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Abstract

We evaluated neuropathological findings in two studies of AAV2-GDNF efficacy and safety in naive aged (>20
years) or MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-lesioned rhesus macaques. In the first study, a
total of 17 animals received one of two doses of AAV2-GDNF into either putamen or substantia nigra (SN). To
control for surgical variables, all animals received identical putaminal and nigral infusions in which phosphate-
buffered saline was substituted for vector as appropriate. All 17 aged monkeys were studied for 6 months before
necropsy. In a separate study, 11 MPTP-lesioned rhesus macaques with extensive lesions in the right SN and
mild lesions in the left SN received bilateral infusions of AAV2-GDNF (9.9x 10" vector genomes) or PBS into the
putamen and were then studied for up to 14 months. In the current analysis, we addressed safety issues
regarding AAV2-GDNF administration. An extensive series of assessments of in-life behavioral and clinical
parameters was conducted. No overt histopathology or immune responses were detected in any experimental
monkey. However, the delivery of AAV2-GDNF to the SN of aged monkeys caused a marked and significant
loss of body weight (—19.4%). No weight loss was observed in the MPTP-lesioned monkeys despite bilateral
axonal transport of glial cell line-derived neurotrophic factor (GDNF) to the SN from the putamen. These
findings indicate that putaminal administration of AAV2-GDNF by convection-enhanced delivery shows
therapeutic promise without any apparent side effects. Importantly, nigral administration of AAV2-GDNF
caused significant weight loss that raises substantial concern for clinical application of this approach.

Introduction

G LIAL CELL LINE-DERIVED NEUROTROPHIC FACTOR (GDNF)
plays an important role in the postnatal survival of
mesencephalic dopamine neurons (Granholm et al., 2000;
Pascual et al., 2008). A variety of experiments in rodent and
nonhuman primate (NHP) models have shown that direct
infusion of recombinant GDNF protein or virus-mediated
GDNF gene elevation in the substantia nigra or striatum re-
sults in the protection of dopaminergic neurons in neurotox-
icant models (Kearns and Gash, 1995; Tomac et al., 1995;
Kordower et al., 2000; Maswood et al., 2002; Grondin et al.,
2003). Despite these promising data, however, clinical studies
of putaminal infusion of recombinant GDNF for the treatment

of Parkinson’s disease (PD) have consistently failed to dem-
onstrate clinical benefit (Nutt et al., 2003; Lang et al., 2006). One
possible explanation for discordant results within patient
cohorts and across clinical trials may have been poor or in-
appropriate distribution of the infused growth factor within
the target region. Nevertheless, enthusiasm persists for the
development of GDNF-based therapies for PD because of its
obvious therapeutic potential in animal models and limited
numbers of patients. However, studies with recombinant
GDNF in NHP found cerebellar lesions characterized by
Purkinje cell loss, molecular layer atrophy, and granule cell
loss (Hovland et al., 2007). In addition, several patients with
PD in a randomized controlled trial of putaminal GDNF infu-
sion developed neutralizing anti-GDNF antibodies (Lang et al.,
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2006). Thus, a thorough experimental evaluation of safety as-
sociated with the GDNF delivery treatment protocol, anatom-
ical targeting, and therapeutic dose is warranted.

Our laboratory has studied infusion of AAV2-GDNF into
the nigrostriatal pathway via convection-enhanced delivery
(CED) in aged and parkinsonian rhesus macaques (Eberling
et al., 2009; Johnston et al., 2009). In the present study, we
addressed safety issues arising from AAV2-GDNF adminis-
tration in these prior studies. An extensive series of assess-
ments was conducted of in-life behavioral and clinical
parameters, serum and cerebrospinal fluid (CSF) levels of
GDNF protein, GDNF antibody and AAV2 neutralizing
antibody, organ histopathology, and peripheral and CNS
immune/inflammatory reaction to AAV2 and/or GDNF
protein. No evidence of any adverse neuropathology was
found, with the notable exception of a marked (grade 2) loss
in body weight in aged animals that received nigral, but not
putaminal, AAV2-GDNF. In the same subjects, GDNF levels
were elevated in frontal cortical regions (Johnston et al.,
2009), suggesting that increased dopamine turnover in the
mesolimbic system occurred. These data provide insight into
the safety and tolerability of AAV2-GDNF delivery, and
dose and transgene expression; in addition, they call atten-
tion to potential safety-related aspects of AAV2-GDNF
treatment related to the anatomical locus of delivery.

Materials and Methods
Animals and surgery

Seventeen aged rhesus monkeys (20-25 years of age) were
infused only with phosphate-buffered saline (PBS, formula-
tion buffer) (PBS control, n=23), or with a high dose of
AAV2-GDNF to the right putamen (1.65x10'? vector ge-
nomes [VG], HD Put, n=>5) or the right substantia nigra
(5.5x10'" VG, HD SN, = 3), or with a lower dose of AAV2-
GDNF (1.65x10™ VG) to the right putamen (LD Put, n=3).
All aged monkeys received a total of six infusions: two in-
fusion sites per putamen (75 ul/site) and one infusion per
substantia nigra (50 ul) with equivalent volumes of PBS in-
fused into sites that did not receive AAV2-GDNF (Table 1).

