The Open Tissue Engineering and Regenerative Medicine Journal, 2012, 5, 35-42

35

Encapsulated Cell Biodelivery of Transposon-Mediated High-Dose NGF to
the Gottingen Mini Pig Basal Forebrain

Lone Fjord-Larsen™, Philip Kusk', Malene Torp', Jens Christian H. Serensen?, Kaare Ettrup?,
Carsten R. Bjarkam®, Jens Tornee', Bengt Juliusson' and Lars U. Wahlberg’

'NsGene A/S, Baltorpvej 154, DK-2750 Ballerup, Denmark

’Department of Neurosurgery, Aarhus University Hospital, DK-8000 Aarhus C, Denmark

'NsGene, Inc., 225 Chapman St., Providence, RI 02905, USA

Abstract: Nerve Growth Factor (NGF) has therapeutic effects on the cholinergic neurodegeneration in Alzheimer’s
disease (AD). We have previously described an implantable Encapsulated Cell Biodelivery™ device, NsG0202, capable
of local delivery of NGF to the human cholinergic basal forebrain. Results from a small Phase 1b clinical study showed
that the NGF dose could advantageously be increased. We have therefore developed a second generation clinical device
named NsG0202.1, containing an RPE cell line (NGC0211) generated with transposon expression technology for high-
dose NGF production. Furthermore, to promote cell attachment and long-term viability of NGC0211, a polyethylene
terephthalate (PET) yarn scaffolding was used. The safety was tested in Gottingen minipigs during a six months period
with NsG0202.1 implants placed in the basal forebrain. The devices were well tolerated and the NGCO0211 viability and
NGF secretion remained after 6 months in vivo. The NGF induced relevant biological responses in the surrounding

cholinergic target neurons.

Keywords: Encapsulated Cell Biodelivery™, Goéttingen minipigs, preclinical testing, Nerve Growth Factor, Alzheimer’s

Disease, Sleeping Beauty, transposon.

INTRODUCTION

According to the World Alzheimer Report 2010 from
Alzheimer’s disease International, it is estimated that around
35.6 million of the population worldwide suffer from demen-
tia. The most common cause of dementia is Alzheimer’s
disease (AD). The etiology of the disease remains elusive,
but AD brains are characterized by three primary histological
features: amyloid plaques, neurofibrillary tangles and severe
cholinergic neuronal death occurring in the nucleus basalis
of Meynert of the basal forebrain (see reviews [1, 2]). At
present no disease-modifying therapy is available. Pharma-
cological improvement of cholinergic function can stabilize
cognition and memory function in patients with early AD for
up to 12 months, but the therapeutic effects are modest and
transient [3-5]. Nerve Growth Factor (NGF) has therapeutic
potential as a symptomatic and disease-modifying agent
capable of regenerating dying cholinergic neurons and pre-
venting the progressive cholinergic degeneration associated
with the cognitive decline in AD. NGF does not readily cross
the blood-brain barrier and is associated with painful side
effects when administered systemically and must therefore
be delivered directly to the brain in order to achieve a ther-
apeutic window. Furthermore, NGF delivery to the vicinity
of the cholinergic cell bodies is preferred, as impaired
endogenous transport of NGF from the cholinergic terminals
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to the cholinergic neurons is implicated in the AD pathology
[6]. Encapsulated Cell (EC) Biodelivery™ provides a
method for safe and sustained delivery of NGF directly to
the anatomical target. The delivery platform combines the
potency of de novo synthesis of the therapeutic protein in
situ with the safety of an implantable and retrievable medical
device [7].

