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The potential utility of adenoviruses for the treatment of chronic neurological disease is contro-
versial due to reports of vector-associated toxicity, inflammation, and transient transgene expres-
sion. To focus upon the mechanism by which transgene expression is lost, we injected increasing
doses [1 x 10° to 1 x 10° infectious units (iu)] of a first-generation adenovirus vector expressing
B-galactosidase into the brains of immune-competent adult rats. Transgene expression was eval-
uated simultaneously with acute neuronal and glial cell cytotoxicity, and acute and chronic inflam-
mation using immunohistochemistry, at 3 and 30 days post-vector administration. Our results show
a clear threshold effect of viral dose upon the amount of transgene expression persisting by 30 days
after vector administration. Below 10° iu, transgene expression remained stable over the 30-day
period. Following infection of more than 10° iu, the extent of transgene expression at 30 days was
inversely correlated with increasing viral dose. The severity of acute inflammation increased
proportionally with increasing vector dose from 10° to 10° infectious units. In contrast, acute
vector-mediated cytotoxicity and chronic inflammation were observed only above the threshold
level of vector dose. Above 10° iu both the extent of the acute toxicity and the severity of the
chronic inflammation were inversely correlated with transgene expression at 30 days. Thus, our
data suggest that both an acute loss of cells through direct vector-mediated toxicity and the
elicitation of chronic inflammation (but not acute inflammation) may account for the decline in
transduction persistence at high vector doses.

Key Words: adenovirus; gene transfer; vector-mediated direct cytotoxicity; acute inflammation;
chronic inflammation; dose response.

INTRODUCTION jected into the brain parenchyma cause acute cellular (4)
and cytokine-mediated inflammatory responses (5). Addi-
tionally, significant toxicity both in vivo and in vitro has
been reported when these vectors are used to infect cells
at high multiplicities of infection (6-11). We have re-
cently shown that a chronic inflammatory T cell re-
sponse, accompanied by neurotoxic demyelination, re-

ment of chronic neurological disease remains contentious SUIt_S fro_m successfl_JI |nh|b|t|on_ of glioma grO\_/v:]h m_tfr\]e
due to reports of vector-associated toxicity and inflamma- ~ Prain using adenoviruses encoding HSV1-TK with periph-

tion. It is well documented that adenovirus vectors in- €ral administration of ganciclovir (1). )
Successful gene therapy of chronic neurodegenerative

disorders such as Parkinson’s disease will necessitate long-
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Replication-defective recombinant adenoviruses are at-
tractive candidate vectors for gene therapy of CNS disease
as they can infect nondividing neurons and glial cells
with high efficiency (1, 2). Adenovirus vectors are cur-
rently being used in clinical trials for the treatment of
brain tumors (3); however, their suitability for the treat-

36 MoLEcULAR THERAPY Vol. 3, No. 1, January 2001
Copyright © The American Society of Gene Therapy
1525-0016/01 $35.00



p-gal

al

Saline

bl

RAd3S
10°iu.

cl

RAd35
107 i

dl

RAd3S
10% i,

el

RAd35
10° i.u.

RAd35(In)
El10°iu

RAAHPRT

109 i,

FIG. 1. B-Galactosidase expression and acute toxicity seen 3 days postinfection. Rows a-g show brains from animals injected intrastriatally with saline (row a);
1 X 10%-1 x 10° iu of the first-generation vector RAd35, expressing B-galactosidase (rows b-e); a dose of heat-inactivated RAd35 [RAd35(In)] equivalent to 10°
iu (E10°) (row f); or 1 X 10° iu of an alternative first-generation vector expressing hypoxanthine-guanine ribosyltransferase, RAAHPRT (row g). Brains were
perfused-fixed 3 days post-vector administration, cut into serial 40-um sections, and analyzed for expression of B-galactosidase (columns 1 and 2, low- and
high-magnification images, respectively), the astroglial marker GFAP (columns 3 and 4), and the neuronal marker NeuN (columns 5 and 6). The small box in
the low-magpnification images delineates the region shown in the high-magnification images. Administration of increasing doses of RAd35 led to an increase in
the anatomical area transduced by 3 days postinjection. Administration of 10% and 10° iu of vector was increasingly toxic to the astroglial and neuronal cells.
Equivalent cytotoxicity was observed after administration of RAAHPRT, but not RAd35(In). The scale bar for the low-magnification images is shown in row a, first

column, and represents 1 mm. The scale bar for the high-magnification images is shown in row a, column 2, and represents 200 um.

