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Adenoviral-mediated gene transfer to the caudate
nucleus of Macaca mulaita was accomplished using
stereotactic injection of two distinct recombinant Ad5
vectors containing the gene for Escherichia coli 3-galac-
tosidase and the ¢DNA for rat hypoxanthine—guanine
phosphoribosylphosphotransferase (HPRT), respec-
tively. Multiple analyses (including immunochistochem-
istry, histochemistry, transmission electron micros-
copy, RNA in situ hybridization, nucleotide pool
analysis, and enzyme assay) confirmed efficient expres-
sion of g-galactosidase and rat HPRT. Transgene ex-
pression was evident in both neurons and glia. Clini-
cally, no evidence of meningitis or cerebritis was
observed and no focal neurclogical deficits were de-
tected in the animal. These preliminary studies indi-
cate that recombinant adenovirus is capable of mediat-
ing high level transgene expression to the brains of
higher order mammals. « 1994 Acndemic Press, Ine.

INTRODUCTHON

A large percentage of inherited metabalic disorders
have as a sequelae of the disease process untreatable
neurological abnormalities. Furthermore, the patho-
physiology responsible for the neurological manifesta-
tions in many of these disorders remains elusive. Com-
plete deficiency of the purine salvage enzyme
hypoxanthine-guanine phosphoribosylphosphotrans-
ferase (HPRT) is a prototype for inherited enzymopa-
thies with neurological involvement (13, 18). This X-
linked disorder, known as the Lesch—Nyhan syndrome
(LLNS), is characterized clinically by severe neurological
abnormalities including mental retardation, choreoath-
etosis, spasticity, and a tendency toward compulsive
gelf-mutilation. The genetic hasis of HPRT deficiency
states has been extensively defined and the biochemieal
basis of the disorder has also been characterized (6, 7,
17). Importantly, however, we do not yet understand the
pathophysiology within the central nervous system
(CNS) that results in LNS (14},
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overproduction can be controlled with allopurinol, no
treatment exists for the neurological manifestations of
the LNS, While investigations to decipher the underly-
ing pathophysiology of this devastating disease con-
Linue, techniques designed to replace missing gene
products to terminally differentiated tissues such as
those found in the CNS are continually being developed
and refined. The most efficient of these have involved
the use of recombinant viral delivery systems, including
herpes virus vectors (3, 5, 11, 15, 16, 21), the herpes
virus amplicon system (8, 9}, and, more recently, replica-
tion-defective adenoviruses (1, 2, 4, 12).

The low pathogenicity and high efficiency of adenovi-
ral gene delivery suggests that these vectors may have
general applicability toward the therapeutic correction
of inherited metabolic diseases with CNS manifesta-
tions. Prior to the clinical use of recombinant adenovi-
ruses as adjunctive therapy for the CNS manifestations
of the LNS, it is necessary to perform nonhuman
primate studies in order to determine the efficiency of
gene transfer and the potential side effects associated
with administration of these vectors to the brain paren-
chyma. As an initial step in the development of these
vectors for therapeutic use, we describe results using
two recombinant adenoviruses to mediate gene transfer
of Escherichia coli lacZ or rat HPRT to the caudate
nucleus of a nonhuman primate (Macaca mulatta).

MATERIALS AND METHODS

Construction of recombinant adenoviral vectors. 'The
parent plasmid for these vectors was derived from
pAdBglll, a plasmid that contains genomic adenoviral
sequences from 0-1 and 9-16 map units of serotype 5
human adenovirus flanking a single Bgl!ll restriction
site in addition to pBR322 backbone sequences. This
plasmid was modified by the insertion of the Rous
sarcoma virus (RSV) promoter to drive transgene tran-
scription, a multiple restriction site polylinker for clon-
ing of genes/cDNAs of interest and an SV40 polyadenyla-
tion signal. The resulting plasmid was designated
pAdRSV4 and the transgenes of interest were cloned
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into the unique BglII site. As such, pAd.RSViacZ con-
taing the gene for E. coli lacZ; pAd.RSVrHPRT contains
the cDNA for rat HPRT {gift of J. Monnat, University of
Washington). The ¢DNA for rat HPRT was chosen
because rat and primate HPRT proteins are physically
separable from each other using nondenaturing PAGE,
This facilitates the identification of transgenic HPRT
expression in tissues with endogenous HPRT activity.