We have previously described a clinically applicable
NGF-secreting EC Biodelivery™ implant (NsG0202) that
can be safely implanted in the brain, retrieved, and show
long-term function [8]. The NsG0202 implant has also been
tested in an initial Phase 1b clinical study to examine the
safety of devices implanted in the basal forebrain (nucleus
basalis of Meynert) of patients with mild to moderate AD
(Eriksdotter-Jonhagen et al.; Wahlberg et al., manuscripts
submitted). The successful safety profile in all patients and
relevant improvement in cognition and biomarkers in some
patients, suggest that a dose escalation step is relevant. To
accomplish higher secretion, we generated clonal NGF-
secreting human ARPE-19 cell lines using the Sleeping
Beauty transposon system [9]. The optimized SB transposase
(SB100x) mediates genomic integration of multiple copies of
the transgene inserted between two transposon terminal
inverted repeats, resulting in stable gene transfer with long-
term gene expression, comparable with the efficacy of viral
gene transfer systems [10]. From the resulting clones, we
selected NGCO0211, which showed optimal survival in
devices and about a 10-fold increase in NGF expression and
corresponding improved in vivo potency [11].
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In the present study, the NGC0211 cells was used in 2"
generation clinical devices, where the polyvinylalcohol
(PVA) foam scaffold was replaced with a polyethylene tere-
phthalate (PET) yarn matrix. The PET yarn is biocompatible
and has excellent cell attachment properties. In addition to
improving cell viability, the change of scaffold rendered the
manufacture of the devices more reproducible.

In the present study, the long-term function and safety of
the improved clinical devices, named NsG0202.1, were eva-
luated six months after implantation in Gottingen minipigs.
It was envisioned that the study should mimic the clinical
situation as much as possible to enable clinical translation.
The clinical sized devices, with a flexible tether for device
anchoring and retrieval linked to the active part, were
stereotaxically implanted in each side of the basal forebrain.
The function and integrity of the NsG0202.1 devices were
evaluated by histological examinations and measurement of
NGF release. NGF diffusion in tissue and the effect on cho-
linergic target neurons were assessed by analyses of
immunohistochemical stainings. Toxicity was evaluated by
histopathological examination of the local tissue reaction of
the NsG0202.1 implants, blood analyses and observation of
the general behavior of the minipigs.

MATERIALS AND METHODS
Production of NsG0202.1 Devices

A polyurethane tether (Lubrizol, USA) was attached
to an 11 mm long Polyether sulfone (PES) membrane (Akzo
Membrana, Obernburg, Germany) via a titanium linker. The
tether-linker-membrane junction was secured with UV-cured
acrylic-based glue and the membrane void was fitted with a
matrix of PET yarn (J.L. Corporation, Greenville, USA).
Prior to filling, cells were cultured and dissociated, as pre-
viously described [8]. A total seed of 10° NGC0211 cells
were injected into each device. After filling, devices were
kept in human endothelial serum-free medium (HE-SFM,
Invitrogen, DK) at 37 °C and 5% CO, for 4.5 weeks for steri-
lity, mycoplasma and expression level tests, before release
for implantation.

NGF ELISA

The amount of NGF released by each capsule over a 4
hour incubation period in 1 ml of HE-SFM was measured
using NGF sandwich ELISA (R&D Systems, Arbingdon,
UK). Standards and samples were assayed in duplicate
according to manufacturer’s instructions. Results were
expressed in ng NGF per 24 hours.

Evaluation of Cell Survival in Devices

Devices were fixed in 4% Formalin solution, dehydrated
in graded ethanol series and embedded in historesin (Leica
Microsystems, Ballerup, DK). Sections (5 pm) were moun-
ted on poly-I-lysine coated slides and stained with Haemato-
xylin-Eosin (Bie & Berntsen, Radovre, DK). Cellular con-
tent and morphology were analysed using light microscopy.

Animals

All work involving animals was conducted in accordance
with the Danish Animal Protection Law and with experi-
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mental procedures approved by the Danish National Com-
mittee for Ethics in Animal Research. Five female Gottingen
minipigs (Ellegaard Goéttingen Minipigs ApS, DK), weighing
7.840.2 kg at the start of the experiment, were implanted
with the clinical NsG0202.1 devices. Three untreated pigs
were included in the study as controls (mean weight 8+0 kg).
The pigs were housed in standard pig pens in an animal
room provided with filtered air at a temperature of 21°C +
3°C, a relative humidity of 55% + 15% and a standardized
12h light/dark cycle. Pigs were routinely fed with 10g per kg
animal twice a day of “Mini-Pig Expanded” (Special Diet
Services, Witham, UK), with the amount of diet occasionally
being adjusted in order to allow a reasonable growth.
Throughout the study, the status of the animals was checked
daily by experienced staff. Animal health, based on obser-
vation of the individual animals, was evaluated by a veteri-
narian on a monthly basis. Blood chemistry analyses on sam-
ples taken before implantations and at the time of explant-
ation were performed as previously described [8]. Serum
samples (taken before implantations and at the time of
explantation) and CSF samples (taken at the time of
explantation) were tested in the NGF ELISA (detection limit
30 pg NGF/ml serum or CSF).

