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ate infantile neuronal ceroid lipofuscinosis is a progressive childhood neurodegenerative

disorder characterized by intracellular accumulation of autofluorescent material resem-

bling lipofuscin in neuronal cells. This report summarizes the new therapies under con-

sideration for late infantile neuronal ceroid lipofuscinosis, with a focus on strategies for
in vivo gene therapy for the retinal and central nervous system manifestations of the disease.

Late infantile neuronal ceroid lipofusci-
nosis (LINCL; Batten disease) manifests
between the ages of 2 and 4 years with sei-
zures, ataxia, myoclonus, impaired vi-
sion, and delayed speech as the primary
symptoms. The disease is characterized by
cerebral and cerebellar atrophy, with pro-
gressive loss of neurons and retinal cells.
The central nervous system (CNS) and
retinal cells show characteristic autofluo-
rescent curvilinear lysosomal storage bod-
ies. The main component of this storage
material is the mature form of subunit ¢
of mitochondrial adenosine triphosphate
synthetase, suggesting a defect in the turn-
over of this protein. Afflicted children de-
velop blindness and become chair bound
by the age of 4 to 6 years, with death by
the age of 8 to 12 years.!

Late infantile neuronal ceroid lipofus-
cinosis is caused by mutations in the CLN2
(ceroid lipofuscinosis, neuronal 2) gene, a
6.7-kilo-base pair (kbp) gene with 13
exons and 12 introns mapped to 11pl5
(Figure, A). The gene expresses 2.5- and
3.5-kbp messenger RNA transcripts.' Three
mutations account for most cases of LINCL,
including an intron G - C transversion in
the invariant AG of the 3’ splice junction
ofintron 5; an exon 6 C - T causing a pre-
mature stop; and an exon 10 G - C mis-
sense mutation.” The CLN2 gene product
is tripeptidyl peptidase I (TPP-I), a lyso-
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somal enzyme that progressively removes
groups of 3 amino acids from the amino ter-
minus of proteins (Figure, B). Tripeptidyl
peptidase I is normally secreted into the
extracellular milieu in a “pro—TPP-1” form
that is then taken up via 2 mannose-6-
phosphate high-affinity receptors, and
shunted to lysosomes. The secreted pro—
TPP-1 protein is enzymatically inactive, but
when acidified in the lysosomes it is auto-
catalytically converted to its active form.'?

NEW TREATMENT OPTIONS
FOR LINCL

The goal of therapy for LINCL is to de-
liver active TPP-I to CNS and retinal cells
in a sufficient amount and in time to pre-
vent the cell loss. Theoretically, this goal
could be achieved by enzyme augmenta-
tion therapy, allogeneic stem cell trans-
plantation, and various forms of gene
therapy. These strategies are all based on
the concept that the pro—TPP-I protein is
taken up via mannose-6-phosphate recep-
tors on both the producer and the neigh-
boring cells.*> The late emergence of an
LINCL phenotype associated with mild
mutations of the CLN2 gene suggests that
a therapy that would provide 5% to 10%
of normal intracellular TPP-I activity
would be sufficient to prevent progres-
sion of LINCL.?

It is uncertain what duration of

therapy will be needed to impact the
clinical phenotype. Because LINCL is a
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A, The CLN2 (ceroid lipofuscinosis, neuronal 2) gene. The positions of the 3 most common mutations associated with late infantile neuronal ceroid lipofuscinosis
are indicated: 3556G-C indicates an intron G - C transversion in the variant AG of a 3’ splice junction; 3670C-T (Arg208Stop), an exon C - T transversion that
prematurely terminates translation at amino acid 208 of 563; and 5271G-C (GIn422His), missense mutation. UTS indicates untranslated sequence. B, Tripeptidyl
peptidase | (TPP-I) protein. The open reading frame of the CLN2 gene encodes pre—pro—TPP-I (563 amino acids). The signal sequence (amino acids 1-16) directs
the nascent protein to the secretory pathway with insertion into the endoplasmic reticulum and glycosylation at the sites indicated. The 547-residue pro-TPP-I
protein is inactive until it is retaken up by the cell via the mannose-6-phosphate receptor system and until exposure to low pH in the lysosome, resulting in
proteolytic cleavage at residue 196 to yield the 46-kd active mature product of 367 residues. Based on data from Sleat and colleagues.?®

hereditary disorder, it has been assumed that therapy must Allogeneic stem cell therapy is based on the knowl-
be continuous. However, because the clinical pheno- edge that bone marrow—derived stem cells can differen-
type is not manifested until the age of 2 to 4 years, tiate into blood monocytes that migrate to the brain to
effective clearance of this material might “reset the clock” further differentiate into microglial cells.® For LINCL, stem
and delay progression of the disease, ie, transient cell transplantation from a matched or partially matched
augmentation of extracellular pro-TPP-I levels may donor would theoretically provide a cell source in the CNS
provide protection of CNS and retinal cells for a few for the normal TPP-I protein. It is unlikely, however, that
years. Contrary to this view is the hypothesis that TPP-I this approach will work. In addition to the risk of long-
has critical functions other than the degradation of pro- term immunosuppression therapy, one attempt with stem
teins accumulating in lysosomes, ie, the accumulation of cell therapy was unsuccessful in correcting the CNS pa-
metabolic by-products is not central to disease patho- thology in a patient with LINCL, and the CNS abnor-
genesis. This question will likely not be answered until malities of mice with a related lysosomal storage disease
clinical studies are carried out, but for now, it is pru- are not corrected by stem cell therapy administered in
dent to have continuous augmentation of extracellular the postnewborn period.”®
pro—TPP-Ilevels (and, hence, active intracellular TPP-I) Gene therapy entails delivery of the CLN2 comple-
in the target tissues as the highest priority. mentary DNA (cDNA) to the target tissues as the source
Enzyme augmentation therapy is a strategy in of TPP-I. Theoretically, if the transferred CLN2 cDNA per-
which purified, recombinant pro-TPP-I would be sists and continues to express TPP-I, there would be a
infused into affected individuals. In addition to the continual local supply of the therapeutic protein. There
challenge of producing and purifying the recombinant are several approaches to consider for gene therapy for
protein, the blood-brain barrier precludes effective LINCL.
TPP-I therapy for the CNS from being administered sys- Systemic administration of autologous, genetically
temically. This could be circumvented by direct intra- modified cells involves ex vivo modification of CD34* stem
cerebral administration of recombinant pro—TPP-I, but cells (bone marrow or blood) to express the CLN2 cDNA
this is a difficult challenge given the diffuse nature of and intravenous administration of those modified cells to
the CNS disease and the requirement for continuous the patient. This strategy has the same logic as allogeneic
augmentation. therapy, but would not require long-term immunosup-
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pression, and by using a strong constitutive promoter, the
differentiated microglial cells would theoretically ex-
press large amounts of TPP-I. Unfortunately, gene trans-
fer to CD34" cells in humans has been successful only in
conditions with positive selection pressure in vivo for the
infused, transduced stem cells.’ This, together with the low
rate of migration of monocytes into the CNS, diminishes
the chances of success for this strategy.

Transplantation of genetically modified cells di-
rectly to the CNS has the advantage of ensuring high lev-
els of local production of TPP-1. Most experimental sys-
tems have used autologous fibroblasts or allogeneic fetal
neurons as the cells to be modified and transplanted.'®!
In addition to the social/political issues that may limit
the use of fetal cells, this approach is not easily appli-
cable to LINCL because of the diffuse nature of the CNS
disease, requiring multiple sites of administration. This
approach also has the risk of transplanting a large num-
ber of cells to a closed space. This safety issue, the chal-
lenge of obtaining large numbers of genetically modi-
fied autologous cells, and the necessity for ex vivo
manipulation assign a low priority to this approach.

In vivo gene therapy is a strategy in which the CLN2
c¢DNA would be directly delivered to cells throughout the
CNS and retina, enabling the modified cells to produce
TPP-1. This direct approach is the strategy most likely
to succeed. The major challenge for in vivo gene therapy
is whether the available gene transfer vectors can modify
cells in the target tissues to produce sufficient amounts
of TPP-1 in the appropriate anatomic regions to stabilize
and/or reverse the disease.

IN VIVO GENE THERAPY FOR LINCL: VECTORS
AND EXPERIMENTAL STUDIES

Given the biological challenge and the available tech-
nology, we conclude that in vivo gene therapy is the most
viable short-term option for treating the CNS and reti-
nal manifestations of LINCL. Before discussing the prac-
tical aspects of initiating human gene therapy trials, it is
useful to review the technology available to accomplish
this and the experience of in vivo gene therapy in rel-
evant models.

Gene Transfer Vectors

To efficiently transfer a gene to the nucleus of target cells
of the CNS and retina, it is necessary to put the gene in
a “vector,” a carrier that helps to circumvent biological
barriers to nucleic acid internalization to the nucleus,
where it can use the normal cellular machinery to tran-
scribe the exogenous gene. Viral gene transfer vectors capi-
talize on the property of viruses to efficiently transfer their
genome to the nucleus of cells. These vectors are de-
signed to be “replication deficient” by removal of criti-
cal genetic information. A viral gene vector used to treat
LINCL would have the addition of an “expression” cas-
sette containing the TPP-I cDNA controlled by an ap-
propriate promoter. There are 3 types of gene transfer
vectors, adeno-associated virus (AAV), lentivirus (LV),
and adenovirus (Ad), that have the biological character-
istics appropriate for effective in vivo gene transfer for

LINCL. Other vectors do not fit the needs of this clini-
cal target (nonviral vectors have low efficiency and tran-
sient gene transfer/expression, murine retroviruses have
low transduction efficiency in vivo and require target cells
to be proliferating to transfer genes to the nucleus, and
human herpes simplex virus has not been proved to be
sufficiently safe for this application).

Adeno-associated viruses are small nonenveloped
icosahedral parvoviruses with a 4.7-kbp single-
stranded DNA genome.'? All viral genes in AAV vectors
are replaced by an expression cassette, leaving intact es-
sential cis elements, including the inverted terminal re-
peats, the DNA packaging signal, and the replication ori-
gin."> Adeno-associated vectors are effective in long-
term gene transfer to'* the CNS and retina,' and there
is a good safety record in humans using AAV serotype 2.

Lentiviruses are a family of complex retroviruses that
include the human immunodeficiency viruses. Lentivi-
rus gene transfer vectors have the useful features of ret-
roviral vectors (efficient integration in the chromo-
some, absence of viral genes from the genetic information
transferred, and limited host responses to the vector), and
the important added ability to infect nondividing cells
such as those found in the CNS.'%!® However, there are
concerns about the safety of LV vectors, given the seri-
ous nature of the human diseases attributable to mem-
bers of this family.

Adenoviruses are nonenveloped icosahedral vi-
ruses with a double-stranded 36-kbp DNA genome that
causes transient mild infections of the upper respiratory
tract and intestine.'” Deletion of essential genes, typi-
cally E1, renders Ad replication deficient and leaves room
for insertion of an expression cassette.” Most clinical ex-
perience with Ad vectors is with serotype 5. Because the
Ad genome does not replicate or integrate into the ge-
nome, and these vectors initiate antivector host re-
sponses, Ad vectors mediate only transient expression.
Because the brain is partially immunoprivileged, trans-
gene expression from Ad vectors may persist for longer
periods in the CNS than in other tissues. The critical ques-
tions for use of Ad for LINCL are as follows: (1) How
long and at what levels is the protein expressed? (2) At
a therapeutic dose, is readministration possible and at
what intervals? (3) If expression of the CLN2 gene can
clear storage granules and prevent neuronal death, how
long does the enzyme persist and how quickly do stor-
age granules reaccumulate?

Following the death of a patient involved in a clini-
cal trial using an Ad vector at the University of Pennsyl-
vania, Philadelphia, in late 1999, there have been safety
concerns about the intravascular use of high doses of Ad
vectors.”! However, extensive assessment of the record by
the Food and Drug Administration and the National In-
stitutes of Health has shown that Ad is well tolerated at
moderate doses, if administered directly to the target.**

Lessons From Experimental Models

There is no animal model for LINCL. However, data from
other experimental models support the use of AAV, LV,
and Ad vectors to treat the CNS and retinal manifesta-
tions of LINCL. Most relevant are the data from mice with
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mucopolysaccharidosis (MPS) VII (3-glucuronidase de-
ficiency or Sly syndrome, a related lysosomal disorder).
Mice with MPS VII are characterized by the accumula-
tion of storage granules in CNS neurons and photo-
receptor cell degeneration*** (untreated, these mice live
5 months). Like TTP-I, B-glucuronidase is normally se-
creted and taken up by neighboring cells using the man-
nose-6-phosphate receptor pathway. Studies of mice with
MPS VII have established the following principles: (1)
direct gene transfer to the CNS is required for correc-
tion of the storage defect in the adult brain®2%%%; (2) there
is cross correction, with transplantation of wild-type cells
correcting mutant cells over an area much greater than
the region of transplantation®; and (3) AAV, LV, and Ad
vectors can reverse storage and behavioral defects after
direct CNS administration.**3*

Summary

Adeno-associated virus, LV, and Ad vectors appear to be
suitable to treat the CNS and retinal manifestations of
LINCL.

HUMAN GENE THERAPY FOR LINCL:
PRACTICAL CONSIDERATIONS

The objective of clinical gene therapy trials for LINCL is
to reverse the progress of the disease. Whether this can
be achieved using current technology is not known, but
if the preclinical efficacy and toxicology studies are suf-
ficiently robust to support a clinical trial, the available
scientific evidence, together with an overwhelming medi-
cal need for this rare, universally fatal disorder for which
there is no therapy, strongly argues that resources should
be devoted toward this end. The following are practical
considerations to achieve this goal.

Vectors

Comparing the biological characteristics of the vectors,
their known safety profiles, and theoretical risks with
the biological features of LINCL, we conclude that the
priorities for vector development for clinical use should
be as follows: AAV is greater than LV, which is greater
than Ad. Adeno-associated virus merits the highest pri-
ority because LINCL is a hereditary disorder, and there
is good experimental evidence that AAV can mediate
gene transfer with long-term expression in the CNS and
retina. While LV has many of the same characteristics,
it has to be given a lower priority because there is far
less experience with LV compared with AAV in human
trials, and because of the theoretical safety issue of
using a vector partially derived from human immuno-
deficiency virus 1 genetic elements.

There are some drawbacks to AAV that should be
considered. If there is overexpression of gene (or gene
product), it could be toxic and cannot be switched off
(unless a genetic “switch” is built into the vector). Some
AAV genomes may integrate inappropriately, with the
theoretical risk of inducing malignancy. Intravenous ad-
ministration of an AAV vector expressing -glucuroni-
dase to neonatal mice with MPS VII resulted in long-

term survival, but many of the treated mice later developed
hepatocellular carcinoma.®® The origin of the hepatocel-
lular carcinoma may be a consequence of the underly-
ing pathology of the mice with MPS VII, rather than of
the AAV vector therapy.

While Ad vectors may only provide transient expres-
sion, if the abnormal lysosomal storage is fundamental to
the loss of neurons in patients with LINCL, then tran-
sient (1-2 weeks) expression of the CLN2 cDNA in the CNS
may provide sufficient TPP-I to clear the storage granules
and “set the clock back,” delaying the morbidity in chil-
dren with LINCL by years. This concept, plus human safety
data for Ad vector administration to the CNS for glioma,*
suggests that Ad vectors should be developed for pos-
sible clinical use, albeit at a lower priority.

Expression Cassette

For gene therapy of LINCL, the expression cassette will
be the CLN2 human cDNA controlled by an active pro-
moter. With the knowledge that gene transfer technol-
ogy can only deliver genes to a limited percentage of cells
in a target, the requirement to deliver the CLN2 protein
product in a diffuse fashion argues that high-level con-
stitutive expression is necessary, ie, regardless of the vec-
tor used, the assumption of cross correction of neigh-
boring cell types makes production of a high level of TPP-I
protein of paramount consideration. Examples of such
promoters include the Rous sarcoma virus long termi-
nal repeat, the cytomegalovirus early/intermediate pro-
moter/enhancer, and the chicken B-actin promoter with
cytomegalovirus enhancer.’*8

Administration

There are 3 possible routes of delivery of vectors to the
CNS: intravascular, intrathecal, or intracranial. For the
retina, the vector can be administered directly to the sub-
retinal or the vitreal space.

Theoretically, intravascular or intrathecal delivery
could be used, but the substantial technology (intravas-
cular) and doses (intrathecal) required for these strate-
gies when balanced against the urgent clinical need for
a therapy suggest this should be a low priority. The most
direct approach to administration of vectors to the CNS
is direct injection into the brain parenchyma. The re-
quirement for diffuse administration necessitates injec-
tion into several sites, something achieved only with mul-
tiple burr holes. It is unknown how many of these will
be required without knowing the diffusion characteris-
tics of the vector and the TPP-I protein in the CNS of a
large experimental animal. This variable is governed by
the volume injected (a buffered sugar-salt solution is used
as a vehicle for the vector) and by the diffusion charac-
teristics of the vector in the target tissue. Because the CNS
is a closed space, there is a limit to the volume that can
be administered per unit time. A reservoir could be used
to slowly administer the vector, but this will require stud-
ies of safety and vector stability, and their use may be as-
sociated with a risk of infection. Despite the diffuse na-
ture of LINCL, there are some CNS regions (eg, the cortex
and the cerebellum) that may play a dominant role in the
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phenotype; these areas might be the primary targets for
the initial studies. Alternatively, the vector could be ad-
ministered repetitively. This has the advantage of being
able to assess each single administration for adverse events
before proceeding, but assumes that host defenses against
the vector will not limit the safety and effectiveness of
repeated administration.

For the retina, the most common effective proce-
dure for vector administration is a single injection through
a sclerotomy into the subretinal space.*>*" Alterna-
tively, the vector can be administered with a single in-
jection through the front of the eye, to the vitreous, or
continuing through the vitreous into the superior sub-
retinal space.*

Dose Response

The administration of a gene transfer vector has the po-
tential of inducing toxicity from the vector and/or trans-
gene product. Because the CNS and retina may be sensi-
tive to such adverse events, it would be prudent to limit
the intensity and spatial distribution of any toxicity by ini-
tiating a gene transfer trial to these sites with low doses of
the vector, and to administer the vector to a limited (lo-
cal) region of the brain or to one eye. The development of
gene therapy for LINCL must balance ethical issues (eg,
using a low dose may not be efficacious for this fatal dis-
order) against safety issues (eg, persistent high-dose vec-
tor expression causing toxicity). If a conservative ap-
proach is taken using a low dose and/or administration to
a limited region of the brain, the only solution is to con-
sider readministration (if possible) after sufficient time
passes to assess the toxicity from the first administration.

Repeat Administration

For most drugs, repeat administration is the norm.
However, for LINCL, each administration to the CNS
will require burr holes. Systemic immunity against a vi-
ral vector may preclude effective gene transfer on read-
ministration, and host defenses against the vector may
induce inflammation that may be unacceptable. Despite
the fact that the CNS is a partially immunoprotected
site, we predict that repeated administration of viral
vectors to the CNS and retina may be safe but may not
be progressively efficacious."

Preclinical Data

Without the availability of a suitable model for LINCL,
critical preclinical studies must address the following is-
sues: (1) Will the TPP-I product diffuse throughout the
brain in sufficient levels to provide efficacy? (2) What
toxic effects are associated with administration of the vec-
tor at doses within and above the range likely to be used
in the clinical studies? For each vector and each site, these
studies need to be carried out with naive and antivector
immune-positive animals, and with single and repeat ad-
ministration. As another assessment of toxicity, the cre-
ation of transgenic mice with the CLN2 cDNA will be use-
ful to know if there is a phenotype associated with
overexpression.

Regulatory and Ethical Issues

In the context that LINCL is a rare, fatal disease, it may
be necessary to develop gene therapy for it by compress-
ing the studies into a combined phase 1, 2, and 3 study
that simultaneously assesses safety and efficacy param-
eters. The initial human studies will likely require a lower
than therapeutic dose. While local delivery will be the
safest way to start, it will likely not treat all aspects of
the CNS disease. Furthermore, the parameters that mea-
sure clinical outcome in the CNS are relatively insensi-
tive and may provide little information about the effi-
cacy of gene transfer, ie, CLN2 gene therapy studies in
humans involving small numbers of patients may yield
ambiguous data in posttherapy tests. Depending on the
final inclusion/exclusion criteria, there will be a limited
number of patients eligible for the therapeutic develop-
ment pathway. There is an ethical dilemma regarding the
recruitment of children with far advanced disease, but
restrictive inclusion/exclusion criteria could radically re-
duce the number of available subjects for a trial. Be-
cause families are highly motivated to participate in a gene
therapy trial for LINCL, clear consent materials will be
necessary, as will provisions for extensive discussions be-
fore and during the study.

SUMMARY

There are many unanswered questions that will require
assessment before proposing a clinical gene therapy trial
for LINCL. Many decisions will require data generated
from experimental animals. Objective, quantitative pa-
rameters will need to be developed before assessment of
subjects with LINCL in a gene therapy protocol can be
achieved. However, there is sufficient information avail-
able to conclude that if our assumptions regarding the
biology are correct, the resources are available, and the
regulatory climate is supportive, it is rational to initiate
the preclinical safety and toxicity studies directed to-
ward mounting clinical trials for the CNS and retinal mani-
festations of LINCL.
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ABSTRACT

Late infantile neuronal ceroid lipofuscinosis (LINCL) is a fatal childhood neurodegenerative lysosomal stor-
age disease with no known therapy. There are estimated to be 200 to 300 children in the United States at any
one time with the disease. LINCL is a genetic disease resulting from a deficiency of tripeptidyl peptidase I
(TPP-I), a proteolytic enzyme encoded by CLN2, the gene that is mutated in individuals with LINCL. The
subjects are chronically ill, with a progressive CNS disorder that invariably results in death, typically by age
8 to 12 years. The strategy of this clinical study is based on the concept that persistent expression in the CNS
of the normal CLN2 ¢cDNA with production of sufficient amounts of TPP-I should prevent further loss of neu-
rons, and hence limit disease progression. To assess this concept, an adeno-associated virus vector (AAV2cph-
CLN2) will be used to transfer to and express the human CLN2 cDNA in the brain of children with LINCL.
The vector consists of the AAV2 capsid enclosing the 4278-base single-stranded genome consisting of the two
inverted terminal repeats of AAV serotype 2 and an expression cassette composed of the human cy-
tomegalovirus (CMYV) enhancer, the chicken -actin promoter/splice donor and 5’ end of the intron, the 3’
end of the rabbit B-globin intron and splice acceptor, the human CLN2 cDNA with an optimized Kozak trans-
lation initiation signal, and the polyadenylation/transcription stop codon from rabbit 8-globin. The proposed
study will include 10 individuals and will be divided into two parts. Group A, to be studied first, will include
four individuals with the severe form of the disease. Group B of the trial will include six individuals with a
moderate form of the disease. After direct intracranial administration of the vector, there will be neurologi-
cal assessment based on the LINCL clinical rating scale and magnetic resonance imaging/magnetic resonance
spectroscopy assessment of the brain in regions of vector administration. The data generated will help eval-
uate two hypotheses: (1) that it is safe to carry out direct intracranial administration of the AAV2cyhCLN2
vector to the CNS of individuals with LINCL, and (2) that administration of the AAV2-yhCLN2 vector will
slow down or halt the progression of the disease in the central nervous system.

OVERVIEW OF LATE INFANTILE NEURONAL
CEROID LIPOFUSCINOSIS

Late infantile neuronal ceroid lipofuscinosis (LINCL) is a
form of Batten disease, the collective name for autosomal
recessive disorders grouped together as the neuronal ceroid
lipofuscinoses (NCLs). These are childhood neurodegener-
ative lysosomal storage diseases associated with intracellu-
lar accumulation of autofluorescent material resembling

lipofuscin in neuronal cells (Boustany, 1996; Williams ef al.,
1999). Batten disease affects 1 in 12,500 to 100,000 births
each year, making it the most common neurodegenerative
disease of childhood. For all the NCLs, there is a progres-
sive neurological decline characterized by cognitive im-
pairment, visual failure, seizures, and deteriorating motor
development. For LINCL, this invariably leads to a vegeta-
tive state and a shortened life span.

LINCL manifests itself at age 2 to 4 years (Williams et
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al., 1999; Kurachi et al., 2000). The major symptoms that
bring children to medical attention are seizures, ataxia (loss
of ability to coordinate voluntary movement), and my-
oclonus (sudden twitching of muscles or parts of muscles,
without any rhythm or pattern). Ataxia, myoclonus, im-
paired speech, and developmental regression become ap-
parent around this time or within a few months. The
seizures are often the first manifestation, but there is vari-
ability among individuals with reference to the time of on-
set and the appearance of the collective symptoms. A grad-
ual decline in visual ability follows with blindness by 4 to
6 years. Afflicted children generally become wheelchair
bound between 4 and 6 years. Toward the late stages of the
disease, feeding becomes very difficult, with resulting poor
weight gain. Death occurs by age 8 to 12 years. There is cur-
rently no treatment for LINCL other than management of
symptoms.

At a cellular level, LINCL is characterized by cerebral and
cerebellar atrophy, with progressive loss of neurons and retinal
cells (Boustany, 1996; Birch, 1999; Williams et al., 1999). The
CNS and retinal cells show characteristic autofluorescent, curvi-
linear lysosomal storage bodies (Boustany, 1996; Sleat et al.,
1997; Williams et al., 1999). The main component of this stor-
age material is the mature form of subunit ¢ of mitochondrial
ATP synthetase, suggesting a defect in the turnover of this pro-
tein (Ezaki et al., 1995). Even though the storage bodies are
present in cells throughout the body of individuals with LINCL,
the primary pathology and the cause of morbidity are associ-
ated with the brain.

