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Efficacy of nonviral gene transfer in the canine brain
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Object. The purpose of this study was to evaluate the gene transfer capability and tolerability of plasmid DNA/poly-
ethylenimine (PEI) complexes in comparison with adenovirus and naked plasmid DNA in the canine brain.

Methods. Plasmid or adenoviral vectors encoding firefly luciferase were injected directly into the cerebral parenchy-
ma of five adult dogs at varying doses and volumes. Serial physical and neurological examinations, as well as blood
and cerebrospinal fluid (CSF) analyses, were conducted before and after the surgery for 3 days. Three days after gene
delivery, a luciferase activity assay and immunofluorescence analysis were used to test the brain tissue for gene expres-
sion.

Results. Injection into the brain parenchyma resulted in gene transfer throughout the cerebrum with every vector test-
ed. Luciferase expression was highest when adenovirus vectors were used. Injection of plasmid DNA/PEI complexes
and naked DNA resulted in similar levels of luciferase expression, which were on average 0.5 to 1.5% of the expres-
sion achieved with adenovirus vectors. Immunofluorescent microscopy analysis revealed that plasmid DNA/PEI com-
plexes transduced mainly neurons, whereas adenovirus transduced mainly astrocytes. No significant acute side effects
or neurological complications were observed in any of the dogs. Mononuclear cell counts significantly increased in the
CSF after adenovirus injection and modestly increased after injection of plasmid DNA/PEI complexes, suggesting that
a mild, acute inflammatory response occurred in the central nervous system (CNS).

Conclusions. Compared with rodent models that are limited by very small brains, the dog is an excellent preclinical
model in which to assess the distribution and safety of emerging gene transfer technologies. In this study, short-term
gene transfer was evaluated as a prelude to long-term expression and safety studies. The authors conclude that the viral
and nonviral vectors tested were well tolerated and effective at mediating gene transfer throughout a large portion of
the canine brain. The nonviral plasmid vectors were less effective than adenovirus, yet they still achieved appreciable
gene expression levels. Due to reduced gene transfer efficiency relative to viral vectors, nonviral vectors may be most
useful when the expressed protein is secreted or exerts a bystander effect. Nonviral vectors offer an alternative means
to genetically modify cells within the CNS of large mammals. (DOI: 10.3171/JNS-07/07/0136)

KEy WorDs ¢ adenovirus ¢ dog < genetherapy ¢ glioma

emerging treatment for neurodegenerative, genetic,

and malignant disease.>3714182127404251 Many vec-
tors, including viral vectors, naked DNA, and chemically
protected DNA complexes, are being tested for delivery of
therapeutic genes into the brain. Such vectors are com-
monly tested in rodent models that are limited by the small
size of their bodies, which does not allow assessment of
volumes and doses that could be used in humans. The sig-
nificantly different size of rodent and human brain may
partially account for discrepancies in preclinical efficacy
studies>*¢ and results obtained in human clinical trials.!-*!

G ENE transfer into the CNS has shown promise as an

Abbreviations used in this paper: CNS = central nervous system;
CSF = cerebrospinal fluid; EGF = epidermal growth factor; GFAP =
glial fibrillary acidic protein; IL = interleukin; PEI = polyethyleni-
mine; pfu = plaque-forming unit; WBC = white blood cell.
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In addition, because rodent models of malignant and neuro-
degenerative diseases are often induced artificially, they are
therefore limited in their ability to predict human clinical
responses.

Dogs, on the other hand, have very large brains com-
pared with rodents. This makes them an attractive model in
which to test gene delivery efficiency, evaluate vector and
transgene distribution, and optimize treatment protocols
prior to clinical implementation in humans. Furthermore,
dogs commonly develop malignant brain tumors and neu-
rological disorders that closely resemble the human dis-
eases.**4 Although some CNS gene therapy studies have
been performed in dogs,'*'>% this model is largely under-
utilized considering that dogs have spontaneous diseases of
the CNS that usually go untreated and the animals die or
undergo euthanasia.