Implantation and Explantation of NsG0202.1 Devices

Animals were sedated for surgery and maintained on
assisted ventilation. A stereotaxic MRI scan was carried out
using a Signa HDx 3T.0 scanner (General Electric, USA)
prior to bilateral stereotaxic implantation [12] of two
NsG0202.1 devices in each side of the basal forebrain with
stereotaxic coordinates as previously described [8], resulting
in a total of four devices per animal. The tethers were cut, so
the ends were positioned below the dura. The skin was
closed with two layers of sutures. After 6 months, the dev-
ices were explanted from sedated pigs maintained on assisted
ventilation. After device explantations, pigs were injected
with 1 ml Heparin (5000I1E/ml) followed by injection of
10ml isotonic saline (0.9% NaCl). The animals were then
euthanized with Pentobarbital, followed by transcardial
perfusion with 3-5 liters of 0.9% NaCl and 5 liters of 4%
Formalin in 0.15M phosphate buffer, pH 7.4. Brains were
immediately dissected free of the cranium, embedded in
Cavex impressional normal set polymer (Cavex Holland BV,
Haarlem, the Netherlands) and sliced in 5+0.5 mm slabs
with orientation perpendicular to the device (horizontal
sections) using a HistOtech Quick slicer (HistOtech ApS,
Frederiksberg C, DK). The alginate was removed, and slabs
were post-fixed in 4% Formalin solution, pH 7 for 1-3 days
and then transferred to a 30% sucrose/0.1 M phosphate
buffer for approximately 3-5 days.

Immunohistochemistry

Frozen minipig brain slabs were cut in six series of 40um
on a freezing microtome. Free-floating sections were quen-
ched of endogenous peroxidase activity through incubation
with 3% H,0,. Sections were then incubated overnight with
goat anti human NGF (R&D Systems, UK) or mouse anti-
ChAT (Chemicon, DK) antibodies diluted in potassium
phosphate-buffered saline containing 2% normal horse
serum and 0.25% Triton X-100 followed by incubation with
the appropriate (anti-mouse or anti-goat) Dbiotinylated
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secondary antibody. This was followed by conjugation of
horseradish peroxidase (HRP) using a streptavidin-HRP
complex (ABC elite kit, Vector Laboratories, UK), incuba-
tion with DAB, and precipitation of the chromophore with
1% H,0,. Labeled sections were slide mounted and cover-
slipped. Whole brain images were prepared using a
Hamamatsu Nanozoomer 1.0-HT scanner.

Image Analyses

Visiomorph software (VisioPharm, Hersholm, DK) was
used to analyze immunostained brain sections. The total
NGF-IR area/section around the implant was quantified (five
sections from each implant site) and expressed as mean
mm?/section = SEM. The relative size of ChAT-IR neurons
was determined in a radius of 2 mm from the implant as well
as >2mm away in a circle of similar size, placed approxi-
mately at a distance of 2-4 mm from the implant. In the
untreated control pigs, analyses were performed in the
corresponding areas. For each implant or control site, the
mean neuron size was determined in four serial sections.
Data are expressed as the mean size around the implants
(n=20 sites), away from (n=20 sites) or in the corresponding
areas in control pigs (n=24 sites), expressed as pixels/neuron
+ STDEV.