Recombinant adenoviral vectors were generated by
homologous recombination between pAd.RSViacZ or
pAd.RSVrHPRT and human adenovirus serotype 5 de-
rivative sub360. Sub360 contains a partial deletion in
the E3 region. pAd.RSViacZ and pAd.RSVrHPRT were
linearized with Nkel and cotransfected with Xbal/Clal-
digested sub360 (this results in removal of the E1A and
E 1B regions) into 293 cells followed by soft agar overlay.
Plaques expressing E. coli lacZ were identified by X-gal
staining. Recombinant adenovirus expressing rat HPRT
sequences were identified by in situ gel assays for HPRT
activity (Fig. 1). Individual isolates were also subjected
to restriction endonuclease mapping,

Recombinant clones were expanded and triple plaque
purified to assure that viral suspensions used for in vive
experiments were free of wild-type virus. Viral suspen-
sions from large scale preps (10) were used immediately
for intracerebral injection. Both the particles/ml (based
on ODgg) and the titers (plaque forming units/ml} were
determined.

Animals and surgical procedures. Surgical proce-
dures and the techniques used for the administration of
recombinant adenoviral vectors were performed follow-
ing institutional guidelines and were approved by the
University Committee on the Use and Care of Animals.
A 3.2-'kg juvenile female rhesus monkey (M. mulatta)
was used for the experiment and housed in the biocon-
tainment facility in the University Laboratory for Ani-
mal Medicine throughout the experimental period. Labo-
ratory examination of the animal including CBC, blood
chemistries, and urinalysis were normal. Serological
examination of the monkey for herpes B antibodies was
negative.

Prior to the surgical procedures, the monkey was
anesthetized with intramuscular ketamine (7 mg/kg),
followed by general inhalational anesthesia with isoflu-
rane. The animal received a single perioperative prophy-
lactic dose of intravenous cefazolin (10 mg/kg). A preop-
erative lumbar puncture (using a 23-gauge spinal needle)
was performed using aseptic technique and 400 pl of
CSF was removed. The animal was placed in a stereotac-
tic frame (Kopf Instruments), and its head was shaved,
prepped, and draped in a sterile fashion. Through a
5-mm burr hole, a 25-gauge spinal needle was intro-
duced stereotactically into the head of the right caudate
nucleus. Two hundred microliters of purified adenovirus
{Ad.RSViacZ) containing 0.6 x 10'2 particles/ml (1.4 x
10 pfu/ml) resuspended in PBS was infused through a
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Hamilton syringe over a 30-min period into the head of
the right caudate. The needle was slowly withdrawn
over a 5-min period. Two hundred microliters of
Ad.RSVrHPRT (1.0 x 102 particles/ml, 1.6 x 10
pfu/ml) was injected into the head of the left caudate
nucleus. No neurological deficits resulted from the
procedure. The animal was then observed and examined
daily for 7 days postinfection. No clinical evidence of
meningitis or cerebritis was noted during this observa-
tion period.

After 7 days, the monkey was anesthetized with
intramuscular ketamine followed by intravenous pento-
barbital (7.5 mg/kg). A lumbar puncture was aseptically
performed and 400 pl of CSF was withdrawn. The brain
was perfused via bilateral internal carotid artery cannu-
lation with 120 cc of ice-cold 0.9% sodium chloride. The
monkey was then euthanized with an overdose of pento-
barbital {>100 mg/kg). The monkey’s scalp was re-
flected off the calvarium, a Stryker cast saw was used to
remove the calvarium, and the brain was removed by
sectioning of the dural reflections, cranial nerves, and
the cervical-medullary junction.

