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Abstract
Viral gene delivery for spinal cord injury (SCI) is a promising approach for enhancing axonal
regeneration and neuroprotection. An understanding of spatio-temporal transgene expression in the
spinal cord is essential for future studies of SCI therapies. Commonly, intracellular marker proteins
(e.g., EGFP) were used as indicators of transgene levels after viral delivery, which may not accurately
reflect levels of secreted transgene. This study examined transgene expression using ELISA after
viral delivery of D15A, a neurotrophin with BDNF and NT-3 activities, at 1, 2, and 4 weeks after in
vivo and ex vivo delivery using lentiviral, adenoviral, and retroviral vectors. Further, the
inflammatory responses and viral infection patterns after in vivo delivery were examined. Lentiviral
vectors had the most stable pattern of gene expression, with D15A levels of 536 ± 38 and 363 ± 47
pg/mg protein seen at 4 weeks after the in vivo and ex vivo delivery, respectively. Our results show
that protein levels downregulate disproportionately to levels of EGFP after adenoviral vectors both
in vivo and ex vivo. D15A dropped from initial levels of 422 ± 87 to 153 ± 18 pg/mg protein at 4
weeks after in vivo administration. Similarly, ex vivo retrovirus-mediated transgene expression
exhibited rapid downregulation by 2 weeks post-grafting. Compared to adenoviral infection,
macrophage activation was attenuated after lentiviral infection. These results suggest that lentiviral
vectors are most suitable in situations where stable long-term transgene expression is needed.
Retroviral ex vivo delivery is optional when transient expression within targeted spinal tissue is
desired, with adenoviral vectors in between.
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Axonal regeneration in the adult central nervous system (CNS) depends on a critical balance
between growth-promoting and -inhibiting cues (Chen et al., 2000). Neurotrophic factors have
a potent survival, neuroprotective and growth-promoting activity on neurons both in vitro and
in vivo (Davies, 2000; Tobias et al., 2003), making them an obvious therapeutic candidate for
neurodegenerative and traumatic disorders (Nagatsu, 2002; Racine et al., 2002). The major
obstacle for the development of such therapies is the exclusion of the therapeutic molecule
from the CNS due to the selectivity of the blood–brain barrier (Pardridge, 2002), as well as
fast plasma clearance (Dittrich et al., 1994). Further, undesirable side effects of systemic
delivery of neurotrophins have been shown (Tuszynski and Blesch, 2004). To avoid these side
effects, direct delivery of neurotrophic factors into the CNS using osmotic-pumps was
employed (Olson et al., 1992). However, pump failure, variable stability, limited diffusion,
and the risk of infection are possible complications limiting the application of this approach
(Oudega and Hagg, 1996; Tan and Aebischer, 1996).

Recent advances in molecular biology offer several possibilities for therapeutic gene delivery
including purified plasmids (Piccirillo and Prud’homme, 2003), cationic lipid-mediated
delivery (Felgner et al., 1995), particle bombardment-mediated gene transfer (gene gun) (Jiao
et al., 1993), receptor-mediated endocytosis (Chen et al., 1994), and antisense oligonucleotides
(Tomita and Morishita, 2004). These non-viral methods have several advantages including
safety, ease of synthesis/modification, and unlimited transgene size. They are complicated,
however, by cytotoxicity, low efficiency, and limited target cell population (Tomita and
Morishita, 2004).

The use of viral vectors as an approach for gene therapy has been studied in many CNS
disorders including Parkinson’s disease (Lundberg et al., 1996), Huntington’s disease (Emerich
et al., 1996), Alzheimer’s disease (Rosenberg et al., 1988), and Tay-Sachs disease (Lacorazza
et al., 1996). In spinal cord injury (SCI), both ex vivo and in vivo approaches employing
genetically modified fibroblasts (Nakahara et al., 1996; Tuszynski et al., 2003), astrocytes
(Smith et al., 1996), and olfactory ensheathing cells (Ruitenberg et al., 2003) have been used
to deliver neurotrophic factors to enhance neuronal survival, axonal growth, and remyelination
(McTigue et al., 1998; Tuszynski et al., 1998). Nonetheless, significant therapeutic efficacy is
negated due to downregulation of transgene activity soon after delivery (Andersen et al.,
1992), vector cytotoxicity (Hermens and Verhaagen, 1998), or host immune response directed
against the transgene and viral proteins (Blomer et al., 1996). Further, widespread acceptance
of viral vector-mediated gene therapy as a therapeutic tool in the treatment of CNS disease is
complicated by the unknown long-term safety of their use.

In this study, we examined the temporal expression pattern of D15A, a mutant human NT-3
that binds trkB and trkC and has both BDNF and NT3 activities, after its viral-mediated delivery
into the spinal cord (Urfer et al., 1994; Strohmaier et al., 1996; Cao et al., 2005), as well as the
viral induced inflammatory responses after lentiviral, adenoviral, and retroviral gene delivery
in the spinal cord.

MATERIALS AND METHODS
Lentiviral Vector Production

The preparation and use of all viral vectors was carried out in bio-safety Level 2 laboratories
with the approval of the Institutional Biosafety Committee of the University of Louisville. We
used a third generation lentiviral vector (Invitrogen, Carlsbad, CA; for vector maps see
www.invitrogen.com/content/sfs/vectors/plenti6v5dtopo_map.pdf), that was produced
according to the manufacturer’s instructions. Briefly, we utilized the cDNA coding for D15A,
a human NT-3 mutant that binds and activates both trkB and trkC (Urfer et al., 1994). A 780-
bp fragment, containing a Kozak consensus sequence was modified using PCR to include the
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sequence CACC at the 5′ end. These four nucleotides are complimentary to the overhang
sequence GTGG in the pLenti6/V5-D-Topo vector, a requirement for the Topo cloning
reaction, the cloning site is located downstream of a CMV promoter sequence. Viral particles
were produced by transient transfection of 293FT cells (Naldini et al., 1996) with the Virapower
packaging mix (Invitrogen) containing the following plasmids: pLP1 (gag/pol), pLP2 (Rev),
pLP/VSVG, and pLenti6/V5-D-Topo/D15A, or pLenti6/V5-GW/LacZ. Forty-eight hours after
transfection, supernatants were collected and filtered. High-titer viral stocks were obtained by
ultracentrifugation at 16,000 rpm for 90 min and the pellet was re-suspended in phosphate
buffered saline (PBS) and virus stored at −80°C until use.