Histopathology

Areas surrounding the implantation sites were dissected
from two 5 mm slabs per pig. In untreated animals and if the
tracks were not visible at the macroscopic level, equivalent
areas at the expected track location were dissected. Tissue
blocks were sent to a contract laboratory (Harlan Labora-
tories, Switzerland) where they were paraffin-embedded,
sectioned and stained with Haematoxylin-Eosin. This was
followed by an evaluation and scoring of the local tissue
reactions at AnaPath GmbH, Switzerland. Severity scores
were from 1-5, with 1 being minimal and 5 being severe
histological changes. A score of 0 was given, if no changes
were found.
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Statistics

Sigma Plot (Systat, USA) was used to analyze the data.
The weight development for the NsG0202.1 treated and
untreated control group was compared by t-test. The Mann-
Whitney Rank Sum Test was used to compare the groups in
cases were the raw data was not normally distributed with
the same variances. Difference between the means of neuron
size around, away and in control animals was tested by One
Way Analysis of Variance, followed by All Pairwise
Multiple Comparison Procedures, Student-Newman-Keuls
Method with p-values less than 0.05 indicating statistical
significance.

RESULTS

Long-Term Function of NsG0202.1 after Implantation in
the Basal Forebrain

NsG0202.1 devices were implanted using magnetic reso-
nance imaging (MRI) scan and stereotaxic neurosurgical
techniques, as previously described [8]. Two devices were
placed in each side of the basal forebrain in a total of five
pigs. Three untreated pigs were included as references. After
six months, the devices were explanted and media samples
were immediately collected. After an overnight incubation,
an additional sample was collected from each NsG0202.1
device. The two post-explantation samplings are shown in
Fig. (1a) together with the pre-implantation release, mea-
sured 2 weeks after cell filling (10.8+1.8 ng/24h). Mean
NGF release in the sampling made on the day of explanta-
tions was 73.7+20.3 ng/24h, decreasing to 20.0+4.3 ng/24h
the day after. For both sampling time points, all devices
released measurable NGF, and 95% (first sampling) or 80%
(second sampling) released >5 ng/24h.

All explanted devices were intact and without tissue
adherence. Histological analysis confirmed that membrane
integrity was maintained. In general, the NGCO0211 cells
showed good survival in vivo (Fig. 1b). However, in some
devices a fraction of dead cells without nuclei was observed.

Fig. (1). NsG0202.1 devices after 6 months in the brain. (a) The mean NGF release + SEM (n=20 devices) measured from devices before
implantation and in two samplings (the same day and the following day) after explantation. (b) Hematoxylin-Eosin staining of a
representative explanted NsG0202.1 device showing healthy living cells with dark nuclei. PET yarn scaffold is indicated by white arrows.
Scale bar: 300 um. (¢) NsG0202.1 device with calcified areas (black arrows). The most heavily calcified area (in the middle) was lost during
sectioning. Healthy NGC0211 cells are observed outside the calcified areas. Scale bar = 150 um.
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Four devices (#20, 24, 34 and 36) contained only few living
cells, correlating with decreased NGF release after explant-
ation (data not shown). Most of the devices contained depo-
sits consistent with calcifications (Fig. 1c). The extent of
calcifications was variable throughout the device and also
between individual devices. Healthy looking cells were
observed outside the dense calcified areas, but as the most
affected calcified areas were sheared and lost during section-
ing (Fig. 1c), a full evaluation of the cell survival was not
possible in these devices. Three of four devices with sub-
optimal cell survival did not contain calcified areas (data not
shown), so metabolic processes from living cells appear to
accelerate the mineralization, in accordance with previous
observations [13]. However, some mineralization was seen
in the fourth device, indicating that the timing of cell death
was different in this device. The calcium particles did not
affect the integrity of the devices while placed in the brain or
at the retrieval.

NGF Diffusion in the Target Area

Specific diffuse NGF immunoreactivity was detected
around the implant sites. NGF-immunoreactive (IR) neurons
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Fjord-Larsen et al.

were observed close to the implant sites, indicating that these
cells had internalized NGF secreted from the devices (Fig.
2a). The mean NGF-IR area/section for each implant site is
shown in Fig. (2b). Note that these values are not absolute,
but dependent on the detection threshold for the NGF
immunohistochemistry method as well as the configuration
used for image analysis. The mean NGF-IR area around
implants was 0.73£0.11 mm*/section. In addition, the maxi-
mal diffusion distance of detectable NGF-immunoreactive
signal from the edge of each implant site was determined.
Visible radial NGF diffusion distance from the implant sites
was up to 2.5 mm (Fig. 2¢).