LINCL is caused by inheritance from both parents of chro-
mosomes containing mutations in the CLN2 gene. The gene is
mapped to chromosomal locus 11p15, is 6.65 kb in length, and
consists of 13 exons and 12 introns (Sharp et al., 1997; Liu et
al., 1998). There are 24 known mutations of the tripeptidyl pep-
tidase I (TPP-I) gene that are associated with LINCL (Sleat et
al., 1999) [Fig. 1 (shows the three most common mutations)
and Table 1 (lists all known mutations)]. The primary transla-
tion product of the CLN2 gene is a 563-residue “pre-pro” form
of TPP-I that includes a 16-residue signal sequence, a 180-
residue propeptide, and a 367-residue active mature form (Lin
and Lobel, 2001) (Fig. 2). After cleavage of the signal peptide
and glycosylation, a fraction of the 547-amino acid pro form is
secreted from the cell. With a p/ of 6.5, it diffuses into the lo-
cal milieu, where it is picked up by cells via mannose 6-phos-
phate receptor-mediated endocytosis. After uptake, it is deliv-
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FIG. 1.
LINCL. Adapted from Sondhi et al. (2001).
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ered to lysosomes, where the acidic pH induces cleavage of the
propeptide at residues 195-196, resulting in a 367-residue, 46-
kDa, active, mature form of the TPP-I protein.

The mature form of TPP-I functions as a tripeptidyl pepti-
dase (Peltonen et al., 2000). It also may have a role in the pro-
tection of cells from apoptosis (Puranam ez al., 1997). In vitro
studies have demonstrated that addition of the pro form to cells
derived from individuals with LINCL results in transport of the
protein to lysosomes and significant amelioration of accumu-
lation of the abnormal accumulated storage products (Lin and
Lobel, 2001).

RATIONALE FOR IN VIVO GENE THERAPY
FOR THE CNS MANIFESTATIONS OF LINCL

There are significant challenges for the development of a ther-
apy for LINCL, including the inability of proteins to cross the
blood-brain barrier (Bosch et al., 2000); the pathology of the dis-
ease being throughout the brain (Mole, 1999), making it neces-
sary to target the largest possible volume of the brain; potential
toxicity due to overexpression of therapeutic protein; and immune
responses to the delivery vehicle or TPP-I protein. The therapeu-
tic strategies that have been considered for the treatment of this
disorder, including enzyme augmentation therapy, allogeneic stem
cell therapy, and gene therapy, have been reviewed in detail
(Sondhi et al., 2001). Importantly, because of the blood—brain bar-
rier, neither the pro form nor the mature form of the protein can
be effectively delivered to the brain via a vascular route, that is,
the therapy (protein or gene) must be delivered directly to the
CNS. Although extracellular delivery of the pro form will correct
the abnormality, the half-life of the protein is 12 days (Lin and
Lobel, 2001). Because it is impractical to repetitively deliver pro-
teins to the CNS, a major advantage of gene therapy is that, once
delivered to the CNS, it has the potential to be a constant source
of the pro form of TPP-I within the brain.

Gene therapy can be viewed as a drug delivery system, in
which the cDNA gene product is the drug of interest. In the
present study, the coding regions of the CLN2 gene will be de-
livered as a cDNA, and the gene product is the TPP-I protein.
One clear advantage of the gene therapy approach is the sus-
tained release nature of the transgene product without the need
for repeat administration or indwelling catheters, as would
likely be required if the strategy of direct protein administra-
tion were used. LINCL has several features that make it a good
candidate for gene therapy. First, the disease is caused by mu-

5271G-C
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TaBLE 1. KNowN MuTtaTiONS OF THE CLN2 GENE LINKED TO LINCL?

Mutation® Type Location Consequence Frequency (%)°
1917C-T Nonsense Exon 3 GIn66Stop 2
1946A-G Splice junction mutation Exon 3 Generation of cryptic 1
splice junction
1950G-A Missense Exon 3 Gly77Arg 1
3081-3091del Deletion Exon 4 Frameshift 2
3084C-T Nonsense Exon 4 Argl27Stop 1
3556G-A Splice junction mutation Intron 5 Aberrant splicing 3
3556G-C Splice junction mutation Intron 5 Aberrant splicing 38
3670C-T Nonsense Exon 6 Arg208Stop 32
4023T-A Missense Exon 7 I1e287Asn 1
4188A-G Splice junction mutation Intron 7 Generation of cryptic 1
splice junction
4288-4295del Deletion Exon 8 Frameshift 3
4346G-A Missense Exon 8 Glu343Lys 3
4396T-G Splice junction mutation Intron 8 Aberrant splicing 1
4654T-C Missense Exon 9 Cys365Arg 1
4655G-A Missense Exon 9 Cys365Tyr 4
5159T-A Missense Exon 10 Val385Asp 1
5171G-A Missense Exon 10 Gly389Glu 4
5271G-C Missense Exon 10 GIn422His 8
5457G-A Missense Exon 11 Argd47His 2
5478C-A Missense Exon 11 Ala454Glu 1
5541C-T Missense Exon 11 Ser475Leu 1
6025G-C Splice junction mutation Intron 12 Aberrant splicing 1
6069InsA Insertion Exon 13 Frameshift 1
6151-6152delTC Deletion Exon 13 Frameshift 2

4Reproduced from Sondhi et al. (2001).

PNucleotide number in gene followed by sequence change of wild type to mutant.

°Frequency of occurrence among 57 individuals with LINCL; two mutations; 3556G-C and 3670C-T, together represent 60%
of all mutations associated with the 114 alleles (both mutant alleles from each individual studied) (Sleat et al., 1999).

tations in a single gene, it is a classic autosomal recessive dis- mal are associated with a less severe form of the disease with
order, and the missing/deficient protein has been characterized delayed age of onset and mortality (Sleat ef al., 1999) (K.E.
(Liu et al., 1998). Comparisons of LINCL genotype and phe-  Wisniewski and N. Zhong [Institute for Basic Research in De-
notype suggest that levels of TPP-I that are 5 to 10% of nor-  velopmental Disabilities, Staten Island, NY], and R.M. Bous-

Glycosylation sites

Signal sequence 196 210 202 286 313 443 563
LT \
Pre-pro-TPP-|
“Pl'e" llpro"
peptide  peptide

Cleavage

46 pH 4.0

46 kDa

FIG. 2. Primary structure of the TPP-I protein. The CLN2 open reading frame encodes a 563-amino acid product (pre-pro TPP-
I). The signal sequence (amino acids 1-16) directs nascent protein to the secretory pathway with insertion into the endoplasmic
reticulum and glycosylation at the sites indicated. The 563-residue pre-pro TPP-I is cleaved to form the 547-residue pro-TPP-I;
this form is inactive until exposed to low pH in the lysosomes, which results in proteolytic cleavage at amino acids 195-196 to
yield the active mature product of 367 residues (46 kDa). Adapted from Sondhi ez al. (2001).
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tany [Duke University Medical Center, Durham, NC], personal
communication). In this regard, the severe phenotype of spe-
cific regions within the brain should be ameliorated if 5 to 10%
of normal TPP-I levels can be achieved within those regions.
Second, the protein is secreted and is capable of cross-correct-
ing neighboring cells (Lin and Lobel, 2001). Thus, it is not nec-
essary to transfer the normal CLN2 cDNA to all of the cells in
the CNS, because the transduced cells will secrete TPP-I pro-
tein that will be picked up by, and thus correct, cells in the lo-
cal milieu. Cross-correction occurs by the uptake of the TPP-I
protein precursor (the pro form secreted by the vector trans-
duced cells; see below) mediated by mannose 6-phosphate
(M6P) receptors (Lodish et al., 2000; Lin and Lobel, 2001).
The M6P recognition moiety, added to the TPP-I protein pre-
cursor during posttranslational processing, binds to intracellu-
lar receptors, which shuttles some TPP-I precursor to the lyso-
somal compartment and the rest is secreted for eventual M6P
mediated endocytosis and trafficked to lysosomes. The TPP-I
is released into the acidic compartment, where it is processed
and the receptor is recycled. The implication of this biology for
gene therapy is that the cells infected by the viral vector car-
rying the normal therapeutic gene act as the source of the cor-
rective enzyme that will cross-correct the noninfected neigh-
boring cells, thereby increasing the distribution of the protein,
and thus enhancing the potential for success of the therapy.
Third, LINCL is a fatal disorder with no known therapy. The
LINCL phenotype is inevitably fatal in childhood after pro-
gressive degenerative neurologic deterioration. This is impor-
tant, because there are risks to the proposed therapy and this
justifies the risks outlined in this document.

Viral gene transfer vectors efficiently transfer their genome
to the nucleus of cells. These vectors are designed to be “repli-
cation deficient” by removal of genetic information required for
viral replication. AAV2cyhCLN2, a viral gene transfer vector
that we will use to treat LINCL in this study, includes an ex-
pression cassette containing the human CLN2 cDNA controlled
by an constitutive promoter that functions well in brain cells
(Fig. 3). The AAV2 gene transfer vector has the biological char-
acteristics appropriate for effective in vivo gene transfer for
LINCL. The AAV2 vector mediates long-term gene expression
in the CNS in experimental animal models (Elliger et al., 1999;
Sferra et al., 2000; Frisella et al., 2001) and it has a proven
track record of safety in several clinical trials (Wagner et al.,
1998; Kay et al., 2000; Leone and Simeone, 2000; Aitken et
al., 2001; High, 2001; Glader et al., 2002; Janson et al., 2002).
Other gene transfer vectors do not meet requirements of this
clinical target: nonviral vectors have low efficiency and tran-
sient gene transfer/expression; murine retroviruses have low
transduction efficiency in vivo and require target cells to be pro-
liferating to transfer genes to the nucleus; herpes simplex virus
has minimal data regarding safety; lentivirus has a limited safety
record in humans; and adenoviruses, although robust, lead to
transient gene transfer that is not suitable for a human clinical
study requiring persistent expression. Different serotypes of
AAV may have different tropism for specific cells in brain
(Chiorini et al., 1999; Chen et al., 2000; Davidson et al., 2000).
Studies in rodents suggests that the AAVS serotype may pro-
vide better transgene distribution after CNS gene transfer than
the AAV2 serotype (Davidson et al., 2000; Haskell et al., 2003).
However, AAVS vectors have not been used in humans and
therefore potential toxicity of AAVS5-based vectors is unknown,
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and the methods to produce GMP-quality AAVS5 vectors have
not been developed. For these reasons, for the clinical devel-
opment pathway, we have chosen AAV2-based vectors as the
gene transfer vehicle of choice.

ADENO-ASSOCIATED SEROTYPE 2 GENE
TRANSFER VECTORS

The AAV2cyhCLN?2 vector is based on the serotype 2 adeno-
associated virus. AAV is a small nonenveloped icosahedral par-
vovirus with a 4.7-kb single-stranded DNA genome. AAV2 is
a naturally replication-defective virus that depends on adeno-
virus (Ad) or herpes simplex virus gene products for replica-
tion (Berns and Giraud, 1996). The absence of any detectable
pathology from wild-type AAV2 infections coupled with its
ability to remain latent promoted its development as a gene
transfer vector (Backlow, 1988; Muzyczka, 1992; Carter, 2000).
Recombinant vectors based on AAV?2 are effective in long-term
gene transfer to skeletal and cardiac muscle, liver, brain, and
retina (Kessler et al., 1996; McCown et al., 1996; Fisher et al.,
1997; Flannery et al., 1997; Koeberl et al., 1997; Maeda et al.,
1998; Bennett et al., 1999; Chen et al., 2000; Paterna et al.,
2000). AAV2 vectors are designed in a fashion such that all vi-
ral genes are replaced by an expression cassette for the trans-
gene, leaving intact the essential cis elements of the genome,
the inverted terminal repeats (ITRs), DNA packaging signal,
and the replication origin (Backlow, 1988). Replication and
packaging of AAV2 vectors requires all AAV2 and Ad helper
functions to be provided in trans.

AAV?2 vectors have been used in numerous models of neu-
rological disorders (McCown et al., 1996; During et al., 1998;
Mandel et al., 1998; Lo et al., 1999; Skorupa et al., 1999) and
are currently in clinical trials for cystic fibrosis (Aitken et al.,
2001) and hemophilia (Kay et al., 2000; High, 2001; Glader et
al., 2002), and two CNS disorders, Canavan disease (During et
al., 1998) and Parkinson disease (During et al., 2001). In the
CNS, AAV2 vectors are able to deliver genes to neurons, with
little to no toxicity or immunogenicity (McCown et al., 1996;
Mandel et al., 1998; Lo et al., 1999; Skorupa et al., 1999; Dur-
ing et al., 2001). Expression is usually delayed, peaking a few
weeks after infection and is sustained for extended periods, pre-
sumably because of the ability of the vector to insert transgenes
randomly into the host cell genome, or to form extrachromo-
somal concatamers (Chen er al., 2001). Extensive preclinical
data using AAV2 in the treatment of animal models of neu-
ronopathic lysosomal storage diseases support the concept of
using AAV2 gene transfer vectors to treat CNS disorders. For
example, AAV2 vectors, expressing S-glucuronidase, have
been injected into the brain of mucopolysaccharidosis type VII
(MPS VII) mice and have been shown to lead to long-term ex-
pression of the B-glucuronidase gene (Frisella ez al., 2001). The
spatial distribution of expressed protein was increased over
time, and the lysosomal storage deficit was corrected over a
wide area that exceeded the area over which the vector had
spread and exceeded the obvious distribution of the enzyme de-
tected histologically. The clearance of the storage defect led to
behavioral improvements in the AAV2-treated mice. Impor-
tantly, there is also a track record of safety in the administra-
tion of AAV2 to humans including direct delivery to lung, si-
nus, skeletal muscle, liver, and the CNS (Wagner et al., 1998;
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AAV2_,hCLN2
AAV2
Genome
5 AAV2 ITR %) Expression cassette V% 3’ AAV2 ITR
Human CMV Chicken p-actin B'-Ral?)zlitn Human CLN2 cDNA with Ralzll))iitn
enhancer promoter Irs\!tron optimized Kozak sequence ﬁl;?)ly A
Splice Splice
donor acceptor

FIG. 3. Structure of the AAV2cyhCLN2 vector. The vector consists of the AAV2 capsid enclosing the 4278 base single-
stranded genome: there is expected to be an equimolar mixture of the two complementary strands. The genome consists of the
two inverted terminal repeats of AAV serotype 2 (ITR, nucleotides 1-145 and 45314675 of GenBank J01901). The expression
cassette comprises the human cytomegalovirus (CMV) enhancer [nucleotides 558-925 of GenBank x03922]; the chicken S-actin
promoter/splice donor and 5’ end of intron [nucleotides 268—1530 of GenBank x00182]; the 3’ end of the rabbit 8-globin intron
and splice acceptor [nucleotides 1457-1551 of GenBank J00659]; the human cDNA for CLN2 with an optimized Kozak trans-
lation initiation signal [nucleotides 13—-1704 of GenBank BC014863]; and the polyadenylation/transcription stop from rabbit

B-globin [nucleotides 1546—1827 of GenBank J00659].

Kay et al., 2000; Leone and Simeone, 2000; Aitken ef al., 2001;
High, 2001; Glader et al., 2002; Janson et al., 2002). There are
two ongoing clinical CNS AAV2 studies: a phase I clinical trial
using an AAV2 vector delivered intracranially to express as-
partoacylase in the brain of children suffering from Canavan
disease (Leone and Simeone, 2000; Janson et al., 2002) and a
phase I clinical trial using an AAV?2 vector delivered intracra-
nially to express two isoforms of the enzyme glutamic acid de-
carboxylase (GAD-65 and GAD-67) in the brain of adults with
Parkinson disease (During ef al., 2001).

The strategy proposed in this protocol is for the intracranial
delivery of an AAV2 vector encoding the human CLN2 cDNA.
The advantages of this direct injection strategy to treat LINCL
include bypassing the blood—brain barrier and long-term ex-
pression of the transgene product (TPP-I) in the organ (brain)
that is most affected.

OVERVIEW OF THE PROPOSED STUDY

The proposed clinical protocol of gene therapy for LINCL
is designed to determine the safety/toxicity of direct adminis-
tration of the AAV2cyhCLN2 vector to the brain of children
with LINCL, and to develop preliminary data regarding the abil-
ity of this therapy to prevent the progressive CNS deterioration
inherent to this disorder. This strategy is based on the concept

that persistent expression of the normal CLN2 cDNA in the
CNS will result in the production of sufficient amounts of TPP-I
to prevent further loss of neurons, and hence limit disease pro-
gression. The rationale for this approach is the knowledge that
(1) genotype—phenotype correlations suggest 5 to 10% of nor-
mal TPP-I activity is sufficient to prevent clinical manifesta-
tions of LINCL (Sleat et al., 1999); (2) TPP-I is secreted as a
stable, precursor form and taken up by surrounding cells, and
thus transfer and persistent expression of the normal CLN2
cDNA in only a fraction of CNS cells should result in cross-
correction of large numbers of cells (Lin and Lobel, 2001); (3)
AAV?2 vectors are capable of effectively transferring genes in
vivo to the CNS neurons, where the gene is expressed on a per-
sistent basis with negligible toxicity (McCown et al., 1996; Dur-
ing et al., 1998; Mandel et al., 1998; Lo et al., 1999; Skorupa
et al., 1999); (4) there is clinical experience using AAV2 vec-
tors to safely transfer genes to human organs, including the CNS
(Wagner et al., 1998; Kay et al., 2000; Leone and Simeone,
2000; Aitken et al., 2001; During et al., 2001; High, 2001;
Glader et al., 2002); and (5) preclinical data in rats and non-
human primates demonstrate that it is feasible to use an AAV?2
vector to deliver the normal CLN2 cDNA to the CNS of ex-
perimental animals, with persistent expression of TPP-I.

The study will be carried out in two populations of children
with LINCL. Group A will include n = 4 children with a total
disability score of O to 4 (the severe forms of the disease; the
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staging is based on a modification of the scale of Steinfeld et
al. [2002], as detailed in the section End-Point Variables).
Group B will include n = 6 children with a total disability score
of 5 to 6, a moderate stage of the disease. All of the study pop-
ulation of 10 children (group A, n = 4 and group B, n = 6) will
receive 3.6 X 10'2 particle units of the AAV2cyhCLN2 vector
divided among 12 locations delivered through 6 burr holes (2
depths through each hole), 3 burr holes per hemisphere. The
choice of the locations for the burr holes and catheter place-
ment will be on a case-by-case basis because of the diffuse and
variable nature of the disease presentation. The following cri-
teria will guide selection of the sites of administration: (1)
safety, (2) opportunity to achieve the broadest distribution
throughout the CNS (other than the cerebellum and brainstem),
and (3) protection of functional regions of the brain relevant to
the disease. The choice of injection areas will be based on the
neurological examination (see Appendix I for the standard for-
mat to be used) and CNS magnetic resonance imaging/mag-
netic resonance spectroscopy (MRI/MRS) assessment carried
out the day before administration. Specifically, the criteria for
site selection will include the following: (1) for safety reasons,
no injections will be made into potentially risky areas (e.g.,
blood vessels, cysts, malformations, white matter tracts, Broca’s
area); (2) the broadest distribution possible will be achieved by
administration to the frontal, parietal, and occipital cortices in
both hemispheres; and (3) the effort to “protect functional re-
gions of the brain” will be based on correlations between the
neurological clinical observations and brain MRI findings, such
that injections will be targeted toward parts of the brain that are
judged to contain “salvageable” tissue (this criterion allows for
a potential for correction that is likely to change the rate of de-
cline in the LINCL rating scale). Each injection will involve
vector deposition at two depths, neither of which is greater than
45 mm from the surface of the brain.

Regarding assessment of safety, routine clinical parameters
will be used, as well as neurologic-specific parameters; these
are detailed in the next section (Details of the Experimental De-
sign). Regarding efficacy, the subject population will be as-
sessed over time after treatment to obtain preliminary data re-
garding the efficacy of the therapy. The primary end-point
variable will be the assessment of specific regions of the CNS
to which the AAV2cyhCLN2 vector is administered based on
MRI and MRS (see below, End-Point Variables). All efficacy
parameters will be assessed by comparing two baseline evalu-
ations with evaluations 6 months and 18 months after vector
administration.

DETAILS OF THE EXPERIMENTAL DESIGN

The clinical study is designed to assess the safety/toxicity
and to develop preliminary efficacy data resulting from direct
intracranial administration of the AAV2cyhCLN2 vector to the
brain of children with LINCL. Subjects for this study will be
recruited from direct referrals to the principal investigator with
the help of relevant foundations and support groups. The pro-
posed protocol will include 10 individuals and will be divided
into two parts. Group A, to be studied first, will include four
individuals with the severe form of the disease. Group B of the
trial will include six individuals with a moderate stage of the
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disease. On the basis of recommendations of the Food and Drug
Administration (FDA), subjects will be treated sequentially,
with at least a 2-week follow-up period completed for all pre-
viously treated subjects. For both groups, two baseline evalua-
tions will be performed to determine eligibility and establish
baseline values for safety and efficacy parameters. Each indi-
vidual will undergo two baseline evaluations that will include
a general assessment (history, physical examination, vital signs,
respiratory rate, temperature, and weight); general blood (chem-
istry, hematology, and coagulation) and type and screen; urine
analysis; human immunodeficiency virus (HIV) test; vector-re-
lated tests (serum anti-AAV antibody levels), LINCL rating
scale assessment, and MRI/MRS assessment. Genetic testing
will be carried out as part of this research study. The DNA will
be banked for verification of tests at the Arthur and Rochelle
Belfer Gene Therapy Core Facility (515 East 71st Street, Room
S1000, New York, NY 10021). DNA samples will be sent out
for genomic analysis to the Institute for Basic Research in De-
velopmental Disabilities (IBR), which is the research compo-
nent of the New York State Office of Mental Retardation and
Developmental Disabilities (1050 Forest Hill Road, Staten Is-
land, NY 10314-6330). It will not be used for any other pur-
pose.

Assessment of the children, decisions regarding eligibility
and the order of participation, and decisions regarding regions
of administration will be made by four coinvestigators in the
study: Mark Souweidane, M.D., or Michael Kaplitt, M.D., the
neurosurgeons who will be administering the vector; Syed Ho-
sain, M.D., a pediatric neurologist; and Stefan Worgall, M.D.,
a general pediatrician. The principal investigator of the study,
Ronald Crystal, M.D., will not participate in these decisions.
Procedures involved in the protocol will be performed at New
York Presbyterian Health Care System-Weill Medical College
of Cornell University under the auspices of the Children’s Clin-
ical Research Center. After the acute hospitalization for surgery,
follow-up visits will occur as outpatient visits at New York
Presbyterian Hospital-Weill Cornell Medical Center (NYPH-
WCMC). Day 14, Month 2, and Month 3 visits may be done at
study individual’s personal physician’s office, but the findings
will be recorded into the study database and the findings will
be reviewed by the investigators. There will be no cost to the
study individuals resulting from the research-related procedures
in this protocol. The costs of travel and accommodations out-
side of the NYPH-WCMC for the family and the subjects will
be the responsibility of the families of the study participants.

The study population that meets the entry criteria will be un-
blinded and separated into two groups (group A, n =4 and
group B, n = 6; Table 2). Each individual will receive a total

TaBLE 2. StuDY GROUPS?

Group n Vector Total dose® (particle units)
A 4  AAV2cyhCLN2 3.6 X 1012
B 6 AAV2cyhCLN2 3.6 X 1012

2All subjects will receive the study drug at the same dose.

PEach total dose will be divided among 12 locations deliv-
ered through 6 burr holes (2 depths through each hole), 3 burr
holes per hemisphere.
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dose of 3.6 X 10'2 particle units of AAV2cyhCLN2, divided
among 12 locations delivered through 6 burr holes (2 depths
through each hole), 3 burr holes per hemisphere.

The exact locations of the administration of the vector will
be decided on a case-by-case basis as described above. Preop-
erative MRI will be used to guide the sites for the regions of
administration and hence the burr holes. For standardization,
the coronal sutures and bony landmarks of the cranium will be
used to draw a line in the sagittal plane on the MRI. There will
be 12 target sites per brain delivered through 6 burr holes (2
locations at varying depths through each hole) with 3 in each
hemisphere.

Neurosurgical administration of AAV2cyhCLN2 will in-
volve drilling six small burr holes in the calvarium under gen-
eral anesthesia in order to gain access to defined subcortical re-
gions of the brain with a fine catheter. Individuals will be
prepared for anesthesia and surgery in the standard fashion.
They will fast from food and liquids after midnight, prior to the
surgical procedure. Individuals will be transported to the oper-
ating room where monitors (three-lead modified EKG, pulse
oximeter, capnography [a monitor that displays the level of ex-
haled carbon dioxide in the breathing tube]) will be applied;
routine premedications will be administered as needed. Sub-
jects will require a radial arterial line for continuous blood pres-
sure monitoring and blood sampling.

The individual’s head will then be prepped and draped, as
anatomically indicated, in a standard sterile fashion using a be-
tadine/alcohol solution. At the completion of successful burr
holes (see above), catheters will be put in place. Intravenous
mannitol (typically 1.0 g/kg, but at the anesthesiologist’s dis-
cretion) may be given as needed to reduce brain edema through-
out the period of vector administration.