vention (weeks—-months). Previous work from our labora-
tory has demonstrated that first-generation adenovirus
vectors injected into the CNS of unprimed immune-com-
petent animals are able to sustain transgene expression
for up to 12 months [(2) and unpublished observations],
a prolonged period of time compared with first-genera-
tion vector-mediated transduction of peripheral organs
such as the liver, in which transgene expression is elimi-
nated within 2-3 weeks. Other investigators studying ad-
enovirus-mediated transduction of the rat facial nucleus
(12), the rat spinal cord (13), and the primate caudate
nucleus (14) have demonstrated that persistent transduc-
tion cannot be achieved with high doses of vector. The
mechanism(s) responsible for the lack of persistence of

transgene expression in the brain remains unclear. Differ-
ent researchers have so far correlated the decline in trans-
gene expression observed over time when high vector
doses are administered, with direct vector-mediated tox-
icity (13), acute inflammation, and/or the elicitation of a
chronic T cell response (12, 14-16), but have not exam-
ined these factors in combination.

In this study, we have sought to define the factors
responsible for the elimination of transgene expression by
injecting different doses of adenovirus vector (10°-10° iu)
into the brain parenchyma of immune-competent rats
and comparing the persistence of transgene expression,
direct vector-mediated toxicity, and acute and chronic
inflammation, simultaneously and at all viral doses. We
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show that prolonged transgene expression is not achieved
after administration of more than 102 iu of vector. Our
data suggest that acute inflammatory responses to adeno-
virus injection are not responsible for the eventual loss of
transgene expression. Rather, expression is lost following
administration of high doses of vector, through a combi-
nation of direct vector-mediated acute cytotoxicity and
the elicitation of a chronic inflammatory response.

MATERIALS AND METHODS

Adenoviral vectors. RAd35 (expressing B-galactosidase) and RAAHPRT (ex-
pressing hypoxanthine-guanine phosphoribosyl transferase) are first-gen-
eration replication-defective recombinant adenovirus type 5 vectors ex-
pressing transgenes under the transcriptional control of the human
cytomegalovirus intermediate early promoter, within the E1 region. The
construction of RAd35 and RAdHPRT has been described earlier (17-19).
Both vectors were propagated on 293 cells, purified, and titered for infec-
tious units (iu) by end-point dilution (20) and for particle concentration
by optical absorbance (21). The ratio of particles to infectious units was
13:1 for RAd35 and 8:1 for RAdHPRT. Virus preparations were screened for
replication-competent adenovirus (RCA) contamination by serial amplifi-
cation on Hela cells as described in Dion et al. (22) and for lipopolysac-
charide (LPS) contamination, using the Limulus amebocyte gel clot assay
(BioWhittaker, UK). Virus preparations used were free from RCA and LPS
contamination. RAd35 was inactivated by incubating 20 pl of purified
stock in a 500-pl microcentrifuge tube at 56°C for 20 min. No plaques were
detected on 293 cells following titration of inactivated virus by end-point
dilution, indicating that the inactivation had been efficient and there were
less than 102 infectious units per milliliter of virus. Viruses were diluted in
sterile saline solution for injection.

Animals and surgical procedures. Adult Sprague-Dawley rats of 250 g body
weight (Charles River, UK) were anesthetized with halothane and placed
in a stereotaxic apparatus which was modified for use with inhalational
anesthetic. Animals were injected in the left striatum (0.6 mm forward
from bregma and 3.4 mm lateral and 5.0 mm vertical from the dura) with
1 %X 10%, 1 x 107, 1 x 108, or 1 X 10° infectious units of RAd35; 1 X 10°
infectious units of RAdHPRT; or a dose of heat-inactivated RAd35
[RAd35(In)], equivalent tol X 10° infectious units. Virus was administered
in a volume of 2 pl using a 10-ul Hamilton syringe and each injection was
performed over a period of 3 min, with the needle being left in place for a
further 5 min before withdrawal. Anesthesia was maintained throughout
surgery with 1% halothane in 67% medical O, and 33% medical NO,.
Three or thirty days after virus administration, rats were terminally anes-
thetized with an intraperitoneal injection of pentobarbitone and transcar-
dially perfused-fixed with heparinized Tyrode solution followed by 4%
paraformaldehyde in PBS (n = 4 per virus dose per time point). Brains
were removed, postfixed in 4% paraformaldehyde for 5 h, and stored in
PBS containing 0.01% sodium azide.