Bioactivity of Secreted NGF

Device placement in the target area was satisfying, with
cholinergic cells observed in the vicinity of the NsG0202.1
devices. The only exception was the implant site for device
#16, which could not be identified, likely due to a placement
outside the dissected target area. NGF has previously been
shown to increase the size of cholinergic neurons [14, 15].
The relative mean size of ChAT-IR neurons was therefore
quantified inside a radius of 2 mm from the implant edge as
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Fig. (2). NGF release from devices in vivo. (a) NGF immunohistochemistry showing NGF release from devices #25 and #27. Scale bar = 2
mm. NGF-immunoreactive (IR) cells are indicated by black arrows in insert I and II below. Scale bars = 500 pum. (b) Quantification of the
mean NGF-IR area around individual implant sites, sorted in groups of four devices according to the placement in the pigs (Pig ID numbers
are indicated). Data are shown as mean area/section £ SEM, n = 5 sections per implant. The NGF-IR area around device #16 was not
determined (ND), as it was not possible due to placement outside the sectioned target area. (¢) The maximal diffusion distance of detectable
NGF-immunoreactive signal from each implant, listed in the same order, n = 5 sections per implant.
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well as in a distance of more than 2 mm from the implant NsG0202.1 devices was significantly larger than those more
(Fig. 3a). The size of ChAT-IR neurons in the same areas than 2 mm away or from untreated pigs (P<0.05). No
from the untreated control pigs was also determined. Fig. increase in cholinergic sprouting was observed around the

(3b) shows that the size of ChAT-IR neurons around NsG0202.1 devices (data not shown).

Relative size of ChAT-IR neurons + STDEV
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Fig. (3). Effect of secreted NGF on the size of cholinergic neurons. (a) ChAT immunohistochemistry showing cholinergic neurons (ChAT-
positive) around implant site. Radius and scale bar = 2mm. Insert I shows ChAT positive neurons inside the 2 mm radius and insert II
outside. Larger ChAT-positive neurons are found in insert I. Scale bar = 300 um. (b) Quantification of the mean size of ChAT-IR neurons
within a radius of 2 mm from the NsG0202.1 implant edge, more than 2 mm away (approximately 2-4 mm) from the implant site, as well as
in untreated control animals. The * indicates a significant difference in the mean size of ChAT-IR neurons in a radius < 2 mm around
NsG0202.1 devices compared with > 2mm away and in untreated (P<0.05).
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Fig. (4). Evaluation of tissue reactions around implant sites. (a) Tissue reaction scores for histopathological findings in the NsG0202.1
treated pigs. Data are shown as the mean tissue reaction score + SEM, n= 5 pigs. (b) Hematoxylin-eosin staining of a representative implant
site (i). The cell reaction in the marginal zone of the shown implant consists of reactive astrocytes, grade 1 (large pale nuclei, striped arrow),
microgliosis, grade 2 (dark elongated nuclei, black arrow) and mineralization, grade 2 (dark angular structures, white arrows). Scale bar =
200 pum.
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Histopathology

The tissue reaction around the implant sites was rela-
tively mild and consisted mainly of reactive astrocytes and
microgliosis (Figs. 4a, b). The size of the reactive zone
around the NsG0202.1 devices varied from 50-400 um. In a
number of cases some fibrovascular tissue and / or multinuc-
leated giant cells were observed. No histopathological
changes were found in the untreated control animals.