Adenoviral Vector Production
The cDNA encoding D15A was cloned into the E1-deleted Ad5C1-I-GFP (D15A expression
is under CMV promoter control; vector maps are available at
www.stratagene.com/vectors/maps/pdf/pshuttle-IRES-hrGFP-1.pdf) and replication-deficient
Ad5-D15A adenovirus was isolated as described previously (Gao et al., 1998). The titer
obtained was 1.1 × 1011 transforming units (TU)/ml. Before surgery, virus was diluted using
PBS to either 1 × 105, 5 × 105, or 1 × 106 TU/μl.

Retroviral Vector Production
The D15A cDNA was cloned into MSCV-I-GFP (provided by M.F. Roussel, Dept. of Genetics
and Tumor Cell Biology, St. Jude Children’s Research Hospital, Memphis, TN) and
LZRSpBMN-I-GFP (kindly provided by G. Nolan, Stanford University; for a map of the
LZRSpBMN-I-GFP vector see http://www.stanford.edu/group/nolan/) shuttle vectors. D15A
expression in both MSCV-I-GFP and LZRSpBMN-I-GFP retroviruses is under the control of
the 5′ LTR. Viral particles were produced by transient transfection of MSCV-I-GFP and VSV-
G plasmids into HEK/293 cells. Stable LZRSpBMN-I-GFP producer lines were obtained by
transfection into Φnx cells (Pear, 1997; Pear et al., 1993) and also provided by Dr. Nolan.
Media were collected, filtered, and viral titer quantified. Virus was concentrated by
ultracentrifugation as described previously (Burns et al., 1993).

Tetracycline-Inducible Retroviral System
Tet-inducible retrovirus was produced according to the manufacturer’s instructions (Clontech,
Palo Alto, CA; for vector maps see
http://orders.clontech.com/clontech/techinfo/vectors/vectorsR-S/prevTRE.shtml). Briefly,
after cloning of the D15A cDNA into pRev-TRE vector in which D15A expression is under
the control of a minimal CMV promoter, the two-virus system was produced by stably
transfecting PT67 cells (NIH/3T3-based cell line expressing 10A1 viral envelope) with pRev-
TRE-D15A to produce the first virus. PT67 cells were selected with 0.2 mg/ml hygromycin
for 7–10 days. The regulator virus was produced by stably transfecting PT67 cells with the
pRevTet-On plasmid followed by G418 selection (0.4 mg/ml) for 5–7 days. Target cells used
in the ex vivo experiment were infected with the pRevTet-On virus and subjected to G418
selection (0.4 mg/ml) for 5–7 days, then infected with pRev-TRE-D15A virus and further
subjected to hygromycin selection (0.2 mg/ml) for another 7–10 days in vitro. Before
doxycycline induction in vitro, the media was changed to DMEM supplemented with
tetracycline-free fetal bovine serum (FBS, Clontech).

Determination of Viral Titer and Vector Bioactivity
To determine the viral titer, a serial dilution of the viral stock was applied to 2 × 105 293T and
NIH3T3 cells. The dilution that resulted in 15% or less GFP+/LacZ+ cells after 48 hr was used
for calculations. Lentivirus-D15A titer was measured according to the manufacturer’s
instructions; briefly, serial dilutions (10−2 to 10−8) of viral stocks were applied to 2 × 105
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NIH3T3 cells, 4 days later blasticidin 3 μg/ml was added, and cells were maintained for 10
days. Cells were washed in PBS and stained with crystal violet. Blue-stained colonies were
counted to determine the titer. Viral titers were routinely 1–3 × 108 TU/ml. Before surgery,
virus stock was diluted with sterile saline to 1 × 105 TU/μl, 5 × 105 TU/μl, or 1 × 106 TU/μl
for injection into the spinal cord. All viral vectors used for in vivo delivery were matched for
volume and titer before delivery. All viral vectors used in the ex vivo and in vitro experiments
were matched for titer before use. Bioactivity in conditioned media of infected NIH3T3 cells
was tested by examining neurite outgrowth (Fig. 1D–F) from trkC-expressing PC12 cells
(Tsoulfas et al., 1993; Cao et al., 2005), recombinant human (rh) NT-3 was used to generate
the standard curve. Bioassay data were consistent with D15A levels determined by ELISA
(R&D Systems, Minneapolis, MN).

NT-3 ELISA was carried out according to manufacturer’s instructions. Briefly, 96-well
microplates (Costar, Cam-bridge, MA) were coated with 100 μl/well of monoclonal mouse
anti-NT-3 antibody (0.5 μg/ml; R&D Systems) diluted in PBS buffer overnight at room
temperature. The plates were then incubated for 1 hr at room temperature with blocking solution
(1% BSA in PBS). With interceding washes (0.05% Tween 20 in PBS, pH 7.4), the plates were
subject to sequential 2 hr incubations at room temperature with double aliquots of conditioned
media, cell, and protein extracts from spinal cords, or recombinant human NT-3 (rhNT-3; 0–
2,000 pg/ml; R&D Systems), biotinylated polyclonal goat anti-NT-3 antibody (200 ng/ml;
R&D Systems). The plates were then incubated sequentially for 20 min in Streptavidin-HRP
(R&D Systems), and 1:1 mixture of H2O2 and tetramethylbenzidine (R&D Systems). The color
reaction was stopped (50 μl/well of 2N H2SO4; R&D Systems) and absorbance at 450 nm was
measured using a Molecular Devices Spectramax 384+ (Sunnyvale, CA). Using serial dilutions
of known amounts of rhNT-3, this color reaction yielded a linear standard curve from 62.5–
2,000 pg.