Analysis of brain tissue for lacZ expression. The
entire brain was excised, and the right caudate nucleus
was separated from the right cerebral hemisphere by
dissection. LacZ expression was detected histochemi-
cally using previously described techniques (4). Briefly,
portions of brain tissue were obtained from the region
surrounding the point of injection and were fixed in 2%
paraformaldehyde in Pipes, pH 6.9. Samples were rinsed
in PBS/2 mM MgCl,, reacted in X-gal in PBS for 2 h, and
photographed using a dissecting microscope. Samples
were postfixed, and cryopreserved in 20% sucrose, and
10-pum sections were placed onto slides. Sections were
counterstained with neutral red and examined by light
microscopy.

Analysis of additional organ systems for transgenic
lacZ expression. In order to determine if significant
xkamounts of recombinant adenovirus had escaped from
the CNS into the systemic circulation, samples of liver,
lung, and spleen were obtained from the animal at the
time of sacrifice. Representative samples of liver (6.5 g),
lung (3.0 g), and spleen (1.5 gm) were dissected into
(.5-cm sections and immersion fixed for 1 h using 2%
paraformaldehyde in 100 mM Pipes, pH 6.9. Tissue
samples were then rinsed twice in PBS/2 mM MgCl; and
stained overnight with X-gal solution as described.
Samples reacted with X-gal were also postfixed in 4%
glutaraldehyde, cryopreserved using 20% sucrose, and
frozen in OCT. Sections (10 wm) were placed onto slides,
counterstained lightly with hematoxylin and eosin, and
examined by light microscopy.

Electron microscopy. Samples stained with X-gal
were processed for transmission electron microscopy
(TEM) by fixation in 2% glutaraldehyde, 1.5% paraform-
aldehyde, and 0.0015% CaCl; in (.1M Na cacodylate,
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followed by 1% osmium tetroxide in 0.1M Na cacodylate
containing 5% sucrose. Samples were then dehydrated
in ethanol and embedded. Ultrathin sections were ob-
tained and analyzed using a Philips CM 10 transmission
electron microscope.

Immunohistochemistry. Immunohistochemical stain-
ing xkwas performed on fresh frozen samples of brain
tissue. Ten-micrometer cryostat sections were placed
onto poly-L-lysine coated slides, fixed in methanol at
—20°C, and blocked by incubation with 20% goat serum
and 20% donkey serum in PBS. Slides were then incu-
bated for 1 h with rabbit anti-glial fibrillary acidic
protein (GFAP, Sigma} and murine (monoclonal) anti-3-
galactosidase. Following several rinses in PBS, sections
were incubated with FITC-labeled goat-anti rabbit and
Texas red-labeled donkey anti-mouse (Jackson Immuno
Research) for 1 h at 37°C. Additional slides were blocked
by incubation with 10% BSA and then incubated for 1 h
with murine anti-B-galactosidase conjugated to bictin
{Sigma). Following several rinses with PBS, sections
were incubated with AMCA--avidin (Vector Labs) for 1 h
at 37°C. Slides were mounted under an anti-fadent and
examined using light and fluorescent microscopy.

In vitro and in vive rat HPRT enzyme activity. In
vitro rHPRT activity was analyzed by nondenaturing
PAGE. Plaques containing putative AArHPRT were
amplified and cell lysates prepared. Lysates were then
fractionated by 8% PAGE at 30 V for 18 h, and gels were
reacted with 300 pm [8—"“C]hypoxanthine (New En-
gland Nuclear, 57 mCi/mmoaol), 100 mM Tris, pH 7.4,2.5
mM PP-ribose-P, and 14 mM MgCl, for 30 min at 37°C.
Reaction products were absorbed onto polyethyl-
eneimmene (PEI) paper, dried, and exposed to Kodak
XAR-5 film. rHPRT activity was detected by autoradiog-
raphy.