Viral vectors are effective and widely used gene delivery
tools,'>20:2225:31.32 byt there are considerable benefits in devel-

J. Neurosurg. / Volume 107 / July, 2007



Efficacy of nonviral gene transfer in the canine brain

oping nonviral vectors for human gene therapy including
ease of large-scale manufacturing, elimination of the risk of
vector replication and preexisting immunity to vector, and
potential safety advantages relative to viral vectors. Nonvi-
ral vector—mediated gene transfer has caused tumor regres-
sion in human cancer patients (see the review in Ohlfest et
al.*"), including patients with malignant glioma.”* Nonviral
vectors can be delivered as naked plasmid DNA or as plas-
mid DNA “complexed” with various chemicals that facil-
itate protection from the endosome and translocation to
the nucleus. Polyethylenimine is a synthetic polycation that
has been used as a plasmid delivery vehicle for gene trans-
fer into the brains of rodent models'?4° but has never been
tested in a large animal model.

In this study we sought to determine the gene transfer
capability and tolerability of plasmid DNA/PEI complexes
compared with naked DNA and adenovirus in the CNS of
canines. This investigation represents the first application
of DNA/PEI complexes in a large animal brain at doses that
might be used in humans.

Materials and Methods
Canine Model

Five healthy adult beagles were purchased from a licensed vendor.
All dogs were kept in a clean and well-maintained canine housing
facility at the Veterinary Medical Center at the University of Min-
nesota. Our experiments were conducted according to an approved
Institutional Animal Care and Use Committee protocol and every
effort was made to minimize pain and discomfort. The housing area
was maintained in a 12-hour light/12-hour dark cycle at 22 *= 2°C
throughout the study. Every dog was fed ad libitum 220 g of stan-
dard maintenance diet daily.

Anesthesia and Surgery/Gene Delivery

Before the surgery, the dogs were premedicated with aceproma-
zine (0.01 mg/kg intramuscularly) for the sedation. An intravenous
catheter was placed in a cephalic vein and anesthesia was induced
with sodium thiopental (5 mg/kg). A cuffed endotracheal tube was
placed and a light plane of anesthesia was maintained using 2% (end-
tidal) isoflurane in 100% O, at a flow rate of 2 L/minute. Lactated
Ringers solution (10 ml/kg/hr) was administered intravenously dur-
ing anesthesia. Carprofen, a nonsteroidal antiinflammatory drug (2.2
mg/kg orally every 12 hours) and buprenorphine (0.01 mg/kg intra-
venously and subcutaneously every 4-6 hours as needed) were used
for postoperative analgesia.

A skin incision was made along the dorsal midline of the skull to
expose the sagittal crest. The fasciae of the superficial and deeper
temporalis muscles were incised and the temporalis muscles elevat-
ed and reflected laterally to expose the skull from the nasion to the
inion. Five holes were made in the skull using a 1.5-mm drill bit. The
holes were centered between the nasion and inion, approximately 1.5
cm lateral to the sagittal crest and spaced 1 cm apart. Ligatures of
3-0 polyglycolic acid suture (Vicryl) and hemostatic forceps were
used for hemostasis. An 18-gauge hypodermic needle was used to
make a stab incision in the dura mater, and the tip of the infusion
catheter was advanced 2 cm into the cerebral cortex directed in a
paramedian plane.

For bolus injections, 8.19 X 10® pfu of the adenovirus was dilut-
ed in sterile saline in a final volume of 50 pl, and five bilateral injec-
tions were given (spaced 1 cm apart at a depth of 2 cm [from the cor-
tical surface]; 5 wl/site with a total of 10 injections [five injections/
cerebral hemisphere]). Bolus injection of plasmid vectors was per-
formed identically to that of the adenovirus, only the volume was
increased to 20 wl/site, as described in the Results. Two dogs re-
ceived one injection into each cerebral hemisphere that was given at
a depth of 2 cm (from cortical surface) in a 200-pl volume over 10
minutes using a kdScientific 100 micropump. Bone wax was packed
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around the catheter in the drill hole to stabilize the catheter during in-
fusion of the vectors. The temporalis fascia was apposed with 3-0
polydioxanone in a simple continuous pattern. The superficial mus-
culature and subcutaneous tissues were closed with 3-0 polyglycolic
acid in a simple continuous pattern and the skin edges reapposed
with 3-0 Ethilon nylon in interrupted cruciate sutures.