TaBLE 1. EXPERIMENTAL DESIGN

Putamen Nigra
Group L R L R
Aged NHP
HD Put PBS GDNF PBS PBS
LD Put PBS GDNF PBS PBS
HD SN PBS PBS PBS  GDNF
PBS PBS PBS PBS  PBS
Parkinsonian NHP
GDNF, 1 month GDNF  GDNF — —
PBS, 1 month PBS PBS — —
GDNF, 6 months GDNF GDNF — —
PBS, 6 months PBS PBS — —
GDNF, 14 months =~ GDNF  GDNF — —
PBS, 14 months PBS PBS — —

Abbreviations: GDNF, glial cell line-derived neurotrophic factor;
HD, high dose; L, left; LD, low dose; NHP, nonhuman primates;
PBS, phosphate-buffered saline; R, right.
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All animals were killed after 6 months and were subjected to
a battery of in vivo and postmortem analyses summarized in
Table 2.

Eleven young adult rhesus monkeys (7-10 years of age)
were lesioned with one or two right intracarotid artery
infusions of 24 mg of 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP)-HCI, followed by additional intravenous
administrations of 0.2- to 0.5-mg/kg doses of MPTP-HCI.
Intravenous dosing with MPTP continued until the animal
showed bilateral parkinsonian signs and a clinical rating
scale (CRS) score between 21 and 26 as previously described
(Eberling et al., 1998, 2009). After the MPTP-lesioned animals
achieved a stable behavioral disability rating in more than 10
assessments over a 4-month period, they received bilateral
administration (Table 1) of either AAV2-GDNF (9.9x10"
VG) or PBS into the putamen (75 pul/site, two sites per
hemisphere). All animals were subjected to a battery of in vivo
and postmortem analyses summarized in Table 2.

Food consumption, body weight, and behavioral obser-
vations. Behavioral observations and monitoring of food
consumption (number of biscuits consumed) were conducted
daily. Body weight was recorded every 2-4 weeks. CRS as-
sessments were conducted throughout the in-life study by an
observer blind to treatment groups as previously described
(Eberling et al., 2009).

Necropsy. After sedation with ketamine, an intravenous
overdose of sodium pentobarbital solution greater than
86 mg/kg was administered. Cardiac perfusion was per-
formed with approximately 2 liters of PBS. The brain was
harvested, sectioned into 3-mm slabs with a customized
brain matrix; alternating slices were fixed by immersion in
neutral 10% buffered formalin or freshly frozen in dry ice-
cooled isopentane.

Histochemistry

Midbrain blocks containing the putamen or substantia
nigra were postfixed in Zamboni’s fixative and sectioned
coronally (40 um). Sets of serial sections 400 um apart were

TABLE 2. SUMMARY OF ANALYSES

Tissue Assay(s)
Body Weight measurement
Serum AAV2 neutralization antibody
Blood White blood cell count
GDNEF ELISA
GDNF antibody ELISA
CSF GDNEF ELISA
GDNF antibody ELISA
Brain
Striatum IHC: TH, GDNF, CD68, Ibal,

and GFAP; H&E

IHC: TH, GDNF, CD68, Ibal,
and GFAP

H&E

Substantia nigra

Cerebellum

Abbreviations: AAV2, adeno-associated virus type 2; CSF, cerebro-
spinal fluid; GDNF, glial cell line-derived neurotrophic factor; GFAP,
glial fibrillary acidic protein; H&E, hematoxylin and eosin staining;
IHC, immunohistochemistry; TH, tyrosine hydroxyase.
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stained with antibodies against GDNF, tyrosine hydroxylase
(TH), glial fibrillary acidic protein (GFAP), CD68, and ion-
ized calcium-binding adaptor molecule-1 (Ibal). All slides
were evaluated by our laboratory as well as by two inde-
pendent board-certified neuropathologists (EJ.H. and
H.S.L.) blind to the treatment groups.

Hematoxylin and eosin staining. Free-floating sections
were rehydrated and stained with hematoxylin (Surgipath
Medical Industries, Richmond, IL) for 15sec. Sections were
washed with tap water and then differentiated in 0.5% gla-
cial acetic acid-70% alcohol followed by staining in bluing
solution. After incubation in eosin (Surgipath Medical In-
dustries), sections were dehydrated in alcohol and xylene.