Immunohistochemistry, TUNEL, and Nissl staining. Serial coronal sections,
40-pm-thick, were cut through the whole extent of the striatum using a
Vibratome. Free-floating immunohistochemistry was performed to detect
transgene or inflammatory and immune cell markers. Endogenous perox-
idase was inactivated with 0.3% hydrogen peroxide and sections were
blocked with 10% horse serum (Life Technologies, Paisley, UK) before
being incubated overnight with primary antibody diluted in PBS contain-
ing 1% horse serum and 0.5% Triton X-100. The primary antibodies and
the dilutions at which they were used were anti-B-galactosidase (1:1000;
Promega, Southampton, UK), anti-MHC class | (OX-18, 1:200; Serotec,
Kidlington, UK), anti-CD8 (1:500; Serotec),anti-CD4 (1:200; Serotec), ED1
(1:1000; Serotec), anti-GFAP (1:200; Roche, UK), NeuN (1:50; Autogen
Bioclear, UK), and anti-myelin basic protein (MBP, 1:2000; DAKO, Cam-
bridge, UK). All primary antibodies were mouse monoclonal anti-rat, ex-
cept for anti-MBP, which was rabbit polyclonal anti-human. Secondary
antibodies were biotinylated rabbit anti-mouse or biotinylated swine anti-
rabbit (DAKO), diluted 1:200 in 0.5% Triton X-100 with 1% horse serum,
and were detected using the Vectastain Elite ABC horseradish peroxidase
method (Vector, Bretton, UK). After being developed with diaminobenzi-
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FIG. 2. Quantification of the area of 40-um brain sections occupied by
B-galactosidase immunoreactivity 3 and 30 days after administration of in-
creasing doses of adenovirus vector.

dine and glucose oxidase, sections were mounted on gelatinized glass
slides and were dehydrated through graded ethanol solutions and xylene
before being coverslipped with DPX mountant (Sigma, UK).

TdT-mediated dUTP nick end labeling (TUNEL) was performed on sec-
tions mounted on gelatinized glass slides, using the in situ death detection
kit, AP (Roche), according to the manufacturer’s instructions. Histological
staining of Nissl substance was performed by incubating slide-mounted
sections in 0.1% cresyl violet in 1% acetic acid for 15 min at room
temperature, before washing in distilled water and differentiating in 70%
alcohol for approximately 30 s.

Quantification. Quantitative image analysis to determine the area occu-
pied by cells immunohistochemically stained with anti B-galactosidase,
ED1, or anti-CD8 antibodies, or to determine the area of loss of GFAP
immunoreactivity within single 40-um brain sections was performed us-
ing a Leica Quantimet 600 Image Analysis System controlled by QWIN
software (Leica Microsystems, Cambridge, UK) as described previously (2).
Brain sections containing the needle track (and thus displaying the high-
est levels of immunoreactivity) were used for the quantitative analysis.
Student’s t test was used to determine the degree of statistical significance
between values from different experimental groups.

Neutralizing antibody assay. Titers of adenovirus neutralizing antibodies
in the serum of all animals killed 30 days after the intrastriatal injection
were measured using an in vitro assay as described in Thomas et al. (2).

REsuLTS

Administration of Increasing Doses of First-Generation
Adenovirus Vector to the Rat Striatum Correlates
with Increased Astroglial and Neuronal
Cytopathogenicity

Administration of increasing doses of RAd35 (1 X 10° to
1 X 10° iu) in a small, fixed volume to the striatum of
adult rats led to an increase in the anatomical area trans-
duced at 3 days post-vector injection (Figs. 1 and 2).
B-Galactosidase immunoreactivity was seen only close to
the site of the needle injection after administration of 10°
iu of vector (Figs. 1bl and 1b2), but was progressively
more widely distributed throughout the ipsilateral stria-
tum and corpus callosum after injection of 107, 10%, and
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FIG. 3. Quantification of the area of loss of GFAP immunoreactivity in the ipsilateral striatum of 40-um brain sections, from animals sacrificed 3 days after

intrastriatal injection of increasing adenovirus vectors.

10° iu (Figs. 1cl, 1c2, 1d1, 1d2, 1lel, 1e2). Transduced
cells appeared to be predominantly of astroglial-like
morphology.