For in vivo rHPRT activity analysis of infected rhesus
caudate, tissues immediate to and including the point of
injection were frozen, and serial 500-um sections were
obtained. Tissues were homogenized in 60 A of 10 mM
Tris, pH 7.4, and lysed by three cycles of freeze/thawing,
and cell debris were removed by centrifugation. The
protein concentrations of each sample were determined
using the method of Lowry. Tissue lysates were then
analyzed using the radiochemical in situ gel assay
described above. Total HPRT activity present in the
tissue sampies was then determined by analysis of PEI
transfers using phased array phosphoimaging densitom-
etry (Molecular Dynamics).

Determination of purine pools in brain tissue. Sam-
ples of brain tissue (approximately 0.5 ¢cm? were ob-
tained from the region of the right (control} and left
caudate nuclei. Brain tissues from both hemispheres
were processed for nucleotide pool determination by
extraction in (.4 N perchloric acid and neutralization
with KOH. Mono-, di-, and triphosphate concentrations
were quantitated using HPLC column chromatography.
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Samples were separated and detected on a gradient
HPLC system equipped with a strong anion-exchange
column using a linear gradient of 100.0% 0.005 M
NH,PO,, pH 2.8, to 100% 0.75 M NH,PO,, pH 3.9, over
40 min,

In situ RNA hybridization. Antisense and sense
RNA probes specific for g-galactosidase were prepared
in vitro using T7 polymerase (Promega), 38-UTP, and
855-CTP, to a specific activity of 1 x 107 epm/pl. In situ
hybridizations were done essentially as described (19).
Tissue sections were fixed in 4% paraformaldehyde in
PBS, dehydrated, placed in proteinase K at 30°C for 30
min, washed, dehydrated again, and then prehybridized
in a prehybridization solution containing 50% for-
mamide, 2.5x Denhardt’s, 0.6 M NaCl, 10 mM Tris (pH
8.0}, 0.1% SDS, 1 mM EDTA, 10 mM DTT, and 500
pg/ml E. coli tRNA for 4 hours at 55°C. Hybridizations
were done at 58°C for 17 h using sense or antisense
probes (1 % 10° ¢pm/section) in a hybridization solution
consisting of prehybridization solution plus 10% dex-
tran sulfate. Posthybridization, slides were washed ex-
tensively, treated with RNase A (20 pg/m]) for 30 min at
37°C, washed four times in 2.0 SSC for 5 min at RT,
and then washed three times in 0.5x SSC for 20 min at
58°C. Dehydrated and dried sections were then coated
with photographic emulsion (Kodak) and exposed for 4
days in lightproof containers. Slides were developed,
counterstained with hematoxylin/eosin, and examined
using a combination of light- and dark-field microscopy
to identify cells containing areas of specific antisense
probe hybridization. Sections hybridized to sense probe
were used as a control.

RESULTS

In vitro analysis of rHPRT recombinants. Seven of
eight recombinant adenoviruses screened for rHPRT
activity were positive as shown in Fig. 1. The recombi-
nant rat HPRT activity is readily detectable over endog-
enous human HPRT using this gel assay system. Al-
though two discernible bands of activity are detected,
there is evidence for human/rat heterodimer formation
as noted by the smearing between the major zones of
enzyme activity.