Scale Up of RAdLuc (Firefly Luciferase)

The RAdLuc used for this study is a first-generation replication-
defective recombinant adenovirus Type 5 vector expressing firefly
luciferase under the transcriptional control of the human cytomeg-
alovirus intermediate early promoter within the E1 region. The RAd-
Luc vector seed stock was constructed as described previously.? The
vector was scaled up in our laboratory by infecting the human em-
bryonic kidney HEK 293 cell line with three infectious units/cell of
vector seed stock. Cells were harvested 72 hours later and purified
by three-step CsCl gradients as previously detailed.** The vector was
titered in triplicate by end-point dilution, cytopathic effect assay. The
titer determined was 8.19 X 10" pfu/ml. The vector preparation was
screened for the presence of replication-competent adenovirus'®+
and for lipopolysaccharide contamination (Cambrex).'** The virus
preparations used were free from replication-competent adenovirus
and lipopolysaccharide contamination. The expression of firefly lu-
ciferase encoded within the adenovirus was verified by infecting the
vector onto COS-7 cells with a multiplicity of infection of 100 pfu/
cell and measuring bioluminescence activity 72 hours later using the
Promega dual luciferase reporter assay system.

Plasmid Vectors

The plasmid DNA vector used has been described.*’ Briefly, the
expression of firefly luciferase was regulated by a strong CMV/3—
actin chimeric promoter. Plasmid DNA used in this study was pre-
pared using a Qiagen endotoxin-free Maxi prep kit. Linear 22-
kD PEI (ExGen 500) was purchased from Fermentas (Lithuania).
The DNA/PEI complexes were prepared as previously described.*
Naked DNA was diluted in sterile 5% dextrose immediately prior to
gene delivery.

Monitoring and Killing of Dogs

The dogs’ body temperatures were taken with a rectal thermom-
eter. Blood and CSF samples, from the cisternae magnae, were
collected immediately before surgery and 3 days thereafter. Com-
plete blood count, serum chemistry analysis, urinalysis, and CSF
evaluation were performed by associates in the clinical pathology de-
partment in the Veterinary Medical Center at the University of Min-
nesota. Three days after surgery the dogs were killed by intravenous
administration of sodium pentobarbital (200 mg/kg). Thereafter, all
dogs were perfused with freshly prepared Tyrode solution (132 mM
NaCl/1.8 mM CaCl, 0.32 mM NaH,PO, 5.56 mM glucose/11.6 mM
NaHCO; 2.68 mM KCl) with 500 U of heparin with O, aeration by
cardiac perfusion. In the dog brain that was to be used for immuno-
fluorescence, tyrode perfusion was followed by perfusion with 4%
paraformaldehyde. The right cerebral hemisphere of the adenoviral-
ly treated dog was homogenized after tyrode perfusion, and the left
hemisphere was then placed in 4% paraformaldehyde for immuno-
fluorescence.

Luciferase Assays

Each brain was split into two cerebral hemispheres to be assayed
separately. The procedure for vector injection and dissection for
gene expression analysis is summarized in Fig. 1. The cerebellum
and brainstem were discarded. As shown in Fig. 1D, each hemi-
sphere was cut into three arbitrary regions of equal depth (measured
by ruler); the dorsal (superior), medial, and ventral (inferior) pieces
of brain were then homogenized mechanically in 1X tissue lysis
buffer (Promega). Luciferase assays were conducted using dog brain
lysates with a Promega luciferase assay kit according to the man-
ufacturer’s instructions. In Fig. 2 lower, the whole-brain luciferase
activity is shown; lysates from all three slices of brain tissue were
pooled and assayed. The background luciferase activity was deter-
mined by assayed brain tissue obtained in a healthy (noninjected)
dog.
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Immunofluorescence Evaluation

Thirty-micrometer-thick coronal sections were cut through the
striatum by using a microtome. Free-floating immunofluorescence
was undertaken to detect firefly luciferase, in combination with neu-
ronal NeuN and glial (GFAP) markers. Sections were blocked with
5% donkey serum (Jackson Immuno Research Laboratories, Inc.)
and permeabilized with 0.3% Triton X100 from Fisher Scientific
for a 1-hour incubation period before application of the primary
antibody. We used rabbit anti-GFAP (Dako Corp.; 1:200 dilution)
to detect glial and goat anti-luciferase antibody (Abcam, Inc.; 1:
200 dilution) and NeuN antibody to detect mature neuronal cells
(Chemicon, Inc.; 1:200 dilution) as primary antibody. The second-
ary antibody used for fluorescence detection was donkey anti—goat
Alexa488 (Molecular Probes; 1:200 dilution) and anti-rabbit Cy5
and anti-mouse Cy3 (Jackson Immuno Research Laboratories, Inc.;
1:200 dilution both). The primary antibodies were incubated over-
night at 4°C. The secondary antibody was added the following day
for 1 hour at room temperature. All the incubation processes were
performed on an orbital shaker. A Bio-Rad MRC 1024 confocal la-
ser head on an upright microscope from Carl Zeiss Microlmaging,
Inc., was used for observation of stained sections for immunofluo-
rescence. For observation of H & E—stained slides, we used a Zeiss
Atto Arc HBO 110W upright Microscope.