GDNF, TH, GFAP, CD68, and Ibal staining. Sections
were washed three times in PBS for 5min each followed by
treatment with 1% H,O, (v/v) in PBS for 20 min at room
temperature (~22°C). Sections were incubated in Sniper
blocking solution (Biocare Medical, Concord, CA) for 30 min
at room temperature followed by incubation with primary
antibodies (GDNF, diluted 1:500 [R&D Systems, Minneapo-
lis, MN]; TH, diluted 1:600 [Chemicon, Billerica, MA]; CD68,
diluted 1:1000 [Dako, Glostrup, Denmark]; Ibal, diluted
1:1000 [Biocare Medical]; GFAP, diluted 1:15,000 [Chemi-
con]) in Da Vinci diluent (Biocare Medical) overnight at room
temperature. After three rinses in PBS for 5 min each at room
temperature, sections were incubated in Mach 2 horseradish
peroxidase (HRP) polymer (Biocare Medical) for 1 hr at room
temperature, followed by several washes and colorimetric
development (3,3'-diaminobenzidine [DAB]; Vector Labora-
tories, Burlingame, CA). Immunostained sections were
mounted on slides and sealed with Cytoseal (Richard-Allan
Scientific, Kalamazoo, MI).

Quantification of TH-positive profiles

For each monkey, TH-positive profiles in the striatum
were counted in two sections, one containing the nucleus
accumbens and the other containing the anterior commis-
sure. The striatum was precisely outlined at low magnifica-
tion (x2.5 objective) on a Zeiss Axioskop microscope (Carl
Zeiss, Thornwood, NY) by the optical fractionator technique
(Stereo Investigator 7 software; MBF, Williston, VT). The
counting frame of the optical fractionator was defined in 100-
um squares and systematic sampling was performed with a
sampling grid of 200-um squares. The sample sites were
automatically generated by the computer and examined with
ax20 objective. The counting frame displays inclusion and
exclusion lines. Only whole TH-positive profiles falling
within the inclusion area of the counting frame, and not in
contact with the exclusion lines, were counted. In addition, a
profile was enumerated in the counting frame only if it came
into focus within the predetermined optical dissector (8 um),
with a 2-um guard zone set to the top of the section. Section
thickness was monitored with a Zeiss Axioskop microcator.

Microarray

Tissue punches (2x3mm; 10-20mg wet weight) were
collected from putamen. Total RNA was isolated by a
modified TRIzol extraction method, using an AutoGenprep
245T (Autogen, Holliston, MA) according to the manufac-
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turer’s instructions. RNA sample preparation, labeling, and
array hybridizations were performed according to standard
protocols from the University of California, San Francisco
(UCSF) Shared Microarray Core Facilities (http:/www.
arrays.ucsf.edu) and Agilent Technologies (Santa Clara, CA;
http: //www.agilent.com). Total RNA quality was assessed
with a Pico chip on a 2100 bioanalyzer (Agilent Technolo-
gies). RNA was amplified and labeled with Cy3-CTP by
means of the Agilent low RNA input fluorescence linear
amplification kit according to the protocol of the manufac-
turer (Agilent Technologies). Labeled cRNA was quantitated
with a Nanodrop ND-100 (Nanodrop Technologies, Wil-
mington DE), and equal amounts of Cy3-labeled target were
hybridized to whole-mouse genome 4x44K inkjet arrays
(Agilent Technologies). Hybridizations were incubated for
14 hr, according to the manufacturer’s protocol. Arrays were
scanned with an Agilent microarray scanner and raw signal
intensities were extracted with Feature Extraction version 9.1
software.

Neutralizing antibody assay

HEK-293A cells (Invitrogen, Carlsbad, CA) were plated at
a density of 2x10* cells per well in 24-well multiwells and
incubated overnight at 37°C in 5% CO,—95% air. The next
day, serum samples, collected from nonhuman primates
(either pre- or postsurgery), were incubated at 56°C for
45min to inactivate complement. Samples were serially di-
luted in Dulbecco’s modified Eagle’s medium (DMEM)-10%
fetal bovine serum (FBS). AAV2-eGFP standard was mixed
with serum dilutions at a 1:1 (v/v) ratio. Mixtures contained
1x10% transducing units (TU) of AAV2-eGFP with each se-
rum dilution. Virus and serum mixtures were prepared in
triplicate, incubated at 37°C for 1hr, and subsequently used
to infect 293A cells. Cells were then incubated at 37°C for
48hr. After incubation, growth medium was removed and
cells were treated with 200 ul of trypsin-EDTA per well at
37°C for 5min. Trypsin was neutralized by the addition of
300 ul of DMEM-10% FBS and the contents of each well were
filtered through a cell strainer before flow cytometric anal-
ysis. Individual cells were analyzed by flow cytometry on a
FACSCalibur instrument (BD Biosciences, San Jose, CA) and
the fraction of enhanced green fluorescent protein (eGFP)-
expressing cells compared with the total number of cells
scanned was determined. To express the percentage of neu-
tralized virus, virus/serum sample readings were subtracted
from positive control sample (no serum) readings and ex-
pressed as the percentage of rAAV2-eGFP that had been
neutralized.