Preparation of Purified Populations of Schwann Cells
Schwann cells (SC) cultures were isolated as described (Morrissey et al., 1991; Xu et al.,
1999). Briefly, sciatic nerves were dissected from adult rats anaesthetized with pentobarbital
sodium 40 mg/kg, I.P. After the epineurium and connective tissue were removed, nerves were
cut into 1 mm2 explants and placed in 35-mm Corning tissue culture dishes (Baxter, Stone
Mountain, GA) containing Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand
Island, NY) supplemented with 10% FBS. The explants were transferred to new culture dishes
every 7 days with fresh medium. After 3–5 weeks, explants were incubated overnight in dispase
1.25 U/ml (Boehringer Mannheim Biochemicals, Indianapolis, IN), 0.05% collagenase
(Worthington Biochemicals Corp., Freehold, NJ) and 15% FBS in DMEM at 37°C in 5%
CO2. The following day, explants were dissociated and cells were plated onto poly-l-lysine-
coated 100 mm dishes in DMEM/10% FBS, containing 20 mg/ml pituitary extract (BTI,
Stoughton, MA) and 2 mM forskolin (Sigma, St. Louis, MO).

Preparation and Transduction of Cells In Vitro
Other cell types used in the study (NIH/3T3, HEK 293FT, PT67, and Φnx) were maintained
in DMEM supplemented with 10% FBS. RN33B cells (Whittemore and White, 1993) were
grown at 33°C in DMEM/F12 supplemented with 5% FBS, and 250 μg/ml G418.

For transduction of cells for in vitro viral experiments, cells were seeded into 6-well plates at
a density of 105 cells/well. Cells were pre-treated with 4–6 μg/ml polybrene (Sigma) for 30–
60 min (Manning et al., 1971), then infected for 6–8 hr at a multiplicity of infection (MOI) of
20, resulting in 80–90% infection of the cells. Infection media were then replaced with fresh
media. Forty-eight hours later, conditioned media was collected for ELISA.
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Surgical Procedures
A total of 150 adult, female, Sprague-Dawley rats (150–175 g) were housed 1 per cage with
free access to food and water under 12-hr light:dark cycle. All surgical procedures were
approved by and carried out according to the guidelines of the Institutional Animal Care and
Use Committee and the Institutional Biosafety Committee at the University of Louisville.
Animals were anesthetized with pentobarbital (40 mg/kg IP) and placed into a stereotaxic frame
(Kopf Instruments, Tujunga, CA). The spinal cord was exposed with a laminectomy at the level
of T8, the dura incised to expose the cord, and a total volume of 1 μl of the viral stocks (1 ×
105 or 5 × 105 TU), PBS, or cell suspension (1 × 105 cell/μl) was injected into the cord using
a glass micro-pipette (outer diameter 10–20 μm for viral injection and 25–40 μm for the cell
suspension) attached to a pico spritzer (Parker Instrumentation, Fairfield, NJ). Injections were
made in the ventrolateral white matter of the cord (1 μl/injection) and the glass pipette remained
in place for 2–3 min after injection. The incision was closed in layers. For host immune
modulation, we used transient immuno-blockade of lymphocytic cells by a combination
treatment of purified monoclonal antibodies against the rat CD4 and CD45 (OX-38 and OX-22;
Pharmingen, San Diego, CA) lymphocytic receptors. Animals in the adenovirus + mAb group
received 50 μg (IP) of the combined anti-sera 24 hr before and 24 hr after the adenovirus
administration (Romero and Smith, 1998).

Tissue Processing
At 1, 2, and 4 weeks after viral injection, the rats were anesthetized deeply with pentobarbital
and transcardially perfused with 200 ml 0.1 M phosphate buffer (PB) (pH = 7.4). For ELISA
(n = 5/group), a 1-cm segment of the spinal cord spanning the injection site was removed,
homogenized in lysis buffer (20 mM Tris-HCl pH 8.0, 137 mM NaCl, 1% NP40), and
centrifuged at 10,000 rpm for 5–7 min at 4°C to remove tissue debris. Protein concentration
in each sample was estimated using the Pierce BCA Protein Assay (Pierce Chemical Co.,
Rockford, IL). Because D15A is a modified NT-3 with antibody binding epitopes preserved,
a two-site NT-3 ELISA (R&D Systems) was used to determine D15A levels in the samples.

For tissue prepared for immunohistochemistry (n = 5/group), PB perfusion was followed by
250–300 ml of ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). A 1-cm
segment of the spinal cord spanning the injection site was removed and post-fixed for 2 hr at
4°C, then transferred to 30% sucrose in 0.1 M PB for cryoprotection until sectioned on a
cryostat (Leica CM3050, Nussloch, Germany) at 20–25 μm and mounted on microscope slides.
The sections were rinsed in phosphate buffered saline (PBS), blocked, and permeabilized in
PBS containing 10% normal donkey serum (NDS) and 0.3% Triton X-100 for 1 hr at room
temperature, and incubated in primary antibody overnight at 4°C, with 5% NDS, and 0.25%
Triton X-100 in PBS. Polyclonal rabbit anti-glial fibrillary acidic protein antibody (anti-GFAP;
1:100, Chemicon, Temecula, CA), was used to identify astrocytes and monoclonal antibody
adenomatous polyposis coli (anti-APC) (1:100; Oncogene, San Diego, CA) to identify
oligodendrocytes. Monoclonal antibody anti-NeuN (1:100; Chemicon), and polyclonal
antibody anti-βIII tubulin (1:100; Promega, Madison, WI) were used to identify neurons.
Monoclonal antibodies anti-CD4 and anti-CD8 (1:100; Pharmingen, San Diego, CA) were
used to identify T lymphocytes. Microglia (both ramified and reactive) and macrophages were
stained using monoclonal antibodies anti-OX-42 and anti-ED1 (1:500; Chemicon),
respectively, as previously described (Graeber et al., 1988, 1989; Koshinaga and Whittemore,
1995). The next day, sections were rinsed in PBS and incubated in either fluorescein-
conjugated or rhodamine-conjugated Fab′ fragment secondary antibodies from donkey (1:100;
Jackson Laboratories, Baltimore, MD). Slides were washed, mounted, and examined using a
Nikon TE300 fluorescent microscope and photographed with an Olympus Fluview confocal
microscope. Figures were assembled using Adobe Photoshop and Illustrator software (San
Jose, CA).
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Morphologic Analysis
To quantify the numbers of ED1+ macrophages, sections were analyzed using a 20× objective
and the appropriate UV-filter on a Nikon E600 microscope. Starting from the center of the
injection, five sections from each animal over a distance of 2 mm were examined and ED1+

cells were counted using Imagepro Plus software (Media Cybernetics, San Diego, CA) in an
entire 20× field.