Administration of all doses of virus caused astrocyte
activation (GFAP upregulation) throughout the ipsilateral
striatum (Fig. 1, columns 3 and 4). An absence of GFAP
immunoreactivity directly within the needle track was
evident after injection of saline (Figs. 1a3 and 1a4), indi-
cating glial cell loss as a result of mechanical injury. A
similar “lesion” within the needle track was also seen after
injection of 10° and 107 iu of RAd35 (Fig. 1, columns 3
and 4). The area of glial cell loss increased proportionally
with administration of increasing doses of 108 and 10° iu
of RAd35 (Figs. 1d3, 1d4, 1e3, and 1e4). Administration of
10° iu of vector caused GFAP-immunoreactive cell loss
throughout the ipsilateral striatum and white matter, in
an area overlapping with the area transduced by the viral
vector (compare €3 and e4 with el and e2 of Fig. 1). The
area of loss of GFAP immunoreactivity in the ipsilateral
striatum after injection of the different doses of vector
was quantified using image analysis software (Fig. 3). In-
jection of 10 or 10° iu of RAd35 caused a loss of GFAP
immunoreactivity which was significantly greater than
the loss observed after injection of saline. At doses below
108 iu, the “lesion” areas were not significantly different
from the saline controls.

A similar dose-dependent pattern of neuronal cell loss
was reflected in sections stained with the neuronal marker
NeuN (Fig. 1, columns 5 and 6). This loss of GFAP and
NeuN immunoreactivity possibly reflects cell death
through vector-mediated toxicity at high multiplicities of
infection. Cell death in brains injected with the highest
dose of vector was confirmed by the profusion of TUNEL-
positive cells detected throughout the ipsilateral striatum
and white matter (Fig, 4).

Injection of 10° iu of a different first-generation vector,
RAdHPRT, expressing a potentially less inflammatory
transgene, resulted in a pattern of glial and neuronal cell
loss similar to that of RAd35 (Figs. 1g3-1g6), whereas

brains injected with the equivalent dose of heat-inacti-
vated RAd35 exhibited patterns of GFAP and NeuN im-
munoreactivity comparable to the saline control (Figs.
1f3-1f6 vs 1a3-1a6). These results indicate that the con-
stituents of the vector particles per se appear to be non-
toxic; rather the cytopathogenicity is mediated by viral in-
fection and/or viral gene expression and it does not seem to
depend upon the type of transgene being expressed.

Increased Viral Dose Is Not Correlated with Increased
Transduction 30 Days after Vector Administration

By 30 days after vector administration, B-galactosidase-
immunoreactive cells could still be detected in all animals
(Fig. 5). Brains injected with 10° and 107 iu of RAd35
(Figs. 5al, 5a2, 5b1, and 5b2) showed no decline in the
area of transduction at 30 days postinfection (p.i.) com-
pared with 3 days p.i. (Fig. 2). Conversely, B-galactosidase
expression 30 days after injection of 108 iu had declined
from 3 days p.i., and a dramatic decrease in transgene
expression was observed 30 days after injection of 10° iu
(Figs. 5¢1, 5¢2, 5d1, 5d2, and 2). Brains injected with 10°
iu of vector showed massive ventricular enlargement (par-
ticularly on the ipsilateral side) and a large lesion in the
ipsilateral striatum; however, scattered B-galactosidase-
positive cells could still be detected around the lesion
(Figs. 5d1 and 5d2).

Acute Inflammation Increases Proportionally with
Increasing Viral Dose from 10° to 10° iu

A viral dose-dependent increase in acute brain inflam-
mation was seen 3 days after intrastriatal administration
of RAd35 (Figs. 6 and 7). The inflammatory responses to
the injection of saline (Figs. 6al-6a5) and heat-inacti-
vated RAd35 (Figs. 6f1-6f5) were negligible, with micro-
glial activation (evidenced by increases in ED1 and MHC
class | immunoreactivity) and CD8™" cell immunoreactiv-
ity restricted to the needle track. After injection of 10° iu
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FIG. 4. Cell death seen 3 days after administration of 1 X 10° iu of RAd35. 40-um sections from brains injected with 1 X 10° iu of RAd35 were evaluated using
TUNEL for cell death. TUNEL-positive cells were found throughout the ipsilateral side of the brain, particularly localized to the site of virus administration. The
scale bars for the low- and high-magnification images represent 1 mm and 50 um, respectively.