Results

Seventeen aged naive rhesus macaques (20-25 years of
age) were divided into 4 treatment groups as previously
described (Johnston et al., 2009). The right putamen of these
NHP received PBS, low-dose AAV2-GDNF (LD Put), or
high-dose AAV2-GDNF (HD Put). Monkeys with PBS infu-
sion in the putamen additionally received either PBS or high-
dose AAV2-GDNF in the right substantia nigra (HD SN)
(Table 1). These NHP were observed for 6 months before
necropsy. In addition, 11 young adult MPTP-lesioned NHP
(parkinsonian NHP, 7-10 years of age), with extensive nigral
lesions in the right hemisphere and mild lesions in the left
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FIG. 1. Distribution of glial cell line-derived neurotrophic factor (GDNF) after AAV2-GNDF administration. Coronal sec-
tions through the striatum illustrate positive labeling for GDNF within the putamen of a typical parkinsonian nonhuman
primate (NHP) (right) and control NHP (left) 1 month after vector infusion. Similarly intense GDNF expression was also seen
in aged NHP 6 months after vector infusion (see Fig. 8). Color images available online at www liebertonline.com/hum.

A Vector: SN

FIG. 2A. (see page 1631).
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B Vector: SN

FIG. 2. (A) Microglial CD68 staining in substantia nigra and subcortical white matter in aged NHP that received AAV2-
GDNF infusions into the substantia nigra or putamen. Immunohistochemistry with anti-CD68 was performed on coronal
cortical and nigral sections. Left: Representative low-magnification staining under each condition. Right: High-magnification
images of the delineated boxes from the images on the left. Vector was infused either into substantia nigra (Vector: SN) or
putamen (Vector: PUT). White matter tracts (WMT), putamen (PUT), or substantia nigra (SN) was stained with antibody as
indicated in the open box at the base of each pair of images. No substantial increase in the presence of activated
microglia/macrophages was observed in any experimental subject. Scale bars: left, 1 mm; right, 50 um. (B) Microglial Ibal
staining in substantia nigra and subcortical white matter in aged NHP that received AAV2-GDNF infusions into the sub-
stantia nigra or putamen. Immunohistochemistry with anti-Ibal was performed on coronal cortical and nigral sections. Left:
Representative low-magnification staining under each condition. Right: High-magnification images of the delineated boxes
from the left-hand images. Vector was infused either into substantia nigra (Vector: SN) or into putamen (Vector: PUT). White
matter tracts (WMT), putamen (PUT), or substantia nigra (SN) was stained with antibody as indicated in the white box at the
base of each pair of images. No substantial increase the presence of activated microglia/macrophages was observed in any
experimental subject. Scale bars: left, 1 mm; right, 50 um. Color images available online at www liebertonline.com/hum.
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FIG. 3.

hemisphere (Eberling ef al., 2009), received bilateral infusions
of AAV2-GDNF or PBS into the putamen and then were
observed for 1, 6, or 14 months (Table 1). CED facilitated a
broad distribution of vector throughout the targeted region
as indicated by GDNF immunohistochemistry in a typical
NHP 1 month after putaminal AAV2-GDNF infusion (Fig. 1).
Related issues regarding putaminal and nigral expression of
GDNF are dealt with further in Fig. 8.

Peripheral immunity to AAV2

Preexisting humoral immunity to AAV2 vector or a hu-
moral response resulting from AAV2-GDNF administration
may reduce transgene expression (Sanftner et al., 2004) or
cause inflammation (Peden et al., 2004, 2009). To quantify
possible neutralizing antibodies directed against AAV2

(see page 1633).

capsid, serum was collected from all animals before and after
surgery and antibody titers were measured. Ten monkeys
had no detectable antibody titer, and no other animals had
neutralizing titers greater than 1:1280, indicating good con-
tainment of vector within the CNS, consistent with results
from previous studies (Cunningham et al., 2008; Herzog et al.,
2009).

A high white blood cell (WBC) count can be an indicator
of infection or inflammation. Blood was collected 2 months
after AAV2-GDNF administration. The hematological results
showed that the WBC count of all animals was within normal
limits (5.4-8.9x10/ul). Furthermore, the WBC differential
(percentage of neutrophils, lymphocytes, monocytes, eosino-
phils, and basophils) of the treatment groups was comparable
to the control group, suggesting no apparent peripheral im-
mune reaction attributable to AAV2 administration.
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B GDNF - 1 Month

GDNF - 6 Months

FIG. 3.
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PBS - 1 Month

(A) Expression of glial fibrillary acidic protein (GFAP)-positive astrocytes in the putamen of aged NHP. Coronal

striatal sections were analyzed by immunohistochemistry with anti-GFAP antibody. For each group, representative images of
the right putamen are shown. Left: Representative low-magnification staining under each condition. Right: High-magnifi-
cation images of the delineated boxes from the left-hand images. Right and left hemispheres were indistinguishable to a
blinded observer. Scale bars: fop, left-hand column, for lower magnification figures, 1 mm; top, right-hand column, for higher
magnification figures, 50 um. (B) Expression of GFAP-positive astrocytes in the putamen of parkinsonian NHP. Coronal
striatal sections were analyzed by immunohistochemistry with anti-GFAP antibody. For each group of either PBS-infused or
AAV2-GDNF-treated NHP at the indicated times after treatment, representative images of the right, MPTP (1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine)-lesioned putamen are shown. Scale bars: top, first column, for lower magnification fig-
ures (first and third columns), 1 mm; fop, second column, for higher magnification figures (second and fourth columns), 50 um.