Statistical Analysis
One-way ANOVA was used to compare control values with experimental groups followed by
Tukey’s post-hoc comparison test. A P-value of <0.05 is considered statistically significant.

RESULTS
In Vitro Infection Using Lentivirus, Adenovirus, and Retrovirus

Multiple cell lines were infected in vitro with various D15A viral vectors to detect the
differences in gene expression levels between different viral delivery systems. Infection
efficiencies were 80–90% for all viruses as confirmed by immunohistochemistry (Fig. 1). Table
I shows that although similar MOI were used, some differences in protein expression levels
were noted. D15A protein levels were relatively higher after infection with both lentivirus (62–
103-fold) and adenovirus (41–175-fold) as compared to the two retroviruses LZRS (35–93-
fold) and MSCV (35–53-fold). This suggests that differences exist either in the cellular
response to viral infection or in internal regulation of gene expression between cells. Consistent
with that suggestion, retroviral expression was driven off the 5′ LTR and the lentivirus and
adenovirus from the CMV promoter. D15A levels were significantly higher (P < 0.001) in the
RN33B group than other viral groups tested or uninfected cells. There was no statistically
significant difference between the NIH3T3 cells and Schwann cells.

Retrovirus Shows Rapid Downregulation of Transgene Expression After Ex Vivo Delivery
Schwann cells were infected in vitro with matched MOI (20) using lentivirus-D15A,
adenovirus-D15A, retrovirus LZRS-D15A, and retrovirus-EGFP. After resuspension in culture
media, 1 μl containing 1 × 105 cells, with pre-injection viability of 90–95%, was injected into
the thoracic spinal cord. Transgene expression was evaluated at 1, 2, and 4 weeks (Fig. 2).
There was no statistically significant difference between the normal cord and EGFP-infected
Schwann cell grafted groups at all three time points. The group that received lentiviraly-
infected Schwann cell grafts showed significantly higher (P < 0.001) expression levels than
normal cord, EGFP-, and LZRS-infected cells at 1, 2, and 4 weeks, as well as adenovirally-
infected cells at 4 weeks. There was no significant difference between groups that received
lentivirally-infected and adenovirally-infected Schwann cells at either 1 or 2 weeks post-
grafting. In contrast, grafts of adenovirally-infected Schwann cells showed some down-
regulation over time, although D15A levels at 1 week were not significantly different from the
2-week level in groups that received both adenovirally-infected and lentivirally-infected
Schwann cells. At 4 weeks, D15A levels were significantly (P < 0.001) lower in the animals
that received adenovirally-infected cell grafts than at 1 and 2 weeks, whereas in those that
received lentivirally infected cell grafts D15A levels were not significantly different at 2 and
4 weeks. Downregulation in the animals that received retrovirally-infected cell grafts was rapid,
with significantly (P < 0.001) lower D15A levels (20-fold) at 2 and 4 weeks post-grafting.

Dose Dependency of Transgene Expression In Vivo
To compare levels of protein expression in response to different concentrations of adenovirus
and lentivirus, we tested a low 1 × 105 TU/μl (Huber et al., 2000; Jakobsson et al., 2003) and
a moderately high 5 × 105 TU/μl (Byrnes et al., 1995) dose. Expression of D15A with both
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constructs was 3-fold higher in the 5 × 105 TU/μl group at 1 week. Although not strictly 1:1,
gene expression was significantly (P < 0.001) dependent on the viral titer. There was no
statistically significant difference in D15A levels between the adenovirus and lentivirus
infected groups when the same viral titers were used (Fig. 3).

Our initial observations with lentiviral-LacZ injections showed an area of necrosis and tissue
destruction (data not shown). We were, however, able to eliminate much of that by removing
serum from the media during viral preparation in later experiments. These findings are in
agreement with previous reports showing a focal necrosis associated with the point of lentiviral
injection that was always greater than PBS injection (Zhao et al., 2003). We also saw a decrease
in NeuN immunoreactivity in the rat spinal cord after lentiviral injection. Baekelandt et al.
(2003) have observed a similar decrease in the rat brain and confirmed that this decrease was
not associated with neuronal death or apoptosis. These adverse effects are not due to the vector
transduction per se but seem to be a result of components of the culture system used in viral
preparation, which has been similarly observed in clinical trials for SCID and HIV patients
(Selvaggi et al., 1997; Tuschong et al., 2002). Several purification methods were suggested to
eliminate this immune response including sucrose gradient ultracentrifugation, although this
is associated with a decrease in viral titers, and the elimination of serum from culture system
(Baekelandt et al., 2003), which in our hands successfully reduced the tissue damage initially
observed. Virus prepared under serum-free conditions was used for all data presented in this
study.

Lentivirus produces a mild inflammatory response after in vivo delivery. We evaluated the
inflammatory response after the in vivo viral delivery for both lentivirus and adenovirus, as
well as after injection of PBS. Lentivirus produced very mild ED1+ cellular infiltration that
was confined to the injection site (Fig. 4A). Adenoviral injections induced massive ED1+

cellular infiltration that was distributed over multiple spinal segments (Fig. 4C) both rostral
and caudal to the injection site, at 1-week post-injection. Intraperitoneal injection of purified
monoclonal antibodies against the rat CD4 and CD45 (OX-38 and OX-22) lymphocytic
receptors reduced the inflammatory response (Fig. 4B). The number of ED1+ cells at 1 week
after lentivirus injection was not significantly different from animals that received PBS or
adenovirus injection combined with monoclonal antibodies OX22/OX38 (Fig. 4F). When
higher dose virus (1 × 106 TU/μl) was used, ED-1+/OX42+ cellular infiltration was also similar
in the lentivirus and adenovirus combined with mAb treated groups (Fig. 5K,L).

Lentivirus and Adenovirus Infect Mainly Astrocytes After Low Titer Injection
Histologic evaluation of the viral tropism in the spinal cord after in vivo delivery of low titer
(1 × 105 TU/μl) lentiviral and adenoviral + mAb OX22/OX38 injections showed double-
labeled cells that were mainly GFAP+ astrocytes (Fig. 4D,E). No APC+ oligodendrocytes (Fig.
4G,H) or NeuN+ neurons (Fig. 4I,J) were infected. Few ED1+ and OX42+ microglia were seen
in the area of injection (Fig. 4L,M,O,P). No CD4+ T-cell lymphocytes (Fig. 4K,N) were seen
at 1 week after lentiviral injection. The rostrocaudal extension of EGFP labeling was 3.0 ± 0.5
mm, indicating limited diffusion of virus after low titer injection. Four weeks after low titer
adenoviral + mAb OX22/OX38 injection EGFP+ cells were still seen in the spinal cord (Fig.
4Q).

