectors may increase the
likelihood of insertional mutagenesis in the transduced cells [6,7].
An efficient technique for targeted gene transfer would thus be a
highly desirable.

have been reported. One approach is to achieve transcriptional
targeting using a tissue-specific promoter [8,9]. With this strategy,
however, non-target cells are also transduced, even though the
promoter is silent, resulting in massive wastage of the vectors.
Another strategy is receptor-mediated targeting. For example,
many investigators have been able to achieve targeted retroviral
gene transfer through modification of the vector particles using
single chain antibody fragments [10,11] and ligand molecules [12,
13], and by using pseudo type viruses [14,15]. The low efficiency of
gene transfer is a serious disadvantage of this approach, however.
To overcome these problems, we developed a novel strategy for
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cell targeting based on tissue-specific expression of an ecotropic
retroviral receptor gene using Ad and ecotropic retroviral vectors
[16]. With this approach, we achieved efficient targeted retroviral
transduction through Ad-mediated, tissue-specific expression of a
retrovirus receptor. Unfortunately, non-dividing cells could not be
transduced using this method because cell division is required for
the retrovirally mediated gene transfer [17].

Human immunodeficiency virus (HIV)-based retroviral vectors
have several interesting features that make it potentially useful for
targeted gene transfer. Because CD4 antigen is a major receptor
for HIV entry, HIV vectors transduce only human CD4-expressing
cells [18]. In addition, the HIV vector, itself, provides receptor-
mediated targeting based on the natural tropism of viruses, and
it can transduce non-dividing cells [19]. To make full use of these
features of the HIV vector, we developed a new method that
expands the host range of the HIV vector through a two-step gene
transfer protocol [20]. Using this protocol, we were able to stably
transduce such non-dividing cells as neurons and terminally
differentiated macrophages [21], suggesting a combination of Ad
and HIV vectors is potentially useful for transduction of a variety
of non-dividing cell types. To further develop this strategy for
targeted gene transfer into non-dividing cells, in the present study
we constructed an Ad vector expressing the CD4 gene under the
control of the oligodendrocyte (OL)-specific myelin basic protein
(MBP) promoter [22,23]. We then tested whether OL-specific gene
transfer could be achieved using Ad and HIV vectors, and whether
this new method could be used for targeting gene transfer into non-
dividing cells in vivo.

Materials and Methods
Cells

Cos, 3T3, HEK293 and CD4H (CD4+ HeLa) cells [20] were
grown in Dulbecco modified Eagle medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and 100
units/ml penicillin and 100 pg/ml streptomycin (GIBCO-BRL,
Gaithersburg, MD) at 37 °C in 5% carbon dioxide. The CG4 OL cell
line was maintained and differentiated as described previously in
growth medium or differentiation medium [24]. Primary cultures
of mixed rat brain cells were prepared as previously described [25]
with some modification. Briefly, embryonic brains were minced and
dissociated by pipetting after treatment with 0.25% trypsin. After
low speed centrifugation (500rpm, 3min) to remove the debris and
filtration through a 70mm filter, the cells were grown in MEM/F12
medium (GIBCO-BRL, Gaithersburg, MD) supplemented with 10%

FBS to obtain a mixed glial culture.
Production of Ad and HIV vectors

A replication-defective Ad vector was generated using the
Saito method [20]. An Ad vector containing the CD4 gene under

the control of the MBP promoter (kindly provided by Dr. Ikenaka,
National Institute for Physiological Sciences, Okazaki, Japan) was
constructed by inserting the expression unit containing the MBP
promoter (1.3-kb HindllI fragment) [26], the coding sequence of
CD4, and the rabbit 3-globin polyadenylation signal into pAdex1w
[27]. Another Ad vector containing the CXCR4 gene [28,29] was
constructed by inserting the coding sequence of CXCR4 (kindly
provided by Dr. Matsushima, University of Tokyo, Tokyo, Japan)
into pAdex1wCA [27]. These constructs and EcoT221 digested
Ad DNA terminal protein complex were introduced together
into HEK293 cells. The recombinant Ad, Ad/MBPCD4 and Ad/
CAGCXCR4 were isolated, purified and concentrated through
cesium chloride gradient centrifugation. The titers of Ad/MBPCD4
and Ad/CAGCXCR4 were 3x10% and 1x10% PFU/ml, respectively.
An HIV vector carrying the enhanced green fluorescent protein
(EGFP) gene (HXGFP) was generated by transient transfection of
Cos cells with packaging (pCGPE) and vector (pHXGFP) plasmids
as described previously [30]. Two days after transfection, the virus-
containing supernatant was concentrated by ultrafiltration using
a CENTRIPREP 50 (Millipore Corporation, Bedford, MA) [30]. The
biological titer of the concentrated HIV vector was approximately
108 transducing units (TU)/ml when CD4H cells were used as the
target cells.