Results

Analysis of Gene Transfer Efficiency and Cell-Type
Specific Expression by Luciferase Activity and
Immunofluorescence Techniques

Adult beagles received injections of adenoviral or plas-
mid vectors encoding firefly luciferase into the brain paren-
chyma under several conditions (injection procedures sum-
marized in Fig. 1). As a positive control for gene transfer
and expression, one dog received five bilateral injections
of adenovirus into each cerebral hemisphere (5 wl per
injection, total of 10 injections). Three days after vector
administration, the brain was removed, and the cerebral
hemispheres were separated for each half to be analyzed
individually. In the adenovirally injected dog, the left hemi-
sphere was immediately fixed for subsequent luciferase
immunostaining; the right hemisphere was cut into three
equal pieces (a dorsal, medial, and ventral one-third por-
tion), and each section was assayed for gene expression us-
ing a luciferase activity assay to determine vector distribu-
tion.

The highest luciferase expression was found in the medi-
al portion of the brain where the vector was injected (Fig. 2
upper). However, significant luciferase expression was also
found above (dorsal third) and below (ventral third) the
injection sites, indicating that adenovirus diffused from the
injection site (Fig.2 upper). Accordingly, luciferase immu-
nofluorescence (Fig. 3) revealed that luciferase-positive
astrocytes were found mainly near the needle track (Fig.
3B left). Rare luciferase-positive cells were also found in
the ventricles, suggesting that some vector diffused into the
CSF (Fig. 3B right). To quantify the relative distribution
of luciferase-positive cells, the number of positive cells in
multiple coronal sections of brain was counted and the dis-
tance from the needle track was noted (Fig. 3C). Consistent
with the luciferase activity assay (Fig. 2 upper), this his-
tological quantitation revealed that the majority of trans-
duced cells were near the injected region (medial third of
the hemisphere).

The second dog received five bilateral injections of plas-
mid DNA/PEI complexes such that the left cerebral hemi-
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Fic. 1. A: Image showing that all plasmid and adenoviral vectors
were injected 2 cm beneath the surface of the cortex. B: Schemat-
ic showing the bolus injection sites (arrows). One dog was given
five bilateral injections of RAdLuc (5 pl/site). Two dogs were given
five bilateral injections of plasmid DNA, naked (one animal) or
complexed in PEI (one animal) in a volume of 20 pl/site. C: Sche-
matic demonstrating the vector infusion sites (arrows) for slow in-
fusion. Two dogs were given one bilateral injection of DNA/PEI
complexes (200 wl/site over 10 minutes). D: Schematic depicting
the brain processing for luciferase assays. The left and right cerebral
hemispheres were separated. Each hemisphere was sliced into three
arbitrary sections (dorsal, medial, and ventral) of equal thickness
(dotted lines). Each slice of tissue was then homogenized and as-
sayed for luciferase expression. The cerebellum and brainstem were
discarded before assay (solid line).

sphere was injected with a total dose of 50 ng of DNA
complexed in six equivalents of PEI (N/P ratio = 6; 20
wl per injection, five total injections). The right hemisphere
was injected identically, only with 10 Eq PEI (N/P ratio =
10). Three days after vector injection, the brain was re-
moved and both cerebral hemispheres were cut into thirds,
homogenized, and assayed for luciferase activity. Similar
to the adenovirally injected dog, luciferase expression was
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FI1G. 2. Graphs. Upper: Dogs were bilaterally injected intrace-
rebrally with 8.19 X 108 pfu of RAdLuc, plasmid DNA/PEI com-
plexes (50 pg; N/P ratio = 6), or naked DNA (50 pg). One vector-
treated cerebral hemisphere obtained in each dog was sliced into
three sections (dorsal, medial, and ventral) of equal size, homoge-
nized, and assayed for luciferase activity. Lower: Note the lucifer-
ase activity of pooled lysates from the entire cerebral hemisphere
(normalized to expression in adenovirally injected brain). RLU =
relative light unit; s = second.

detected in all three sections (dorsal-ventral), indicating
widespread gene expression from injection into the medial
region. The net charge of the DNA/PEI complex was most
effective at an N/P ratio of 6 (Fig. 2 lower).