High Titer Viral Injections
To evaluate viral tropism after high dose viral administration, we injected 1μl containing 1 ×
106 TU (Blomer et al., 1997; Hermens and Verhaagen 1997) of either lentivirus or adenovirus
+ mAb OX22/OX38 into the thoracic spinal cord. One week after viral injection, EGFP labeling
was spread over the entire ventral segment of the spinal cord (Fig. 5A,B). Cells resembling
ependymal cells surrounding the central canal were also infected (inset in Fig. 4A,B). βIII
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tubulin+ neurons (Fig. 5C,D) in the ventral horn of the gray matter of the thoracic spinal cord
were infected with both viruses. In addition, EGFP+/NFH+ axons were observed both in the
ventral white matter and in the ventral roots (Fig. 5E,F). The majority of infected cells in both
the white and gray matter of the spinal cord were GFAP+ astrocytes (Fig. 5G,H). No APC+

oligodendrocytes (Fig. 5I,J) were seen infected after lentiviral or adenoviral injection. ED1+

cells infiltrating the injection site were seen (data not shown) and were similar to OX-42+ (Fig.
5K,L) cellular infiltrates. None of the ED1+/OX-42+ infiltrating macrophages/microglia were
infected with either virus. The extent of EGFP labeling was 8.0 ± 3.0 mm after high titer
injection indicating substantial diffusion of viral particles.

Temporal Profile of Lentiviral- and Adenoviral-Mediated Transgene Expression After In Vivo
Delivery to the Spinal Cord

We chose the lower viral titer (1 × 105 TU/μl) to study the temporal expression of D15A after
viral-mediated delivery in vivo. Titer/volume matched vector stocks were injected into the
thoracic spinal cord and gene expression was evaluated 1, 2, and 4 weeks later (Fig. 6). ELISA
for D15A showed that although all groups were significantly higher (P < 0.001) than the basal
levels of NT-3, there was no significant difference between groups at 1-week post-injection.
Lentiviral transgene delivery showed a stable pattern of gene expression. D15A levels in the
lentivirus group were not significantly different at 1, 2, and 4 weeks, with D15A levels being
significantly higher than both adenovirus groups at 4 weeks. Adenoviral delivery of D15A
showed significant downregulation with expression levels gradually decreasing at 2 weeks
(P < 0.001) and 4 weeks (P < 0.05). D15A levels in the adenovirus group were significantly
(P < 0.001) lower than the adenovirus + OX22/OX38 group at 2 weeks and both lentivirus
(P < 0.001) and adenovirus + OX22/OX38 (P < 0.001) at 4 weeks.

Immune Suppression Eliminates Downregulation After Adenoviral Transgene Delivery In
Vivo

In light of our histologic data indicating that the OX22/OX38 monoclonal antibody treatment
reduces the inflammatory response noted after adenoviral transgene delivery, we hypothesized
that treating animals in the adenovirus group with OX22/OX38 mAb 24 hr before and after
viral injection would result in stabilization of gene expression and minimize the
downregulation of D15A expression. Our in vivo results confirmed that the use of immuno-
blockade successfully reduces downregulation of D15A after adenovirus injection. At 2 weeks
post-injection, D15A levels were significantly higher (P < 0.05) than adenovirus alone, but
were not different from lentivirus (Fig. 6). At 4 weeks post-infection, D15A levels were
significantly lower (P < 0.001) than the lentivirus group, but they were significantly higher
(P < 0.001) than the adenovirus alone group.

Inducible D15A Expression After Ex Vivo Delivery With Tet-on Vectors
Constitutive expression of transgenes may not always be desirable, as the ability to turn a gene
on or off at specific times may be therapeutically beneficial. To address the feasibility of this
approach, we used the tetracycline-inducible, Tet-on retroviral system. Schwann, RN33B, and
NIH3T3 cells were infected in vitro with the two virus Tet-inducible system. After antibiotic
selection for 1 week, induction of gene expression with the addition of doxycycline to the
culture media showed robust gene expression in vitro with increasing concentrations of
doxycycline. Although, D15A levels increased about ~50-fold over basal expression levels
with 6 μg/ml of doxycycline and was significantly (P < 0.05) higher than baseline expression,
no significant difference was found between 2, 4, and 6 μg/ml doxycycline. Baseline expression
was 40 μg/1 × 105 cells/ml/24 hr showing that the system is somewhat leaky with respect to
its trans regulation (Fig. 7A). In the initial phase of this experiment, we noted a wide range of
variation of gene expression levels in vitro, with between 5–25-fold increase observed after
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the doxycycline induction (data not shown). However, selecting stable clones using G418 for
up to 2 weeks resulted in clones that exhibited stable transgene integration and expression.

For ex vivo delivery of D15A, we injected 1 × 105 cell/μl RN33B cells into the spinal cord.
Animals were given doxycycline (1 mg/ml) in their drinking water for up to 2 weeks. D15A
expression in the spinal cord increased significantly, ~7-fold at 1 week (Fig. 7B). There was
no statistically significant difference in D15A expression between 1 and 2 weeks in animals
that received doxycycline for 2 weeks. In one group, doxycycline administration was stopped
after 1 week (light gray bars), a significant reduction (P < 0.01, 2-fold) in D15A expression at
2 weeks was observed. At 2 weeks post-grafting, D15A levels (black bars) were significantly
higher than normal (P < 0.001, 5-fold), no-doxycycline (dark gray bars) (P < 0.001, 2-fold)
and animals that received doxycycline for only 1 week (P < 0.01, 1.5-fold). Note that, at 1 and
2 weeks, levels of D15A in the absence of doxycycline are significantly higher at 1 week (P <
0.05, 3-fold) and 2 weeks after the doxycycline induction (P < 0.01, 2.5-fold) than the control
values, again reflecting the inherent leakiness of this expression system.