A total of 3.6 X 10'? particle units of the AAV2cyhCLN2
vector will be administered to the whole brain. The vector will
be administered to each of the six sites in parallel. Each of the
six sites will receive 0.6 X 10! particle units, half at one site
at the bottom of the needle track and half at a site approximately
half-way up the needle track. The vector will be delivered by
a microperfusion pump that accommodates six syringes simul-
taneously. The vector will have a concentration of approxi-
mately 2.0 X 10° particle units/ul, and will be delivered at 2.0
ul/min at each site for a total of 300 ul/site (6.0 X 10! parti-
cle units/site). After the specified dose is administered to the
six sites, the catheters will remain in place for 5 min to assure
tissue penetration. The catheters will be withdrawn to approx-
imate half-way from the bottom of the needle track to the brain
surface, and the remaining 50% of the dose will be adminis-
tered, in parallel, to each of the six sites exactly as described
above. After the period of vector administration (estimated to
be 2.5 to 3.0 hr), the surgical wounds will then be closed by
standard techniques. A postoperative MRI will be performed
within the first 48 hr after the surgical procedure. The exact
time the MRI will be performed will be determined at the dis-
cretion of the neurological team. Each patient will be monitored
postoperatively in a recovery room or intensive care unit until
he/she is stable to be transferred to the Children’s Clinical Re-
search Center unit. Individuals will be discharged from the hos-
pital at the discretion of the attending neurosurgeon. The total
length of hospitalization is estimated at less than 7 days, as-
suming no postoperative complications occur (Janson et al.,
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2002). The assessment will be carried out on the basis of the
timeline in Table 3.

END-POINT VARIABLES

The primary end-point variable will include neurological as-
sessment, using the LINCL clinical rating scale. The secondary
end-point variable will be derived from MRI and MRS assess-
ments of the CNS in regions of vector administration. All effi-
cacy parameters will be assessed by comparing baseline evalu-
ations with evaluations at time points after vector administration.
There will be two pretherapy evaluations of all end points (the
“screening” and “pretherapy”” assessments) and two posttherapy
evaluations, one at 6 months and one at 18 months.

Primary end point

The primary end point for the trial is neurological assess-
ment, using the LINCL clinical rating scale. The neurological
examination will be carried out according to a standard format
(see Appendix I) with input from the parents/legal guardians
as relevant. The clinical rating scale, referred to as a “CNS dis-
ability scale,” is made up of individual sums of four-point
scales for each of three activities; the ratings for each activity
are summed, giving a CNS disability score. Each of the activ-
ities are rated O to 3, where O is the most severe form of the
disease (see Table 4) (Steinfeld et al., 2002). This scale, de-
veloped by Steinfeld et al. (2002), originally included the four
major functional problems in LINCL (loss of motor perfor-
mance, seizure activity, loss of vision, and loss of language).
To adapt this scale to make it relevant for gene therapy for the
CNS manifestations of LINCL, the vision part of the scale has
been eliminated. In the modified clinical rating system, these
are now three categories (Fig. 4 and Table 4). The seizure scores
are included in the CNS disability score; because these chil-
dren are conventionally treated with antiseizure medications,
the seizure score may or may not have a significant impact, de-
pending on the success of the antiseizure therapy. The score
without the vision function is referred to as the “CNS disabil-
ity score,” and includes motor performance, seizure activity,
and loss of language. To determine the CNS disability score
for entry into the gene transfer protocol, the three individual
categories (motor function, seizure activity, and language) are
summed (Table 5).

The proposed gene transfer protocol includes 10 individuals,
divided into 2 groups. Group A will include four individuals
with the severe form of the disease (rated to have an average
total disability score of 0 to 4). Group B of the trial will include
six individuals who have been rated an average total disability
score of 5 or 6 on the clinical rating scale (a moderate form of
the disease).

Secondary end point

The secondary end-point variable will be the MRI/MRS
assessment of the CNS in regions of vector administration.
Anatomical measurements of brain parenchymal volume will
be combined with proton spectroscopic imaging of the N-acetyl-
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TaBLE 3. TIMELINE OF THE STUDY*P

Day Month
Years
Category Screening®  Pretherapy® 0 7 14 1 2 3 6 12 18 3-15d
AAV2cyhCLN2 administration® ]
General assessment [
Safety parameters
General® [ [ [ n [ n [ [ [ [
Weight [ ] n n
Blood
CBCh [ [ [ [ [ [ [
ESR! ] ]
Clotting! ] n n n n ] ]
Chemistry® [ [ [ [ [ [ [
HIV L]
Future (serum)! n n n n n n n
Type and screen™ [
CLN2 genomic analysisf m
Urinalysis" o o o o o o o
Pregnancy test (urine)° [
EKGP ] ]
Neurological assessmentd L] n u u u u u
Chest X-ray" [ [ [ [ [
MRI® [
Ophthalmology* m
Vector-related"
Anti-AAV?2 antibodies [ ] ] ] ] [ ]
Future (WBC) n ] ]
FDA-mandated annual [
follow-up*®
Efficacy parameters
LINCL rating scale [ [ [ [ [ [
MRI/MRSY ] [ ] [ [

Symbols: m, test required; o, test optional.

2Parameters listed are mandatory for the study; additional parameters will be assessed at the discretion of the physician caring
for the individual, based on general medical practice for similar neurosurgical procedure in this age group; as there is no way to
separate the acute postoperative effects on these parameters from those secondary to the vector per se, they are not included as
mandatory for the protocol.

"The acceptable time windows for the assessment days are as follows: Screening parameters—6 months to 2 weeks before vec-
tor administration; baseline—2 weeks to —1 day before vector administration except for the MRI/MRS, which must be done
within 24 hr of vector administration; for the assessments after vector administration:

Number of days acceptable

Assessment *2 *+5 +30

Day 7 [ ]

Day 14 [

Month 1 ]
Month 2 [

Month 3

Month 6

Month 12

Month 18

Years 3-15

“There will be two sets of baseline parameters obtained for the study: one will be referred to as the “screening” studies and
the other as “pretherapy” studies. The screening studies can be carried out within 6 months to 2 weeks before administration of
the vector. It is acceptable that the safety parameters for the screening studies be done outside of NYPH-WCMC, but the effi-
cacy parameters must be done at NYPH-WCMC (it is acceptable if they are done for clinical purposes or another nontherapeu-
tic protocol). The pretherapy studies must be carried out within 2 weeks of administration of the vector, with the exception of
the MRI/MRS study, which must be done within 24 hr of administration of the vector; if greater than 2 weeks before adminis-
tration of the vector, then all of the parameters must be reevaluated (listed as pretherapy).
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TaBLE 3. TIMELINE OF THE STUDY*? (CONT D)

dAs per the mandate of the FDA following the recommendations of the Biologic Response Modifiers Advisory Committee, all
subjects in gene therapy trials must be monitored for a period of 15 years after vector administration.

°Total dose, 3.6 X 10'? particle units, in 12 equally divided doses; see text for details.

The general assessment will be used to make the diagnosis of LINCL on clinical grounds plus CLN2 genomic analysis; prior
genomic analysis will be accepted.

gGeneral—medical history, physical examination, vital signs (blood pressure, heart rate, respiratory rate, temperature).

hCBC—hematocrit, hemoglobin, white blood count, differential, platelets.

IESR—erythrocyte sedimentation rate.

iClotting—prothrombin time, partial thromboplastin time.

kChemistry—sodium, potassum, chloride, total CO,, blood urea nitrogen (BUN), glucose, magnesium, uric acid, phosphate,
creatinine, alanine amino transferase (SGPT), aspartate amino transferase (SGOT), calcium, serum total protein, albumin, alka-
line phosphatase, bilirubin (total).

'Future (serum)—serum sample frozen for future use.

MType and screen—blood type and screen to be performed as part of pretherapy tests before surgical procedure.

"Urinalysis—appearance, specific gravity, pH, protein, glucose, ketones, bilirubin, hemoglobin, number and type of cells, char-
acterization of sediment.

°Pregnancy test (urine): required for pubertal females.

PEKG—electrocardiogram.

9Neurological assessment—Ilevel of consciousness, speech, language, cranial nerves, motor strength, motor tone, abnormal
movements, reflexes, upper extremity sensation, lower extremity sensations, gait, Romberg, nystagmus, coordination. Daily pe-
diatric neurological assessments will be taken after day 0 vector administration and the data will be collected on days 1-7 and/or
while the child is in-hospital in the ICU and Children’s Clinical Research Center.

"Posteroanterior and lateral.

SMRI at O to 2 days for clinical postoperative care only (exact time will be determined at the discretion of the neurosurgeon);
where the MRI/MRS efficacy assessments will all be carried out with the same MRI scanner, the MRI for postoperative clinical
care will be carried out at the MRI scanner convenient for postoperative care.

Eye test—routine ophthalmologic examination; this will be carried out as part of the screening study only, to help define the
overall status of the LINCL.

" Vector-related” studies will include assessment of anti-AAV2 neutralizing antibodies and a sample of white blood cells
(WBCs) to be reserved for future studies.

YMagnetic resonance imaging (MRI)/magnetic resonance spectroscopy (MRS)—see text for details; all studies will be carried
out on the same scanner located in New York Presbyterian Hospital. The scanner is a 3.0-T whole body system with an included
head coil.

95th percentile

50t percentile

| 5t percentile

Total disability scale
N
|

Age (yr)

FIG. 4. CNS disability score obtained from 16 patients with CLN2 mutations (modified from Steinfeld et al., 2002), eliminat-
ing the vision score; shown with median, 5Sth, 50th, and 95th percentile of scores.
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TABLE 4. CATEGORIES COMPRISING THE CNS DISABILITY SCORING SYSTEM
FOR LATE INFANTILE NEURONAL CEROID LIPOFUSCINOSES

Functional

category Rated as Performance Score

Motor function Normal Walks normally 3
Slight abnormality Frequent falls, clumsiness obvious 2
Moderate abnormality No unaided walking or crawling only 1
Severe abnormality Immobile, mostly bedridden 0

Seizures® Normal No seizures per 3-month period 3
Slight abnormality 1 or 2 seizures per 3-month period 2
Moderate abnormality 1 seizure per month 1
Severe abnormality >1 seizure per month 0

Language Normal Normal 3
Slight abnormality Recognizably abnormal 2
Moderate abnormality Hardly understandable 1
Severe abnormality Unintelligible or no language 0

20n current medications as prescribed by their physician.

aspartate (NAA) resonance, a neuronal marker measurable by
clinical magnetic resonance techniques (Birken and Olendorf,
1989). A 3.0-T magnetic resonance imaging system will be used
for all measurements combined with the standard head resonator
provided by the vendor. T;- and T,-weighted images will first
be acquired over the whole brain during each scanning session.
This will be followed by three-dimensional multivoxel proton
spectroscopic imaging. Voxel sizes on the order of 8 mm? will
be used with a scan time of 15-20 min. Postprocessing will in-
clude calculation of parenchymal volumes in the regions of vec-
tor administration from the T,-weighted series, and measure-
ment of peak areas of NAA, using software developed in-house.
The NAA peak area will be compared with neighboring reso-
nances such as choline and creatine, and in addition calibrated
against an external reference standard containing MR-visible
brain metabolites including NAA at millimolar concentrations.
The sensitivity profile of the head resonator will be mapped in
advance to allow quantitative comparisons between the NAA
peak area and the standard. While requiring a greater degree of
subject cooperation than conventional MR scans, functional
imaging end points, if attainable, could be directly compared
with the clinical rating scale used as the primary end point. If
possible, the total scan time for each subject will be designed
to be completed within 90 min.

REVIEW AND MONITORING

The study will not commence without appropriate Institu-
tional Review Board (IRB), Institutional Biosafety Committee
(IBC), Children’s Clinical Research Center (CCRC), NIH DNA
Recombinant Advisory Committee (RAC), and Food and Drug
Administration (FDA) submissions and approvals as relevant.
The clinical study will be carried out under the auspices of the
Department of Genetic Medicine Clinical Operations and Reg-
ulatory Affairs (CORA) Core. Standard Operating Procedures
(SOPs) are in place, describing the role and responsibilities of
all participants. Case report forms will be prepared to collect all
data described in the timelines. Eligibility forms will be pre-
pared relevant to the inclusion/exclusion criteria and will be

signed by three physicians, who will verify that the individual
meets the inclusion/exclusion criteria. Adverse events will be
recorded on forms that will be prepared and graded on the ba-
sis of a toxicity scale (see Toxicity Scale, Appendix II). The
principal investigator will review, sign, and date all adverse
event forms. All adverse events (AEs) and serious adverse events
(SAEs) will be reported to the Data Safety Monitoring Board of
Weill Medical College (WMC), the local Institutional Review
Board (IRB) and Institutional Biosafety Committee (IBC), the
Children’s Clinical Research Center (CCRC), the NIH DNA Re-
combinant Advisory Committee (RAC), and the Food and Drug
Administration (FDA) under regulations and guidelines relevant
to each. A Research Coordinator on site, under the supervision
of the CORA Core, will record the data and adverse events on
the relevant forms. The CORA Core will have the responsibil-
ity of forwarding the adverse events reports to the RAC and
FDA as relevant under their regulations and guidelines.

STATISTICAL CONSIDERATIONS

Individuals (other than the principal and coprincipal inves-
tigators) collect and tabulate the clinical parameters, using stan-
dard methods for clinical studies. The principal investigator and
the CORA Core have extensive experience in clinical data man-
agement and verification, using standard methodology, includ-
ing reporting requirements for regulatory groups. Consultation

TABLE 5. CNS DISABILITY SCORE CATEGORIES

Rating Sum of functional categories
Normal 9

Mild 7-8

Moderate 5-6

Severe 04

aThe “severe” range is broader than the mild and moderate
range to reflect the fact that, for most, but not all, cases the sei-
zure activity is controlled adequately by medications, and thus
will usually contribute a seizure score of 3 (see Table 4).
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on the statistical analysis will be done through the statistical
consultant of the General Clinical Research Center (GCRC) of
NYPH-WMC; the Weill Cornell group has used these resources
for all other gene therapy studies. The end-point variables and
the assessment of safety include a variety of parameters as dis-
cussed above. From the preliminary studies, we expect that the
study will be safe and will show changes in end-point variables.
However, should the results prove otherwise, depending on con-
sultations with the appropriate regulatory groups, additional
study individuals may be added to help answer specific ques-
tions.

To complete the trial via enrollment at a single study site in
a reasonable amount of time (see the timeline in Table 3), and
based on the available resources and subject population, a to-
tal of 10 subjects is a realistic recruitment goal for this trial. All
efficacy parameters will be assessed by comparing baseline
evaluations, to evaluations at time points after vector adminis-
tration.

For this small trial, no formal statistical analysis will be car-
ried out because the n value is too small. However, “response”
will be defined as a subject maintaining his/her baseline dis-
ability score. As a guide to decision making: if all six subjects
in group B with moderate disability fail to maintain their score,
then it can be concluded that the response rate is less than 40%
(p < 0.05). Confidence intervals for response rates will neces-
sarily be wide with a sample size of six, but will be computed
by exact methods.

TIMELINE

The project will take 17.5 to 18 years to complete. This is
based on the following considerations. Accrual of the 10 sub-
jects will occur over a period of 1 year. Each subject will be
assessed for 1.5 years for safety and efficacy parameters (see
the timeline in Table 3), for a total of 2.5 years. As per the man-
date of the FDA, following the recommendations of the Bio-
logic Response Modifiers Advisory Committee (Food and Drug
Administration, 2004), all subjects in gene therapy trials must
be monitored for a period of 15 years after vector administra-
tion, for a total of 17.5 to 18 years, depending on when the first
and last subjects are dosed.

Yr 01. Produce, characterize, and test the AAV2cyhCLN2
vector, gain approvals from the regulatory groups, develop the
case report forms, and establish other monitoring parameters.
Initiate the clinical study.

Yr 02-03. Complete recruitment of 10 individuals into the
study.

Yr 04-05. Perform follow-up and analyze data.

Yr 03 to 17.5-18. Perform follow-up as mandated by the
FDA (see Appendix III).

INCLUSION/EXCLUSION CRITERIA

The following is applicable to both groups A and B as indi-
cated.

All individuals who meet the following criteria will be in-
cluded without bias as to gender or race/ethnicity.
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Inclusion criteria

1. A definitive diagnosis of late infantile neuronal ceroid lipo-
fuscinosis, based on clinical phenotype and genotype, with
CLN2 gene mutations known to be associated with the dis-
ease.

2. The subjects must be between the age of 4 and 18 years.

3. All subjects will be naive, that is, they will not have previ-
ously participated in a gene therapy study for Batten disease.

4. Parents of study participants must agree to comply in good
faith with the conditions of the study, including attending
all of the required baseline and follow-up assessments.

5. Both parents or legal guardians must sign the child’s in-
formed consent form.

6. For group A, subjects will have an LINCL average total dis-
ability score of 0 to 4, the severe form of the disease.

7. For group B, subjects will have an LINCL average total dis-
ability score of 5 to 6, a moderate form of the disease.

Exclusion criteria

1. Patients with other significant medical or neurological con-
ditions, particularly those that would create an unacceptable
operative risk or risk to receiving the AAV2cyhCLN2 vec-
tor. Examples include malignancy (other than skin cancer),
congenital heart disease, liver or renal failure, or seroposi-
tivity for HIV. Each case will be individually reviewed and
the final decision shall rest with the Eligibility Committee
composed of three physicians other than the principal in-
vestigator, including a pediatric neurosurgeon, pediatric neu-
rologist, and general pediatrician.

2. Individuals with heart disease that would be a risk for anes-
thesia.

3. History of hemorrhage or major risk factors for hemorrhage
(e.g., abnormally low platelet counts).

4. Concurrent participation in any other FDA-approved Inves-
tigational New Drug clinical protocol is not allowed, al-
though the principal investigator will work with other doc-
tors to accommodate specific requests (e.g., a study of
nutritional supplements probably would not be a disqualifi-
cation).

5. Individuals who are at risk during MRI/MRS scans, includ-
ing those with (a) a heart pacemaker and/or related implants,
(b) a metal fragment/chip in the eye or other site(s), (c) an
aneurysm clip in the brain, and (d) metallic inner ear im-
plants.

RISKS OF THE STUDY

Delivery of the vector and surgical procedures

Regarding risks of delivery of the vector, the vector will be
directly administered to the defined regions of the brain by
injection under general anesthesia (for the surgery). The risks
of vector administration are minimal compared with the sur-
gery, including catheter placement. Risks of direct injection of
the vector into the brain include the theoretical risk of bleed-
ing, infection from the catheter, edema, and nerve damage.
Risks of the actual administration of vector will be minimized
by the slow infusion rate (2.0 wl/min for each site) and small
total volume infused (300 ul for each site). Risks of the surgi-
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cal procedure include pain or discomfort, nausea, vomiting,
fever, edema, intracranial hemorrhage, seizures, infection, neu-
rological deficit, stroke, anesthetic complications, electrolyte
changes, paralysis, coma, or death (Janson et al., 2002). After
surgery, an intravenous line will be inserted into the subject’s
arm to administer fluids, nutrition, and/or medications. The
risks linked with this procedure include pain, bruising, swelling,
or blistering where the needle is put in the vein, damage to the
vein, or rarely infection. For individuals selected on the basis
of the inclusion/exclusion criteria listed above, long-term risks
from the surgical procedures are minimal, but because of the
invasive nature of surgery, including the placement of the cath-
eter, unrelated to the delivery of the vector or the vector per se,
it is expected that a variety of minor and major adverse events
will occur.

AAV2cyhCLN2 vector

Administration of the AAV2cyhCLN2 vector has a number
of risks. The first is an inflammatory response to vector ad-
ministration. There is usually a mild local inflammatory re-
sponse to administration of low doses of viral gene transfer vec-
tors as proposed in this study, but this reaction is generally local
and transient. Compared with controls, no significant inflam-
mation was observed in experimental animals (rats, nonhuman
primates) in the formal toxicology studies.

AAV vectors offer the possibility of insertional mutagene-
sis, in which the AAV genome inserts into the cellular genome
at or close to a gene that regulates cell growth. This could re-
sult in loss of a level of control of cell division and increase
the probability that the affected cell could progress toward can-
cer. The level of risk for AAV vectors is unknown although
this mechanism has occurred in a clinical study using a retro-
virus vector (an unrelated gene transfer vector) (Hacein-Bey-
Abina et al., 2003; McCormack and Rabbitts, 2004). To date,
toxicology testing on the AAV2cyhCLN2 vector and other
AAV2-based vectors has not shown any evidence of such in-
sertional mutagenesis.

In LINCL subjects who have no endogenous TPP-I activity,
there is a possibility of an immune response against the TPP-I
protein expressed by the vector. This reaction is not expected
because the most common mutations in the CLN2 gene result
in the production of an inactive protein, nearly identical to the
vector-derived protein and therefore unlikely to be immuno-
genic.

In the immediate area of AAV2¢cyhCLN?2 injection there may
be local overexpression of TPP-I. The consequences of local
TPP-I overexpression are unknown, but toxicology studies on
rats and monkeys injected with the same vector have shown no
toxicity resulting from long-term overexpression of TPP-I.

Adeno-associated virus may cause an immune response that
may sensitize the study individual, resulting in an inability to
participate in future studies of gene therapy using a similar
adeno-associated virus vector.

Tests and procedures designed to evaluate
effectiveness and safety

The following summarizes the risks involved in the tests and
procedures described in this protocol. It should be noted that
all the tests used are widely accepted tests in clinical medicine.
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All tests are governed by regulatory bodies so that strict stan-
dards are upheld. These include limitations on the amount of
blood that can be drawn and the amount of radiation the sub-
jects can be exposed to in the protocol. All studies will be car-
ried out by individuals with a great deal of expertise.

Blood. These involve drawing blood from a vein in the arm
by usual venipuncture. The risks associated with the venipunc-
ture procedure will include pain or bruising where the needle
is put in the vein or, rarely, damage to the blood vessel. Rarely,
people faint after blood drawing. The total amount of blood to
be drawn per visit will be no more than 2.5% of the total blood
volume, based on the child’s age and weight. This amount is
within the acceptable limits for human research according to
the guidelines of the NYPH-WMC Children’s Clinical Research
Center (New York Presbyterian Hospital-Weill Medical Col-
lege of Cornell University Children’s Clinical Research Cen-
ter, 2003).

MRI/MRS. Routine magnetic resonance testing itself in-
volves no more than minimal risk. There is a strong (3.0 T)
magnetic field, which exerts considerable force on paramag-
netic or metal objects and disturbs electronic devices. Individ-
uals who have (1) a heart pacemaker and/or related implants,
(2) a metal fragment/chip in the eye or other site(s), (3) an an-
eurysm clip in the brain, or (4) metallic inner ear implants, can-
not have an MRI scan as the magnetic field may dislodge the
metal. All subjects or their parents/legal guardians will be re-
quired to complete a screening form before entry into the mag-
netic resonance scan room. To perform the MRI scan in the
children, anesthesia is routinely used. It is crucial that the child
lie still. A mixture of drugs might be given depending on the
comfort level and cooperative nature of the subject. The stan-
dard regimen includes two sedative hypnotic drugs, midazolam
and propofol, given through the vein. For many of the LINCL
children, a general anesthetic will likely be required. In this
case, a mixture of anesthetic vapors that are inhaled by the pa-
tient will be used. Anesthesia can have associated bad effects
such as short-lived nausea, blurry vision, sore throat, feeling of
fatigue, drowsiness, tiredness, and/or weakness. The side ef-
fects of the drugs are usually related to the breathing-related or-
gans. These include hypoxia (decreased oxygen), laryngospasm
(closure of the voice box that blocks the passage of air to the
lungs), rhonchi (whistling or snoring sound heard with a stetho-
scope during breathing out as air passes through obstructed
channels), coughing, respiratory depression (decreased rate and
depth of breathing), airway obstruction, airway congestion (ex-
cessive accumulation of fluids in the airway), and/or shallow
breathing. Decreased blood pressure, decreased heart rate and,
in extreme cases, death may also occur. These are controlled
through the use of monitors. The anesthesiologist will discuss
the specifics of how the anesthesia will be given, depending on
the child. In addition, placement of the intravenous line may
cause mild discomfort or bruising at the intravenous site. Oc-
casional light-headedness and, rarely, infection may occur at
the site of infusion.

Chest X-ray. The total amount of radiation from the five chest
X-rays has been judged safe according to institutional guide-
lines.



1144

PRECAUTIONS TO MINIMIZE RISKS

The adeno-associated viral vector to be used has been ge-
netically designed to be replication deficient. To minimize risks
involved with the study, all prospective study subjects will un-
dergo prestudy evaluation, including general assessment (med-
ical history, physical examination, vital signs [blood pressure,
heart rate, respiratory rate, temperature], weight); complete
blood count and type and screen, urine analysis; and vector-re-
lated tests (serum anti-AAV antibody responses). These tests
will uncover those candidates who are most likely to have com-
plications related to these procedures and who will therefore
not be considered for study. Should study participants suffer
complications as a result of these procedures they will be treated
in a standard fashion.

Management of intercurrent illness

All individuals will enter the study with the same therapy
that is prescribed for them by their usual treating physician.
Should intercurrent exacerbations of disease of any organ oc-
cur either during initial assessment or after therapy with the
vector, the individual will be treated by conventional clini-
cal therapy at the discretion of the physicians caring for the
patient. During the period of intercurrent illness, assessment
of safety and efficacy parameters will continue as defined by
the protocol as long as such assessment does not interfere
with the clinical care and welfare of the individual. If inter-
current illness occurs during the baseline period, efforts will
be made to determine whether adeno-associated virus is in-
volved. If the intercurrent illness during the baseline period
is sufficiently severe to preclude continuation of the proto-
col, the individual will be removed from the protocol. If in-
tercurrent illness occurs during the postvector administration
period, efforts will be directed toward determining whether
the adeno-associated vector genome is involved. If the inter-
current illness (independent of course) during this period is
sufficiently severe to preclude further participation, the indi-
vidual will be removed from the protocol for data collection
purposes, but the follow-up will be continued until the illness
is resolved and this will be reported to all the regulatory a
gencies.