Analysis of tissues for lacZ expression. En bloc X-gal
staining of sections obtained from the right caudate
nucleus showed extensive areas of E. coli lacZ activity
within and extending approximately 2 cm from the point
of injection (Fig. 2A). X-gal-stained cells consisted of
approximately 70-80% of total cells at the site of
injection and declined to 36—40% 1.0 cm distal to the site
of injection. Within these regions both white and gray
matter were transduced, as well as cortical cells sur-
rounding the needle tract. Light microscopic examina-
tion of sections from the right caudate nucleus stained
with X-gal and counterstained with neutral red demon-
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FIG. 1. Identification of two electrephoretically distinct and enzy-
matically active HPRT proteins present in AdRSVrHPRT-infected

293 cells. An in situ gel assay for HPRT activity was used to screen '

candidate plaques for rat HPRT activity. Membrane-free lysates were
fractionated on nondenaturing polyacrylamide gels, transferred to
PEI paper, and reacted with [C]Hx containing enzyme reaction
mixture as described under Materials and Methods. Lane 1, human
HPRT activity from uninfected 293 cells (upper arrow); lanes 2-8,
LE293 cells infected with seven different isolates. Note that six of
seven isolates express recombinant rat HPRT (denoted by lower
arrow),

strated E. coli lacZ activity in multiple cell types,
including radial astrocytes (Fig. 2B), ependymal cells of
the adjacent lateral ventricle (Fig. 2C), and neurons
(Fig. 2D). Samples of liver, lung, and spleen were
processed identically. Multiple sections from these tis-
sues were screened microscopically with no evidence of
lacZ activity.

Transgene expression in brain was confirmed using
anti-sense cRNA probes specific for E. colt B-galactosi-
dase in in situ RNA hybridization experiments. LacZ
mRBRNA was detected within multiple cells within the
right caudate nucleus (Fig. 3A). Sections from the left
caudate nucleus (infected with Ad.RSVrHPRT) were
used as a control. Although only background levels of
signal were present in the parenchyma, the ependymal
cells lining the lateral ventricle were strongly positive
(Fig. 3C) indicating delivery of the vector via diffusion
through CSF. Expression of transgenic lacZ protein in
the ependymal cells of the left hemisphere was con-
firmed using immunohistochemistry (Fig. 3E).

Immunchistochemistry was also used to confirm that
the p-gal activity detected by X-gal staining was due to
transgenic expression rather than endogenous (mono-
cyte/macrophage or microglial) galactosidase activity.
This is an important distinction as a focal inflammatory

261

response was evident in the region of the injection as
noted by neuropathologic examination of H & E sec-
tions. Antibodies specific for E. coli lacZ and type II
astrocytes were used to colocalize transgene activity in
the glial population, and cells positive for both E. coli
lacZ and GFAP were readily identified using fluorescent
microscopy (Fig. 4).

TEM was done to specifically identify transduced cells
within the caudate nucleus based upon ultrastructural
criteria (Fig. 5). Electron-dense granules and spicules
(consistent with X-gal reaction product) are evident in
neurons, astrocytes, and oligodendrocytes of the right
caudate nucleus. No electron-dense particles were ob-
served in samples obtained from the contralateral cau-
date nucleus. These data, in combination with the
histochemical, in situ, and immunohistochemical stud-
ies, confirm efficient transgenic lacZ expression within
multiple cell types in the CNS.

Analysis of brain tissue for rat HPRT expression. Tis-
sue samples obtained from the candate nuclei were
analyzed by in situ gel assay for HPRT activity. The
amount of [WCIIMP produced was quantified using
phased array phosphoimaging and was expressed as
cpm/mg of total cellular protein. Samples obtained from
the left caudate infected with Ad.RSVrHPRT consis-
tently showed levels of [MC]IMP 20-50% above baseline
when compared to samples of caudate infected with
Ad.RSViacZ or uninfected control samples obtained
from the ipsilateral or contralateral cortical regions
(Table 1).

Determination of purine pools in brain tissue. Tis-
sue sections of similar size (approximately 4 mm?) were
obtained from the caudate nuclei infected with Ad.RSV-
lacZ or Ad.RSVrHPRT, and were immediately analyzed
for total purine nucleotide content using anion exchange
HPLC. The results were then normalized with respect
to the levels of purine nucleotides present in the Ad. RSV-
lacZ-infected samples. The Ad.RSVrHPRT-infected
samples exhibited a 64% increase in AMP levels and a
more than fourfold increase in GMP levels compared to
the Ad.RSViacZ-infected control samples (Table 2).