Humoral response to GDNF in CSF and blood

To evaluate possible elicitation of a humoral response to
the transgene product, GDNF, protein, and antibodies
against GDNF were quantified in samples of cerebrospinal
fluid (CSF) and blood by ELISA. No GDNF or anti-GDNF
antibody was detected in any of the treatment groups in
either study at the time of necropsy (data not shown), indi-
cating no evidence of a humoral response to GDNF.

Brain histopathology

Cellular inflammatory responses to AAV2-GDNF. We
evaluated NHP brain sections, particularly the substantia
nigra (SN) and putamen (PUT), for signs of inflammation.
Because microglia/macrophages play an important role in
cellular inflammatory responses in the brain, the microglia/
macrophage markers CD68 (microglia/macrophage phago-
cytic marker) and Ibal (microglia/macrophage marker) were
evaluated in nigral and striatal tissues. Figure 2A (top) shows

that, in the monkeys with nigral infusion, few CD68™" cells
were localized to the SN. Along the cannula track in the
subcortical white matter (WMT), moderate CD68 immuno-
reactivity was observed in some monkeys in the treatment
group (Fig. 2A) as well as in the PBS group (data not shown).
Few CD68" cells were present in the putamen of monkeys
that received a striatal infusion (Fig. 2A, bottom), whereas
moderate to severe increases in CD68" cells were observed
along the cannula track in the WMT. Quantification of
CD68" microglia/macrophage cells by optical densitometry
in the nigral and striatal sections revealed no detectable
difference in CD68 immunoreactivity between the AAV2-
GDNF treatment groups and the control group (data not
shown). Figure 2B illustrates representative Ibal staining
images of monkeys with either nigral (Fig. 2B, top) or striatal
(Fig. 2B, bottom) delivery of AAV2-GDNF. Typical inactive
Ibal® cells (small cell bodies and thin processes) were ob-
served in the delivery sites (SN or PUT). In the WMT, a
number of activated Ibal" cells (larger cell bodies and thick
processes) were present along the cannula track in some
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AAV2-GDNF-treated or PBS control monkeys. Together,
these results indicate that infiltration or activation of
microglia/macrophages in the subcortical white matter is
unlikely to be due to viral proteins, but rather to the surgical
procedure.

Astrocytes have important physiological properties with
respect to CNS homeostasis. It has been appreciated that
astrocytes can be activated and function as immunocom-
petent cells in the CNS, a process involving chemokine/
cytokine production and antigen presentation (Dong and
Benveniste, 2001). Reactive astrocytes have both hypertro-
phic processes, as well as soma that overexpress intermediate
filaments, glial fibrillary acidic protein (GFAP), vimentin,
and nestin (Pekny et al., 2007). GFAP immunostaining re-
vealed that GFAP" cells appeared to be relatively active
(thicker main processes and larger soma) in both the left and
right putamen (away from the cannula track) of aged pri-
mates in the AAV2-GDNF treatment groups compared with
the PBS control group (Fig. 3A). In contrast, no overt dif-
ference in GFAP immunoreactivity between AAV2-GDNF
treatment groups and the PBS control group was detected in
the parkinsonian primates, and GFAP" cells in the putamen
had resolved over time (Fig. 3B). Neuropathological assess-
ment of sections revealed no significant difference in the
number of GFAP™" cells between left and right putamen of
aged and parkinsonian primates (Table 3). However, in aged
primates there were more GFAP" cells in the AAV2-GDNF
treatment groups than in the PBS controls; for parkinsonian
primates, the number of GFAP™ cells decreased over time.

The functional consequences of astrocyte reactivity depend
very much on the molecular pathway involved that in turn
may result in the elaboration of inflammatory cytokines/
chemokines or neurotrophic functions (Dong and Benveniste,
2001; Escartin and Bonvento, 2008). To determine whether
expression of inflammatory cytokines/chemokines was al-
tered in the AAV2-GDNF treatment groups, tissue punches
(n=4 or 5 per treatment group and n=6 for the control
group) obtained from the putamen were subjected to RNA
microarray analysis. No significant increase in mRNA ex-

TABLE 3. TABULATED ASSESSMENT OF GLIAL FIBRILLARY
Acipic PROTEIN STAINING

Brain region pPUT L? PUT R?
Aged NHP
HD Put +++ +++
LD Put ++4 44
HD SN ++ 4+
PBS + +
Parkinsonian NHP
GDNF, 1 month 44+ S
PBS, 1 month + 4+ 4t
GDNF, 6 months ++ 4
PBS, 6 months ++ 4+

GDNF, 14 months + +
PBS, 14 months ++ 44

Abbreviations: GDNF, glial cell line-derived neurotrophic factor;
HD, high dose; L, left; LD, low dose; NHP, nonhuman primates;
PBS, phosphate-buffered saline; PUT, putamen; R, right; SN,
substantia nigra.