Animal Health

The pigs were observed daily throughout the test period
for any adverse effects. Inspection by veterinarian as well as
weight measurements was carried out with monthly intervals
(Fig. 5). At three months after implantations, the control
group had a significantly smaller weight than the NsG0202.1
treated pigs (P = 0,038). This observation could be explained
by the fact that the pigs in the control group suffered from
diarrhea prior to this weight measurement, and the higher
weight is therefore unlikely to be related to the NsG0202.1
treatment. For all other time points in the experimental
period, there was no statistical difference in the mean weight
of the NsG0202.1 treated group and the untreated control
(P>0.05).
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Fig. (5). Weight curves of Goéttingen minipigs in the NsG0202.1
treated group (n = 5) and untreated control group (n = 3). Data are
shown as the mean weight + S.E.M. and * indicates a significant
difference (P = 0,038) between the two treatment groups, likely
caused by diarrhea in the control group.

Animal health status was also screened by a number of
blood tests covering vital organs such as bone marrow, liver
and kidneys (data not shown). In addition to the untreated
pigs included in the study results were, where possible, com-
pared with clinical chemistry data for untreated Gottingen
mini pigs at http:/www.minipigs.dk. Tests were within
normal limits for all animals and showed no significant
difference between treatment groups (P>0.05).

DISCUSSION

The EC Biodelivery™ product NsG0202.1 releasing
human NGF was evaluated after six months in the brain. The
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device integrity was maintained, and no complications were
observed during the implantation surgery or the retrieval
procedure. There were no signs of toxicity of either the imp-
lant or the secreted NGF protein, as evaluated by observation
of the general behavior of the minipigs, blood analyses and
histopathological examination of the local tissue reaction of
the implant. Systemic and intrathecal NGF infusion have
been associated with weight loss [16]. In contrast, we found
that the mean weight of the NsG0202.1-treated group was
not below that of untreated control pigs throughout the 6
months treatment period. The local delivery of NGF in the
brain did not result in detectable increases of NGF levels in
serum or CSF, and no development of antibodies binding to
human NGF was found (data not shown). Importantly, we
detected an NGF-induced response of the cholinergic target
neurons around the devices. As this effect of NGF is not
maintained after discontinuation of the NGF administration
[17, 18], the result shows that the release of NGF from
NsG0202.1 devices continues at a relevant biological level
for at least six months.

A specific diffusive NGF-immunoreactive signal was
detected around NsG0202.1 devices. The maximal visibly
detectable NGF-immunoreactive signal from the edge of
each implant site was 2.5 mm, with a mean of 1.12 = 0.14
mm. Though below the detection limit for the NGF immuno-
staining method, biologically relevant NGF doses are likely
to be present at even longer distances from the devices [11].
For a clinical application, the cholinergic target region
extends approximately 14 mm anteriomedially to posterio-
laterally [19]. Two implants in each brain hemisphere spaced
approximately 7 mm apart would thus cover most of this
anatomical region with biologically relevant doses of NGF.

The four devices with sub-optimal cell survival (#20, 24,
34 and 36) and the lowest individual explant NGF release
(data not shown) did still result in some NGF immuno-
reactivity around the implant site (Figs. 2b, ¢). This might be
explained by a late time of cell death in the devices during
the six months period in the brain and a continuous release
of accumulated NGF from the device. The difference
between the two post-explantation samplings is likely to
reflect an initial wash-out in the culture medium of such
NGF accumulation in the devices in vivo (in the unstirred
fluid of the membrane and interior device components), as
previously described [8].

We observed a marked increase in NGF release from the
NsG0202.1 devices, compared with the previously described
NsG0202 devices [8]. The NGF tissue levels were deter-
mined in an additional pig, sacrificed three days after
NsG0202.1 device implantations. Fresh-frozen tissue pun-
ches (2 mm diameter) were taken around the four implant-
ation sites, and reference punches were taken in cortex and
cerebellum. While endogenous NGF levels in cortex and
cerebellum were less than 1.5 pg NGF/mg tissue, we
detected 214 + 79 pg NGF/mg tissue around the implants. In
the previous NsG0202 study with NGC-0295 cells, concen-
trations of 8.3-20.7 pg NGF/mg tissue were measured around
devices seven weeks after implantations [8]. Despite the fact
that we cannot directly compare the tissue levels after three
days and seven weeks, the result strongly supports that a
higher dose is obtained with NsG0202.1 devices. The
primary reason for the increased NGF tissue levels around
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NsG0202.1 devices is the exchange of NGC-0295 cells with
NGCO0211 cells with a 10-fold higher NGF expression. Con-
sistent with this, studies in rat brain have shown a signi-
ficantly higher NGF release as well as in vivo potency of
devices with NGC0211 cells, compared with NGC-0295
cells [11]. We have used the SB transposon technology for
transfer of the NGF gene to obtain the NGC0211 cells. The
resulting expression level is also at least ten times higher
than previously described for NGF-secreting rat fibroblasts
used for grafting or encapsulation [20-22]. The enhanced
expression may be explained by the insertion of multiple
gene copies. In addition, SB transposons seem to more rarely
target the inactive heterocromatin regions and the cut and
paste mechanism of transposon-mediated gene transfer
results in a single copy of the gene per insertion locus,
thereby avoiding concatamer-induced gene silencing by
heterochromation formation [23].