A third dog received five bilateral injections of naked
plasmid DNA; the left cerebral hemisphere was injected
with a total dose of 50 g DNA (20 wl per injection, five
total injections). The right hemisphere was injected identi-
cally with a total dose of 350 wg naked DNA. The brain
was processed similarly to the DNA/PEI-injected brain in
the aforementioned process; both hemispheres were split
into thirds and assayed for luciferase activity. Similar to
adenovirus and DNA/PEI complexes, naked DNA gene
expression was detected in all three sections of each hemi-
sphere (Fig. 2 upper). The injected hemisphere that re-
ceived a 50-ng dose had similar luciferase activity to the
contralateral hemisphere injected with 350 pg (Fig. 2 low-
er).

Two other dogs were injected with 100 g plasmid
DNA/PEI complexes in 200 wl over 10 minutes into one
site of each cerebral hemisphere (two total injections per
dog). The left hemisphere was injected with more neutral-
ly charged complexes (N/P ratio = 6) compared with the
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right hemisphere (N/P ratio = 10). Three days after vector
administration, the brains were fixed and immediately pro-
cessed for luciferase immunofluorescent analysis. Nearly
all luciferase-positive cells colocalized with NeuN, a ma-
ture neuronal marker (Fig. 3A). We observed no significant
difference in the abundance of luciferase-positive cells
between the left and right hemispheres (data not shown).
To quantify the distribution of luciferase-positive cells, the
cells were counted under a fluorescence microscope and
their distance from the needle track was noted. In agree-
ment with the luciferase activity measured on brain lysates,
noticeably fewer cells were counted in the dog treated with
DNA/PEI complexes. The most luciferase-positive cells
were located near the needle track in the adenovirus-treat-
ed dogs (Fig. 3B and C). Only rare luciferase-positive cells
were seen in the ventricles, indicative of vector diffusion in
the CSF.

Side Effects of Gene Delivery

The dogs’ body temperatures were mildly elevated but
remained within the normal range after injection in all cas-
es, except in one dog that received a bolus injection of
DNA/PEI complexes (Fig. 4). This same dog experienced
a mild, acute fever within 12 hours of injection that re-
solved within 24 hours.® The CSF analyses showed normal
findings, with fewer than 5 WBC/ul in all five dogs pri-
or to gene delivery/surgery. Three days after gene transfer,
all dogs that received plasmid DNA had mild to moderate
mononuclear pleocytosis (Table 1). The adenovirally treat-
ed dog had a marked increase in mononuclear cells in the
CSF. This could be due to leakage of the vector into the
CSF. The results of H & E staining of brain tissue sur-
rounding the needle track were consistent with the WBC
counts in the CSF; adenovirally injected brain exhibited
a noticeable increase in mononuclear cell infiltrates sur-
rounding the needle track relative to DNA/PEI injection
(Fig. 5).

In all dogs we observed mild to moderate mature neu-
trophilia 24 hours after injection. The WBC counts in the
blood returned to the normal range in all dogs that received
plasmid DNA. The mild mature neutrophilia persisted 3
days after injection in the dog that had the adenoviral injec-
tion. There were no abnormalities in the serum chemical
and urine analyses in any dog before or after injection, indi-
cating an absence of acute organ damage (Table 2). In one
dog we documented signs of neurological abnormality after
gene delivery. The dog that received five bilateral bolus in-
jections (10 total) of DNA/PEI complexes exhibited mild
ataxia on recovery from anesthesia; these signs resolved
within 24 hours.