°+=<10, ++ =11-20, +++ =21-30, ++-++ = >30 GFAP-positive
cells per x40 field of view.
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pression of inflammatory cytokines/chemokines, such as in-
terleukin (IL)-18, IL-6, tumor necrosis factor (TNF)-z, and
monocyte chemotactic protein (MCP)-1, for the treatment
groups and the controls was detected (data not shown).

Hematoxylin and eosin stain histology. Fixed brain tis-
sue, stained with hematoxylin and eosin (H&E), revealed
no evidence of overt pathology, such as encephalitis, in-
farcts, and/or cellular infiltrates, at the delivery sites (Fig.
4A) of all experimental subjects. Furthermore, in contrast to
previous studies indicating that multifocal cerebellar Pur-
kinje cells were lost after putaminal infusion of GDNF
protein in NHP (Hovland et al., 2007), cerebella of all sub-
jects remained intact, as revealed by the presence of normal
Purkinje cells (Fig. 4B, arrow), along with a densely pop-
ulated granule cell layer (G) and uniform molecular (M)
layer (Fig. 4B).

Presence of TH-positive profiles

In MPTP-lesioned parkinsonian primates, especially those
that received AAV2-GDNF, enhanced expression of TH-
positive profiles (Kaiya and Namba, 1981; Marti et al., 2002;
Miner et al., 2003) in the striatum was observed (Fig. 5A and
B). Figure 5A and C shows representative TH staining in the
putamen of the mildly lesioned hemisphere at low (Fig. 5A)
and high (Fig. 5C) magnification, and Fig. 5B and D de-
picts representative low-magnification (Fig. 5B) and high-
magnification (Fig. 5D) TH staining in the severely lesioned
putamen. Compared with normal TH-positive fibers, these
profiles were larger in size, with diameters greater than
20 um (Fig. 5C and D). Costaining for TH and cell nuclei
(with 4’,6-diamidino-2-phenylindole [DAPI]) showed that
TH did not colocalize with nuclei (Fig. 5E-G), excluding the
possibility that these profiles were cell bodies, and they were
not associated with activated microglia (Fig. 5H-]). Cost-
aining with anti-TH and anti-ubiquitin antibodies (red, Fig.
5K) indicated that they were unlikely to be dystrophic
neurites (Olanow and McNaught, 2006). Abundant profiles
were present in the striata of 6- and 14-month GDNF groups
compared with the 1-month GDNF group and all PBS
groups, and a greater number of these profiles were localized
to the left striatum, which had received only a mild MPTP
lesion (solid columns, Fig. 6), but they were uncommon in
the more severely lesioned hemisphere (gray columns, Fig. 6)
and rare in PBS control animals. Profiles accumulated over
the first 6 months but appeared to remain stable thereafter.
We will have more data regarding this issue when NHP at
the 2-year time point are analyzed. The inset schematic in
Fig. 6 indicates the distribution of profiles in a representative
coronal section of the putamen from a parkinsonian NHP,
demonstrating the preponderance of profiles (red dots) in the
less severely lesioned putamen.

The idea that the lesioning process itself enhances the
appearance of TH-positive profiles is supported by the ob-
servation that GDNF treatment resulted in few such struc-
tures in normal, aged NHP (data not shown). Our current
hypothesis is that these profiles represent enhanced TH-
containing fibers induced by the combined effects of MPTP
lesion and GDNF treatment on partially degenerated dopa-
minergic fibers. In this scenario, dopaminergic synaptic de-
generation in the MPTP-treated striatum yields fibers that do
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FIG. 4. Hematoxylin and eosin (H&E) staining in the striatum and cerebellum of parkinsonian NHP. H&E staining revealed
no obvious adverse histology in the striatum and cerebellum in any of the experimental subjects. (A) Representative images
of H&E staining in the left and right striatum at lower magnification (scale bar: fop row, 1 mm) and higher magnification (scale
bar: bottom row, 50 um). (B) Normal Purkinje cells (arrow), densely populated granule cell layer (G), and uniform molecular
layer (M) in the cerebellum. H&E staining in aged NHP gave results identical to those shown here.

not resemble mature, integrated neurons but are nevertheless
able to respond to GDNEF. It is important to note, however,
that the abundance of these profiles does not correlate with
any long-term behavioral (our unpublished observations) or
histological abnormalities, and thus do not appear to present
safety concerns.