Management of adverse events

Adverse reactions will be defined for each organ system on
the basis of a four-point scale (see Toxicity Scale, Appendix
II). All adverse reactions, whether attributable to administra-
tion of the vector or not, will be treated by conventional clini-
cal therapy. Assessment of safety and efficacy parameters will
continue as defined by the protocol as long as such assessment
does not interfere with the clinical care and welfare of the pa-
tient. If a major (severity of 3 or 4 on a 4-point scale) adverse
reaction occurs and is attributable to the vector, no additional
patients will be treated until the data are discussed with the rel-
evant regulatory groups. The occurrence of a major adverse re-
action will be reported to the regulatory groups under the reg-
ulations and guidelines appropriate for each of these groups. If
a major adverse event occurs in response to the obtaining of
safety and efficacy parameters unrelated to the vector itself, the
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assessment of safety and efficacy parameters will continue as
defined by the protocol as long as such assessment does not in-
terfere with the clinical care and welfare of the study individ-
ual. Should the study individual die while in this protocol, the
family will be asked to give permission for a full autopsy to
determine the precise cause of death. If possible, and if the death
is within 60 days of vector administration, samples of tissues
obtained at an autopsy will be evaluated for the presence of the
adeno-associated vector genome. In the design of this protocol
it is recognized that with the limited number of individuals to
be studied and/or the doses used, no efficacy may be detected.
If no efficacy is detected and there are no safety problems as-
sociated with the AAV vectors, the relevant regulatory groups
may be asked to allow the number of study individuals to be
increased.

Safety issues for healthcare workers

During the baseline period, there are no additional safety
issues for the care workers beyond those for usual clinical
procedures for the evaluation and care of individuals with
Batten disease. During the period of vector administration in
the operating suite, the healthcare workers will be exposed
to no additional safety concerns beyond those for dealing
with patients with a possible viral infection. The study indi-
vidual will not be placed in isolation. All available prior ex-
perience with adeno-associated virus vectors administered
has revealed no risk to healthcare workers. Recommenda-
tions of the institutional biosafety officers will be followed
for handling patients, biologic material, bedding, towels, and
so on. Appropriate training sessions developed by the inves-
tigators will be used to educate all healthcare workers as to
the protocol and relevant hazards, precautions and proce-
dures. Enteric precautions will be utilized during patient
hospitalization.

Environment

There are several reasons to believe that the adeno-associ-
ated viral vectors do not pose a significant risk to the environ-
ment. First, wild-type AAV2 is nonpathogenic for humans. Sec-
ond, there is no preexisting immunity. Third, AAV is dependent
on other viruses (adenovirus, herpesvirus) to replicate. Fourth,
because the adeno-associated vector is replication deficient, if
released into the environment it will have a limited possibility
to spread. Finally, if recombination were to occur, the most
likely possibility is wild-type AAV, which is dependent on other
viruses (adenovirus, herpesvirus) to replicate and therefore will
not cause any problems.

RISK-BENEFIT RATIO

The disease LINCL is fatal with no known therapy. There
are estimated to be 200 to 300 children in the United States at
any one time with LINCL (K.E. Wisniewski, Institute for Ba-
sic Research in Developmental Disabilities, Staten Island, NY;
personal communication). Because the disease phenotype is pri-
marily associated with the CNS and the disease is genetic, the
required gene transfer must be intracranial and the gene ex-
pression must be persistent, both of which increase the risk to
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the participant. The disease is global throughout the CNS (other
than the brainstem), thus requiring the treatment that is designed
to cover as large a proportion of the brain as possible. In-
tracranial administration will require several burr holes in the
skull and general anesthesia over several hours, and there is risk
in the use of an AAV-based vector, a gene transfer vector as-
sociated with long-term expression. There are no blood tests,
neurological assessments, electrophysiologic or imaging stud-
ies that can be used to definitively assess the consequences of
the therapy. Together, these facts mandate that the investiga-
tors, families, and the FDA work together to develop a strat-
egy that will minimize the risk, yet be of sufficient theoretical
benefit to the participants such that it will be rational to initi-
ate the study.

CONFIDENTIALITY OF DATA

Data will be abstracted from the subject’s medical record by
a research coordinator and recorded on case report forms that
do not identify subjects by name. The data entered on the case
report forms will be verified by the Clinical Operations and
Regulatory Affairs Core study monitor against the subject med-
ical records. Subject data will be entered into the database from
these case report forms. Case report forms will be stored in a
secure area of the Department of Genetic Medicine. The pri-
vacy of the study subjects and all confidentiality will be han-
dled in accordance with NYPH-WMC, Health Insurance Porta-
bility and Accountability Act (HIPAA), and FDA guidelines.
The relevant regulatory groups (IRB, IBC, GCRC, RAC, FDA,
OHRP), including the Data Safety and Monitoring Board, the
Belfer Gene Therapy Core Facility, and NYPH-WMC, will
have access to subject case report forms and/or medical records
that identify individual subjects. Any publication or presenta-
tion of data will not identify individual subjects by name.

DETAILS OF THE DRUG TO BE USED:
AAV2cyhCLN2, THE HUMAN CLN2 GENE
TRANSFER VECTOR

The proposed protocol is for the intracranial delivery of an
adeno-associated vector coding for the human CLN2 cDNA to
the central nervous system of the brain of children with late in-
fantile neuronal ceroid lipofuscinosis.

AAV2cyhCLN2 construct

The vector to be used in this protocol is AAV2cyhCLN2,
composed of an AAV2 gene transfer vector backbone (the in-
verted terminal repeats [ITRs] of AAV flanking the expression
cassette) and an expression cassette with a human cytomegalo-
virus enhancer, the splice donor and left-hand intron sequence
from chicken S-actin/right-hand intron sequence and splice ac-
ceptor from rabbit B-globin (this enhancer/promoter/intron se-
quence is referred to as “CAG”), the human CLN2 cDNA (with
an optimized Kozak translational initiation signal before the
start codon), and a rabbit B-globin poly(A) sequence (see Fig.
3 for a schematic of the structure of AAV2cyhCLN2). The clin-
ical lots of AAV2cyhCLN2, produced in the Weill Cornell
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Belfer Gene Therapy Core Facility, will have a virus particle
count of 2 C = D X 10'? particle units/ml. All lots will fulfill
all of the in vitro and in vivo safety criteria established by the
FDA.

PRECLINICAL EFFICACY STUDIES

The rationale for proceeding with a clinical study to treat the
CNS manifestations of LINCL is based on studies from our lab-
oratory relating to the ability of an AAV2 vector encoding the
normal CLN2 gene to deliver TPP-I to the CNS of normal an-
imals. Studies demonstrating the feasibility of the proposed hu-
man study were performed in both rats and nonhuman primates.
The AAV2-yhCLN2 vector (for rat studies, a similar vector ex-
pressing the rat CLN2 gene, AAV2cyrCLN2) was administered
to the brain by direct intraparenchymal injection at 1 to 12 lo-
cations. Expression of TPP-I was assessed by immunohisto-
logical methods in thin sections at intervals from 2 weeks to 18
months after injection (rats) and at 5 to 13 weeks (nonhuman
primates).

Efficacy studies in rats

Qualitative and quantitative histological analysis was un-
dertaken to determine the level, duration, and volume of TPP-
I expression that could be obtained by AAV-2-mediated gene
transfer in rat brain. TPP-I expression was compared in dif-
ferent regions of the brain after AA2cyhCLN2 gene transfer.
Examination of TPP-I expression by immunohistochemistry
4 weeks after a single striatal injection of 109 particle units
of AAV2cyrCLN2 demonstrated robust TPP-1 expression.
Coimmunofluorescence studies with neuron-specific and
glial-specific markers established that TPP-1 was localized
primarily in neurons, consistent with the reported tropism of
the AAV2 vectors. There was no observed expression in as-
trocytes. To establish that expression of TPP-I could be ob-
served after delivery to other CNS locations, injections of the
same dose of AAV2cyhCLN2 were made into several addi-
tional brain structures, including the frontal cortex, the pari-
etal cortex, and the cerebellum. Examination of these regions
4 weeks after delivery confirmed TPP-I expression and neu-
rotropism of AAV?2 infection, with TPP-I expression seen in
neuronal populations in all regions. TPP-I expression was
widespread in the cortical injection regions, with neurons of
both pyramidal and interneuron morphologies showing TPP-
I expression.

Because successful gene therapy for LINCL requires long-
term TPP-I expression, striatal TPP-I expression was evaluated
at intervals from 2 weeks to 18 months after injection of 10'°
particle units of AAV2cyhCLN2. The data demonstrated a slow
rise followed by long-term transgene expression after adminis-
tration of an AAV vector to brain. At 2 weeks postinjection,
there was no detectable TPP-I protein in the rat striatum, but
by 1 month, TPP-I protein was observed. At 2 months a wider
distribution of TPP-I protein was observed. The high-level, sta-
ble, AAV2-mediated expression of TPP-I in the CNS of rats
persisted and comparable volume and intensity were observed
at 4, 8, 12, and 18 months. As has been observed with AAV2
vectors expressing a marker gene (Kaspar et al., 2002), cell
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bodies staining positive for TPP-1 expression were observed be-
yond the immediate region surrounding the site of injection, but
whose axonal projections were located in the site of the injec-
tion. The data were consistent with retrograde transport of vec-
tor or transgene product along axons projecting into the stria-
tum. As widespread delivery of the gene product throughout
the brain is advantageous for treatment of LINCL, other brain
regions that project to the striatum were examined to determine
whether expression of TPP-I could be detected in projection
neuronal populations after single intrastriatal administration of
AAV2cyhCLN2. Interestingly, neurons in the frontal cortex
showed TPP-I expression as early as 2 months after delivery,
and expression levels increased at 4 and 8 months relative to
the earlier time points. TPP-I expression was also observed in
neuronal populations in the thalamus and substantia nigra at the
8—month time point. Continued detection of TPP-I in neurons
in these regions was observed at 12 months. In control rats, no
TPP-I-positive cells were detected in these areas, using the hu-
man-specific monoclonal anti-TPP-I antibody.

In summary, the rat efficacy studies demonstrate that multi-
ple regions of the brain can be successfully transduced by
AAV?2 vectors expressing the CLN2 gene and that long-term
TPP-I expression can be achieved. In addition, they showed that
widespread distribution of TPP-I activity can be achieved by a
single injection of the AAV2cyhCLN2 vector.

Efficacy studies in nonhuman primates

The feasibility of successful transfer of the CLN2 gene to the
brains of African green monkeys has been demonstrated. Ani-
mals were injected in 12 locations, 6 each per hemisphere with
2 infusions at different depths through 3 burr holes per hemi-
sphere. The dose per location was 3 X 10'° particle units for a
total of 3.6 X 10!! particle units. Representative sections from
the right hemisphere of brain 5 and 13 weeks after injection of
AAV2cuhCLN2 were assessed by immunohistochemical stain-
ing. Detectable levels of TPP-I expression were found, using
human-specific monoclonal antibody with immunoperoxidase
staining. The morphology of immunoperoxidase-stained sec-
tions in the cortex suggested that both interneurons and pyra-
midal neurons expressed TPP-I, whereas staining in the cau-
date nucleus showed expression in cells with the morphology
of interneurons. Delivery to the hippocampus resulted in TPP-
I expression in large multipolar hilar cells and, to a lesser ex-
tent, in dentate granule cells. Examination of TPP-I-expressing
cells in the nonhuman primate brain by multiple immunofluo-
rescence staining revealed that neuronal, but not glial, popula-
tions were infected at all injection sites. Successful expression
of AAV2-delivered TPP-I in the nonhuman primate brain was
not region specific as TPP-I could be detected in all injected
regions. Consistent with delivery to the rat brain, these results
validate that AAV2-mediated delivery of CLN2 in the nonhu-
man primate brain results in persistent expression in multiple
areas of the brain up to at least 13 weeks.

PRECLINICAL SAFETY DATA

Preclinical safety studies have been carried out in rats and
nonhuman primates.
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Safety studies in rats

The safety of administration of an AAV2cyhCLN2 vector
to the brain was evaluated in a total of 48 rats, with n = 6 per
group (three males and three females per group). The rats were
injected intracranially at two sites, one per hemisphere, at a sin-
gle depth with a total of 2 X 10'0 particle units of AAV2cyh-
CLN2. An equal number of animals were injected with phos-
phate-buffered saline (PBS) as control. The study is focused
on the long-term effects of AAV2¢cyhCLN2 administration
with data collection at 13, 26, 52, and 78 weeks (acute toxi-
cology and shorter time points are not assessed as these have
been assessed in the nonhuman primate safety studies). As
agreed on with the FDA in a pre-IND meeting and follow-up
discussions, the 13-week time point acts as a bridge to the
nonhuman primate study. The outcome parameters of the study
include animal and organ weight at necropsy, gross examina-
tion at necroscopy, and histology of liver, kidney, lung, spleen,
quadriceps, heart, gonads, and any abnormal organs observed
at necroscopy (two sections per organ). Histological analysis of
brain was performed by taking 10 coronal sections at 0.3-mm
intervals across the striatum (the injected region) and at 2-mm
intervals through the rest of the brain. Blood analyses are car-
ried out at the time of sacrifice.

This study is ongoing and it compares rats injected with
AAV2cyhCLN?2 via the striatum with control rats injected with
PBS. Studies at 13 weeks demonstrated no differences between
control and vector groups for complete blood count, neutraliz-
ing antibody, and serum chemistry. Injection of AAV2cyh-
CLN2 did not result in any pathological changes in brain at-
tributable to the vector. The process of injection into brain
produced the expected range of microscopic changes from nee-
dle trauma consisting of resolving hemorrhage and localized
low-grade glial scarring along the track. Examination of brain,
liver, kidney, lung, heart, skeletal muscle, spleen, testes, and
ovaries showed no vector-related changes. The study is ongo-
ing and the 26-, 52-, and 78-week data will be submitted to the
FDA when it is available.

Safety studies in nonhuman primates

The study includes a total of 36 male African green mon-
keys who received intracranial administration of total doses of
3.6 X 10" or 3.6 X 10'0 particle units of the AAV2cyhCLN2
vector, 3.6 X 10'! particle units of the control AAV2Null vec-
tor, or PBS at 1 ul/min for a total volume (15 ul at each of 12
locations) of 180 ul. Each dose was divided (for each animal)
among 12 locations delivered through 6 burr holes. The high-
est dose (3.6 X 10'! particle units) was chosen as being the
scaled equivalent (for the total brain weight) of the planned hu-
man dose of 3.6 X 10'2 particle units. In addition, three sham-
operated animals were used as controls. The monkeys were ob-
served for neurological/behavioral changes and routine general
assessments (weight, temperature, pulse, blood pressure) and
routine blood studies at specified intervals. At each of 1, 13,
26, and 52 weeks, a subset of animals is sacrificed and sam-
ples of brain, liver, kidney, lung, testes, heart, and skeletal mus-
cle are collected for histological assessment.

Studies at 1, 12, and 26 weeks have been completed; the 52-
week data will be submitted to the FDA when the data are avail-
able. This ongoing study compares control monkeys injected
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with AAV2Null or PBS, or sham injected with monkeys
injected with 3.6 X 10' or 3.6 X 10'! particle units of
AAV2cyhCLN2. Serial blood samples collected at 3, 7, 14, 28,
56, 91, 180 days from surviving monkeys showed no differ-
ences in any parameter for complete blood count or serum
chemistry among the groups. Behavioral assessment at similar
time points also showed no vector-related differences among
groups. Histopathological examination of the brain demon-
strated that injection of AAV2-yhCLN?2 into the caudate nu-
cleus, hippocampus, and cortex of some animals produced slight
to mild and transient white matter edema (spongiosis) with re-
active glial cells in the white matter of the corona radiating
around the injection track; the change extended moderately ros-
trally and caudally. In the report of the pathologist from Pathol-
ogy Associates (Charles River Laboratories, Frederick, MD),
such changes are most likely attributable to the vehicle and are
not typical of the cell-mediated immune reactions usually as-
sociated with vector injection. This change was reversible at 13
and 26 weeks and did not leave any microscopically discern-
able abnormalities. On the basis of the pathologist’s experience
with intracerebral injection, the magnitude of the reaction stands
at the lowest of the possible range and in the opinion of the
pathologist did not represent a significant safety concern.

CLINICAL PREPARATION

Clinical lots of AAV2cyhCLN2, produced in the Belfer
Gene Therapy Core Facility, Weill Medical College of Cornell
University (New York, NY), will be placed in screw-capped
cryovials that are purchased sterile. The cryovials are transpar-
ent polypropylene cryotubes (1.5 ml) with external threads and
a self-standing bottom. The screw cap is virgin polyethylene
and free from all heavy metals; the O-ring ensures a tight, se-
cure seal. The vials are labeled with self-adhesive cryoresistant
labels. The concentration of the final vector solution will be 2.0
(=1) X 10'? particle units/ml in PBS.

RISKS RELATED TO THE DRUG

AAV2-yhCLN2 has not been used previously in humans, so
the risks can only be theorized. Risks could be related to the
delivery of the vector and surgical procedures or to the drug
(AAV2cyhCLN?2 vector). These potential risks are presented in
detail in the section Risks of the Study.
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Appendix I

NEUROLOGICAL EXAMINATION

Subject Name
Date
Time
2. Neurological assessment
Level of Consciousness |:| Alert |:| Drowsy |:| Stuporous |:| Comatose
Speech (articulation) |:| Not evaluable |:| Normal |:| Dysarthria
Language D Not evaluable |:| Normal D Aphasia
Cranial Nerves
Visual fields (II) D Not evaluable D Normal |:| Abnormal
Eye movements (III, IV, VI) |:| Not evaluable |:| Normal |:| Abnormal
Jaw movement, facial sensations (V) |:| Not evaluable |:| Normal |:| Abnormal
Facial movements (VII) |:| Not evaluable D Normal |:| Abnormal
Hearing (VIII) D Not evaluable D Normal D Abnormal
Swallowing, pharynx, larynx (IX, X) D Not evaluable D Normal D Abnormal
Sternocleidomastoid (SCM), D Not evaluable D Normal |:| Abnormal
Trapezius (XI)
Tongue (XII) D Not evaluable D Normal |:| Abnormal
(continued)
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Appendix I

NEUROLOGICAL EXAMINATION (cont.)

Motor Strength

Trunk |:| Not evaluable |:| Normal |:| Decreased

Upper extremities |:| Not evaluable D Normal |:| Decreased

Lower extremities |:| Not evaluable |:| Normal I:l Decreased
Motor Tone

Trunk D Not evaluable |:| Normal |:| Decreased

Upper extremities D Not evaluable D Normal |:| Decreased

Lower extremities |:| Not evaluable |:| Normal |:| Decreased

Abnormal Movements

Upper extremities Left |:| Yes D No
Right [ ] Yes [ ]No
Lower extremities Left |:| Yes |:| No

Right |:| Yes D No
Tongue |:| Yes |:| No

Reflexes

Biceps Left D Not evaluable D Normal |:| Decreased
Right |:| Not evaluable |:| Normal |:| Decreased

Triceps Left D Not evaluable |:| Normal |:| Decreased
Right D Not evaluable D Normal |:| Decreased

Knee Left |:| Not evaluable |:| Normal |:| Decreased
Right D Not evaluable |:| Normal |:| Decreased

Ankle Left D Not evaluable D Normal |:| Decreased
Right |:| Not evaluable |:| Normal |:| Decreased

Toes Left D Not evaluable |:| Down |:| Up

(Babinskd) Right D Not evaluable I:l Down |:| Up

Upper Extremity Sensations

Pain/temp Left |:| Not evaluable D Normal |:| Decreased
Right D Not evaluable I:l Normal |:| Decreased
Light touch Left |:| Not evaluable |:| Normal |:| Decreased
Right |:| Not evaluable D Normal |:| Decreased

D Increased
D Increased

|:| Increased

D Increased
|:| Increased
D Increased
D Increased
|:| Increased
D Increased
D Increased

|:| Increased

(continued)
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Position

Vibration

DSS

Lower Extremity Sensations

Pain/temp

Light touch

Position

Vibration

DSS Left
Right
Gait

Romberg

Nystagmus

Coordination

Tremor

Rapid alternating

movements

Finger to nose

Knee

NEUROLOGICAL EXAMINATION (cont.)

Left
Right
Left
Right
Left

Right

Left
Right
Left
Right
Left
Right
Left

Right

D Not evaluable
|:| Not evaluable

|:| Not evaluable

Left
Right
Left
Right
Left
Right
Left

Right

Physician Name

Appendix I

|:| Not evaluable
D Not evaluable
|:| Not evaluable
|:| Not evaluable
D Not evaluable

|:| Not evaluable

D Not evaluable
|:| Not evaluable
|:| Not evaluable
D Not evaluable
|:| Not evaluable
|:| Not evaluable
D Not evaluable

|:| Not evaluable

|:| Not evaluable

D Not evaluable

|:| Not evaluable
D Not evaluable
|:| Not evaluable
|:| Not evaluable
|:| Not evaluable
D Not evaluable
|:| Not evaluable

|:| Not evaluable

D Absent
|:| Absent
|:| Normal

[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal

[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal

[ ] mild
[ ] mild
|:| Ataxic

|:| Negative

|:| Absent

[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal
[ ] Normal

Signature

D Decreased
D Decreased
|:| Decreased
D Decreased
D Decreased

|:| Decreased

D Decreased
|:| Decreased
D Decreased
D Decreased
|:| Decreased

D Decreased

D Present
|:| Present

[ ] Moderate
[ ] Moderate
[ ] spastic
[ ] Positive
[ ] Present

D Decreased

[ ] Decreased
[] Present
[ ] Present
[ ] Present
[ ] Present
[ ] Present
[ ] Present

|:| Severe
|:| Severe
|:| Brady

Date
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Grade 1 Grade 11 Grade 11T Grade 1V
PARAMETERS (Minimal) (Moderate) (Severe) (Life Threatening)
A. HEMATOLOGIC
Hemoglobin 10-10.9 gm/dL 7.0-9.9 gm/dL <7.0 gm/dL Cardiac failure

WBC (leukocytosis)  >13,500-15,000 /mm?
(leukopenia) —
Platelets —

B. COAGULATION

Prothrombin time (PT) 1.1-1.2 X ULN?

Partial thromboplastin  1.1-1.6 X ULN
time (PTT)
C. HEPATIC/GASTROINTESTINAL
AST (SGOT) 1.1-4.9 X ULN
Bilirubin total 1.1-1.9 X ULN
Vomiting 2 episodes/day
Diarrhea Slight change in
consistency and/or
frequency in stools
D. RENAL
Creatinine 0.7-1.0 mg/dL
(4-12 yrs)
1.0-1.7 mg/dL
(>12 yrs)

E. NEUROLOGICAL
LINCL disability

>15,000-20,000 /mm?
2,000-3,000 /mm?
50,000-75,000 /mm?

1.3-1.5 X ULN
1.7-2.3 X ULN

5.0-9.9 X ULN
2.0-2.9 X ULN
3 episodes/day

Liquid stools

1.1-1.6 mg/dL.
(4-12 yrs)

1.8-2.4 mg/dL
(>12 yrs)

20,000-30,000 /mm?
1,000-2,000 /mm?
25,000-49,999 /mm?

1.6-3.0 X ULN
2.4-3.0 X ULN

10.0-15.0 X ULN
3.0-7.5 X ULN
4-6 episodes/day

Liquid stools greater
than 4X the amount
or number normal
for this child

1.7-2.0 mg/dL.
(4-12 yrs)

2.5-3.5 mg/dL
(>12 yrs)

secondary to
anemia
>30,000
1,000 /mm3
<25,000 /mm?

>3.0 X ULN
>3.0 X ULN

>15.0 X ULN

>7.5 X ULN

Greater than 6
episodes per day or
intractable vomiting

Liquid stools greater
than 8X the amount
or number normal
for this child

>2.0 mg/dL
(4-12 yrs)
>3.5 mg/dL
(>12 yrs)

Since these children are already neurologically impaired, toxicity will be defined as: Grade 1-1
point decrease from baseline; Grade II-2 point decrease from baseline; Grade I1I-3 point

decrease from baseline; Grade IV—4 point decrease from baseline; since this is a progressive

disease, even if there is no adverse effects, some deterioration is expected.

scale
F. OTHERS
Fever? T 38.5-39.0° C
Skin Scattered macular or

papular eruption or
erythema that is
asymptomatic

T 39.1-40° C

Scattered macular or
papular eruption or
erythema with
pruritis or other

associated symptoms

T 40.1-42° C
Generalized

symptomatic macular,

papular or vesicular
eruption

T >42° C

Exfoliative dermatitis
or ulcerative
dermatitis

"During the vector and post-vector periods, all adverse reactions will be reported along with the clinical and laboratory as-
sessment as to whether the adverse reaction is associated with the vector, the procedure used to assess safety or efficacy, or an

intercurrent illness.
2ULN—upper limit normal.

3For greater than 6 hours despite antipyretic therapy.
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Appendix III—FDA mandated annual follow-up

Department of

BATTEN DISEASE

Genetic Medicine PROTOCOL
Site: NYPH-WMC
Subject ID#: Subject initials:
Protocol: # “Administration of a Replication Deficient Adeno-associated Virus Gene

Transfer Vector Expressing the Human CLN2 cDNA to the Brain of Children with Late Infantile Neuronal

Ceroid Lipofuscinosis.”

Annual Follow-up |:| Not Done

[Jah []sth [Jeth [ ]7th [ ]8th [ Joth
(check one) [Jioth [Jrien [J12th [J13th [J14th []15th

|:| 3rd

1. The year of follow-up

2. Date of initial telephone call:

2.1 Contact successful: |:| No
3. Date of first follow-up telephone call:

3.1 Contact successful: D No

i

4. Date of second follow-up telephone call:

4.1 Contact successful: |:| No
5. Certified letter: |:| Yes
5.1 Patient responded: D No

i

Complete an Early Discontinuation and fax it to 212-746-8477

6. Spoke to patient: |:| Yes

6.1 Relationship to subject:

HRREn

|:| Yes (skip to 6)

LIy OC e

I:I Yes (skip to 6)

HRR/EE/N

D Yes (skip to 6)
D No

I:I Yes (skip to 7)

[] other(s)

i

7. Subject status: |:| Alive

7.1 DOD: (I [ I /(I /[

7.2 Autopsy: D Yes

D Deceased

[INo [ INA

(continued)
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Appendix III—FDA mandated annual follow-up (Cont.)