DISCUSSION
Transfer of therapeutically beneficial genes to the CNS is an experimental concept that
potentially can be tailored and applied to a variety of CNS disorders. This approach may be
designed according to specific therapeutic requirements. In diseases characterized by a chronic
and progressive course (e.g., Parkinson’s disease), a sustained administration of the therapeutic
molecule (Costantini et al., 2000; Johansen et al., 2002) may be appropriate, whereas for other
disorders a transient delivery may be applied. The purpose of the current study was to evaluate
various viral delivery techniques, to better understand the temporal pattern of gene expression,
as well as the inflammatory response that follows viral injection, with specific attention to the
spinal cord as a unique CNS environment.

We have chosen to compare lentiviral and adenoviral vectors because of their pantropic nature
in the nervous system after in vivo delivery. Other viral vectors used currently for gene therapy,
HSV and AAV, are mainly neurotropic (Geller et al., 1997; Buning et al., 2003) in vivo.

We show that high titer injections of adenovirus and lentivirus into the CNS are both pantropic
transducing mostly neurons and astrocytes after parenchymal injection, consistent with
previous reports (Le Gal La Salle et al., 1993; Huber et al., 2000). Ependymal cells are also
infected in our study after parenchymal injections (Fig. 4A,B) and after intra-ventricular
injection by others (Bajocchi et al., 1993). Oligodendrocytes have been only transduced in vitro
(Ohashi et al., 1995). In our hands, no oligodendrocytes were infected in vivo after viral
administration. After lentiviral injection in the mouse substantia nigra, 45% of cells were
neurons and 17% were astrocytes (Bensadoun et al., 2000), whereas in the rat brain the majority
of transduced cells were neurons (Naldini et al., 1996).

The use of a lentiviral vector pseudotype with VSV-G (Burns et al., 1993) gives this system
an extremely broad host range in the CNS (Blomer et al., 1997; Kordower et al., 1999) making
it most suitable for delivery of therapeutic molecules for different parts of the CNS where
different populations of CNS neurons and glia exist. Watson et al. (2002) used pseudotype
lentivirus with Mokola, lymphocytic choriomeningitis virus (LCMV), and VSV-G and showed
that similar populations were infected by all three types both in vitro and in vivo, with Mokola
pseudotype-virus being most efficient when injected in mouse striatum and hippocampus. In
contrast, no transduction resulted from injection of Ebola-pseudotype virus. Englund (2000)
and Falk (2002) have also shown limited efficiency of lentiviral vectors in mice. Although
many studies support the notion that VSV-G-coated lentivirus is neurotropic in the brain
(Blomer et al., 1997; Kordower et al., 1999), Jakobsson et al. (2003) provided evidence that
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VSV-G allows transduction of both glial and neuronal cells and the promoter dictates in what
cell type the transgene will be expressed. The present study detected no difference in the ability
of lentivirus and adenovirus to infect Schwann cells and other cell lines in vitro. This contrasts
with others who have shown adenovirus to be superior for infection of murine neural stem cells
(Falk et al., 2002). These discrepancies are likely due to murine-specific differences that limit
lentivirus nuclear entry and integration leading to decreased transgene production (Johansson
et al., 1999; Englund et al., 2000; Falk et al., 2002).

Lentiviral injection into the spinal cord resulted in stable transgene expression with minimal
inflammatory response and tissue damage making this system ideal for situations that require
long term delivery of therapeutic molecules to the CNS. βgal+ (data not shown) and EGFP+

cells were detected as far as 3–4 mm from the injection site for up to 4 weeks post-injection
(the longest time point evaluated). In previous studies, the extent of βgal staining ranged from
1 mm from the injection site after a 1 μl injection of 3 × 108 TU/ml (Bensadoun et al., 2000)
to several millimeters away from the injection site. In all cases, long-term expression of the
transgene was seen for periods ranging from 60 days (Zhao et al., 2003) to 6 months post-
injection (Blomer et al., 1997), with retrograde transport of the virus after injection in the spinal
cord, to the substantia nigra and the nigrostriatal (Blomer et al., 1997) .

Not unexpectedly, protein levels after adenovirus-mediated transgene delivery were dose-
dependent, although not strictly 1:1. Transgene expression also downregulated after the
administration of low titers of adenovirus (1 × 105 TU/μl). Others have used moderate (5 ×
106 TU/μl) (Romero and Smith, 1998) to high titers (1 × 109 TU/μl) (Zhou et al., 2003) in an
effort to achieve higher expression of transgene. Although we have only studied the temporal
expression after low dose virus delivery, we would anticipate the downregulation after higher
doses to be comparable to that observed here, albeit with a more intense inflammatory response.
Previous studies have shown that at higher concentrations, the majority of CNS infected cells
cease transgene expression within 2 weeks after administration or degenerate due to an immune
inflammatory response (Hermens and Verhaagen, 1997; Peltekian et al., 1997). This
downregulation of adenovirus driven expression has also been observed by others employing
it in both ex vivo (Blits et al., 1999) and in vivo (Zhou et al., 2003) approaches. Non-integrating
adenoviral vectors are almost certainly lost during cell replication, but adenovirus expression
can be persistent in grafted post-mitotic cells (Boer et al., 2001).

Monoclonal antibodies against CD4 and CD45 T lymphocyte receptors successfully reduced
transgene downregulation after adenoviral administration, contributing to significantly higher
D15A expression for up to 4 weeks post-infection. This is in agreement with previous work
by Romero and Smith (1998). Several other strategies have been developed to avoid this
downregulation and inflammation, including the use of immune suppressors (cyclosporine and
cyclophosphamide) (Dai et al., 1995), or monoclonal antibodies to CD4, CD40, and TCR
(Guerette et al., 1996; Scaria et al., 1997; Zsengeller et al., 1997). This strategy likely eliminates
only one cause for the downregulation after adenoviral gene delivery as later downregulation
may still occur due to a delayed immune response, or cell death.