In addition to using the NGC0211 cell line, the cell-
supporting function of the NsG0202.1 devices was improved
by the change of scaffold to PET yarn. In cell culture
medium, devices with PET yarn and filled with NGC0211
cells released significantly more NGF than the original
device configuration with PVA foam matrix (data not
shown). The explanation for this might be a better diffusion
of nutrients, resulting in increased survival and NGF
production.

We have earlier observed calcifications in NsG0202
devices implanted in minipig brain [8]. Calcification of
biomaterials such as PVA has previously been demonstrated
[13, 24] and might explain the previous observed calcifica-
tions. However, the calcifications in the present study were
somewhat surprising, since another minipig study using a
similar device configuration with PET yarn and cells origi-
nating from the same parental cell line, did not show any
calcifications in devices explanted from brains after six
months (unpublished results from our group). The differ-
ences between these two studies are the secreted proteins, the
encapsulated cell clones, the target areas (basal forebrain
versus amygdala and hippocampus) and the age/weight of
the pigs at the beginning of the study (7-8 kg versus 13-16
kg). Calcification has in other contexts been shown to be
accelerated by young recipient age [25, 26], indicating that
the age is the most likely explanation for the difference
between the studies. In the small phase 1b clinical testing of
NsG0202 devices in patients with mild to moderate AD no
calcifications were observed (Wahlberg et al, submitted
manuscript). This result suggests that calcifications in
NsG0202.1 devices are not likely to occur when implanted in
adult human subjects.

Despite the xenogeneic conditions, the reactive changes
in the porcine brain tissue surrounding NsG0202.1 devices
were mild and restricted to the site of implantation by a
rather narrow marginal zone, and there was no brain damage
in remote areas. We have previously shown that the tissue
reaction around NsG0202 devices was not significantly
different from the reaction around devices without cells or
sham surgery sites [8]. However, as the device represents a
foreign body, some degree of tissue reaction is unavoidable.
Implanted medical devices lead to an acute phase response,
followed by a chronic response (see reviews [27, 28]). In the
acute phase, inflammatory signals released at the implant site
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stimulate circulating leukocytes which are subsequently
replaced by macrophages and microglia cells. During the
healing process, layers of connective tissue and astrocytes
are formed around the implant. It appears likely that such
capsule formation could influence the survival of the
encapsulated cells by restricting the diffusion of nutrients.
The observed tissue reaction around device #34 and #36
(with suboptimal cell survival) was more prominent than that
at other implant sites (data not shown) and could therefore
potentially explain the reduced survival. For implanted
neural probes, coating with anti-inflammatory drugs reduced
the reactivity of microglia and macrophages as well as
neuronal loss [29]. This approach might therefore also
represent a way to reduce the mild reactive changes around
NsG0202.1 implants even more.

The current results from the minipig model shows that
the clinical size NsG0202.1 product does not display safety
issues. Compared with product NsG0202, the NsG0202.1
product delivers a markedly increased dose of NGF. The
present study shows that the dose delivered by NsG0202.1
has significant effect on cholinergic target neurons in the
vicinity of the implanted device during a six months period.
This is a very promising result for the development of a safe
and regenerative therapy against AD. The next step would be
a dose-escalation study in AD patients.
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