8. Current medications: I:l N/A
Medication Total Daily Date Began Date Ended Check if Primary Reason
Dose MMMDDYY MMMDDYY Ongoing for Use
U
L
O
U
U
U
L
U
U
[

9. Date if last physical examination:

HER/EE

9.1 Findings (i.e., evidence of cancer, neurological, autoimmune and hematological disorders):

10. Date last seen by private MD:

telephone number.

11. Hospitalization since last contact:

BN/ EN/ e
|:| Yes

11.1 Further information with regard to dates, diagnosis, hospital admitted, doctor/surgeons’ name, address and

DNO

12. Medical records requested:

|:| Yes

I verify all details on this form represent a true record as stated via the telephone.

Name of person completing the form

Signature of person who completed form

Investigator’s signature

DNO

Date

Date

Published online: October 29, 2004.

Address reprint requests to:

Dr. Ronald G. Crystal

Department of Genetic Medicine

Weill Medical College of Cornell University
515 East 7157 Street, Suite 1000

New York, NY 10021

E-mail: geneticmedicine@med.cornell.edu
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AAV2-mediated CLNZ2 gene transfer to rodent and
non-human primate brain results in long-term TPP-I
expression compatible with therapy for LINCL
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Late infantile neuronal ceroid lipofuscinosis (LINCL) is a fatal,
autosomal recessive disease resulting from mutations in the
CLNZ2 gene with consequent deficiency in its product tripeptidyl
peptidase | (TPP-I). In the central nervous system (CNS), the
deficiency of TPP-I results in the accumulation of proteins in
lysosomes leading to a loss of neurons causing progressive
neurological decline, and death by ages 10-12 years. To
establish the feasibility of treating the CNS manifestations of
LINCL by gene transfer, an adeno-associated virus 2 (AAV2)
vector encoding the human CLN2 cDNA (AAV2.,hCLN2) was
assessed for its ability to establish therapeutic levels of TPP-I
in the brain. In vitro studies demonstrated that AAV2-,hCLN2
expressed CLN2 and produced biologically active TPP-I
protein of which a fraction was secreted as the pro-TPP-I
precursor and was taken up by nontransduced cells (ie, cross-
correction). Following AAV2-mediated CLNZ2 delivery to the rat
striatum, enzymatically active TPP-I protein was detected. By
immunohistochemistry TPP-I protein was detected in striatal
neurons (encompassing nearly half of the target structure) for

up to 18 months. At the longer time points following striatal
administration, TPP-I-positive cell bodies were also observed
in the substantia nigra, frontal cerebral cortex and thalamus of
the injected hemisphere, and the frontal cerebral cortex of the
noninjected hemisphere. These areas of the brain contain
neurons that extend axons into the striatum, suggesting that
CNS circuitry may aid the distribution of the gene product.
To assess the feasibility of human CNS delivery, a total
of 3.6 x 10" particle units of AAV2-,hCLN2 was administered
to the CNS of African green monkeys in 12 distributed doses.
Assessment at 5 and 13 weeks demonstrated widespread
detection of TPP-1 in neurons, but not glial cells, at all regions
of injection. The distribution of TPP-I-positive cells was similar
between the two time points at all injection sites. Together,
these data support the development of direct CNS gene
transfer using an AAV2 vector expressing the CLN2 cDNA for
the CNS manifestations of LINCL.
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Introduction

Late infantile neuronal ceroid lipofuscinosis (LINCL) is
an autosomal recessive, neurodegenerative lysosomal
storage disease.'” Mutations in the CLN2 gene result
in a deficiency in the lysosomal activity of tripeptidyl
peptidase I (TPP-I), with consequent accumulation
of autofluorescent material resembling lipofuscin in
the lysosomes.*® This storage material consists of un-
degraded proteins, primarily subunit ¢ of mitochondrial
ATP synthase.*® Although all tissues of individuals with
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LINCL are TPP-I deficient, retinal pigmented epithelial
cells and central nervous system (CNS) neurons are the
most sensitive to decreased activity of TPP-I, resulting in
their progressive destruction.>*'° The consequences are
progressive loss of vision and neurological decline begin-
ning at about age 3 years with cognitive impairment,
seizures, and deteriorating motor skills that lead to a
vegetative state and death in middle to late childhood.'"

There are compelling data to suggest that direct CNS
administration of an adeno-associated virus (AAV)
vector expressing the CLN2 cDNA should be able to
mediate expression of TPP-I in a sufficient number of
neurons to slow down, and potentially halt, the progres-
sion of the CNS disease. First, AAV gene transfer vectors
are capable of mediating transfer and persistence of
expression of a variety of genes in the CNS."~'7 Second,
mucopolysaccharidosis VII, a related lysosomal storage
disease, has been successfully reversed in a knockout



mouse model by recombinant AAV2-mediated intra-
cranial gene transfer.'®'®2° Third, a significant fraction
of newly synthesized TPP-I protein is secreted as pro-
TPP-I, a 563 amino-acid inactive form which can cross-
correct nearby nontransduced cells through mannose
6-phosphate receptor-mediated uptake and subsequent
activation in lysosomes to the 367 amino-acid mature
form.>**> This cross-correction between transduced
cells and neighboring cells suggests that it will not be
necessary to transfer the normal CLN2 cDNA to all the
cells in the CNS, thus extending the effective range
of gene transfer to broader regions of the brain.'” Finally,
comparisons of genotype and phenotype of children
with CLN2 mutations reveal that expression as low
as 5% of normal TPP-I levels lead to a much milder form
of the disease with a delayed age of onset, less severe
symptoms, and a prolonged lifespan, suggesting that
this level of enzyme activity is a reasonable target for
therapy.> This target level of expression of the trans-
ferred cDNA is within levels that could be achieved with
current AAV vector technology.

There are several challenges to the development
of AAV-mediated CLN2 therapy for LINCL. The CNS
manifestations of LINCL are diffuse, and thus successful
gene therapy will need to provide TPP-I activity over
as broad a volume of the brain as possible."* Second,
the absence of an experimental animal model for the
disease until very recently** required that the detection
of gene transfer-mediated TPP-I expression is above the
background corresponding to normal expression in a
naive animal. However, the target level for therapy is
only 5% of the endogenous level and the various
detection methods for TPP-I are not sensitive enough to
detect this amount above the background. Finally, as
with most genetic diseases, the optimal therapy would
be to produce long-term expression of the therapeutic
gene from a single administration of the vector.

Based on these considerations, this study is focused
on assessment of CNS expression of TPP-I mediated by
direct CNS administration of AAV2-y;hCLN2, an AAV
serotype 2-based gene therapy vector applicable to
treating LINCL. Direct CNS administration of AAV2-
cuhCLN2 to rats and African green monkeys resulted in
relatively stable and long-lasting expression of TPP-I
within the CNS, which is promising for the development
of gene therapy for LINCL.

Results

Function of AAV vectors in vitro

Cells infected with AAV2-yhCLN2 were evaluated for
TPP-I expression using both immunoperoxidase and
immunofluorescence detection systems using a mouse
monoclonal anti-human TPP-I antibody. Vector-mediated
expression of TPP-I was evident using both immunoper-
oxidase and immunofluorescence detection (Figure la—
d). The negative controls included cells infected with an
AAV2-,Null vector, which did not contain the CLN2
transgene (panels b, d) as well as naive cells (not shown).
Treatment of CLN2-expressing cells with an irrelevant
primary antibody (mouse anti-shiga toxin) did not show
positive staining (not shown). High power images of
immunofluorescence staining indicated that the antigen
was distributed in a punctate pattern throughout the
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Figure 1 Function of the AAV2c;hCLN2 vector in wvitro. (a—d)
Morphological detection of TPP-I following CLN2 gene transfer.
2930RF6 were infected with AAV2chCLN2 or AAV2cuNull at 10°
particles per cell and TPP-I1 expression was assessed after 2 days.
Immunodetection of TPP-I was performed using a mouse anti-human
TPP-I monoclonal antibody. For immunoperoxidase detection (a, b),
primary antibody binding was detected by horseradish peroxidase-
conjugated anti-mouse antibody followed by precipitation of diaminoben-
zidine. For immunofluorescence detection (c, d), the TPP-I primary
antibody was detected with Alexa 488-conjugated anti-mouse antibody
(green), the nuclei were stained with DAPI (blue) and the cells visualized
by fluorescent microscopy. (a) AAV2cyhCLN2; (b)) AAV2cuNull; (c)
AAV2cihCLN2; and (d) AAV2c Null. (e) Enzymatic activity of TPP-I
secreted from transfected cells. 2930RF6 cells (10° cells) were infected
with AAV2c,hCLN2 (10°-10" pu) or AAV2GFP (10" pu, a control
AAV2 wvector with a GFP transgene). After 48 h, the medium was
collected, the pro-TPP-I was converted to active TPP-I at low pH and
TPP-I activity was assessed. The time course of increase in fluorescence is
shown for various conditions.

cytoplasm consistent with localization in intracellular
organelles (not shown). High power images also
revealed the presence of a low level of endogenous
TPP-I expression in the human 293 cells, appearing
as small groups of organelles restricted to an area of
the cytoplasm close to the nucleus. Similar results of
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vector-mediated TPP-I expression were obtained with
cells infected with AAV2.,rCLN2 (not shown).

Use of a TPP-I specific fluorogenic substrate showed
that infection of cells by AAV expressing CLN2 resulted
in TPP-I enzymatic activity in the cells with secretion into
the media (Figure le). The background activity in the
media from uninfected cells was <10 fluorescence units
(FU)/min-ml with <10 FU/min-mg in the cell homo-
genate. As expected, TPP-I activity was dose-dependent
with infection by 4 x 10° particle units (PU)/cell (4 x
10° pu total dose) of AAV yhCLN2 resulting in the
secretion of 1.2540.24 x 10° FU/min-ml, while infection
by 4 x 10* pu/cell (4 x 10" pu total dose) gave 9+0.6 x
10° FU/min-ml. The percentage of the total TPP-I activity
in the media (as opposed to the cell-associated TPP-I
activity) was 5.74+2% at 4 x 10° pu/cell and 22.3+7% at
4 x 10* pu/cell. Similar results of vector-mediated TPP-I
activity were obtained with cells infected with AAV2-
curCLN2 (not shown). Vector-derived TPP-I activity was
demonstrated by lack of activity in controls including the
assay of naive cells and cells transduced with compa-
rable vectors with irrelevant transgene (AAV2GFP). The
specificity of the assay for TPP-I activity was confirmed
by inhibition using the TPP-I-specific enzyme inhibitor,
Ala-Ala-Phe-chloro-methyl ketone.

In vitro cross-correction of LINCL-deficient fibroblasts

mediated by AAV2.,hCLN2

Like some other lysosomal storage disorders, LINCL is
an attractive candidate for gene therapy due to cross-
correction, where a portion of the newly synthesized
pro-TPP-I made by transduced cells may be taken up by
neighboring cells, thereby amplifying the number of cells
with TPP-I activity. This pathway was demonstrated
in vitro by showing transfer of TPP-I from the media of
cells infected with AAV2-;hCLN2 to fibroblasts derived
from an LINCL patient. The specificity of the transfer
was indicated by the inhibition observed on addition
of 1 mM mannose-6-phosphate (an inhibitor of uptake
mediated by mannose-6-phosphate-mediated endocyto-
sis), which reduced uptake by the LINCL fibroblasts
by 78% (Figure 2). To ensure that the TPP-I activity in
fibroblasts was not due to carry over of vector,
AAV2-,hCLN2 levels were assessed in the media trans-
ferred to the LINCL fibroblasts. The level was <1% of
the input level of vector. In a separate experiment, when
this level of AAV2-.,hCLN2 was used to infect LINCL
fibroblasts, it did not yield a level of TPP-I activity over
the background TPP-I activity following exposure of
LINCL fibroblasts to media from naive 2930RF6 cells.

TPP-I distribution following AAV2-mediated CLN2
delivery to the rat brain

Histological analyses and enzyme activity assays were
used to determine the level, duration, and distribution
of TPP-I expression that could be obtained by AAV2-
mediated gene transfer in rat brain. Results obtained
from transfer of the rat CLN2 gene (observed using the
rabbit anti-TPP-I antibody) were indistinguishable from
transfer of the human CLN2 gene (observed using the
monoclonal anti-human TPP-I antibody). Results for
both rat and human CLN2 gene delivered by AAV2-
based vectors expression are described below.
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Figure 2 In vitro cross-correction of LINCL-deficient fibroblasts mediated
by AAV2-;hCLN2. Duplicate wells of 2930RF6 cells (10°) were infected
with AAV2c hCLN2 or AAV2c Null at 3 x 10* pu/cell or mock infected.
After 24 h, the medium was removed, the cells washed twice with PBS and
replaced with RPMI media which was collected after a further 72 h. This
medium was collected diluted 1:3, and placed onto LINCL-deficient
fibroblasts in the presence or absence of 1 mM mannose-6-phosphate. After
24 h, the fibroblasts were collected, lysed, and assayed for TPP-I activity
using a fluorometric assay. The means and standard deviation of
quadruplicates is shown. * = not detectable.

TPP-I enzymatic activity assays were carried out
on tissue homogenates of coronal sections of the brain
of naive, AAV2-yNull and AAV2-,rCLN2-injected rats
(Figure 3). The TPP-I activity of the sections of the
uninjected right striatum was similar across the brain
with no significant difference between the AAV2-yNull
and AAV2-yrCLN2 group (P>0.25 all locations). How-
ever, in the injected hemisphere, in the slice corres-
ponding to the injection site, there was a significantly
higher TPP-I activity in the AAV2,rCLN2-injected mice
(P<0.05 compared to AAV2-yNull group). The mean
TPP-1 activity (n=23 animals/group) was 55% greater
than the background for this region. No significant
differences were observed among the groups at any
other location of the injected hemisphere (P> 0.05).

The striatum was chosen as a delivery site for its
relatively homogeneous cellular architecture and large
volume relative to the rat brain as a whole. Immuno-
histochemical examination of TPP-I expression at 4
weeks following a single striatal injection of 10" pu of
AAV2,,rCLN2 demonstrated robust TPP-I expression
and the neuron-specific tropism of the AAV2-mediated
gene delivery. The majority of striatal neurons in the
injection region were found to express TPP-I, as deter-
mined by coexpression with NeuN, a marker for mature
neurons (Figure 4). In contrast, adjacent GFAP-positive
astrocytes did not contain detectable levels of TPP-I, nor
were other TPP-I-positive/NeuN-negative cells observed
by confocal microscopic analysis when registered focal
plane series were evaluated for coexpression of cyto-
plasmic TPP-I and nuclear NeuN expression. Endo-
genous TPP-I gene expression was not observed at the
dilution of the rabbit anti-TPP-I antibody used in this
assay.

The TPP-I expression studies were not formal toxi-
cology studies and did not use vector prepared within
the requirements of Good Laboratory Practice. However,
there was no observed behavioral difference between
the AAV2-yhCLN2-injected animals and the naive
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Figure 3 Spatial distribution of TPP-I enzymatic activity following stereotactic injection of AAV2curCLN2. Three rats were injected with 5 ul of
AAV2wCLN2 containing 5 x 10° pu into the left striatum, and as controls three rats were injected with 5 ul of AAV2c Null containing 5 x 10° pu into
the left striatum. After 4 weeks, the animals were killed and the fresh brain was excised from the six treated and from two age-matched naive (untreated)
animals. Each brain was divided into nine sections of 2 mm width by coronal sectioning. Each section was then divided into left and right hemispheres and
the cortex was discarded leaving the internal structures (including the striatum). Sections were separated and homogenized. The TPP-I activity was
determined and normalized to protein concentration of homogenate. The plots show the spatial distribution along the rostral/caudal axis for the TPP-I
activity. The vertical arrow shows the estimated location of vector administration. The section for which the TPP-I activity of three AAV2c,rCLN2-injected
and three AAV . 2Null-injected animals differ (P <0.05) is shown with an asterisk. (a) Left (injected) hemisphere; (b) right (uninjected) hemisphere.

d Merged

Figure 4 Preferential TPP-I accumulation in neurons following AAV2-,;#CLN2 delivery to the rat striatum. Sections of rat brain were studied by
immunofluorescence 4 week following striatal injection of 10"’ pu of AAV2c;#CLN2. (a) Immunofluorescence detection of TPP-I (green) using the rabbit
anti-TPP-I antibody and Cy2-conjugated secondary antibody; (b) immunofluorescence staining demonstrating neurons (red) in the same section as in panel
(a) using anti-NeuN primary antibody and a Cy3-conjugated secondary antibody; (c) immunofluorescence detection of glia (blue) in the same section as in
panel (a) using anti-glial fibrillary acidic protein (GFAP) primary antibody and a Cy5-conjugated secondary antibody; and (d) superimposition of the
signals of TPP-I-expressing cells (green) with neuron-specific staining (red, NeuN) and glial-specific staining (blue, GFAP) demonstrating neuron-specific
expression mediated by the AAV2,vCLN2 vector. Smaller neurons show obvious colocalization of cytoplasmic TPP-I and the primarily nuclear NeuN
expression. Two large neurons do not include the nucleus in the confocal optical plane of section and thus do not appear NeuN-positive in this image, but
would demonstrate colocalization in subsequent focal planes. The magnification was identical in all panels; bar =50 um.

controls nor was there a statistically significant difference ~ some degree of astrocytic hypertrophy observed around
in mortality (P>0.3 by Kaplan-Meier analysis). Based  the injection site that is comparable with that normally
on the triple immunofluorescence studies, there was seen following intracranial injection, but there was
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no sign of inflammatory cell infiltration or vascular
cuffing.

The pathology of LINCL is diffuse throughout the
CNS. To establish that the cellular expression of TPP-I
could be observed following delivery to CNS locations
other than the striatum, injections of AAV2.,rCLN2
were made into several brain structures including the
frontal cortex, the parietal cortex (Figure 5), and the
cerebellum (not shown). Examination of these regions 4
weeks following delivery confirmed TPP-I expression
and neurotropism of AAV2 infection with TPP-I expres-
sion seen in neuronal populations in all regions. TPP-I
expression was widespread in the cortical injection
regions with neurons of both pyramidal and interneuron
morphologies showing TPP-I expression. There was no
observed TPP-I expression in astrocytes.

As a goal of the study was to obtain stable and long-
term expression of the TPP-I transgene, the histology
of striatal TPP-I expression was examined at intervals
from 2 weeks to 18 months following injection of
AAV2-;hCLN2 (Figure 6). Transgene expression from
AAV2 vectors is known to increase gradually over
several weeks and to persist for months or years.>>”
Consistent with this, at 2 weeks postinjection, there was
little detectable human TPP-I protein in the rat striatum,
but by 1 month, abundant human TPP-I protein was
observed. The high level, stable AAV2-mediated expres-
sion of human TPP-I in the rat striatum persisted at
comparable volume and intensity at 4, 8, 12, and 18
months (Figure 5). Quantitative assessment of TPP-I
expression is a challenge because of the difficulties in

standardizing the anti-TPP-I staining process, including
the different reagent solutions used over time, and the
differences in optimal immunostaining in the brains of
rats from different ages. With this caveat, the Cavalieri
estimator was used to quantify the TPP-I detected
by immunostaining in the striatum over time (Table 1).
The volume of cellular TPP-I expression expressed as a
percentage of the striatum was variable ranging from 22
to 67% of the striatum at different time points. There was
no correlation of average volume and time (P>0.7 by
linear regression).

As has been observed with AAV2 vectors expressing
other transgenes,”** we observed a high level of TPP-I
expression in cell populations not directly at the site
of injection, but whose axonal projections were located
in the site of the injection. As widespread delivery of
the gene product throughout the brain is a goal of
the current study, we examined other brain regions
that project to the striatum to determine if expression of
TPP-I could be detected in projection neuronal popula-
tions following single intrastriatal administration of
AAV2-.;hCLN2. Interestingly, neurons in the cerebral
cortex showed TPP-I expression as early as 2 months
following delivery, and expression was more widespread
at 4 and 8 months relative to the earlier time points
(Figure 7). By 8 months, TPP-I expression was also
observed outside of the striatal injection area in neuronal
populations in the thalamus and substantia nigra.
Continued detection of TPP-I in neurons in these regions
was observed at 12 months (not shown) and 18 months.
In addition, at 18 months, TPP-I-positive cells were also

Figure 5 Comparison of AAV2c,vCLN2-mediated expression of TPP-I in neurons in different delivery sites. (a) Delivery of AAV2c;#CLN?2 to the frontal
cortex, striatum, and parietal cortex results in TPP-I expression as observed in a parasagittal section at 4 weeks. Immunoperoxidase-positive cells are
observed in a wide region surrounding each injection site. (b) Higher magnification of the frontal cortex shows TPP-I positive cells with both the pyramidal
morphology of projection neurons and the multipolar morphology of local circuit neurons. (c) A similar pattern of TPP-I staining is observed in cells of the
parietal cortex. (d) Low magnification, multiple immunofluorescence appearance of a frontal cortex injection site showing the range of cell distribution and
the morphology of TPP-I-expressing cells (green). (e) Colocalization of TPP-I expression (green) with a fluorescent nuclear marker (propidium iodide, red)
and the astrocyte marker (GFAP, blue) shows that TPP-I is expressed by cells with a neuronal nuclear morphology, but not astrocytes in frontal cortex
injection sites. (f) Localization of TPP-I in cells with a neuronal morphology, but not astrocytes is also observed in parietal injection sites. Bars in each panel

indicate the size for the different magnifications.
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Figure 6 Time course of TPP-I protein accumulation following AAV2c;-
hCLN2 gene transfer. Rats (n=3/group) were injected (10" pu) into the
striatum with 1 pl of AAV2c,hCLN2. After various time points, TPP-I
distribution was assessed by anti-TPP-1 immunoperoxidase staining on
sagittal sections of the striatum of the injected hemisphere. Strong
expression of TPP-I was detected at all time points from 1 to 18 months.
(a) Naive; (b) 2 weeks; (c) 1 month; (d) 2 months; (e) 4 months; (f) 8
months; (g) 12 months; and (h) 18 months. Magnification bar =1 mm for
all panels.

observed in the contralateral (noninjected) hemisphere in
the cortical regions that send commisural projections
(projections crossing from the other hemisphere) to the
striatum. In control rats, no TPP-I-positive cells were
detected in these areas using the human-specific mono-
clonal anti-TPP-I antibody (not shown). Assessment of
the extent of TPP-I-positive volume calculated as a
percentage of the total hemisphere volume showed a

reference volumes (striatum, extrastriate hemisphere, total hemi-
sphere) +standard error of the mean at different time points
following a single intrastriatal delivery of AAV2cy;hCLN2; n=3/
rats were assessed for each time point.

“One animal in this group had no detectable extrastriate labeling
and thus the mean is low and the variance is high.

range of values (2.2-17.0%; Table 1). There was no
correlation of the TPP-I-positive volume calculated as a
% of the total hemisphere with time ranging from 1 to 18
months (P> 0.8).

TPP-| distribution after AAV2o,hCLN2 administration
to the non-human primate brain

Expression of hCLN2 mediated by AAV2 delivery to the
CNS was also observed in the brains of African green
monkeys following injection of AAV2-;hCLN2 (Figures
8 and 9). Detectable levels of TPP-I expression were
observed using human-specific monoclonal antibody via
immunoperoxidase staining. The morphology of TPP-I-
positive cells in the cortex suggested that by 5 weeks
both interneurons and pyramidal neurons expressed
TPP-I, while staining in the caudate nucleus showed
expression in cells with the morphology of interneurons
(Figure 8). Delivery to the hippocampus resulted in TPP-
I expression in large multipolar hilar cells and, to a lesser
extent, in dentate granule cells (Figure 9). Thus, success-
ful expression of AAV2-mediated delivery of TPP-I in the
non-human primate brain was not region dependent.
The identity of TPP-I-expressing cells was revealed by
multiple immunofluorescence staining using the TPP-I
human-specific monoclonal antibody. To discriminate
between true signal and the contribution of autofluores-
cence (predominantly seen at the shorter wavelengths in
non-human primate brain tissue), detection of TPP-I was
accomplished with secondary antibodies conjugated to
the fluorophore Cy5, that, upon far red spectral excita-
tion, emits at infrared wavelengths. Consistent with
delivery to the rat brain, examination of TPP-I-expres-
sing cells in the non-human primate brain by multiple
immunofluorescence staining revealed that neuronal, but
not glial, populations were infected at all injection sites
(Figures 8 and 9). Persistence of expression is a key factor
for developing therapies for disorders such as LINCL. To
evaluate duration of TPP-I expression in the non-human
primate brain, animals were assessed at 5 and 13 weeks
and found to contain equivalent distribution of TPP-I-

Gene Therapy



AAV-mediated CNS transfer of CLN2

D Sondhi et al
1624
a Sagittal Section b Frontal cortex- 8 months
= D _4 e Tl
f . ®
; c » »
Str C] - »
a
A .
" £ 3
Zmm T00mm 1 T25ym_

¢ Thalamus- 8 months

-] : g

e Frontal cortex- 18months f Thalamus- 18 months

2

y - -

g Substantia nigra- 18 months h Contralateral cortex- 18 months

Figure 7 Expression of TPP-I in structures far from the injection site. Rats (n =3/group) were injected into the striatum (Str) with 10" pu in 1 ul of
AAV2c i hCLN2. TPP-I distribution was assessed by immunoperoxidase staining. Cell populations expressing robust levels of TPP-I were observed in
a number of distant anatomical projection sites at all time points. Examples from 8 month (a-d) and 18 month (e-h) postinjection times are shown.
(a) Representative sagittal section of brain showing location of structures analyzed in subsequent panels. This section is medial to the striatum so that only
a tangential profile of the striatum is present here with sparse TPP-I expression. A section through the center of the striatum confirming TPP-I expression
in this same animal is shown in Figure 6f; (b) high magnification of frontal cortex with TPP-I accumulation in pyramidal projection neurons; (c) thalamus,
TPP-I stained multipolar neurons; (d) Substantia nigra, TPP-I stained large multipolar neurons; (e) frontal cerebral cortex, injected hemisphere TPP-I
accumulation in pyramidal projection neurons at 18 months following gene delivery; (f) thalamus, injected hemisphere, TPP-I stained multipolar neurons;
(g) Substantia nigra, injected hemisphere, TPP-I stained large multipolar neurons; (h) cerebral cortex, noninjected hemisphere with TPP-I accumulation in
pyramidal projection neurons. Control rats had no TPP-I-positive cells in these areas (not shown). Magnification bar is indicated on panel a (for panel a
alone) and b (for panels b-h). Cells indicated by the box are shown in higher magnification in the inset.

positive cells (Figure 9). As with the rats, other than
minor physical damage along the area of injection,
there were no signs of inflammatory cell infiltration or
vascular cuffing.