Body weight and food consumption assessments

Body weight of and food consumption by aged and par-
kinsonian NHP were closely monitored throughout the

study. All subjects except the three aged animals in the HD
SN group maintained their body weight over a period of 6
months (Fig. 7). In contrast, the HD SN group displayed a
gradual and continuous decrease in weight after the surgery,
and had lost 19.4% of their body weight (~2kg) at the time
of necropsy. In addition, these HD SN group animals dis-
played transient but significantly reduced food intake
(~30%) for 4 weeks after AAV2-GDNF administration
compared with the PBS control group. This finding parallels
the observation of Manfredsson and colleagues that nigral
rAAV-GDNF administration induced similar weight loss in



FIG. 5. Presence of tyrosine hydroxylase (TH)-positive profiles in the striatum of parkinsonian primates TH im-
munostaining revealed the presence of TH-positive profiles in the putamen of parkinsonian NHP of all GDNF-treated
animals. (A-D) Representative images of TH-positive profiles in the left, mildly lesioned (A and C) and right, severely
lesioned (B and D) putamen. (C and D) Higher magnification images of the boxed areas indicated in (A) and (B), respectively.
Scale bars: for lower magnification (A and B), 1 mm; for higher magnification (C and D), 50 um. Costaining for TH and cell
nuclei (4',6-diamidino-2-phenylindole; DAPI) indicated that TH-positive profiles (E) did not colocalize with nuclei (F) as
revealed by the merged image (G). Costaining for TH (H) and Ibal (I) indicated no activated Ibal-positive microglia
surrounding the profiles (J). Inmunofluorescence staining of TH-rich sections from NHP 14 months after receiving AAV2-
GDNF showed that TH-positive profiles (green) did not colocalize with ubiquitin deposits (red) or nuclei (blue) (K).
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FIG. 6. Quantitative distribution of TH-positive profiles in the left and right striatum of parkinsonian primates. TH-positive
profiles were quantitated as described in Materials and Methods. A greater number of these profiles were localized to the left
striatum, which had received only a mild MPTP lesion (solid columns), but they were uncommon in the more severely
lesioned hemisphere (gray columns). Coronal reconstructions of the number and location of TH-positive profiles (red dots) in
the striatum of 6-month GDNF parkinsonian NHP is illustrated schematically in the inset. The border of GDNF immuno-
reactivity in this primate is outlined by the green line. Color images available online at www liebertonline.com/hum.

rats (Manfredsson et al., 2009). A perplexing feature of these
studies was the fact that expression of GDNF was seen in
both putamen and nigra, regardless of whether vector was
infused into nigra or putamen (Fig. 8). Clearly, the most
striking consequence of nigral vector infusion was strong
expression throughout the caudate nucleus that was not seen
in animals receiving putaminal vector. Staining was also seen
in the thalamus, frontal cortex, and ventral tegmental area
(Johnston ef al., 2009). In view of the well-established role of
these regions in affective aspects of dopaminergic function,
one might speculate that GDNF-mediated alterations in do-
paminergic transmission in the mesolimbic system may play
a central role in effects of GDNF on body weight.
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FIG. 7. Body weight change 6 months after AAV2-GDNF
delivery in aged primates. *Significant weight loss compared
with PBS control (p <0.05, n=23). No weight loss was ob-
served in parkinsonian primates 6 months after treatment.

Discussion

We have previously reported expression of GDNF by
means of AAV2-GDNF infusion by CED in the dopaminergic
nigrostriatal pathway of aged NHP (Johnston et al., 2009),
and demonstrated the potential clinical utility in MPTP-
lesioned NHP (Eberling et al., 2009). In the present study, we
evaluated safety issues regarding AAV2-GDNF administra-
tion to NHP brain. We demonstrate, in both models, an ab-
sence of tissue pathology with the exception of minor
surgical trauma and a mild increase in anti-AAV2 capsid
antibodies commonly seen in convective delivery procedures
in NHP (Cunningham et al., 2008) and rodents (Sanftner
et al., 2004). As shown in these earlier studies and in the
present work, this type of infusion of AAV2 into striatum
induces no cellular immune response, and this appears to be
driven in part by the neuronal specificity of AAV2 in the
brain (Bankiewicz ef al., 2000). Little microglial/macrophage-
mediated neuroinflammation in either putamen or substan-
tia nigra was observed in the present study, except for that
occurring in proximity to cannula tracks. Similarly, GFAP
immunostaining did not show any strong correlation of
GDNF upregulation with increased expression of GFAP-
positive astrocyte in the putamen of all experimental sub-
jects. In the aged primates, it seemed that the magnitude of
GFAP immunoreactivity was greater in the GDNF treatment
groups compared with the PBS controls. However, in the
MPTP-lesioned primates, no detectable difference was ob-
served between the GDNF treatment groups and PBS con-
trols. It should be noted that MPTP lesioning before GDNF
or PBS injection in these monkeys may confound the effect of
GDNF on astrocytic activation (Chen et al., 2002). In the 14-
month MPTP-lesioned primates, including both GDNF
treatment and PBS control subjects, astrocytic activation
appeared to resolve over time. Because there was no signif-
icant increase in proinflammatory cytokines/chemokines
detected at the RNA level in the putamen of all treatment
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FIG. 8. GDNF expression in the putamen and nigra of aged primates after either putaminal or nigral infusion of high-dose
AAV2-GDNF. Top: GDNF staining of putamen (left) and the corresponding GDNF expression in the substantia nigra (right)
in an animal that received putaminal AAV2-GDNF. Bottom: Similar staining of nigra and putamen in a representative animal
in which AAV2-GDNF was infused into the substantia nigra. Note the prominent caudal staining after nigral delivery in
contrast to the slight staining seen in the caudate after putaminal delivery. Color images available online at www.

liebertonline.com/hum.

groups compared with the control group, increased GFAP™
astrocytes appear not to have conveyed any adverse effects.