Analysis of host immune response. Western blots of
purified adenoviral proteins and rat neuroblastoma cell

FIG. 2. Histochemical stain for B-galactosidase activity in Macacae mulatia. One week poststereotactic injection of Ad.RSViacZ into the
caudate nucleus, the animal was anesthetized, the brain was perfused with 120 ml of .9% sodium chloride inte each internal carotid, and blocks
of caudate were removed and fixed in 2% paraformaldehyde for 8 h. Following a 2-h rinse in PBS, 2 mM MgCl,, blocks were scaked in X-gal
staining solution. A, en fosse photograph taken with a dissecting microscope showing extensive distribution of lacZ-expressing cells. B-D, blocks
were further fixed in 2% paraformaldehyde for 48 h, eryoprotected in 20% sucrose, and sectioned. Sections were placed on poly-L-lysine coated
slides and counterstained in neutral red. Light microscopic examination allowed identification of astrocytes (B), ependymal cells (C}, and
neurons (D), all expressing transgenic lacZ (336x)

FIG. 4. Immunohistochemical staining of brains infected with Ad.RSViacZ for phenotypic identification of B-galactosidase expressing cells.
A representative GFAP-positive astrocyte is also stained positive for B-galactosidase. Control sections stained only with secondary antibodies
exhibited no fluorescence (data not shown). Sections (10 nm) were stained with monoclonal antibodies to GFAP (secondary antibody conjugated
to FITC) and E. coli B-galactosidase (secondary antibody conjugated to Texas red) and analyzed using fluorescent microscopy. A representative field
photographed following excitation of FITC (A) and Texas red (B) allowed identification of a GFAP-positive astrocyte expressing transgenic lacZ (336 x).
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FIG. 3. In situ RNA staining for lacZ following Ad. RSViacZ-mediated gene transfer to the caudate nucleus of rhesus monkey. Escherichia
coli lacZ was cloned into pSP72 and radiolabeled antizense message was made by transcription with T7 polymerase in the presence of #8-CTP
and 38.1TP. Radiclabeled probes were then hybridized to 10 wm fresh-frozen sections of caudate nucleus from both hemispheres isolated from
rhesus 1 week postinjection of Ad. RSVlacZ. Following hybridization, sections were treated with RNase A and dipped for autoradiography. After
4 days the slides were developed. A (dark field) and B (lightfield) are photomicrographs of a section taken from the caudate nucleus injected with
Ad.RSVlacZ. Note positive staining throughout the parenchyma. C (dark field) and D (light) are photomicrographs of a section isolated from the
caudate nucleus of the contralateral hemisphere (100x). Note the periventricular staining (positive ependymal cells) and lack of deep
parenchymal staining. The specificity of this signal was confirmed using immunochistochemistry. Staining was done using a monoclonal antibody
to E. coli p-galactosidase conjugated to biotin, followed by incubation with AMCA-avidin. The fluorescence photomicrograph (E) demonstrates a
similar staining pattern to that seen in C. F is a light photomicrograph of the same field as that in E using Nomarski optics (100x).
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FIG. 5. Electron photomicrographs of ultrathin sections of AdlacZ-infected caudate nucleus of M, mulotta. Sections of tissue previously
stained with X-gal were processed for EM to identify the cell types expressing transgene. The X-gal precipitate appears as dark granules or
spicules and can be readily seen in both glial (a) and neuronal (n) elements (4180 x).

lysates using sera and CSF obtained from the experimen-
tal animal showed that the animal was able to mount a
humoral immune response to intracerebral challenge
with adenoviral vectors. The formation of cross-reactive
antibodies directed against adenoviral structural pro-
teins occurred within 1 week of infection and was
present in both the sera and CSF. Preimmune titers of
cross reactive antibodies were present in preimmune
sera and were specifically directed against polypeptide
IIIa (vertex region protein) or polypeptide IV (fiber). No
preimmune antibodies were detected in the preimmune

CSF. One week postinjection, antibodies to 72K and
increased titers to vertex region and fiber proteins were
noted. No antibodies to rat HPRT or pB-galactosidase
were identified in the postimmune sera or CSF of the
infected animal (Fig. 6).