Targeted Gene Transfer into OLs

To achieve OL-specific gene transfer, we applied the two-step
gene transfer method using Ad and HIV vectors as described
previously [20]. In brief, rat brain primary mixed cultures were
incubated with Ad/MBPCD4 and Ad/CAGCXCR4 for 60min at an
MOI of 10. After two days of culture in complete medium, the cells
were incubated with HXGFP for 48 h at an MOI of 100. For in vivo
targeted gene transfer, 6- to 8-week-old Fischer 334 female rats
(Japan Clea Co. LTD., Tokyo, Japan) were anesthetized with ketamine
(100mg/kg) and nembutal (50mg/kg) and placed into a stereotaxic
frame. Thereafter, the skull was exposed, a hole was drilled over
the injection site (0.7mm anterior to bregma, 2.0mm lateral, 4.0mm
vertical) [31], and 1pl of Ad/MBPCD4 and Ad/CAGCXCR4 was
infused over period of 10min using a Hamilton syringe with a 26
gage needle. Three days later, 2ul of HXGFP were infused into the
same site. As a control, Ad/CAGLacZ (kindly provided by Dr. Saito,
University of Tokyo, Tokyo, Japan) plus Ad/CAGCXCR4 and HXGFP
or only HXGFP were injected. All experiments involving animals
were conducted according to the institutional guidelines of the
Nippon Medical School.

Flow Cytometric Analysis

Expression of CD4 or CXCR4 was analyzed by flow cytometry
(FACS Calibur, Becton Dickinson, Franklin Lakes, NJ) after staining
with fluorescein isothiocyanate (FITC)-conjugated anti-human
CD4 or phycoerythrin (PE)-conjugated anti-human CXCR4 (BD
Pharmingen, San Diego, CA).
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Immunocytochemistry and Immunohistochemistry

To identify OLs, we used anti-carbonic anhydrase II (CAII)
and anti-MBP antibodies (Dako, Hamburg, Germany) as described
previously [32,33]. The transduced mixed rat brain cells were
fixed in 4% paraformaldehyde for 15min at room temperature.
After washing three times with PBS, the cells were incubated with
anti-CAIl antibody and normal rabbit serum (Dako, Hamburg,
Germany) for 2h at room temperature. The cells were then washed
three times in PBS containing 0.03% Triton X and exposed to Texas
Red-conjugated secondary antibody with normal rat serum (Dako,
Hamburg, Germany). The stained cells were examined under a
IX/70 inverted fluorescence microscope (Olympus, Tokyo, Japan)
or analyzed by FACS Calibur. To analyze in vivo transduction of rat

Results
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Figure 1: OL-specific CD4 expression by Ad/MBPCDA4.
A. FACS analysis of Ad/MBPCD4 transduced cells.

brain, 5 days or 3 months after injection of HXGFP, the rats were
anesthetized and perfused with 4% paraformaldehyde. The brains
were then removed and transferred to PBS solution containing 20%
sucrose and stored overnight at 4 °C. The next day, 40-pm-thick
tissue sections were cut using a cryostat, after which the sections
were blocked for 1.5h in PBS containing 10% normal rabbit
serum with 0.03% Triton X and incubated with anti-CAII or anti-
MBP antibody overnight at 4 °C. The sections were then washed
three times in PBS containing 0.03%. Triton X and incubated
with rhodamine (TRITC)-conjugated secondary antibody (Dako,
Hamburg, Germany). After immunostaining, the tissue sections
were mounted on slides and visualized and photographed using
a confocal laser-scanning microscope (Leica TCSSP, Heidelberg,

Germany) as described previously [32].

* The upper panel shows a FACS analysis of Ad/MBPCD4-transduced 3T3 (a) and CG4 (b) cells
* As a control, the lower panel shows Ad/ CAGCXCR4-transduced 3T3 (c) and CG4 (d)cells.

B. Immunocytochemical analysis of mixed primary rat brain cells transduced with Ad/MBPCDA4.

* (a) Bright-field image.

* (b and c) Fluorescence microscopic images of cells double immuno stained with anti-CD4 (FITC) (b)

and anti-CAII (Texas-Red) (c)
* (d) Merged image combining b with c.

Oligodendrocytes, which are known to be myelin-forming cells,
are an important target cell for gene therapy aimed at treating such
demyelinating diseases as multiple sclerosis and metachromatic
leukodystrophy. Because OLs are postmitotic, they cannot be
transduced using moloney murine leukemia virus-based retroviral
vectors. On the other hand, both Ad and HIV vectors are able to

transduce non-dividing cells. Furthermore, Ad vectors with the
MBP promoter have proven useful for OL-specific gene expression
both in vitro and in vivo [33]. To assess OL-specific expression,
we first examined CD4 and CXCR4 expression in 3T3 and CG4
cells transduced with Ad/MBPCD4 or Ad/CAGCXCR4. Expression
of CXCR4 was detected in both cell types transduced with Ad/
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CAGCXCR4, while expression of CD4 was detected only in Ad/
MBPCD4-transduced CG4 cells (Figure 1A). We then confirmed
the OL-specific expression of CD4 using primary mixed rat brain
cell cultures. Among the different cell types transduced with Ad/
MBPCD4 only CAll-positive cells expressed CD4 (Figure 1B),
indicating that Ad/MBPCD4 selectively mediated expression in OLs.
We next evaluated the utility of our two-step gene transfer system
using mixed rat brain cells first incubated with Ad/MBPCD4. And
because non-human cells do not express CXCR4, which is a co-
receptor for HIV, these primary cells were also incubated with Ad/
CAGCXCR4. Two days later, the cells were incubated with HXGFP
and, after an additional 2 days, they were stained with anti-CAII or