FIG. 5. Persistence of B-galactosidase expression, 30 days postinfection. Rows a—d show brains from animals injected with increasing doses of RAd35 from 1 X
10° to 1 X 10° iu and analyzed for expression of transgene 30 days post-vector administration. Low- and high-magnification images are shown in columns 1
and 2, respectively. B-Galactosidase-immunoreactive cells could be detected in all animals, but those brains injected with 108 or 10° iu of vector showed a decline
in transgene expression compared to the 3-day time point, the magnitude of which was correlated with increasing vector dose. Scale bars are shown in row a
and represent 1 mm and 200 um for the low- and high-magnification images, respectively.
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FIG. 6. Acute brain inflammation, 3 days after vector administration. Rows a—g show sections from brains which were perfused-fixed 3 days after intrastriatal
injection of saline (row a), 1 X 10°-1 X 10° iu of RAd35 (rows b-e), a dose of heat-inactivated RAd35 [RAd35(In)] equivalent to 10° iu (row f), or 1 X 10° iu
of RADHPRT (row g). Sections were stained for ED1 (shown at low magpnification in column 1 and at high magpnification in column 2), CD8 (column 3), and MHC
class | immunoreactivity (column 4) and were stained with cresyl violet to visualize nuclei and Nissl substance (column 5). The small box in the low-magnification
images in column 1 delineates the region shown in the higher magnification images in columns 2—-4. A linear increase in the severity of the inflammatory response
to adenovirus vector was seen with increasing vector dose. The inflammatory response to 10° iu of RAAHPRT was the same as that elicited by the equivalent dose
of RAd35. An absence of CD8" immunoreactivity was observed in the striata of animals that were injected with 10° iu of RAd35 or RAdHPRT, in an area
corresponding to the cytotoxic lesion indicated by loss of GFAP immunoreactivity. Numerous CD8* cells were, however, seen around the periphery of this lesion.
Panels e3 and g3 show images taken at the border of this acute lesion. Acute inflammation elicited by administration of RAd35(In) was comparable to that of

the saline control. Scale bars are shown in row a and represent 1 mm (column 1), 200 um (columns 2-4), and 50 um (column 5).

of RAd35, CD8" cell immunoreactivity remained local-
ized to the needle track (Fig. 6b3), but microglial activa-
tion was more widespread, with ED1 staining spreading
from the needle track (Figs. 6b1 and 6b2) and MHC class
I upregulation extending throughout the ipsilateral stria-
tum (Fig. 6b4). Acute brain inflammation became progres-
sively more severe and more widely distributed through-
out the ipsilateral striatum with increasing vector dose
(Figs. 6 and 7).

Histological staining of Nissl substance revealed an ac-
cumulation of cell nuclei within the needle track after
injection of saline (Fig. 6a5), heat-inactivated RAd35 (Fig.
6f5), and 10° and 107 iu of RAd35 (Figs. 6b5 and 6c5),
with minimal cellular infiltration of the brain paren-

chyma. Extensive perivascular cuffing was observed
throughout the ipsilateral striatum, with a dense accumu-
lation of inflammatory cells throughout the injection site
after injection of 108 of vector (Fig. 6d5). Perivascular
cuffs were also seen in brains injected with 10° iu of
vector, but the pattern of Nissl staining in these brains
was more heterogeneous, with many small punctate spots
of Nissl staining suggestive of apoptotic nuclei within the
injection site (Fig. 6e5). Injection of 10° iu of RAdHPRT
elicited levels of acute inflammation comparable to those
of the equivalent dose of RAd35 (Figs. 6g1-6g5 and 7).
Levels of acute inflammation following injection of the
equivalent of 10° iu of heat-inactivated RAd35 were com-
parable to those seen after injection of saline (Figs. 6f1-

MoLECULAR THERAPY Vol. 3, No. 1, January 2001
Copyright © The American Society of Gene Therapy

41



3 days post-injection:

Saline: RAd35In ns
20 - Saline: RAd35 10° ok
SN 5
E Safine: RAd35 10’ *
t 18| EDI
T 16 Saline: RAd35 10° *kk
2 ) ) ,
= 14 Saline: RAd35 10 * %k
£ ]
Q
3
S 12+ o
) 30 days post-injection;
£ 10 .
§ 8 1 Saline: RAd35In ns
= Saline: RAd35 10°
S 6. ns
a Saline: RAd35 10 *
T 44 Saline: RAd35 10° *
I
2 Saline: RAd35 10° k%
= 0 — RAd35 10°: RAJHPRT 10° %%
< @
NS NG
o N o
5 S
&S
&
> 2.5 3 days post-injection:
g
& CD8 Saline: RAd35In ns
& 27 Saline: RAd35 10° ns
S Saline: RA3S 107 *
<
2 1.5+ Saline: RAd35 10° ok
3 Saline: RA35 10° *%
g
& 14
05 30 days post-injection:
a Saline: RAd35  Statisitical analysis
g not possible as SD for
® saline group is zero.
<