DISCUSSION

The expression of the purine salvage enzyme HPRT in
normal and deficient human brain has been defined on
both a neurcanatomical and a functional level (13, 14,
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TABLE 1

HPRT Activity Present in the Caudate Nuclei of Macaca
mulaita Infected with lacZ or HPRT Adenovirus Vectors®

Sample (infected with) Counts/mg protein x 107% (% lacZ}
AdrHPRT 2.93 (139%)
AdlacZ 2.11 (100%)

Tissue sections from the left (Ad.RSVrHPRT infected) and right
(Ad.RSViaeZ infected) caudate nucleus and liver were prepared as
described under Materials and Methods and counts determined and
expressed as BIPRT activity in latZ-infected hemisphere.

18). Postmortem examination of LNS patients has
shown significantly decreased indices of dopaminergic
function within the caudate nucleus, putamen, pall-
idum, and nucleus accumbens (14). [**F]Fluorodeoxyglu-
cose positron emission tomography studies of brains
from LNS patients indicate that functional abnormali-
ties can also be defined using neurvanatomical criteria
(T. D. Palella, unpublished observations). This informa-
tion is consistent with the hypothesis that the neurclogi-
cal manifestations of the LNS are in part mediated via
alterations in the function of dopaminergic neurons
within anatomically defined regions of the human brain.
This suggests that regional, transgenic expression of
HPRT activity may have therapeutic effects by amelio-
rating or reducing the severity of neurological mani-
festations associated with the LNS. Currently, no treat-
ment exists to correct this aspect of complete HPRT
deficiency. In this report we have demonstrated that
recombinant adenovirus can mediate the short-term
expression of the transgenic HPRT to the caudate
nucleus of the rhesus monkey. The high efficiency of
regional gene transfer achieved by using recombinant
adenoviral vectors represents a potential method for the
augmentation of HPRT expression in the CNS of LNS
patients.

Whether global correction of LNS can result from
regional administration remains to be determined. In
vitro evidence obtained from several models of HPRT
deficiency indicates that metabolic cooperation can oc-
cur between neuronal and glial elements of the CNS (20,

TABLE 2

Comparison of Nucleotide Pool Levels in Tissue from the
Caudate Nucleus of M. mulatta Infected with lacZ or HPRT
Adenovirus Vectors

Nmaol/tissue section

Transgene AMP (% lacZ) GMP (% lacZ)
LacZ 7.5 (100) 0.39 (100)
HPRT 12.3 (164) 1.78 (444)
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FIG. 6. Analysis of pre- and postinfection sera and CSF for
immurne response to transgenic proteins and adenoviral structural and
associated proteins. Sera (left} and CSF (right) were used in a Western
blot assay to determine if titers against adenoviral, adenaviral-
associated, and transgenic proteins developed as a result of intraparen-
chymal administration of high titer recombinant adenovirus. Purified
adenoviral proteins (lanes 1, 4, 7, and 10}, purified E. coli 3-galactosi-
dase (lanes 2, 5, 8, and 11}, and 200 pg of total cellular protein from a
rat neuroblastoma cell line (source of rat HPRT; lanes 3, 6, 9, and 12)
were fractionated by 10% PAGE, transferred to PVDF membranes,
and probed with sera or CSF as indicated above the panels. Secondary
antibody hybridizations and visualization are described under Materi-
als and Methods. A preexisting titer to the vertex region protein
(polypeptide I1la) is evident in sera. One week postinfection titers
against 72K nonstructural and fiber proteins (polypeptide III and IV)
are also present in both the sera and the CSF. The lowercase letters
located between the panels correspond to the migration pattern of
adenoviral structural and associated proteins and their corresponding
size (MW in kDa): a, hexon or polypeptide II (100); b, penton base or
polypeptide ITE (85); ¢, 72K nonstructural or 72K {72); d, vertex region
or polypeptide 1lla (66); e, fiber or polypeptide IV (62); f, core (180) or
polypeptide V (48); g, hexon-associated or polypeptide VI (24); h, core
{1070) or polypeptide VII (18.5). Note the absence of cross-reactive
antibodies 1 week postinjection to either E. coli P-galactosidase
(subunit MW 120) or rat HPRT (subunit MW 24).