Discussion

LINCL is a fatal childhood disease with no known
therapy. Several features of LINCL make it a good
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Figure 8 TPP-I expression by neurons in the cortex and caudate nucleus of the non-human primate brain 5 weeks following administration of
AAV2-;hCLN2. (a) Low magnification view of immunoperoxidase-stained TPP-I-positive cells in the head of the caudate nucleus. (b) The same region
shown in (a) at higher magnification showing the widespread TPP-I expression in multipolar cells. (c) Similar view to (b) showing widespread expression of
TPP-I in the caudate nucleus identified by immunofluorescence (green). (d) High magnification of TPP-I expression (green) in the head of the caudate
nucleus in neurons stained with calbindin (red), but not astrocytes identified by their expression of GFAP (blue). (e) High magnification view of TPP-I-
expressing cells (green) in the cortex, identified as neuronal by their morphological staining with propidium iodide (red) and absence of GFAP staining
(blue). (f) Similar cortical region to that shown in (e) in a naive control animal using the same labeling as described in (e), showing that the detection of
TPP-I could be discriminated from background autofluorescence. Bars in each panel indicate the size for the different magnifications.

candidate for gene therapy, including the monogenetic
nature of the disease, knowledge of the deficient TPP-I
protein and the gene (CLN2) that encodes it, a need for
only low target levels of the therapeutic protein, and the
ability of this protein to be secreted and internalized into
neighboring cells providing potential for cross-correc-
tion.*?'233% In regard to technologies available today,
gene therapy is the best option for this disorder to protect
neural cells from death. The present study describes the
successful delivery and long-term expression of CLN2 by
an AAV2-based vector, and the assessment of its gene
product, TPP-], following delivery to rat and non-human
primate brain. The data fulfills three critical requirements
for the preclinical development of therapy for this
disease: (1) long term duration of expression of the

therapeutic protein; (2) broad distribution of the ther-
apeutic protein which may be a composite of infection
and cross-correction; and (3) achieving sufficient levels of
expression of the protein that should have therapeutic
effect.

Duration

For the treatment of a chronic metabolic disorder such as
LINCL, it is necessary to achieve long-term expression of
TPP-I in the CNS. In this respect, the choice of vector is
critical. In agreement with other reports,®>* we have
shown that an AAV2-based vector can maintain expres-
sion of the transgene and hence of the therapeutic
protein for >1 year. In addition to the choice of vector,
the choice of promoter is also critical for long-term high
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Figure 9 TPP-I expression in the non-human primate hippocampus at 5 and 13 weeks and in the cortex and caudate nucleus at 13 weeks following
administration of AAV2c hCLN2. Panels (a—d), 5 weeks. (a) Low magnification view of immunoperoxidase staining for TPP-I at 5 weeks in the
hippocampus. (b) Region of the hippocampal formation shown at higher magnification. TPP-I-positive staining is observed in cells of the dentate gyrus, the
curving structure at the left and bottom of the panel. There is robust TPP-I staining of multipolar cells in the dentate hilus. (c) TPP-I-positive cells (green)
in the hippocampus detected by multiple immunofluorescence staining (neuronal cells identified by morphological staining with propidium iodide, red and
glial cells in blue with GFAP staining). (d) Higher magnification of the region in panel (c) shows punctate cytoplasmic accumulation of TPP-I (green) in
cells of neuronal morphology of both the hilus and dentate granule cells as shown by their appearance with propidium iodide labeling (red). TPP-I staining
is not seen in astrocytes (GFAP, blue, panels c and d). Panels (e-g). High magnification view of TPP-I expression in various regions following
administration of AAV2 hCLN2 to the non-human primate CNS 13 weeks as assessed by immunoperoxidase staining. (e) Caudate nucleus; (f) cortex; and
(g) hippocampus. Bars in each panel (a—d) indicate the size for different magnifications. The magnification for panels (e=g) is indicated in panel (e).

level expression, as some viral promoters have been
linked to premature decline of transgene expression.>>>°
In the present study, we utilized the CMV-enhanced
chicken p-actin promoter with the -actin/rabbit
B-globin hybrid intron, a promoter/intron combination
that has been shown to successfully drive the expression
of an AAV vector-mediated transfer of a gene in the
brain for >1 year.'® The combination of the long-term
expressing vector AAV2 and a strong nonviral promoter
led to robust TPP-I expression in the brain of rats for >18
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months and for at least 3 months (the longest time period
examined to date) in the brains of non-human primates
in the present study. Owing to resources needed, there is
limited data on long-term transgene expression in non-
human primates beyond 90 days as described here,
although one report shows persistent expression up to
134 days." In rats, after 1 month, although there was
variability, there was no significant time-dependent
change in the extent of transgene expression following
AAV2-;hCLN2 gene transfer as assessed by the TPP-I-



positive volume expressed as a percentage of the injected
striatum or the injected hemisphere.

TPP-I distribution

Robust transduction of neurons was achieved following
administration of the AAV2-(;hCLN2 vector to the rat
and non-human primate brain. The neurotropic specifi-
city of AAV2-based vectors has been previously ob-
served with AAV2-mediated gene delivery.''*”® The
neurotropism of AAV2 makes this vector suitable for use
as a gene delivery vehicle for neurons, the target cell
population for intervention in LINCL.>® In the rat, a
single intrastriatal injection resulted in histological
detection of TPP-I throughout both dorsal and ventral
extents of the striatum. The extent of TPP-I expression
encompassing, nearly half of the striatum, remained
stable over time following gene delivery.

Of interest relevant to the goal of achieving wide-
spread expression of TPP-I in the CNS was the
observation in the rat that distant neurons expressed
TPP-I after a lengthy interval following delivery. The
distribution of these sites of extrastriatal TPP-I expres-
sion was highly variable over time but consistent with
the known circuitry of striatal projections. Neurons in
both the dorsal and ventral striatum receive input from
cerebral cortex, thalamus, and the midbrain ventral
tegmental area and substantia nigra.>*=*' Thus, distant
neurons, whose axons terminate in the region of vector
delivery, were able over time to express TPP-I. There are
two possible explanations for TPP-I expression in distant
projection neurons. Previous reports have demonstrated
that distant neurons can be transduced by retrograde
transport of the viral vector following AAV2 delivery to
the CNS.»® Alternatively, the secreted TPP-I enzyme
could be taken up by synaptic terminals and undergo
retrograde transport to distant cell bodies. This mechan-
ism would be consistent with the in vitro cross-correction
data showing that TPP-I is secreted by cells transduced
by AAV2-.;hCLN2 and subsequently taken up by
nontransduced cells in a mannose-6-phosphate-depen-
dent pathway. It would also be consistent with the
extensive intracellular staining for TPP-I observed in
transfected cells, where TPP-I was likely present in all
compartments of the secretory and endocytic pathways.
Whatever the mechanism of this retrograde expression,
these results suggest that it may be possible to utilize the
circuitry of neuronal connections to extend the effective
expression of TPP-I to distant regions. This possibility
greatly augments the therapeutic potential of each
intracerebral injection and suggests that the circuitry of
the brain should be taken into account when designing
therapeutic delivery.

In a careful survey of sections of the brains of the
AAV2.;hCLN2 non-human primates, no TPP-I-positive
cells far from the injection site suggestive of retrograde
transport were seen. There may be two reasons for this.
First, the retrograde transport observed in rats increased
over time with a maximum at 8 months and monkeys
were assessed at shorter time points due to resource
limitations. Second, the sensitivity of the immunohisto-
chemistry in the non-human primates was titrated down
by use of lower levels of the monoclonal anti-TPP-I
antibody than that used in the rats (1:15 000 as compared
to 1:1000). This was done to suppress the endogenous
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TPP-I background in the non-human primate tissue but
this also reduces the sensitivity with which retrograde
transport may be seen.

TPP-I protein levels

At present, there is no defined clinical benchmark for the
minimum level of TPP-I expression required for success-
ful therapeutic intervention for LINCL. Individuals who
are heterozygous for LINCL have no disease phenotype
suggesting that it will not be necessary to completely
restore normal TPP-I levels.'® Furthermore, individuals
with LINCL who have a mutation in CLN2 that results in
5-10% of normal TPP-I activity have delayed onset of the
symptoms,*® suggesting that as little as 5% of normal
activity spread throughout the brain represents a reason-
able target level for clinical benefit.

While a target of 5% of normal levels makes the goal of
effective therapy for LINCL easier to achieve with gene
therapy, the available analytical methods are not suffi-
ciently sensitive to demonstrate an increase in only 5%
over a background of normal TPP-I levels in vivo. For
example, the variance in the TPP-I activity measurement
on brain homogenates of naive rats was 24%, a value
much greater than the target level. However, a TPP-I
level was obtained that was 55% above background
following AAV2-yhCLN2 infection demonstrating that
locally therapeutic levels are easily achieved. As no
characterized TPP-I-deficient animal model is available,
we are only able to evaluate TPP-I levels that are
significantly increased over the background. There is a
wide distribution of robust TPP-I-positive cells detected
following AAV2-mediated gene delivery using immuno-
histochemistry under conditions that gave no signal for
endogenous TPP-I. Although immunohistochemical
staining does not allow for a linear quantitative esti-
mation of protein levels, this technique is also not
particularly sensitive to very low intracellular protein
levels. Thus, immunohistochemical detection likely
underestimates the true extent of CLN2 gene product
expression, suggesting that at least the minimum target
levels of TPP-I expression have been achieved in the
identified regions.

Implications for future studies

This study supports the notion that AAV2-mediated
CLN2 gene delivery to the CNS can meet the criteria of
widespread, robust transgene expression of long dura-
tion required for the development of a therapeutic gene
delivery strategy. The recent characterization of a CLN2-
deficient mouse,* which displays a similar pathology
as LINCL in humans will also allow the potential
therapeutic benefit of intracranial gene transfer to be
assessed more rigorously. There is currently favorable
short-term safety data related to the intracranial transfer
of AAV2-y;hCLN2 in human patients based upon the
growing clinical experience of AAV2-mediated gene
transfer to the brain for the treatment of Canavan and
Parkinson’s diseases.*>*> Therefore, it seems likely that
there would be no significant safety issues related to
intracranial transfer of AAV2.yhCLN2 in human
patients. In this context, LINCL is a candidate disease
for further preclinical development of AAV2-mediated
gene therapy.
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Methods

Production of AAV2 vectors

The overall genome structure of all AAV vectors used in
the study included (5'-3'): the 141 nt inverted terminal
repeat (ITR) from AAV2; an expression cassette that
included the CAG promotor (the human cytomegalo-
virus immediate/early enhancer; the promoter, the splice
donor, and the left-hand intron sequence from chicken
B-actin; the right-hand intron sequence and splice
acceptor from rabbit B-globin);***¢ the cDNA of interest
with an optimized Kozak consensus translation initiation
signal prior to the start codon; the rabbit B-globin poly
A/stop sequence; and the 141 nt ITR. The vectors were
produced using two plasmids: (1) ‘AAV2-ITR/expres-
sion’ plasmid containing (5-3'): the AAV2 ITR, CAG
promoter, the cDNA of interest, the polyA /stop, and the
AAV ITR; and (2) adenovirus/AAV helper gene plasmid
(pPAK-MA?2) containing (5-3'): the mouse mammary
tumor virus ITR promoter driving the AAV2 rep gene,
followed by the AAV2 cap gene and the adenovirus
serotype 5 VA, E2, and E4 genes, each driven by their
own promoter.*”*®

The AAV2 vectors used in the study included:
AAV2-;hCLN2 (expression cassette includes the human
CLN2 cDNA), AAV2.,rCLN2 (identical to AAV2.y-
hCLN2 except that it has the rat CLN2 ¢cDNA substituted
for the human CLN2 ¢cDNA); and AAV2-yNull (used as
a control, identical to AAV2-;hCLN2 except that it has
an untranslatable DNA sequence corresponding to
intron 5 of the human vascular endothelial growth factor
gene to match the size of the human CLN2 cDNA); and
AAV2GFP used as a negative control (see Zolotukhin
et al*® for a description of AAV2GFP).

All of the AAV2 vectors were produced in the same
manner using Polyfect™ (QIAGEN Sciences, German-
town, MD, USA) mediated cotransfection of 500 pg of the
expression cassette plasmid containing the transgene of
interest and 1 mg of the AAV/adenovirus helper gene
plasmid into a 10 Stack Cell Factory (NUNC™ Brand
Products, VWR Scientific, West Chester, PA, USA) at 70%
confluence of low passage 293 cells. Post transfection
(72 h), the cells were harvested and a crude viral lysate
made by three cycles of freeze/thaw, then clarified by
centrifugation and purified by discontinuous iodixanol
gradients and heparin agarose chromatography.®

All vectors were assessed by quantitative PCR (Taq-
Man), capsid ELISA (Research Diagnostics, Flanders, NJ,
USA), and by their ability to replicate in adenovirus-
infected C12 cells (a cell line expressing the AAV2 rep
and cap genes) with detection of the amplified genome
by DNA hybridization.”" Evidence that the CLN2 vectors
could direct the expression of the desired transgene
product was established by assessing TPP-I enzyme
activity (as described below). For the in vitro and in vivo
experiments, all vectors were dosed on the basis of
particle units as assessed by ELISA (Research Diagnostic
Inc., Flanders, NJ, USA).

Morphological evaluation of TPP-I protein expression
in vitro

The AAV2-;hCLN2 vector was evaluated for its ability
to produce TPP-I by indirect immunofluorescence and
immunoperoxidase detection of CLN2 expression.
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2930RF6 cells, from a human embryonic kidney cell line
expressing adenovirus E1 and E4 genes® were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen Life Technologies, Carlsbad, CA, USA) sup-
plemented with 1 mM sodium pyruvate, 10% fetal bovine
serum (FBS), 50 U/ml penicillin, 50 pg/ml streptomycin,
2mM L-glutamine, and 0.25pg/ml fungizone-ampho-
tericin. For the AAV expression studies, the 2930RF6
cells (5 x 10* cells) were infected with AAV2-;hCLN2
or AAV2-yNull (10° particles/cell) in 30 pl serum-free
DMEM at 37°C. After 30 min, 2 ml of DMEM supple-
mented with 100 pM ZnCl, were added to the cells to
activate the E4 gene expression.>® After 2 days, the cells
were washed twice with phosphate-buffered saline, pH
7.4 (PBS) and fixed with 4% paraformaldehyde (Electron
Microscopy Sciences, Fort Washington, PA, USA) in PBS.
For immunoperoxidase detection of TPP-I, the cells
were then pretreated with 0.03% hydrogen peroxide
(Sigma-Aldrich, St Louis, MO, USA) for 5 min, 22°C to
quench endogenous peroxidase activity. The cells were
then treated (20 min, 22°C) with blocking medium (5%
goat serum, 1% bovine serum albumin (BSA), in PBS).
Primary antibodies were diluted in blocking medium
(1:100), including mouse anti-human CLN2 hybridoma
supernatant (clone mAb 8C4, provided by Krystyna
Wisniewski, Institute for Basic Research in Develop-
mental Disabilities, Staten Island, NY, USA) and mouse
anti-shiga toxin hybridoma supernatant as an irrelevant
primary antibody control (clone 11F11, American Type
Culture Collections, Manassas, VA, USA). The primary
antibodies were applied for 60 min at 37°C, removed
with three 5 min washes with 1% BSA in PBS. Horse-
radish peroxidase-based immunochemistry was per-
formed using the Envision kit (Dako, Carpinteria, CA,
USA) according to the manufacturer’s instructions.
Briefly, horseradish peroxidase-conjugated secondary
antibody (anti-mouse) was applied to cells for 30 min
at 37°C, washed three times in PBS, and treated with the
diaminobenzidine-activator cocktail for 5 min at 22°C.
Cells were counterstained using hematoxylin (Sigma-
Aldrich) and imaged using a Leaf MicroLumina color
charge coupled device (CCD) camera (Electrolmage,
Great Neck, NY, USA).

For immunofluorescence detection of TPP-I, the cells
were infected and fixed as described above, and then,
after three washes in PBS, cells were postfixed in 100%
methanol (—-20°C, 20 min), and washed three times in
PBS. The cells were then blocked and treated with
primary antibodies as described above with the excep-
tion of hybridoma supernatants being diluted 1:10
instead of 1:100 and application at 22°C instead of
37°C. The primary antibodies were applied for 60 min
and removed as described above and replaced with a
secondary antibody for 45 min at 22°C (dilution of 1:100
in blocking medium, goat anti-mouse Alexa 488, Mole-
cular Probes, Eugene, OR, USA). The secondary antibody
was removed with three 5 min washes with 1% BSA in
PBS followed by three rinses in PBS. Nuclei were stained
with 4'-6-diamidino-2-phenylindole (DAPI, 2 ug/ml in
PBS, 5 min, 22°C, Molecular Probes). Cells were observed
using widefield epifluorescence microscopy using an
Olympus IX70 microscope. Images were captured
using a Photometrics Quantix cooled CCD camera and
analyzed using MetaMorph image analysis program
(Universal Imaging, Downingtown, PA, USA).



Evaluation of TPP-I enzyme activity

The function of vector-derived TPP-I was demonstrated
by assessing TPP-I enzyme activity using a fluorescent-
activated specific substrate. In 24-well plates, 10°
2930RF6 cells were incubated until 90% confluent
and then infected (10°-10"° pu) with AAV2-yhCLN2,
AAV2GFP (an irrelevant transgene control), or AAV2; -
Null. Medium was collected 48 h postinfection and
transferred to a 96-well plate. The cells were harvested
separately and suspended in 100 pl of 0.15 M NaCl, 0.1%
Triton X-100 to make a lysate. Secreted enzyme in 10 ul of
medum was activated with 20 pl of an activating solution
(150 mMm NaCl, 0.1 % Triton X-100, and 50 mM formic
acid, pH 3.5) to mimic its natural activation in the
lysosomes following reuptake.>" After incubation at 37°C
for 30 min, 250 uM Ala-Ala-Phe-7-amido-4-methylcou-
marin (the TPP-I-specific substrate; Sigma-Aldrich) in
40 ul of 150 mM NaCl, 0.1% Triton X-100, and 100 mM
sodium acetate, pH 4.0 was added and a fluorescence
(360/20 nm excitation, 460/25 emission) time course was
then determined at 10 min intervals for 80 min at 37°C in
a Cytofluor 4000 TC plate reader (PerSeptive Biosystems,
Foster City, CA, USA).?' The activity of the vector-
derived TPP-I was determined by calculating the change
in FU per viral particle dose per min over a linear portion
of the curve minus the corresponding activity in cells
infected with a control vector encoding an irrelevant
transgene. This assay provides an intrinsic specification
for vector potency that can be applied independent of
yield, a parameter that varies between different viral
preparations. In this assay, vector preparations were
accepted that gave >3 x 10~° FU/(min-ml media-pu). To
demonstrate specificity of the assay, it was performed in
the presence and absence of a TPP-I-specific inhibitor,
Ala-Ala-Phe-chloro-methyl ketone (1 pM, Sigma-Aldrich
Co; see Lin and Lobel?' and Ezki et al®3).

In vitro cross-correction of LINCL-deficient fibroblasts

mediated by AAV2.,hCLN2

To assess the ability of AAV2-.yhCLN2 to direct the
expression of a CLN2 product that will cross-correct
neighboring cells, the medium of quadruplicate wells of
2930RF6 cells infected with 3 x 10* pu/cell AAV2cy-
hCLN2 or AAV2-;Null was removed 24 h postinfection
and the cells were washed twice with PBS. It was then
replaced by fibroblast medium (RPMI 1640 media
containing 1% glutamine, 10% FBS, 50 U/ml penicillin,
50 pg/ml streptomycin, 2 mM L-glutamine and 0.25 pg/
ml fungizone-amphotericin) for 72 h. This medium was
collected and assessed for pro-TPP-I content by enzy-
matic assay, and for AAV2-;hCLN2 content by Tagman.
LINCL fibroblasts (provided by P Lobel, Robert Wood
Johnson Medical College) were cultured in fibroblast
medium until 70% confluent at which time 30% of the
medium was replaced by the media collected from the
2930RFé6 cells with or without 1 mM mannose-6-phos-
phate as a competitive inhibitor of uptake. After 24 h, the
cells were harvested and lysed in 150 mM NaCl, 0.1%
Triton X-100 for assessment of TPP-I activity.

To insure that the TPP-I activity in the LINCL
fibroblasts did not result from carry over of AAV2.-
hCLN2 in the media from the 2930RF6 cells initially
infected by the vector, carry over was assessed in the
media using TagMan real-time quantitative PCR with
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primers (forward: GTCAATGGGTGGAGTATTTACGG
and reverse: AGGTCATGTACTGGGCATAATGC) and
probe (CAAGTGTATCATATGCCAAGTACGCCCCCT)
specific to the CMV enhancer. The amount of AAV2y; -
hCLN2 determined to be carried over by this method
was used to directly infect the LINCL fibroblasts with
assessment of the TPP-I activity in the media after 72 h.

CNS administration of AAV2 vectors in rats

To evaluate TPP-I expression and distribution following
AAV2-mediated CLN2 delivery in a small animal
model brain, Fischer 344 male rats (180-200 g; Taconic,
Germantown, NY, USA) were used with Institutional
Animal Care and Use Committee (IACUC) approval of
all procedures. The rats were deeply anesthetized and
positioned in a stereotaxic frame for unilateral injection
into the left striatum (AP +0.6 mm, ML +2.8 mm, and DV
—5.2 mm relative to Bregma), frontal cortex (AP +3.0, ML
+2.8, DV —2.5), parietal cortex (AP —1.3, ML +2.5, DV
—2.0), or cerebellum (AP —10.0, ML 2.5, DV —3.7). The
AAV vectors, formulated in PBS (1.0-5.0 pl per site), were
injected at a rate of 0.2 pl/min using a microprocessor-
controlled infusion pump (Model 310, Stoelting, Wood
Dale, IL, USA). The injection needle was left in position
for 1 min prior to, and 2 min following delivery before
being slowly withdrawn from the brain. Animals
received either AAV2-,rCLN2 (10° or 10" pu) or
AAV2-.;hCLN2 (10° or 10" pu). Pilot experiments
suggested that there was no effect of total injection
volume (at constant vector dose) on the distribution or
level of TPP-I under these conditions (not shown). Other
animals received AAV2-yNull (10° or 10" pu) or PBS to
control for the specificity of transgene expression.

Enzymatic assay of TPP-I activity in brain homogenate
To assess TPP-I enzymatic activity in the brain of
AAV2-,CLN2-injected rats, vector injections were per-
formed as described above, and at the relevant time, the
animals were euthanized and the brains were harvested
unfixed. The brains were rinsed in ice-cold PBS, placed
in a rodent brain matrix, which was on ice (Electron
Microscopy Sciences, Hatfield, PA, USA), and sliced into
nine 2 mm coronal sections using matrix-specific razor
blades. All sections were hemisected prior to analysis.
Each half of the sections from the left hemisphere was
further dissected into cortex and noncortex (striatum).
Samples were stored at —80°C in microcentrifuge tubes
until used. TPP-I activity was assayed by homogeniza-
tion of the brain tissue in blank solution (150 mM NaCl,
1 mg/ml Triton X-100) using a disposable pellet pestle
and 1.5 ml matching tube (Kimble-Kontes, Vineland, NJ
USA). The homogenate was clarified by centrifugation
and the supernatant was transferred onto a 96-well plate
and assayed for TPP-I activity as described above. The
activity of the transgene product was determined by
calculating the change in fluorescence units per min per
mg of protein (standardized by BCA protein assay, Pierce
Biotechnology, Rockford, IL, USA).

Morphological evaluation of TPP-I protein expression
in the rat brain

To assess TPP-I distribution and tropism at various time
points after CNS administration of the vectors, rats were
deeply anesthetized and perfused transcardially with
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ice-cold PBS followed by ice-cold 4% paraformaldehyde
in 0.1 M phosphate buffer (200 ml each). The brains were
then harvested and immersed in the same fixative
overnight, equilibrated in 30% sucrose at 4°C; serial
50 pm thick sagittal sections were later produced by
freezing sliding microtomy.