The most important adverse finding was that nigral ad-
ministration of AAV2-GDNF caused significant weight loss
and increased GDNF levels in frontal cortical regions. This
observation is in accordance with previous reports of
weight loss in rats with nigral or hypothalamic delivery of
AAV2-GDNF (Tumer et al., 2006; Manfredsson et al., 2009)
and with reports describing similar, although transient,
weight loss after intracerebroventricular (ICV) infusion of
recombinant GDNF protein (Martin et al., 1996; Zhang et al.,
1997). In our study, all the aged NHP received the same
pattern of both nigral and putaminal injections of either
AAV2-GDNF or PBS, indicating that surgery itself is un-
likely to have caused weight loss in the SN group. The
presence of viral vector itself (AAV2) in the nigra is also
unlikely to be the cause of the weight loss; Manfredsson and
colleagues showed that AAV2-GFP injected into the nigra
as control had no effect. The SN group displayed reduced
food intake for ~4 weeks after surgery, whereas most of the
remaining NHP did not show decreased appetite, although
a few animals showed brief (<1 week) postoperative loss of
appetite, perhaps consistent with a prolonged postsurgical
recovery period in aged NHP. Manfredsson and colleagues
found a specific loss of adipose tissue, but not muscle, in
GDNF-treated rats. They suggested a potential mecha-
nism via stimulation by GDNF of a small population of
corticotrophin-releasing factor (corticotrophin-releasing hor-
mone [CRH]) neurons located in the medial parvocellular
division (MPD) of the paraventricular nucleus of the hypo-
thalamus. We have not, however, explicitly addressed this

putative mechanism in our studies. Nevertheless, the fact
that such significant weight loss can be induced by nigral
GDNF expression is disturbing. Our findings, together with
the work of others cited previously, suggest the need for
considerable caution in proposing clinical studies in which
GDNF or its homolog, neurturin, would be specifically di-
rected to the substantia nigra. Such clinical protocols should
be well supported by direct experiments with the vector
system in question specifically designed to rule out weight
loss as an adverse event.

Interestingly, putaminal GDNF does not cause weight loss
either in intact or lesioned NHP, even though we have
demonstrated considerable transport of GDNF from puta-
men to substantia nigra. We suspect that anterograde
transport of AAV2-GDNF (and probably GDNF protein as
well) to other areas of the midbrain are responsible. In le-
sioned animals, where the dopaminergic projections to the
striatum have been substantially eliminated, transport of
vector/gene product to the nigra is comparable to that seen
in unlesioned animals. This suggests that anterograde, rather
than retrograde, transport is the predominant means by
which GDNF is disseminated to distal locations, although
clearly retrograde transport of AAV2 also occurs under some
conditions (Kaspar et al., 2003; Kells et al., 2009).

Our finding of TH-positive profiles in the MPTP-lesioned
primates is interesting. This is the first report, to our
knowledge, of the presence of TH-positive profiles in MPTP
primates after GDNF administration. These enhanced TH-
positive profiles, more evident in mildly lesioned hemi-
spheres, were increased in those monkeys that received
GDNEF. It is possible that such profiles represent cross-sections
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of enlarged TH-positive fibers as previously reported by
Suwelack and colleagues (2004) in 6-OHDA-lesioned rats
treated with a recombinant adenovirus containing GDNF. The
fact that profiles are more abundant in the mildly lesioned
hemisphere and in the ventral striatum and nucleus ac-
cumbens (partially affected by MPTP on the ipsilateral side)
suggests that TH-positive profiles are in fact enlarged dopa-
minergic fibers. Whether these TH-positive profiles or “hy-
pertrophic fibers” convey any beneficial or detrimental effect
remains to be investigated. However, they did not appear to
elicit any inflammatory responses, because no activated mi-
croglia surrounding these fibers were detected.

Taken together, the present findings demonstrated that
putaminal administration of AAV2-GDNF at the indicated
doses in aged and MPTP-lesioned NHP induced no signifi-
cant immunological responses and no observed adverse side
effects. Our findings support putaminal, but not nigral,
AAV2-GDNF gene therapy as a safe therapeutic strategy for
Parkinson’s disease. This work raises substantial safety
concerns for any proposed clinical studies in which nigral, in
contrast to putaminal, delivery of GDNF or similar trans-
forming growth factor-f family growth factors are contem-
plated.
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