22). Additionally heterozygote female carriers of LNS
are asymptomatic, suggesting metabolic cooperation
between normal and deficient brain cells that character-
ize the mosaicism of the carrier state (22). Finally,
axonal transport can result in the exchange of metabolic
products throughout functionally related but neurocana-
tomically distinct brain regions. Thus, regional expres-
sion of transgenic HPRT via Ad.RSVrHPRT may result
in significant metabolic cooperation leading to the correc-
tion of purine pools toward normal levels in areas
physically removed from the area of injection.

Prior to the application of recombinant adenoviral
vectors for brain-directed gene therapy in humans,
issues related to safety and efficacy need to be deter-
mined. This study suggests that recombinant adenoviral
vectors can be used to mediate efficient transgene
expression in both neurons and glia of specific brain
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regions. In this short-term experiment, no clinical evi-
dence of meningitis, encephalitis, or systemic infection
was noted. During the 1-week postinfection observation
period the animal continued to feed, groom, and perform
complex physical activitics, all indicative of grossly
normal motor and cognitive funetion. At the time of
sacrifice, no gross evidence of cerebral necrosis or inflam-
mation was present in the caudate nuclei or adjacent
brain regions, although histological examination of sec-
tions stained with hematoxylin/eosin showed focal in-
flammation at the site of injection that diminished
significantly with distance from the injection site. Experi-
ments in progress using animals that received the same
dose of AdRSVrHPRT have shown no evidence for
neurologic deficits in these long-term animals,

In addition to the potential for acute toxicity second-
ary to the administration of highly concentrated virus,
we were gpecifically interested in the humoral immune
response to the intracerebral administration of recombi-
nant adenoviral vectors, Within 1 week of intracerebral
injection the animal was able to produce antibodies
against several adenoviral structural proteins both in
sera and cerebral spinal fluid. These included the 72K,
fiber, and vertex region proteins. Antibodies against
fiber or vertex region proteins were also identified in
preimmune sera but not preimmune CSF. No antibodies
against rat HPRT or B-galactosidase could be detected in
sera or CSF over the pericd of 1 week. The presence of
antibodies in CSF after 1 week may have been a result of
local production of Ig or perhaps local alteration of the
blood—brain barrier and transfer of serum Ig to the CSF.

The presence of antibodies directed against the 72K
protein in preimmune sera and the time course of
postinfection antibody production in both the sera and
CSF suggest that this was an amnestic humoral re-
sponse. This is consistent with the known ubiquitous
distribution of adenoviruses throughout the animal
kingdom and the frequent infection of laboratory ani-
mals with species specific and/or xenogeneic (human)
adenoviruses. Because humans are subject at an early
age to multiple infections with adenoviruses via the
respiratory system, the use of rhesus monkeys with
preexisting cross-reactive immunity to human adenovi-
ruses will allow us to model the dynamics of the host
immune response associated with the use of recombi-
nant adenoviral vectors forr gene transfer in humans.

In summary, this report suggests that recombinant
adenoviral vectors are effective in mediating expression
of transgenic proteins in the brains of primates. Addi-
tional studies to more specifically examine the temporal
aspects of transgene expression and the host immune
response to the intracerebral administration of recombi-
nant adenoviral vectors are ongoing.
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