RAd35 10°: RAJHPRT 10°  *

3 days post-injection:

Saline: RAd35In ns
Saline: RAd35 10° s,k
Saline: RAd35 107 k%%
Saline: RAd35 10° *k%
Saline: RAd35 10° Fkk

30 days post-injection:

Area of MHC I immunoreactivity (mm?)

Saline: RAd35In ns

Saline: RAd35 10° ns

Saline: RAd35 107 ns
e 8

Saline: RAd35 10 ns

Saline: RAd35 10° EER]

RAd35 10°: RAJHPRT 10° *k%

. 3 days post-injection
30 days post-injection

FIG. 7. Quantitative analysis of acute and chronic inflammation in 40-um brain sections from animals sacrificed 3 (acute) and 30 (chronic) days after intrastriatal
injection of increasing doses of adenovirus vector. A linear dose-dependent increase in acute inflammation (ED1, CD8, and MHC | immunoreactivity) was
observed over increasing doses of RAd35, from 10° to 10° iu. Administration of the amount of heat-inactivated adenovirus vector equivalent to 10° iu of RAd35
[RAd35(In) E10°] failed to elicit acute inflammation that was significantly different from the saline control. Administration of 10° iu of RAJHPRT elicited levels of
inflammation comparable to those of the same dose of RAd35. Chronic inflammation (30 days p.i.) was only observed at viral doses of 10® iu and above and
was significantly greater in animals that had been injected with 10° iu of RAd35, compared with the same dose of RAJHPRT.
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6f5 and 7). Thus, these data show that, like vector-medi-
ated direct cytotoxicity, vector-induced acute inflamma-
tion appears to be independent of the transgene expressed
by the vector, but is mediated by the intact virus capsid,
virus infection, and/or viral gene expression.

Chronic Inflammation and T Cell Infiltration Is
Elicited Only above a Threshold Level of Viral Dose

By 30 days after virus administration, brains which had
been injected with saline, heat-inactivated RAd35, or 10°
or 107 iu of RAd35 showed negligible inflammation (Figs.
7 and 8). No CD8™ cells could be detected in any of these
brains (Figs. 8a3, 8b3, 8c3, and 8f3), and microglial/mac-
rophage activation (ED1 and MHC | immunoreactivity)
was confined to the site of the needle injection (Figs. 8al,
8a2, 8a4, 8bl, 8b2, 8b4, 8cl, 8c2, 8c4, 8fl, 8f2, and 8f4).
Nissl staining showed an accumulation of cell nuclei
within the needle track, but no evidence of cellular infil-
tration of other parts of the parenchyma. In contrast,
brains that had been injected with 10® iu of RAd35
showed more severe inflammation; CD8™ cells could be
detected within the injection site and ED1 and MHC class
I immunoreactivity was more widely distributed through-
out the ipsilateral striatum (Figs. 8d1-8d5). Animals in-
jected with 10° iu of RAd35 showed extensive inflamma-
tion throughout the ipsilateral side of the brain and
extending through the contralateral side. Very strong ED1
and MHC class | immunoreactivity and large numbers of
CD8™" cells could be detected in the ipsilateral striatum,
particularly densely localized around the large lesion re-
maining in the site of injection (Figs. 8e1-8e4). Microglial
activation (ED1 and MHC class | staining) and scattered
CD8™" cells could also be detected throughout the cortex
and corpus callosum on both sides of the brain. TUNEL-
positive cells were detected throughout the ipsilateral stri-
atum and the cortex and corpus callosum of both sides of
the brain, i.e., in all regions where CD8" cells were de-
tected (not shown). Perivascular cuffs and tightly packed
inflammatory cells were detected within the lesions by
Nissl staining (Fig. 8e5). A similarly large lesion contain-
ing perivascular cuffs and tightly packed inflammatory
cells was also detected within the injection site of brains
injected with 10° iu of RADHPRT (Fig. 8g5). These brains
also showed intense microglial/macrophage activation
and CD8" cell infiltration (Figs. 8g1-8g4), although this
was restricted to the ipsilateral striatum and white matter
and did not extend into the contralateral side of the brain
as seen in those animals injected with the equivalent dose
of RAd35. Quantitation of the levels of ED1, CD8", and
MHC | immunoreactivity showed that chronic inflamma-
tion in brains injected with 10° iu of RADHPRT was sig-
nificantly less severe than in brains injected with the
equivalent dose of RAd35.