Multiple immunofluorescence labeling was performed
using antibodies specific for neurons (mouse anti-NeuN,
1:2500, Chemicon International, Temecula, CA, USA or
mouse anti-calbindin, 1:5000, Swant, Bellinzona, Switzer-
land) or astrocytes (guinea pig anti-GFAP, 1:500, Ad-
vanced Immunochemical, Long Beach, CA, USA).
Expression of the CLN2 transgene product was detected
using antibodies against TPP-1. For specific detection of
the human CLN2 transgene product, a mouse anti-
human TPP-I antibody was used at a dilution of 1:1000.
For detection of either human CLN2 or rat CLN2
transgene products, a rabbit anti-TPP-I antibody (pro-
vided by P Lobel, Robert Wood Johnson Medical
College) was used at a dilution of 1:1000. When
appropriate, sections were counterstained with the
fluorescent nucleic acid dye, propidium iodide (1:5000
for 3 min; Molecular Probes). Propidium iodide labels all
nuclei within the tissue section and acts as a ‘fluorescent
Nissl stain’, permitting the phenotypic identity to cells
to be established according to classic criteria used with
Nissl staining.®* Donkey secondary antibodies specific
for relevant species were conjugated to biotin, Cy2, Cy3,
or Cyb5 or streptavidin-conjugated fluorophores (1:500; all
from Jackson ImmunoResearch, West Grove, PA, USA) as
appropriate for the specific discrimination of primary
antibodies. Specificity of antibody detection was verified
by staining uninfected tissue and by omission of primary
antibodies in infected tissue. In separate sections,
immunoperoxidase detection of the rat CLN2 transgene
product was accomplished by quenching of endogenous
peroxidase activity and incubation with rabbit anti-TPP-I
polyclonal antibody (1:1000) or the human CLN2 trans-
gene product by mouse anti-human TPP-I antibody
(1:1000), followed by biotin-streptavidin amplification
(Vectastain kit, Vector Laboratories, Burlingame, CA,
USA) and visualization with a nickel chloride-enhanced
diaminobenzidine reaction. Images were obtained by
confocal microscopy (Olympus FluoView) for the im-
munofluorescence-stained material or brightfield images
were obtained by digital image acquisition (Olympus
BX50; Nikon D100) for the immunoperoxidase-stained
material. Volume estimates of the extent of detectable
TPP-I expression in the rat brain was carried out using
the Cavalieri estimator on a one in six series of immuno-
peroxidase-stained sections through the entire hemis-
phere exclusive of the cerebellum, brainstem, and
olfactory bulb.>® Linear regression analysis was per-
formed to assess volume changes over time.

CNS administration of AAV2 vectors in non-human

primates

To evaluate TPP-I expression and distribution following
AAV2-mediated CLN2 delivery in a large animal model
brain, non-human primates were used. These studies
were carried out at the St Kitts Biomedical Research
Foundation, a facility that operates under Public Health
Service regulations with IACUC oversight and with an
assurance document filed at the National Institute of
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Health. African green monkeys (Chlorcebus aethiops
sabaeus, male, 4.8-6.2kg, feral, 5-10 years old) were
deeply anesthetized and restrained in a stereotactic
frame equipped with Hamilton microsyringes, which
are controlled by a nano injector, stepper motorized
injection pump (Stoelting Co., Wood Dale, IL, USA) for
injection to 12 locations through six burr holes (two
depths per burr hole), three per hemisphere of the AAV
vector or diluent control. Injection coordinates for the
prescribed brain structures in the African green monkey
were determined from previously injected and sectioned
brains and are translated to the stereotactic instrument
frame of reference. Injections were made to the head
of the caudate nucleus and overlying cerebral cortex
(16.2 mm apart), body of the caudate nucleus and the
overlying cerebral cortex (19.2mm apart), and the
hippocampal formation and overlying cerebral cortex
(31.2 mm apart). Before and after each injection, the brain
tissue was allowed to seal around the syringe needle.
The vector or PBS was delivered at each site at 1 pl/min
for a total volume of 180 pul (15 pl at each of 12 locations
delivered over 15min at each site). Each non-human
primate received a total dose of 3.6 x 10" pu of the
AAV2-;hCLN2 vector or 3.6 x 10" pu of the control
AAV2-;Null vector or the diluent PBS.

Assessment of TPP-I expression in the non-human
primate brain

To assess TPP-I distribution and tropism in the non-
human primate CNS, at various time points after vector
injection, the non-human primates were deeply anesthe-
tized and transcardially perfused with cold PBS. The
brains were immediately removed and kept on ice while
uniform 4 mm coronal slabs were cut using a specially
fabricated brain mold. The right hemisphere of each slab
was placed in 4% paraformaldehyde for 3-7 days for
immersion fixation prior to transfer to 30% sucrose. The
left hemisphere of the slabs was saved for future
analysis.

The 4 mm coronal slabs from the right hemisphere
were further sectioned (50 pm slices) and used for
immunoperoxidase detection and immunofluorescence
in methods similar to that described for the rat tissue.
However, to help to discriminate transgene product from
endogenous protein, a 1:15 000 dilution of the primary
monoclonal anti-TPP-I antibody was used for the non-
human primate brain rather than the 1:1000 dilution
used for sections of rat brain. To separate detection of
TPP-I immunofluorescence from autofluorescence in
non-human primate tissue, secondary antibodies were
conjugated to Cy5, which fluoresces in the far red portion
of the visible spectra. To maintain continuity to analysis
of the rat tissue, signal detection of TPP-I was mapped to
the green channel for image composition.
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ABSTRACT

Genetic medicine-based therapies have unlocked the potential for ameliorating diseases previously considered
inevitably fatal. Inherent in the clinical trials of genetic medicines are ethical issues of therapeutic miscon-
ception, enrollment decisions as they relate to the risks and benefits of research, and the complex relation-
ships among funding sources, investigators, and the families of affected individuals. The purpose of this pa-
per is to help define these complex issues relevant to the use of genetic medicines and to describe the strategy
we have used to confront these issues in a phase I trial of adeno-associated virus-mediated gene transfer to
the central nervous system of children with late infantile neuronal ceroid lipofuscinosis (LINCL), a fatal lyso-
somal storage disease associated with progressive neurodegeneration and death by mid-childhood. Our ap-
proach to these challenges should provide a useful paradigm for investigators initiating other genetic medi-

cine-based studies to treat inevitably fatal diseases.

INTRODUCTION

ENETIC MEDICINES based on gene or stem cell transfer

have created the possibility of treating fatal hereditary
disorders heretofore considered untreatable (Aglietta et al.,
1998; Surbek et al., 1999; Costantini et al., 2000; Kohn, 2001;
Balicki and Beutler, 2002; Hacein-Bey-Abina et al., 2002;
Cheng and Smith, 2003; Edelstein et al., 2004). As the tech-
nologies for these therapies are developed, basic and trans-
lational studies have led to initial trials in human subjects
(http://www4.od.nih.gov/oba/rac/protocol.pdf; Aglietta et al.,

1998; Orlic, 2004; Svendsen and Langston, 2004; Lum, 2005;
Smits et al., 2005). Although the major focus in these trials
has been on applying the gene/stem cell technology in a man-
ner that is safe and will yield insights into efficacy, the con-
cept of possible treatments for fatal disorders for which there
are no alternative therapies raises several ethical issues, in-
cluding the potential for therapeutic misconception, enroll-
ment issues relevant to the inherent risks and benefits of phase
I trials, and personal motives intertwined in the complex re-
lationships among funding sources, investigators, and the
families of affected individuals.
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ETHICAL ISSUES IN GENETIC MEDICINE CLINICAL STUDIES

There are major differences between the basic ethical re-
quirements of carrying out clinical research studies and pro-
viding therapeutic treatment (Daugherty, 1999; Lidz et al.,
2004). The clinician owes primary allegiance to the patient’s
well-being, whereas the clinical investigator also has an obli-
gation to ensure that the study generates valid data and there-
fore contributes to the scientific community (Shatz, 1990; Ober-
man and Frader, 2003). This balance is essential for meaningful
clinical research; it is nowhere more complex than in phase I
studies to evaluate the safety of novel genetic medicine treat-
ments for fatal disorders, particularly in those affecting chil-
dren.

The intent of this paper is to articulate these issues as they
are relevant to clinical research with genetic medicines and to
describe how we have responded to these challenges in plan-
ning and conducting a phase I trial of gene transfer to the cen-
tral nervous system for late infantile neuronal lipofuscinosis
(LINCL), a fatal, hereditary neurodegenerative disorder of chil-
dren in which the subjects are completely vulnerable, not only
because of their young age, but also because the disease pro-
gression renders them unable to communicate. Although each
clinical application will have issues specific and unique to the
disease and the genetic medicine being assessed, this paper
should provide a useful paradigm for investigators planning
gene and/or stem cell trials for fatal, untreatable disorders.

ISSUE 1: THERAPEUTIC MISCONCEPTION

Meaningful informed consent is a precondition for the eth-
ical involvement of human subjects in clinical research (Lidz
et al., 2004). Therapeutic misconception is a failure on the
part of subjects (or parents) to appreciate the risks and dis-
advantages associated with participation in a study (Apple-
baum, 2002; Miller and Brody, 2003; Oberman and Frader,
2003). This issue is made more complicated when research
subjects have fatal, untreatable conditions and when the sub-
jects are children.

U.S. federal regulations (45 CFR 46) require that consent
documents disclose the nature and purpose of the study, fore-
seeable risks and benefits, appropriate alternatives, the confi-
dentiality of the information collected, and include an expla-
nation of compensation available, a discussion of how pertinent
questions can be answered, and a statement that participation
is voluntary (http://www.hhs.gov/ohrp/humansubjects/guidance/
45cfr46.htm#46.116). In practice, there are significant chal-
lenges to adequate disclosure of the risks and benefits of genetic
medicine-based studies and to the production of an informed con-
sent that is intrinsically readable for the lay population.

Studies that evaluate the degree to which informed consent
documents fully disclose the risks and benefits of human sub-
ject research present conflicting results. In a study of 272 con-
sent forms for phase I therapy studies, Horng et al. (2002) found
that 99% explicitly stated that the purpose was experimental re-
search, and that 92% stated that the primary aim was to assess
safety. In contrast, in a survey of 39 informed consent docu-
ments for phase I gene transfer trials, Henderson et al. (2004)
found that 74% did not clearly convey to subjects that benefit
was “unlikely” or “not expected,” instead using language that
was deemed “indeterminate.”
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Understanding and appreciation of the
informed consent document

Even if the risks and benefits of a trial are appropriately dis-
closed in the consent document, participants/parents may still
experience difficulty in appreciating these risks and benefits. In
a study of adults in 40 different clinical trials, Lidz et al. (2004)
found that 24% of subjects believed the study had no risks/dis-
advantages, despite having signed consent documents explic-
itly defining these risks/disadvantages. Overcoming this
disjunction is a challenge in the consenting of severely ill
patients/parents, who may selectively filter information because
of their own sense of desperation. A study of 127 subjects in 4
clinical research protocols at the National Institutes of Health
found that healthy volunteers could recall the greatest amount
of information regarding a trial’s risks after signing of the con-
sent, whereas severely ill subjects retained the least (Schaeffer
et al., 1996).

Further compounding the problem, studies have shown that
informed consent documents are often incomprehensible to the
lay population of research subjects. Grossman et al. (1994)
found that only 1-6% of consents for cancer trials met stan-
dards for an eighth grade level, and most measured at a college
reading level. However, easy “readability” does not seem to be
the sole answer. In a randomized, controlled trial of “standard”
versus “easy to read” informed consents, Coyne et al. (2003)
found that subjects receiving the “easy to read” documents did
not demonstrate increased understanding of the study.

Disconnect between parental expectations
and the reality of phase I trials

If the appreciation of risks and disadvantages associated with
clinical trial participation inversely correlates with the severity
of a patient’s illness, then the parents of severely ill children
may present inherently greater challenges to the informed con-
sent process. A study of pediatric leukemia trials found that al-
though 83% of physicians explained the nature of randomiza-
tion during the informed consent process, 50% of parents could
not subsequently explain what randomization meant, and were
not aware that their child could receive placebo instead of study
drug (Kodish et al., 2004). A study of randomized, placebo-
controlled pediatric oncology trials found that 40% of parents
failed to understand the experimental design of the trial and be-
lieved they could choose the study drug administered to their
child (Simon et al., 2004). Among surveyed pediatric hema-
tologists and oncologists, the most important stated reasons why
parents enrolled their children in phase I trials were medical
benefit (38%) and/or cure (28%) (Estlin et al., 2000). Because
pediatric phase I clinical trials tend to enroll children who are
very ill, balancing parental hopes with the reality of risks and
benefits for individual subjects remains a critical challenge to
the process of obtaining informed consent. The reality is that
few children with malignancies are “cured” by initial experi-
mental treatments (Furman et al., 1989; Ackerman, 1995).

In comparison with drug trials in the pregenetic medicine
era, therapeutic misconception is an even greater challenge for
clinical studies with genetic medicines. The diseases being stud-
ied are often fatal, with no alternative therapies. Often the sub-
jects are children, and the disease process per se may render
them unable to comprehend and/or communicate. When the un-
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derlying disorder is a genetic disease, the parents often feel
guilty for having been the “source” of the disease. Finally, “ge-
netic medicines” have the connotation that they will provide a
“magic cure” to correct the fundamental cause of the disease.

ISSUE 2: ENROLLMENT CRITERIA
AND RISK VERSUS BENEFIT

Enrollment criteria as they pertain to a trial’s risks versus
benefits represent an important ethical issue for genetic medi-
cine-based trials. The death of a young adult participant in a
dose-escalation gene transfer trial for individuals with ornithine
transcarbamylase (OTC) deficiency brought attention to the
risks associated with gene therapy trials and led to a shift in the
paradigm for subject enrollment in genetic medicine studies. In
the initial recommendations regarding enrollment and informed
consent for the OTC deficiency trial, the ethicist consulted in
the design of the trial recommended that investigators enroll
adult volunteers with milder disease before enrolling younger,
more severely affected individuals (Raper et al., 1998; Mar-
shall, 2000). This advice was based on the concept that it was
more ethically sound to select subjects who could make the de-
cision to enroll for themselves, rather than to depend on the
consent of parents whose children had a fatal genetic disorder
and were unable to assent for themselves.

The subsequent death in this trial of an individual with mild
disease raised questions regarding the eligibility criteria in ge-
netic medicine trials. Most genetic medicine studies subsequent
to the OTC deficiency trial, including the LINCL trial described
below, have inverted the paradigm for enrollment, enrolling
more severely affected individuals before enrolling subjects
with more moderate disease. This is premised on the risk—ben-
efit ratio for subjects, which favors the earlier enrollment of se-
verely affected individuals, largely because of the high level of
risk and low expectation of benefit for gene transfer study par-
ticipants. Although the paradigm seems to have shifted, crite-
ria for enrollment decisions in genetic medicine-based trials
should also be viewed with an understanding of the risks asso-
ciated with invasive delivery procedures in the setting of ad-
vanced disease, which may alter the risk—benefit equation in fa-
vor of subjects with milder disease.

ISSUE 3: FUNDING AND PERSONAL MOTIVES

Issues of funding are central to the initiation of most stud-
ies in translational research. Most clinical trials are supported
by industry. In 2002, more than 70% of the total U.S. invest-
ment in biomedical research and development came from the
pharmaceutical industry, with only 12% from government fund-
ing (Hadley, 2004). A study of the translation of basic science
to clinical trials found that industry ties were the strongest pre-
dictor for whether basic science studies moved to randomized,
controlled clinical trials (Ioannidis, 2004).

Because diseases that affect a larger proportion of the popu-
lation necessarily receive a greater apportionment of federal grant
money, funding obstacles are increased for diseases given orphan
status (affecting fewer than 200,000 people in the United States;
http://rarediseases.info.nih.gov/index.html; http://www .raredis-
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eases.org/; http://www.fda.gov/orphan/; Haffner, 2004). The is-
sue of funding is even more complex for studies that aim to in-
vestigate novel therapies, such as genetic medicines, which are
centered in the academic community and largely unsupported by
the pharmaceutical industry. Because orphan diseases receive a
smaller proportion of the “research funding pie,” money from
private foundations can make a significant difference (Hadley,
2004). The families of affected individuals often establish pri-
vate foundations to support research for their cause, providing
funding opportunities that enable the initiation of translational
studies that otherwise might not have been possible (Dockser
Marcus, 2002; Goldberg, 2004; Rowland, 2004; Weiner, 2004).
However, the use of private funding for these purposes also raises
issues regarding enrollment in clinical trials. Whereas private fun-
ders are often personally motivated to have their support linked
to the enrollment of affected family and friends in clinical trials,
investigators owe primary allegiance to the scientific community,
not to the source of funding (Shatz, 1990; Oberman and Frader,
2003).

Reactions to a child’s fatal diagnosis differ widely among
parents. Some accept the diagnosis and commit themselves to
providing comfort care for their child. At the opposite end of
the spectrum, others gird themselves for battle, educating them-
selves to the level of experts, seeking out researchers from all
over the world who are willing to devote themselves to their
cause, and raising funds to implement clinical research (Las-
cari, 1978; Kornfeld and Siegel, 1979, 1980; Winerip, 1998;
Kranish, 2001; Katz, 2002; Anand, 2003; Mitchell, 2005;
Robinson, 2005). There are numerous examples in the popular
media that document accounts of parents who have confronted
their child’s fatal diagnosis with efforts to help implement
novel, experimental treatments for their severely ill children,
often subsuming their other responsibilities to the cause of this
research (Winerip, 1998; Anand, 2003; Robinson, 2005). In ad-
dition, the popular literature suggests that those parents who
undertake Herculean efforts for children diagnosed with fatal
genetic diseases seem more likely to recognize and accept the
inherent risks of experimental research. These accounts suggest
that the parents of children with fatal genetic disorders may be
more likely to view experimental research with greater objec-
tivity than do the parents of severely ill pediatric oncology pa-
tients, because the outcome for parents whose children have
been handed uniformly fatal diagnoses is predetermined. Con-
versely, it also could be argued that parents whose children are
given fatal genetic diagnoses may be more likely to enroll in
phase I clinical trials for this very reason, because no other treat-
ment options exist, and the child’s outcome is otherwise guar-
anteed (Winerip, 1998; Grady, 2004, 2005).

CONFRONTING CONSENT, ENROLLMENT,
AND PERSONAL MOTIVE ISSUES IN
GENETIC MEDICINE TRIALS

We confronted these ethical issues in the development and
execution of a phase I gene transfer trial for LINCL, a fatal
lysosomal storage disease that results in progressive neurode-
generation and death between the ages of 8 and 12 years
(Williams et al., 1999; Crystal et al., 2004). Affected children
experience progressive neurological decline, followed by cog-
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nitive impairment, visual failure, seizures, and deteriorating mo-
tor function invariably leading to a vegetative state and death
(Williams et al., 1999). The disorder lacks any treatment, aside
from the management of symptoms. Our experimental gene
therapy trial uses AAV2cyhCLN2, an adeno-associated virus
serotype 2 gene transfer vector to transfer the CLN2 cDNA to
the brain of affected children (Crystal et al., 2004). Like most
phase I genetic medicine studies, the trial is primarily designed
to determine safety. Secondarily, the study design includes pa-
rameters to develop preliminary data regarding the ability of
this therapy to prevent the progressive CNS deterioration that
characterizes LINCL.

For this trial in particular, the phenotypic manifestations of
LINCL presented particular challenges relevant to the ethical
issues of therapeutic misconception, enrollment decisions, and
personal motives. The rapid progression of the disease leaves
patients cognitively impaired and noncommunicative, often
within a few months of diagnosis (Wisniewski et al., 2000;
Steinfeld et al., 2002). The disease is inevitably fatal and lacks
any treatment. Consequently, parents may be more prone to
view the research as a “cure” because of their own desperation,
increasing the difficulty of avoiding therapeutic misconception.
The correlation between genotype and the phenotypic mani-
festation of LINCL is not completely defined, and progression
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varies among children with the disorder. The potential subject
population includes a range from severe to moderately and
mildly affected children (Williams ef al., 1999; Wisniewski et
al., 2000). The disease has been given orphan status, with ap-
proximately 200 individuals affected in the United States. Fi-
nally, private sources of funding were necessary to implement
and carry out the clinical trial. Using established ethical con-
siderations, the following will illustrate how the issues of ther-
apeutic misconception, enrollment decisions, and personal mo-
tives reflect and reinforce one another and outline the strategy
used to confront these issues in the LINCL trial.

General strategy

The LINCL trial is organized with a distinct division of la-
bor (Fig. 1). The Principal Investigator, who is also the inves-
tigational new drug application (IND) holder/sponsor of the
trial, maintains full oversight of the study but has circumscribed
clinical responsibilities. The purposes of this clinical organiza-
tion schema are (1) to guard against conflicts of interest by de-
limiting the patient care responsibilities of the Principal Inves-
tigator, who does not act in the role of physician in this trial;
and (2) to ensure the independence of safety monitors and
research subject advocates, whose primary responsibilities in-

|
FDA, NIH —| | IRB, IBC,
OBA/RAC DMC
IND holder / Sponsor /
Principal Investigator
Medical | !
Safety ? GCRC
Monitor : Clinical Operations and
l ! Regulatory Affairs,
Clinical | ____ Department of Genetic
Research Medicine Rse:gjaeré:th
Monitor Advocates
| |
Clinical Operations Investigators /

Reporting

and Regulatory

Clinicians

FIG. 1.

Clinical organizational chart for the LINCL study (BB IND 11481). The Principal Investigator, who is also the IND

holder/sponsor of the trial, maintains full oversight of the trial but has limited clinical responsibilities, which are allocated through
the Clinical Operations and Regulatory Affairs (CORA) group in the Department of Genetic Medicine to its Clinical Operations
and Regulatory Components and to the Co-Investigators/Clinicians. In addition, the safety monitors (the monitoring and quality
assurance component of CORA) and the General Clinical Research Center (GCRC) research subject advocates, whose primary
responsibilities involve the protection of human subjects, have lines of reporting independent from the Principal Investigator, in
order to guard against conflicts of interest and to allow for autonomy in reporting. The Clinical Operations and Regulatory Af-
fairs components of the CORA group report to the institutional Data Monitoring Committee (DMC), and three institutional over-
sight committees (Institutional Review Board [IRB], Institutional Biosafety Committee [IBC], and NIH General Clinical Research
Center [GCRC]), as well as the federal regulatory/monitoring agencies, which include the Food and Drug Administration (FDA),
National Institutes of Health—Office of Biotechnology Activities, Recombinant DNA Advisory Committee (NIH-OBA/RAC).
This design is intended to separate reporting responsibilities and to clearly define the relationships between investigators, trial
participants, and those involved with clinical operations, regulatory affairs, and safety monitoring.
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volve the protection of research subjects and reporting to reg-
ulatory and oversight bodies. These individuals are disassoci-
ated from the Principal Investigator to allow for autonomy in
reporting.

Issue 1 in the LINCL trial: therapeutic misconception

To avoid therapeutic misconception, our strategy begins with
the use of two clinical protocols: one for the screening of sub-
jects with the disease, and one for the LINCL gene transfer trial
per se. The screening study aims to correlate LINCL genotypes
with clinical parameters of disease manifestation and serves as
a screening study for eligibility in the gene transfer protocol
(Crystal et al., 2004). All screening protocol subjects are in-
formed that enrollment does not guarantee an invitation to par-
ticipate in the gene transfer study.

Through the screening process, subjects undergo a series of
tests that are used to assess possible eligibility in the gene trans-
fer trial. If the decision to extend an invitation to participate in
the gene transfer trial is made, parents are sent the study in-
formed consent document (either electronically or via direct
mail) several weeks before admission and instructed to discuss
the protocol in detail with trusted advisors, including friends
and family, physicians, and clergy, if relevant. The goal is full
disclosure, so that parents may decide whether or not to enroll
their child with the fullest extent of information, in the absence
of time pressure, and in conjunction with others at home.

In spite of every best effort to fully guard against therapeu-
tic misconception, the risk remains in any trial for fatal disor-
ders, given the lack of treatment options available (Applebaum,
2002; Oberman and Frader, 2003; Lidz et al., 2004). To deal
with this issue, the informed consent is used as a forum for di-
alogue and discussion with the parents, so that they are informed
in the most complete fashion and have the freedom to ask ques-
tions regarding the trial. Importantly, the informed consent doc-
ument seeks to impress on parents two critical issues relevant
to therapeutic misconception: the lack of potential benefit and
the high degree of risk associated with the trial. The consent
states: “We cannot and do not guarantee that your child will re-
ceive any benefits from this study. However, the knowledge
gained in this research study will benefit others in the future.
We hope AAV2cyhCLN2 may prevent the disease from get-
ting worse. However, this is an experimental research study,
and there is no proof that this will occur.” With regard to the
level of risk associated with the trial, the first page of the con-
sent document includes the following statement in boldface:
“This research study involves a high level of risk to your child,
including the risk of death.”

The consent also details the specific risks associated with the
trial, including details of all serious adverse events experienced
by enrolled subjects to date. These events are sequentially in-
corporated into the document as they occur, producing a con-
tinuously evolving consent document that is meant to reflect all
results of the study. Consequently, the document has been re-
vised multiple times since the initiation of the trial. For exam-
ple, one subject died 49 days after gene transfer, after present-
ing with status epilepticus 7 days after discharge, which was
14 days after vector administration. The consent form was re-
vised to disclose this death and the possible reasons for it. Af-
ter each revision of the document, all parents involved in the
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trial, including those whose children have already received the
gene transfer vector, are asked to resign the updated consent,
indicating their awareness of any new risks and results of the
trial.

On the day of admission for the gene transfer protocol, the
consent is carried out by a pediatrician who is a co-investiga-
tor in the trial, in the presence of a Research Coordinator and
an independent Research Subject Advocate from the NIH Gen-
eral Clinical Research Center at the New York Weill Cornell
Medical Center (New York, NY) (Fig. 1). The Principal In-
vestigator does not participate in the informed consent process.
The Research Subject Advocate is present to ensure that sub-
jects are protected in the informed consent process and that
parents appear to appreciate the inherent risks and benefits of
the trial. At the time of consent, the pediatrician explains the
protocol and consent document in detail, with particular em-
phasis on the primary end point of the study—to assess the
safety of the vector and its administration, not to prove effi-
cacy. Importantly, the consent document describes the trial in
terms of safety, not therapy. The words “gene transfer” are used
instead of “gene therapy,” which could carry the connotation
of “cure” (King, 1999). To help the parents understand the early
nature of this trial, the concept of the experimental design of
the phase I trial is explained in the context of the classic phase
I-IV pharmaceutical development process, in which safety is
assessed first, before efficacy. It is emphasized that, even if the
AAV2cuhCLN2 vector were to sufficiently express the defi-
cient gene in the central nervous system of these severely and
moderately affected subjects, there would be limited therapeu-
tic benefit secondary to the degree of cerebral atrophy associ-
ated with their disease state. The parents are explicitly told that
they may withdraw their child from the study at any time, with-
out prejudice. Whenever possible, we ask that both parents sign
the document at the same time, indicating their mutual agree-
ment to enroll a child in the trial.