Discussion

The current study represents the first assessment of
the efficacy and tolerance related to the administration of
DNA/PEI complexes into a large mammalian brain. De-
spite the fact the PEI-mediated transfection exhibits tox-
icity in cultured mammalian cells,* findings in studies
in mice'?** and the current study indicate that DNA/PEI
complexes are well tolerated when administered into the
CNS. One dog in the present study developed acute ataxia
after bolus injections of DNA/PEI complexes. Most of the
brain tissue in this study was homogenized for luciferase
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FiG. 3. Photomicrographs and bar graph. A: Dogs received a bilateral injection of 100 g plasmid DNA/PEI com-
plexes or 8.19 X 10® pfu adenovirus encoding luciferase (Luc) into each cerebral hemisphere. Luciferase immunofluo-
rescence staining was conducted along with markers for mature neurons (NeuN) and astrocytes (GFAP). Adenovirus
transfected mainly astrocytes (left column), whereas plasmids transfected mainly neurons (right column). Original magni-
fication X 40. B: Representative images of luciferase immunofluorescence. Staining in the adenovirus-treated dog was
most intense in areas surrounding the needle track (/eft). Luciferase-positive cells were also noted several centimeters away
from the injection sites lining the ventricles (right). Original magnification X 20. C: Luciferase-positive cells were count-
ed in serial brain sections obtained in dogs treated with adenovirus or DNA/PEI complexes (four sections/dog brain). The
distance from the needle track in any direction was noted and the majority of positive cells were within 1 mm of the nee-
dle track. There were significantly more luciferase-positive cells near the needle track in the adenovirus-treated dog than
the DNA/PEI complex—treated dog. Error bars represent the standard deviations. *p = 0.05 (Student t-test).
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activity assays, which precluded histological analysis of the
brain obtained in the ataxic dog. Note that the ataxia re-
solved within 24 hours. It is possible that any manipulation
of the brain, such as simple insertion and removal of 10
needles or catheters may have caused mild signs of neu-
rological deficits. All dogs receiving DNA/PEI complexes
had elevated levels of mononuclear cells in the CSF after
gene delivery. Injection of the adenovirus caused a more se-
vere pleocytosis compared with naked DNA and DNA/PEI
complexes, suggesting that the plasmids may be less in-
flammatory. We have previously shown in rodent models
that adenovirus can cause acute inflammation, which is
transient and does not affect the levels or duration of trans-
gene expression.?3133474 Alternatively, this could also be
due to minor leakage of the adenoviral vectors into the
CSF, which has been previously shown to cause inflamma-
tion in rodent models.®* In addition, it is worth noting that
DNA/PEI complexes have been shown not to cause any ap-
parent toxicity after direct administration into the urinary
bladders in two patients with refractory bladder cancer.”
The dogs treated with DNA/PEI complexes were followed
for 3 days in the present study, which precluded us from
collecting data pertaining to long-term safety. Now that we
have demonstrated the feasibility of using DNA/PEI com-
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TABLE I

Summary of WBC levels measured
in the CSF of vector-treated dogs*

WBC in CSF (ul)

Vector Before Injection 3 Days After Injection
adenovirus bolus 1 485
DNA/PEI bolus 0 29
naked DNA bolus 0 7
DNA/PEI (10 mins) 4 45
DNA/PEI (10 mins) 1 25

plexes to transduce the CNS in the present study, further
studies involving long-term end points are justified to es-
tablish the long-term impact and duration of transgene ex-
pression mediated by DNA/PEI complexes.

The highest levels of gene expression measured by the
luciferase activity assay and by immunofluorescence were
near the needle track. Peak gene expression was in this me-
dial region where the needle tip was positioned during in-
jection (Figs. 1 and 2), with the majority of luciferase-pos-
itive cells near the needle track (Fig. 3B and C). This is not
surprising because the injected vector was most likely at
high concentration near the needle track. In using the activ-
ity assay we also noted luciferase expression in the dor-
sal and ventral portions of brain tissue (Fig. 2). Scarce lu-
ciferase-positive cells were also seen in these regions of
brain primarily near the ventricles (Fig. 3B right). We do
not expect this was due to cell migration but to diffusion
of the vector into the CSF (as evidenced by rare lucifer-
ase-positive cells in the ventricles [Fig. 3B right]), retro-
grade transport of the vector through the CNS, or both. We
have previously documented that adenoviral-mediated gene
transfer can be detected in the ipsilateral cerebral hemi-
sphere relative to the injection site and that this is likely due
to retrograde transport.” Therefore, in the present study the
distribution of transgene expression measured using the lu-
ciferase assay is consistent with our histological data and
those provided in previous studies.