The integrity of brain myelination was evaluated in all
animals by immunohistochemical detection of myelin
basic protein (Fig. 9). Thirty days after vector administra-
tion, no damage to myelin integrity could be detected in
any of the brains injected with saline, heat-inactivated

RAd35, or 10°-108 iu of RAd35 (107 and 10® doses shown
in Figs. 9al, 9a2, 9b1, and 9b2). In contrast, the architec-
ture of the white matter tracts in the ipsilateral side of the
brains injected with 10° iu of either RAd35 or RAdHPRT
was severely disrupted; the white matter fibers appeared
pulled apart and paled (suggesting edema), and in some
brains, loss of MBP immunoreactivity was also evident
around the lesion in the striatum (Figs. 9c2 and 9d2).
Consistent with our earlier report of vector-induced neu-
rotoxic demyelination following adenovirus-mediated in-
hibition of tumor growth in Lewis rats (1), the localiza-
tion of the damage observed in this study indicated that
loss of MBP immunoreactivity was also most likely due to
vector-mediated cytotoxicity, rather than to autoimmune
demyelination.

To assess whether high doses of adenovirus vector in-
jected into the brain could leak to the periphery and
prime an anti-adenoviral neutralizing antibody response,
we measured titers of virus-neutralizing antibodies in the
sera of two of the four animals, per virus dose group, that
were sacrificed 30 days after the intrastriatal injection.
Although we have previously detected high neutralizing-
antibody titers in the serum of animals which had re-
ceived an intradermal injection of adenovirus (2), no neu-
tralizing antibodies could be detected in any of the serum
samples from this study. Thus, intrastriatal injection of
even extremely high doses of adenovirus (10° iu) does not
succeed in priming an adaptive anti-adenovirus neutral-
izing antibody response.

DiscussioN

Although adenoviruses possess numerous characteristics
that make them attractive candidate vectors for gene ther-
apy of neurological disease, their administration to the
brain is associated with inflammation, cytotoxicity, and
transient transgene expression, particularly after injection
of high vector doses. To determine the processes respon-
sible for the short-lived transgene expression, we have
injected increasing adenoviral vector doses into the brain
and analyzed in the same anatomical site the effects of
vector dose on direct brain cell toxicity, acute and chronic
brain inflammation, and acute and long-term transgene
expression. Our results show a clear threshold effect of
viral dose upon the amount of transgene expression per-
sisting by 30 days after vector administration. Up to 1 X
108 iu, levels of vector-mediated transgene expression
increased proportionally with increasing viral dose and
remained stable over the 30-day period. Above 1 X 108 iu,
viral dose was inversely correlated with levels of transgene
expression remaining by 30 days postinfection.

This article demonstrates that both the loss of cells
through vector-mediated toxicity and the elicitation of
chronic, but not acute, inflammation may account for the
decline in transduction persistence seen at high vector
doses. Acute inflammatory responses to vector injection
are unlikely to account for the loss of transduction at 30
days postinfection: administration of increasing vector
doses up to 1 X 108 iu elicited a dose-dependent increase
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FIG. 8. Chronic inflammation and T cell infiltration, 30 days after adenoviral vector injection. Rows a—g show sections from brains which were perfused-fixed
30 days after intrastriatal injection of saline (row a), 1 X 10°-1 X 10° iu of RAd35 (rows b-e), a dose of heat-inactivated RAd35 [RAd35(In)] equivalent to 10°
iu (row f), or 1 X 10° iu of RAdHPRT (row g). Sections were processed for ED1, CD8*, and MHC class | immunoreactivity and stained for Nissl substance as
previously. A threshold of vector titer was observed (around 102 iu) above which chronic inflammation was observed. The chronic inflammatory response to 10°
iu of RAd35 was more severe than that elicited by the equivalent dose of RADHPRT. Scale bars are shown in row a and represent 1 mm (column 1), 200 um

(columns 2-4), and 50 um (column 5).

in acute brain inflammation but also resulted in stable
transgene expression over the 30-day period. Direct virus-
mediated acute neuronal and glial cell toxicity and
chronic inflammation/CD8" cell infiltration were ob-
served only above the threshold dose of 1 X 108 infectious
units. Above this dose both the magnitude of the acute
direct cytotoxicity and the severity of the chronic inflam-
mation increased with increasing vector dose.