Although promoter silencing can be a cause for downregulation of transgene production after
viral gene delivery, it is not in our opinion the reason for the noted differences in transgene
expression patterns between lentivirus and adenovirus noted in the present study, as both
lentiviral and adenoviral vectors used a CMV promoter to drive D15A expression. Also down-
regulation after in vivo adenoviral delivery has been reversed, at least in part, by modifying
the animal’s immune response using monoclonal antibodies against CD4 and CD45 T
lymphocyte receptors. These data are consistent with an immune-mediated removal of infected
cells in the presence of activated T cells.
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One significant finding of this study shows that although EGFP levels were histologically
detectable 4 weeks after adenoviral injection, the downregulation of D15A assessed by ELISA
was greater than what would have been predicted by the qualitative levels of EGFP. These data
indicate that using marker proteins as the sole measure to assess the temporal expression after
viral injection is problematic. Most studies have relied on his-tochemical or immunohistologic
methods to analyze the duration of transgene expression in neural cells (Bennett et al., 1994;
Akli et al., 1996) leading to difficulties of interpretations and variable conclusions. For
example, although βgal has been seen up to 2 months after adenoviral injection (Byrnes et al.,
1995), others showed rapid downregulation after in vivo and ex vivo studies using both βgal
histochemistry (Blits et al., 1999) and NT-3 ELISA (Zhou et al., 2003). Using RT-PCR to
detect GDNF mRNA, Baumgartner and Shine (1998) showed adenoviral-driven gene
expression in the spinal cord at 3 weeks, but no detectable levels at 6 weeks after adenoviral
injection. Collectively, these results indicate that direct assessment of the relevant protein
should be employed to measure transgene expression.

The ex vivo gene transfer results using the LZRS retrovirus with a constitutive 5′ LTR promoter
in Schwann cells showed rapid downregulation of gene expression by 2 weeks post-grafting.
These findings are in agreement with previous reports, which have shown variable transgene
downregulation independent of either the promoter or cell type used (Liu et al., 1999; Johansen
et al., 2002). This downregulation and variability is believed to be due to the random integration
into the host genome, and the issue has been raised about possible complications related to
permanently modifying the host genotype, triggering insertional mutagenesis and the activation
of protooncogenes in host cells (Kohn et al., 2003; Noguchi, 2003). This would likely be a
very rare event, however, and the rapid downregulation of transgene expression could prove
useful when only transient spinal cord expression is desired.

We show robust, doxycycline-dependent induction of gene expression ex vivo with the
tetracycline-regulated promoter. Basal expression levels were detectable and were significantly
higher than control animals, however, indicating incomplete transcriptional regulation in the
absence of doxycycline, highlighting one problem related to the use of this system. Blesch et
al. (2001) have shown efficient gene expression for a period of 3 months in vivo using a tet-
off system, whereas others reported varying basal expression using tet-on system in vitro
(Paulus et al., 2000) and marked downregulation immediately after transplantation into the rat
striatum (Johansen et al., 2002). Our findings are in line with the latter study, in that we report
significant basal expression both in vitro and ex vivo. The basal expression level observed in
vitro as well as in vivo in the present study may be explained by multiple factors including,
but not limited to, enhancer elements in the promoter, low affinity binding of the activator to
the tetracycline responsive element (TRE) in the absence of doxycycline, or basal activity of
the promoter (Johansen et al., 2002).

In summary, the results of the present study indicate that: 1) lentiviral-mediated gene delivery
is best suited for situations when long-term delivery of a transgene is needed, whereas ex vivo
retroviral delivery system is more appropriate for transient delivery of therapeutic molecules,
with adenoviral-driven expression intermediate; 2) the use of transgene-specific assays to
determine the protein level after delivery are more reliable and biologically relevant than the
use of marker proteins as indicators of transgene levels; and 3) protein levels are dependent on
viral titer, as greater concentrations of the therapeutic molecules can be obtained by increasing
viral dose. The caveat to this later point is that as viral loads increase, so does the extent of the
inflammatory response. Taken together, these results provide further support for the use of
viral vectors for gene transfer of therapeutic molecules aimed at enhancing regeneration after
SCI. Moreover, results indicate that multiple viral delivery approaches may be used singly or
in combination to achieve a targeted temporal, as well as spatial, delivery of transgene to the
injured CNS.
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Fig. 1.
Schwann cells were infected in vitro with either lentivirus (A), adenovirus (B), or retrovirus
(C) (MOI = 20). Cells were stained for EGFP and counterstained with Hoechst 33342. TrkC-
expressing PC12 cells (arrow heads in D) were used to determine the bioactivity of D15A.
Recombinant human (rh) NT-3 was added (100 pg/ml–1 ng/ml) to the media of PC12 cells for
3–4 days, neurite outgrowth from PC12 cells (arrow heads in E) was compared to that of
conditioned media of infected NIH3T3 cells added at a concentration range of 10–100%,
bioactive D15A in media was identified by examining neurite outgrowth (arrowheads in F)
from PC12 cells. Conditioned media at a concentration of 75–100% were similar to an NT-3
concentration of 500 pg/ml–1 ng/ml. Control PC12 cells (D) maintained on DMEM did not
show any neurite outgrowth. There was no difference between conditioned media collected
from NIH3T3 cells infected with lentivirus, adenovirus, or retrovirus. Scale bar = 40 μm. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 2.
Temporal expression of D15A in the spinal cord after ex vivo gene delivery using lentivirus,
adenovirus, EGFP, and retrovirus. Schwann cells were infected with similar MOI (20) and 48
hr later 1 × 105 cells were transplanted into the spinal cord. There was no significant difference
between normal spinal cord and EGFP-infected groups at any of the three time points. D15A
expression was significantly higher (P < 0.001) in the lentiviral-infected group than normal,
EGFP, and retrovirus infected groups at 1 and 2 weeks. No significant difference was found
between lentiviral and adenoviral infected groups at 1- and 2-weeks post-transplantation. At 4
weeks, D15A expression was significantly higher (P < 0.001) in the lentiviral-infected group
than all other groups. In the adenoviral-infected group, D15A levels were significantly lower
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(P < 0.001) at 4 weeks. Downregulation of D15A in the retroviral-infected group was rapid
with significantly lower (P < 0.001) D15A levels at 2 and 4 weeks compared to that of 1 week.
Although the lentiviral-infected group showed some downregulation with D15A levels
significantly lower (P < 0.01) at 2 weeks, D15A levels plateaued and were not significantly
different at 2 and 4 weeks. Data shown are the mean ± SD (n = 4).
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Fig. 3.
D15A protein expression is dependent on viral titer. One microliter of 1 × 105 TU/μl or 5 ×
105 TU/μl of virus was injected into the spinal cord. One week after injection, expression of
D15A was significantly (P < 0.001) higher than normal in all groups tested. D15A levels were
significantly higher after high titer adenoviral (5 × 105 TU/μl, n = 3; P = 0.001) and lentiviral
injections (5 × 105 TU/μl, n = 3/group; P < 0.001) than after the low titer injections (1 × 105