In the present study we used linear 2-kD PEI and found
that in the best-case scenario (N/P ratio = 6) only 1.5%
of gene transfer was achieved relative to adenovirus (Fig.
2 lower). Many new formulations of PEI, however, have
been developed recently, and these show much greater gene
delivery efficiency and reduced toxicity in cultured cells.>*
In addition, PEI has been conjugated to polyethylene gly-
col and targeting ligands such as transferrin; in these stud-
ies the stability of PEl/polyethylene glycol—transferrin/
DNA complexes was increased in the blood,” and trans-
fection was markedly selective for tumor cells that overex-
pressed the transferrin receptor.*** Kloeckner et al.® have
recently developed EGF/PEI complexes that were up to 30
times more effective relative to unconjugated PEI in cul-
tured cells expressing the EGF receptor. The idea of target-
ing DNA/PEI complexes to a cell surface receptor is ap-
pealing because of the increased efficiency of gene transfer
and the ability to target specific cells for gene transfer. Such
a strategy could be highly useful in the treatment of glio-
mas that overexpress tumor-specific receptors such as IL-
13a, and EGF receptor VIIL3*52 Thus, although our results
show low levels of gene transfer with a linear 22-kD PEI
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FiG. 5. Photomicrographs showing H & E staining of needle
track sites in adenovirally and DNA/PEI-injected canine brains. A
high number of mononuclear cells were observed infiltrating needle
track areas in the adenovirally injected canine brain (left column).
The DNA/PEI complex—injected brain showed less infiltration of
inflammatory cells (right column). Original magnification appears
on the images.

by local injection, there is little doubt that improved ver-
sions of PEI and intravenous delivery would increase the
efficacy of this nonviral approach.

High-level gene expression may not always be required
if the expressed therapeutic protein is secretable or has a
bystander effect. In this case, only transduction of a small
number of cells could be sufficient to exert biological ac-
tivity. For instance, intratumoral injection of naked DNA
encoding IL-12 was shown to induce measurable IL-12 in
the serum and tumor response in patients with metastatic
melanoma." Administration of liposomes encoding /L-2 in
patients with metastatic renal cell carcinoma demonstrat-
ed antitumor activity and safety.!” In both of these clinical
studies complete tumor regression was achieved in select-
ed patients.""* Furthermore, the authors of the aforemen-
tioned clinical trial in which DNA/PEI complexes were
used to deliver a suicide gene into bladder carcinoma also
demonstrated tumor regression.* Finally, liposomes encod-
ing a suicide gene have been delivered into malignant glio-
ma and a 50% reduction in tumor volume was observed in
two of eight patients.® These clinical trials have demon-
strated that gene transfer involving the use of nonviral vec-
tors is a viable strategy that warrants further investigation.
Therefore, even though DNA/PEI complexes were not as
effective as adenoviral vectors, this may not prohibit clini-
cal efficacy in the CNS.

Study of the canine models of spontaneous CNS disease
will allow future investigators to address delivery, distri-
bution, and safety challenges for gene therapy in the CNS.
Unlike rodents, dogs are capable of expressing pain and
distress and have brains large enough to allow us to admin-
ister doses of vector similar to those that could be used in
humans. An example of an underutilized canine model is
dogs with spontaneously occurring glioma. Canine glioma
shares many features with the human disease such as in-
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vasive growth beyond the core tumor mass, similar genetic
alterations, peritumoral edema, necrosis, and an extremely
dismal prognosis.* Additional examples of excellent ca-
nine models for disease affecting the CNS include those
with epilepsy and lysosomal storage disorders. Treatment
of spontaneous, rather than artificially induced, CNS disor-
ders in canine models has the potential to accelerate trans-
lational gene therapy research and ultimately lead to in-
creased human clinical efficacy.

Conclusions

Plasmid DNA/PEI complexes at an N/P ratio of 6 were
the most effective nonviral vectors tested. Naked DNA and
more negatively charged (N/P ratio = 10) DNA/PEI com-
plexes also mediated measurable gene transfer. Adenovirus
was clearly the most effective gene transfer vector tested
but also induced mild local inflammation. Bolus injections
and injections given over 10 minutes at multiple locations
in the cerebrum were well tolerated with the vectors tested.
Long-term efficacy studies will be required to firmly estab-
lish the safety of these nonviral vectors. Gene expression
was greatest near the injection site but was detected by the
luciferase assay throughout the cerebrum, indicating wide-
spread distribution. The dog represents an excellent ani-
mal model in which to assess the distribution, efficacy, and
safety of gene transfer systems and may be useful in pre-
dicting clinical outcomes in human patients.
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