In support of our conclusions, Lawrence et al. (16) re-
ported that administration of the anti-inflammatory
agent dexamethasone immediately before, and for only 8
days following, vector delivery had no effect upon the
duration of adenovirus-mediated transgene expression in
St. Kitts green monkeys. In rats, Hermens et al. (15)
showed that acute dexamethasone administration for 3
days post-vector injection prolonged adenovirus-medi-
ated transgene expression in astrocytes (but not neurons)

of the rat facial nucleus. Interestingly, Hermens et al.
observed reduced infiltration of macrophages and o™ T
cells by 14 days after injection of relatively high doses of
vector, which may suggest that dexamethasone sup-
presses the extent of the chronic inflammation, rather
than the initial acute inflammatory response. Further,
Durham et al. (23) reported that administration of the
immunosuppressant FK506 (which specifically inhibits T
cell function) succeeded in prolonging transgene expres-
sion after administration of very high doses of adenovirus
vector to the mouse striatum.

Although we demonstrate in this study that both direct
adenoviral vector-mediated toxicity and chronic inflam-
matory and immune responses contribute to the decline
in vector-mediated transgene expression in the brain,
their relative contributions remain to be determined. Fur-
ther, it also remains to be determined whether the elici-
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FIG. 9. Myelin integrity, seen 30 days post-vector administration. MBP immunoreactivity was analyzed in brain sections from animals perfused 30 days
post-vector administration. Rows a—d show brains from animals injected with increasing doses of RAd35 from 1 X 107 to 1 X 10° iu (a-c) or 1 X 10° iu of
RAdHPRT (d). The letters “c”, “w”, and “s” in row a, column 1, represent cortex, white matter, and striatum. No observable differences in myelin integrity
between the contralateral and the ipsilateral sides of the brains could be detected in brains injected with 107 or 10° iu of RAd35. Brains injected with 10° iu of
either RAd35 or RAJHPRT showed severe white matter damage and myelin pallor in the ipsilateral side of the brain compared with the contralateral side. The
letter “v” indicates the enlarged ipsilateral ventricles seen in the brains injected with 10° iu of vector; the ventricular ependyma was destroyed during sectioning,
as was the fragile lesioned area of the ipsilateral striatum (indicated by *). The scale bar is shown in row a, column 2, and represents 500 um.

tation of chronic CD8™, possibly T cell, infiltration at
high vector titers occurs as a response to the increased
number of vector particles per se or whether the chronic
inflammation is a secondary consequence of the large
direct cytotoxicity of the high vector dose. The finding
that intrastriatal injection of even 10° iu of vector did not
succeed in raising an anti-adenovirus neutralizing anti-
body response suggests that adenovirus-specific adaptive
immunity is not primed, even by high vector doses in-
jected into the brain.

The finding that injection of RAd35 elicited more severe

chronic inflammation compared to RAdJHPRT suggests
that some of the chronic inflammatory responses may
depend on the transgene being expressed by the vector, as
suggested previously (11). Our results demonstrate that
persistent and noncytotoxic transduction of the rat CNS
can be achieved with moderate doses (below 108 iu) of
first-generation adenoviral vectors. Importantly, we have
recently demonstrated that the use of stronger promoters
can vastly increase levels of transgene expression over
large anatomical areas, from low doses of vector [10%-10°
iu, i.e., doses which are below the cytotoxicity threshold
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described in this article (24)]. Secreted transgene products
should further increase the anatomical area available for
genetic manipulation (25).

New-generation high-capacity adenovirus vectors (HC-
Ads), deleted of all viral genes, have been shown to be less
toxic in the rat liver, allowing higher viral doses to be
administered compared with first-generation vectors (26).
We have recently shown that unlike first-generation vec-
tors, HC-Ads mediate stable transgene expression in the
brain without eliciting any chronic inflammation, even in
the presence of an anti-adenoviral immune response elic-
ited through peripheral infection with adenovirus (2).
Thus, novel HC-Ads, combined with powerful transcrip-
tional elements, will be able to transduce clinically signif-
icant areas of the brain in the absence of deleterious
inflammatory and direct cytotoxic responses.
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