TU/μl, n = 6/group). D15A expression was not significantly different between titer matched
adenoviral and lentiviral injected groups. Data shown are mean ± SD.
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Fig. 4.
Inflammatory response and cell-specific infection by low titer lentiviral and adenoviral vectors
in the spinal cord. Photomicrographs taken within 2 mm from the injection site show
representative sections after; lentivirus (A,D,G,I,L,N,O), adenovirus + mAb OX22/ OX38
(B,E,H,J,K,M,P,Q) and adenovirus (C) injections. In both lentivirus (A) and antibody-treated
adenovirus groups (B) ED1+ cells were limited to the area surrounding the injection site
(arrows), whereas in the non-antibody treated adenovirus group (C) ED1+ cells were
widespread over the entire gray and white matter of the spinal cord. ED1+ cells were counted
(F) in five sections 2 mm from the injection site from each animal. Cells were counted using
Image-pro Plus software in an entire 20× field. The number of ED1+ cells in the adenovirus
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group were significantly higher (P < 0.001) than all other groups. There was no statistically
significant difference among PBS, lentivirus, and adenovirus + mAb groups. Data shown are
the mean ± SD, (n = 7/group). To identify cellular phenotypes infected with low titer (1 ×
105 TU/μl) lentivirus and adenovirus, sections were double-labeled for EGFP (green) and the
cell-specific markers; neurons (NeuN), oligodendrocytes (APC), astrocytes (GFAP),
microglia/macrophages ED-1/OX42, and T lymphocytes (CD4). Examination using confocal
microscopy showed that astrocytes (arrows) were infected with both viruses (D,E). In contrast,
APC+ oligodendrocytes (G,H) and NeuN+ neurons (I,J) (arrows) were not infected after both
viral injections. A decrease in NeuN immunoreactivity was also seen after lentiviral injection
but not after combined adenoviral injection and immune suppression. CD4+ T-cells were not
seen 1 week after low titer adenoviral injection with the OX22/OX38 immunosuppression (K)
or lentiviral injection (N). ED1+ macrophages (L,M) and OX42+ reactive microglia (O,P;
arrows) were not infected after either viral injection. EGFP labeling was detected at 4 weeks
after adenoviral injection with OX22/OX38 immunosuppression (arrows in Q). Data are
representative of five independent animals for each experimental group. Scale bar = 200 μm
(in A,B); 20 μm (in D–P), and 80 μm (C,Q).
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Fig. 5.
Identification of cell types infected with high titer lentivirus and adenovirus. EGFP labeling
was found in both the gray and white matter of the spinal cord after lentiviral (A,C,E,G,I,K)
and adenoviral (B,D,F,H,J,L) injections. Ependymal cells surrounding the central canal were
infected by both types of viruses that could be clearly seen at high magnifications (arrows in
A,B; insets in A and B are from adjacent sections). EGFP labeling was localized in βIII
tubulin+ neurons (C,D; arrows), NFH+ axons in the ventral white matter (E,F; arrows) and the
ventral rootlets (E,F; triangular arrow heads) associated with motor neurons as well as
GFAP+ astrocytes (G,H; arrows). In contrast, neither oligodendrocytes (I, J; arrows) nor
reactive microglia/macrophages (K,L; arrows) were labeled with EGFP. Scale bar = 200 μm
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(A,B); 40 μm (C,F and insets in A,B); 20 μm (in G,H,K,L); 13 μm (I,J). cc, central canal; VH,
ventral horn; VR, ventral root. Data are representative of n = 5 animals/group.
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Fig. 6.
Temporal expression of D15A in the spinal cord after in vivo gene delivery. Lentiviral delivery
resulted in robust and stable gene expression for up to 4 weeks post-injection. At 4 weeks post-
injection, the D15A levels were significantly higher than both adenoviral infected groups (P
< 0.001). In contrast, adenoviral infection showed significant downregulation of D15A at 2
(P < 0.001) and 4 weeks (P < 0.05) post-infection. Treatment of animals with mAb OX-22/
OX-38 successfully reduced the downregulation of adenoviral-delivered D15A expression
compared to the non-OX22/OX38 treated groups that was significantly lower (P < 0.001) than
lentivirus and adenovirus + mAb groups at 4 weeks. Data represent the mean ± SD (n = 5/
experimental group).
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Fig. 7.
Induction of D15A expression using doxycycline (Dox) in vitro (A) and in vivo (B). A: NIH/
3T3 cells were transduced in vitro using the two virus (pRev-Tre D15A and pRev-Tre Tet-on)
tetracycline inducible Tet-on system. After antibiotic selection for 1 week in vitro, increasing
Dox concentrations were added to the culture media. No significant difference was found
between 2, 4, and 6 μg/ml Dox concentrations. D15A levels at 6 μg/ml Dox were significantly
higher than baseline expression (P < 0.05). Data shown are the mean ± SD (n = 5/experimental
group). B: 1 × 105 D15A-infected RN33B cells were injected into the spinal cord. After the
addition of 1 mg/ml Dox to the animal’s drinking water, D15A levels at 1 week were
significantly higher than both normal (open bars, P < 0.001) and no-Dox (dark gray bars, P <
0.001) groups. In one group of animals, Dox administration was stopped after 1 week, which
resulted in a significant drop in D15A levels at 2 weeks (light gray bars, P < 0.001). At 2 weeks,
D15A levels in the group that received Dox for 2 weeks were significantly higher than normal
(black bars, P < 0.001), no-Dox (P < 0.001) and animals that received Dox for only 1 week
(P < 0.01). Basal expression levels were detectable and were significantly higher (P < 0.05 at
1 week and P < 0.01 at 2 weeks) than in control animals indicating incomplete transcriptional
regulation in the absence of Dox. Data shown are the mean ± SD (n = 4).
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