anti-MBP antibody. We found that all EGFP-positive cells were also
CAll-positive (Figure 2A). In addition, FACS analysis showed that
only MBP-positive cells could be transduced with HXGFP (Figure
2B), indicating that OLs first transduced with Ad vectors were then
selectively transduced with the HIV vector. Thus transient selective
expression of CD4 molecules using Ad/MBPCD4 is apparently
sufficient to render OLs susceptible to HIV-mediated gene transfer.
To then determine whether this new method could be used in vivo
to target gene transfer into OLs, we injected the Ad and HIV vectors
into the brains of adult rats. Five days after injection of the HIV
vector, some of the rats were fixed and their brains were examined
using confocal laser-scanning microscopy.

0% 4

pasnad s cenal sosaamd s s

102 10" 10%2 10 10* ™

MBP

GFP

Figure 2: OL-specific transduction using a two-step gene transfer method.

A. Immunocytochemical analysis of primary rat brain cells transduced using a two-step gene transfer method.

* (a) Bright-field image.

* (b and c) Fluorescence microscopic images of GFP (b) and CAII (Texas-Red) (c)

* (d) Merged image combining (b) with (c).

B. FACS analysis of primary rat brain cells transduced by two-step gene transfer method.

* FACS analysis of primary rat brain cells transduced with Ad/CAGLacZ (a) or Ad/MBPCD4 (b) plus Ad/ CAGCXCR4 and
HXGFP. After immunostaining with anti-MBP, the cells were analyzed by flow cytometry.

EGFP-positive cells were not be detected in rats injected with
the control vector Ad/CAGLacZ plus Ad/CAGCXCR4 and HXGFP
or with HXGFP alone (data not shown). On the other hand, we
were able to detect EGFP-positive cells in rats injected with Ad/
MBPCD4 plus Ad/CAGCXCR4 and HXGFP (Figure 3A). Moreover,
immunohistochemical staining using anti-CAIl and anti-MBP
(not shown) antibodies revealed that all of the EGFP-positive
cells were also CAll-positive (Figures 3B & 3C) and MBP-positive,

indicating that only OLs were transduced using this two-step gene
transfer method. In some cases, the rats were not sacrificed and
analyzed until 3 months after vector injection. Notably, the results
obtained 3 months after vector injection were nearly the same as
those obtained 5 days after vector injection (Figures 3D-3F). This
strongly suggests we were able to integrate the transgene into the
host genome and obtain sustained transgene expression.
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Figure 3: Immunohistochemical analysis of rat brain stained with anti-CAII 5 days

e 5days (A, B and C) or 3 months (D, E and F) after transduction using the two-step gene transfer method.

e Confocal microscopic images of GFP-positive cells (A and B), CAll-positive cells (C, and D), and merged images (C and F)

of the transduced brain tissue sections.

Discussion

Cell targeting is particularly important for in vivo gene transfer
into brain, as stable genetic modification of some neurons or
neuronal networks could cause serious psychological changes.
Therefore, if the targeted cells are glia, undesirable gene transfer
into neurons must be avoided. Our findings show that by using a
two-step gene transfer system with Ad and HIV vectors we could
selectively transduce OLs both in vitro and in vivo. Moreover, these
findings imply that with the appropriate combination of vectors and
promoters, one could also selectively transfer genes into neuronal
cells.

The transduction efficiency for mixed primary rat brain cells
was only 4% to 5% (Figure 2B). One likely reason for the low
transduction efficiency is that the HIV vector cannot transduce
non-human cells, which do not express CXCR4. We therefore had
to use two Ad vectors to target rat OLs. On the other hand, only
one Ad vector, Ad/MBPCD4, is needed for HIV vector-mediated
gene transfer in human brain, which we would expect to increase
transduction efficiency. Another possible reason for the low
transduction efficiency is the toxicity of Ad vectors [34]. Using Ad
vectors it is difficult to achieve highly efficient transgene expression
without toxicity [35]. To overcome this problem, to used gutless Ad
vectors, which retain no viral genes and have proven to be highly

efficient with little toxicity or immunogenicity [36]. In addition,

group D Ad reportedly infects primary central nervous system cells
more efficiently than group C [37]. Thus, by using recombinant
gutless Ad vectors generated from type 17 (group D) Ad, the
efficiency of transduction into central nervous system cells using

the two-step gene transfer method may be increased.

In summary, we have developed a new method of targeted gene
transfer into OLs using Ad vectors with a tissue-specific promoter
and an HIV vector. This new method can be used with non-
dividing cells both in vitro and in vivo. Furthermore, by choosing
the appropriate promoters, this method may be useful for in vivo
targeted gene transfer into any type of non-dividing cells.
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