Although it may be impossible to completely protect against
therapeutic misconception, in this type of subject population the
process of “decision monitoring” may provide an extra safe-
guard during the informed consent process. Decision monitor-
ing requires the independent contact and questioning of research
subjects and/or their parents after completion of the informed
consent procedure (Schaeffer er al., 1996; Kodish et al., 2004).
The aim is to determine the extent to which research subjects
and/or parents have understood and appreciated the informa-
tion presented during the informed consent process. The pro-
cedure allows for an unbiased, third-party check on the efficacy
of the informed consent process by providing investigators with
direct feedback from research subjects and/or parents. If con-
fusion and/or misunderstanding persists after signing of the in-
formed consent document, it is likely to be revealed during this
third-party questioning, which would allow investigators to
clarify and provide further explanation to research subjects be-
fore the initiation of study procedures.

Issue 2 in the LINCL trial: enrollment decisions
and risk versus benefit

Decisions regarding enrollment in any clinical research study
require a favorable risk—benefit ratio, in which the potential ben-
efits to subjects and/or society outweigh the risks inherent in
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the research (Emanuel ez al., 2000). With regard to enrollment
decisions in our LINCL trial, this rationale favors the early en-
rollment of the most severely affected subjects first. The se-
quential enrollment of individuals on the basis of disease sever-
ity best fulfills these tenets by minimizing the risk—benefit ratio
for individual subjects, while allowing time for data collection
and analysis before the enrollment of healthier subjects (King,
2000; Kimmelman, 2005). This is based on the concept that,
among subjects with a universally fatal diagnosis, those who
are the most severely affected stand to lose the least and gain
the most, because their prognosis is otherwise guaranteed. Fur-
ther, because any trial may be associated with unexpected con-
sequences, empiric data demonstrating the relative safety of the
study drug further tilt the risk—benefit ratio toward the decision
to enroll severe cases first.

Issue 3 in the LINCL trial: funding and
personal motives

The ethical conduct of clinical research requires “fair subject
selection” and “scientific validity” (Emanuel et al., 2000). The
former requires that wealthy and/or powerful individuals are not
given favor in potentially beneficial research, and the latter re-
quires the collection of reliable, reproducible data through scien-
tific methods and principles. These concepts need to be consid-
ered in the context that sources of funding for orphan disease
clinical trials often come from individuals with a personal in-
vestment in finding a treatment for the disorder. The central ques-
tion concerns how to reconcile these competing interests and safe-
guard against conflicts of interest between investors and
investigators. The presence of conflict does not limit the ability
to manage it appropriately, and there are many examples of indi-
viduals who were personally dedicated to a particular cause, and
whose commitment resulted in benefits for society as a whole
(Anand, 2003; Weiner, 2004; Henig, 2005; Pollack, 2005).

Like many other studies to investigate experimental treat-
ments for orphan diseases, the LINCL trial is partially funded
(40% of total costs) by a private foundation (Nathan’s Battle
Foundation) established by the father of two affected individ-
uals (www.nathansbattle.com). In addition, the study is also
funded by the NIH General Clinical Research Center at the New
York Weill Cornell Medical Center (3%), and our Department
of Genetic Medicine (Weill Medical College of Cornell Uni-
versity, New York, NY) (57%). More recently, some of the pre-
clinical studies were funded by the National Institute of Neu-
rological Diseases and Stroke (Bethesda, MD).

For private foundations and their supporters, issues of per-
sonal motivation, funding, and subject enrollment may be in-
tricately intertwined (Merz et al., 2002). In designing the trial,
we were confronted with the question of how to separate the
foundation, whose contributors are largely families of children
with LINCL, from influence in the clinical study, particularly
with regard to enrollment decisions. We developed a funding
arrangement with protocol safeguards to ensure the fulfillment
of ethical tenets and to protect against conflicts of interest within
the study, as well as to ensure the scientific validity of the data.
In designing these safeguards, our aim was to unlock the trial’s
potential by allowing for the translation of the foundation’s per-
sonal interests into lasting benefits for society.

All funds from the foundation are made as a gift to the uni-
versity. The foundation and its supporters have no control over

1033

the way in which these funds are applied to the preclinical stud-
ies, the clinical trials per se, or in the enrollment of subjects.
Subjects are selected from lists compiled from several sources.
All correspondence with the families of subjects is made by our
Clinical Operations and Regulatory Affairs group (Fig. 1). Once
subjects have been screened, eligibility for the gene transfer
trial is determined by four co-investigators in the trial—a gen-
eral pediatrician, a pediatric neurologist, a molecular geneticist,
and one of the two neurosurgeons who perform the vector ad-
ministration procedure. None of these individuals are involved
with the foundation. Enrollment decisions are made primarily
on the basis of inclusion/exclusion criteria for the gene trans-
fer trial, with attention to sequence of subject enrollment in the
screening study and issues such as the ability to stay in prox-
imity to our medical center before and for some time after the
gene transfer and to return for scheduled assessments. In addi-
tion, clinical test results are extensively reviewed by the eligi-
bility committee to ensure that the best candidate is selected for
each available slot. The Principal Investigator does not play a
role in enrollment decisions for the clinical trial.

ALTERNATIVE STRATEGIES

Several alternative strategies have been suggested to ease the
difficulty of translating basic science findings into clinical trials
for rare disease research. Some proponents, who point to the ben-
efits of orphan disease legislation in the last 20 years, have ar-
gued for increased public funding and legislation to advance mar-
ket-driven pharmaceutical research for orphan diseases (Iribarne,
2003; Haffner, 2004). The 1983 U.S. Orphan Drug Act has pro-
vided some relief since its implementation, expanding the num-
ber of drugs in development for the treatment of orphan diseases
by providing incentives, including FDA market exclusivity, re-
search tax credits for clinical trials of orphan diseases, and
Orphan Product Development grants for pharmaceutical compa-
nies that develop drugs for the treatment of rare diseases
(http://www.fda.gov/orphan/; Trouiller et al., 2002). Aiding this
process, the NIH Rare Diseases Clinical Research Network was
established in 2003 to facilitate the collaboration of scientists from
multiple disciplines with access to geographically distributed na-
tional research resources and patient populations (McDonald and
Marciel, 2003). Others have argued for the creation of nonprofit
pharmaceutical companies dedicated to the development of ne-
glected compounds for use in the treatment of orphan diseases
(Klausmeier, 2001; Hale, 2004). One strategy for nonprofit phar-
maceutical companies is to track down compounds that have
shown initial promise but are not being actively pursued by in-
dustry. The nonprofit could access development rights through a
licensing agreement or a donation of the patent rights, and then
develop the drug with philanthropic help. Another model is to ex-
pand academic—private partnerships through nonprofit companies,
which would allow for rigorous drug development, a task for
which the academic community is not well suited (Lehmann,
2001; Trouiller et al., 2002; Iribarne, 2003).

RECOMMENDATIONS

Although each genetic medicine trial has specifics that will
lead to differences in the means through which consent, en-
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rollment, and issues of personal motives are handled, we sug-
gest the adoption of the following universal guidelines in the
design of phase I genetic medicine trials.

e Overall organization: It is useful to have two distinct proto-
cols: one for screening and one for the genetic medicine study
per se. This allows for gathering useful scientific data re-
garding the disease and a more focused assessment of eligi-
bility criteria, without the pressure to initiate therapy for each
subject. It is useful to separate the Principal Investigator from
control of the clinical care of the subjects, the consent pro-
cess and enrollment decisions. The clinical research monitor
and physician medical study monitor should have a line of
reporting to regulatory groups independent of the Principal
Investigator, to allow for autonomy in reporting.
Therapeutic misconception: As difficult as it may be, it is
critical to deal as starkly as possible with issues of efficacy
and risk in the consent forms and process. This includes
explicitly stating that efficacy is “unlikely” and that the
primary purpose of the study is to assess safety. If serious
adverse events, including death, are possible, this should
be explicitly stated. As new adverse events present in a
trial, the consent form should be continuously altered to in-
clude them, and past as well as future participants should
be informed of these risks. The consent form should be
made as readable as possible without sacrificing relevant
concepts and details. Anyone with possible conflicts should
be divorced from the consent process, and an independent
research subject advocate should participate in the consent
process.

Finally, “decision monitoring” after the informed consent
process may help to bridge the gap between investigators’
explanation of the informed consent and research subjects’
and/or parents’ understanding and appreciation of the doc-
ument. Through this means, decision monitoring may help
to illuminate the presence of therapeutic misconception be-
fore the initiation of study procedures, and thus help the in-
vestigators clarify and ultimately resolve any misunder-
standings.

Enrollment decisions: Decisions about enrollment should be
made by experts on the relevant aspects of the disease and
therapy to be tested, but only by those who are divorced from
the funding sources or other potential conflicts of interest. In
developing the inclusion/exclusion criteria for the trial, the
investigators must be cognizant of risk-versus-benefit issues
for the participants. Unless there are competing arguments to
the contrary, if the proposed therapy carries significant po-
tential risks, more severely affected subjects should be en-
rolled first.

Funding and personal motives: All funding sources should be
separated from any decisions regarding the study, including
enrollment decisions.
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Gene Therapy for the Late Infantile Form
of Batten Disease

Dolan Sondhi, Neil R. Hackett, Stephen M. Kaminsky, Mark M. Souweidane,
Michael G. Kaplitt, Ronald G. Crystal

Abstract: This chapter describes a program to assess gene transfer as a therapeutic approach to delay
the neurological decline in children with the late infantile form of neuronal ceroid lipofuscinosis
(LINCL). The disease arises from autosomal recessive inheritance of rare mutations in the CLN? gene
leading to a deficiency in the lysosomal protease tripeptidyl peptidase I (TPP-I). The challenge for a
potential treatment is to obtain a therapeutic level of the target protein throughout the brain over
the long term. Direct injection into the brain of a gene transfer vector derived from AAV serotype 2,
AAV2-;hCLN2, was chosen as the most easily implemented approach to begin a human clinical study.
Limited pre-clinical efficacy studies were performed in rats and monkeys to demonstrate feasibility.
Upon proof of concept, a toxicology study and a manufacturing program were executed providing
the supporting data for commencing a clinical study in June 2004. This ongoing study is providing
an insight on the feasibility of this approach in slowing the neurodegeneration in children with
LINCL as well as potentially using similar approaches to treat other neurodegenerative diseases of

lysosomal storage.

Keywords: AAV2; intracranial gene therapy; clinical trial

I. INTRODUCTION

The neuronal ceroid lipofuscinoses are rare, auto-
somal recessive genetic lysosomal storage diseases
with progressive neurological degeneration leading to
death (Boustany, 1996; Goebel et al., 1999; Wisniewski
and Zhong, 2001; Haltia, 2003). While originally
classified on the basis of age of onset and histopatho-
logy, the neuronal ceroid lipofuscinoses can now be
divided into at least eight separate diseases based on
molecular genetic studies (Goebel et al., 1999; Wis-
niewski et al,, 2001a, b). In 2001, we initiated a program
to assess gene transfer as a therapeutic approach to
delay the neurological decline in children with the late
infantile form of neuronal ceroid lipofuscinosis (LINCL),
commonty referred to as the late infantile form of Batten
disease. This chapter describes the pre-clinical develop-
ment pathway and the design of the clinical trial.

Gene Therapy of the Central Nervous System: From Bench to Bedside

II. LINCL

There are approximately 200 children in the deve-
loped countries in various stages of LINCL. The dis-
ease manifests itself at age 2—4 (Kurachi et al., 2000).
Although there is variability among individuals as to
the time of onset, the major symptoms that bring chil-
dren to medical attention are seizures, ataxia, myoclo-
nus, impaired speech and developmental regression.
Diagnosis is usually made by electron microscopy
(EM) of lymphocytes, skin, conjunctiva or rectal tis-
sue, which demonstrate the lysosomal storage bodies
that are the hallmark of the disease. Characteristic
electroencephalograms (EEG), visual evoked poten-
tials (VEP) and electroretinograms (ERG) confirm the
diagnosis (Boustany, 1996; Goebel et al., 1999; Mole,
1999). Genetic testing is available to determine the
specific genes and mutations involved (Dawson and

Copryright © 2006, Elsevier, Inc.
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Cho, 2000). There is evidence that more than one locus
may be associated with LINCL (Sleat et al., 1997). Less
definitive diagnostic methods include other neuro-
physiological studies, observation of a loss of cells
within the retina, blood or urine tests (e.g., these
patients show elevated levels of dolichol) and brain
scans, such as computed tomography (CT) and mag-
netic resonance imaging (MRI), which reveal the loss of
brain tissue. MRI studies show a marked diffuse paren-
chymal volume loss both infratentorially and supra-
tentorially (Brockmann, 1996; Jarvela et al., 1997; Seitz
et al.,, 1998; Vanhanen et al., 2004). The ventricles are

enlarged, likely because of dilation due to parenchymal
volume loss and there is also mild white matter FLAIR
hyperintensity (Brockmann et al., 1996; Jarvela et al.,
1997; Seitz et al., 1998; Vanhanen et al., 2004; Fig. 1).
A gradual decline follows and afflicted children gen-
erally become wheelchair bound and blind between
4 and 6 years, with death occurring by ages 8-12
(Williams et al., 1999). At a morphologic level, the dis-
ease is characterized by CNS atrophy, with progressive
loss of neurons and retinal cells (Boustany, 1996; Birch,
1999; Williams et al., 1999; Haltia, 2003). Affected
cells show characteristic autofluorescent, curvilinear

FIGURE 1 Magnetic resonance imaging of the brain of a 6-year-old child with LINCL.

V. GENE THERAPY FOR BRAIN TUMORS AND NEUROGENETIC DISEASES



CLNZ GENE AND PROTEIN 319

lysosomal storage bodies. The main component of
this storage material is the subunit ¢ of mitochondrial
ATP synthetase, suggesting a defect in the turnover of
this protein (Palmer et al., 1992; Umehara et al., 1997;
Ezaki et al., 1999). Even though the storage bodies are
present in cells throughout the body, the primary patho-

logy and the cause of morbidity is associated with the -

pathology in the brain. At present, the only treatments
available for this devastating disease are palliative, such
as anticonvulsants, physical and occupational therapy,
adequate feeding and sleep and prevention of physical
discomfort (Wisniewski and Zhong, 2001; Haltia, 2003).
There are two early stage experimental therapies for
Batten disease: the gene therapy clinical trail described
in this chapter and a stem cells study that is in the early
stages of obtaining clinical approval (http://www.
stemcellsinc.com/ clinicaltrials / clinicaltrials.htmi).

III. CLN2 GENE AND PROTEIN

LINCL is caused by the autosomal recessive inheri-
tance of mutations in the CLN2 gene (Sleat et al., 1997).

The gene is mapped to chromosomal locus 11p15,
is 6.65 kb in length and consists of 13 exons and 12
introns (Sleat et al., 1997). There are at least 24 identi-
fied mutations of the CLN2 gene that are associated
with LINCL (Sleat et al., 1999). There is a large variabi-
lity in the progress of the disease in different individu-
als and this is dependent on the specific mutation. For
example, some mutations of the CLN2 gene result in a
low but detectable level of enzyme activity, resulting
in a delay of the onset of manifestations compared to
other CLLN2 mutations (Sleat et al., 1999). The primary
translation product of the CLN2 gene is a 563 residue
“pre-pro” form of TPP-I that includes a 16 residue
signal sequence, a 180 residue propeptide and a 367
residue active mature form (Fig. 2; Lin et al., 2001). Fol-
lowing cleavage of the signal peptide, the 547 amino
acid “pro” form is secreted into the endoplasmic reticu-
lum with simultaneous addition of carbohydrates
including mannose-6-phosphate (Lin and Lobel, 2001).
From the endoplasmic reticulum it is trafficked primar-
ily to the lysosome where the acidic pH induces auto-
lytic cleavage of the propeptide at residues 196-197,
resulting in a 367 residue, 46 kDa, active, mature form
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FIGURE 2 Schematic of the CLN2 gene, mutations and the TPP- I protein. The CLN2 gene consists of 13
exons (rectangles) and 12 introns. The locations of the three most common mutations in children with LINCL
are shown. The gene is transcribed and spliced onto an mRNA that encodes a 563 amino acid (aa) product
(pre-proTPP-1). The signal sequence (aa 1-16) directs the nascent protein to the secretory pathway with inser-
tion into the endoplasmic reticulum and glycosylation at the sites indicated. Pre~pro TPP-1 is cleaved to form
the 547 residue proTPP-1; this form is inactive until exposed to low pH in the lysosomes which results in pro-
teolytic cleavage at aa 196-197 to yield the active mature product of 367 residues (46 kDa).
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of the TPP-I protein. But, a small fraction of the newly
synthesized pro-TPP-I is trafficked out of the cell (Lin
and Lobel, 2001). With a pI of 6.5, it diffuses in the local
milieu until endocytosed via the mannose-6-phosphate
receptor of nearby cells, delivered to their lysosomes
and activated. The mature form of TPP-I functions as
a tripeptidyl peptidase, which is presumed to have a
role in protein turnover due to the accumulation of
subunit c of mitochondrial ATP synthetase in the lyso-
some of subjects with no TPP-I activity (Palmer et al,,
1992; Umehara et al., 1997; Ezaki et al., 1999). It may
also have a role in the protection of cells from apoptosis
(Lane et al., 1996; Dhar et al., 2002).

IV. THERAPEUTIC OPTIONS FOR
TREATING THE CNS MANIFESTATIONS
OF LINCL

In a previous review, we proposed that develop-
ment of gene transfer with AAV2 vectors provided
the best option for clinical advancement (Sondhi et al.,
2001). This argument is summarized here.

Treatment of LINCL presents special challenges due
to the fact that the primary pathology of the disease is
centered in the brain (Boustany, 1996, Williams et al.,
1999; Haltia, 2003). These challenges include: (1) it is
assumed that the therapeutic protein, functional TPP-I,
will need to be provided on a long-term and preferably
permanent basis; (2) proteins are unable to cross the
blood-brain barrier, which is formed in the vertebrate
brain by tight junctions between capillary endothelial
cells that isolate the CNS from most circulating macro-
molecules which may be administered via the blood-
stream (Kniesel and Wolburg, 2000); (3) if the TPP-I
protein (or CLN2 cDNA) were delivered directly to the
CNS to circumvent the blood-brain barrier, it would
require the same broad coverage throughout the CNS
as the disease pathology; and (4) as with any drug,
potential therapies for LINCL therapy will require a
satisfactory toxicological profile at the effective dose
and this will need to be determined in clinical studies.

There are three general therapeutic strategies that
have been seriously considered for the treatment of this
disorder: (1) allogeneic stem cell therapy; (2) enzyme
replacement therapy; and (3) gene therapy. Each option
presents unique challenges for delivery, distribution
and duration with respect to the known pathology of
LINCL and the potential risk/benefit ratio.

Within the limits of the current biological under-
standing, the technology available and the uncertain
regulatory barriers, we have concluded that allogenic

stem cell therapy is unlikely to be a viable therapeutic
option in the short term. It is unknown if such cells can
persist and migrate in the human brain and achieve
the levels and spatial distribution of TPP-I required
for therapy. Despite these concerns, there is an investi-
gational new drug application currently submitted to
the FDA for stem cell therapy for the late-infantile and
infantile forms of Batten disease using primary neuro-
nal precursors (http://www.stemcellsinc.com/clini-
caltrials/clinicaltrials.html). The safety profile of stem
cells is also unknown and clinical study will require
cautious dose escalation and/or gradual expansion of
the numbers of administration sites with assessment
of long-term safety.

Enzyme replacement therapy has the significant,
but theoretically solvable, challenge of producing the
recombinant protein. The extensive resources required
to produce the large amounts of recombinant protein
required per patient would require the manpower and
resources of the commercial biotechnology/pharma-
ceutical industry for this commercially unviable orphan
disease target. Enzyme replacement therapy has been
successfully used to treated systemic lysosomal storage
diseases such as Fabry’s disease (Ioannou et al., 2001),
mucopolysaccharidosis type I (Turner et al., 2000) in
animals and the non-neuropathic forms of Gaucher’s
disease in humans (www.genzyme.com/cerezyme/)
with a therapeutic level being attained by weekly
intravenous infusions of the recombinant enzyme. For
neurological diseases such as LINCL, the blood-brain
barrier precludes this approach unless a method could
be devised to transiently permeabilize the blood-brain
barrier to re-establish sufficient cellular TPP-I levels in
the brain to reduce the aberrant lysosomal storage and
halt progressive loss of neurons. While this would be
a great breakthrough, to develop and validate a safe
mechanism to penetrate the blood-brain barrier seems
unlikely in the short term.

By contrast, gene therapy is a method that has a
proven safety profile in humans (Crystal et al., 2002;
Harvey et al, 2002) and can provide long-term pro-
duction of the therapeutic protein in the brain of
experimental animals (Frisella et al., 2001; Sondhi
et al., 2005). The major challenge of gene therapy is
to demonstrate that the currently available vectors
are capable of producing sufficient amounts of TPP-1
in the appropriate anatomic regions to achieve thera-
peutic levels to stabilize and/or reverse the progres-
sive CNS deterioration associated with LINCL. The
extensive animal data on gene transfer to the brain
and a consideration of the biology of LINCL lead us
to conclude that gene therapy is a viable option in
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the short term. Because LINCL is a progressive, fatal
disease of children, there is justification for experimen-
tal gene therapy for this disorder and a strong impetus
to pursue the transition from basic research to clinical
study as rapidly as possible.

Since the level and spatial requirements for TPP-1

that would make an impact on disease in children with -

LICNL are largely unknown, a decision was made to
proceed with the best candidate vector available at the
time. These considerations eliminate gene-delivery
strategies such as non-viral strategies (due to the low
efficiency and transience of gene transfer), and lenti-
virus and herpes simplex virus (due to the safety con-
cerns in humans). Although, these other approaches
may provide effective and safe long-term gene transfer
to the brain, there is insufficient safety and/or efficacy
data for proceeding with the pre-clinical development
of these vectors for LINCL without long develop-
ment timelines. Since the vast majority of the target
cells in the CNS do not proliferate, the gene transfer
vector must be capable of effectively transferring a
gene to quiescent cells. This constraint eliminates
conventional retrovirus vectors based on the Maloney
murine leukemia virus, which requires proliferating
cells for efficient gene transfer. Retroviruses have
been used in human trials with ex vivo transduction
of hematologic stem cells, and there has been success
with this approach when there is a selective advan-
tage to the transduced cells (Cavazzana-Calvo et al,,
2000). Because neither of these options are available
to LINCL there is no basis for proceeding with a retro-
viral gene transfer study for LINCL in humans.

Once non-viral, retroviral, lentiviral and herpes viral
vectors have been eliminated, there remain two possible
gene transfer vectors for direct administration strategies:
adenovirus (Ad) and adeno-associated virus (AAV).

V. CHALLENGES FOR EFFECTIVE GENE
THERAPY OF LINCL

Constrained to the use of Ad or AAV as the candi-
date gene transfer vector, there are three challenges
that were identified as critical to development for a
treatment for LINCL: providing therapeutic levels
of TPP-I protein, maintaining this level for sufficient
duration and distributing therapeutically relevant lev-
els throughout the brain.

The TPP-I protein concentration target is based on
the delayed onset of the symptoms of LINCL in sub-
jects, who have CLN2 mutations that reduce but do
not eliminate TPP-I activity. There are rare examples

of people with 5-10% of normal TPP-I levels that have
greatly delayed appearance of symptoms (Sleat et al.,
1999). Therefore, we have posited that an effective
therapy will achieve 5-10% or more of the normal
endogenous TPP-1 level. The caveat is that, while this
level may be enough to prevent further damage in an
initially healthy neuron, there is no evidence to gauge
what TPP-I level is required to clear the pre-existing
storage defect in a TPP-I-deficient neuron with inclu-
sion bodies. In general, an Ad vector achieve higher
expression levels than AAV vectors, especially in the
first 2 weeks post-administration (Hackett et al., 2000;
Haskell et al., 2003).

With respect to duration, since TPP-I activity is
observed in animals of all ages it is intuitive that
persistent expression of the CLN2 gene is required
following gene transfer. Therefore, AAV, which pro-
vides long-term transgene expression in most tissues
including brain, is a prime candidate vector. While Ad
is a generally excluded therapeutic option for genetic
diseases due to transient expression, it is not clear that
it cannot play an important therapeutic role. In this
context, we have developed the concept called “setting
back the clock,” which will be tested in the future in
LINCL knockout mice but is summarized here. This
concept is based on the knowledge that, in LINCL,
inclusion bodies are proposed to slowly accumulate in
the neurons and at some threshold neuronal damage
results. In this context, theoretically, gene transfer with
Ad, which provides high-level TPP-I levels for a few
weeks, may be sufficient to clear the inclusion bodies
and thereby provide a period of protection from neuro-
logical damage. But the kinetics of inclusion body
formation are unknown and there may be a burden of
protein recycling in the developing brain with a slower
rate thereafter. If gene transfer could reduce the amount
of inclusion bodies early in development, even by
transient expression of a therapeutic protein delivered
by an Ad, vector the levels may be brought under the
threshold for pathology and restore normal function to
the brain in the long term.

Despite the appeal of the “setting back the clock” con-
cept with Ad, the primary consideration in choice of vec-
tors is safety and this finally dictated our choice of AAV2
for pre-clinical development. Ad is known to induce
a strong anti-vector immune response and injection of
adenoviral vectors into brain is known to be inflamma-
tory (Smith et al., 1997; Bohn et al., 1999). By contrast,
AAV vectors have consistently given rise to long-term
transgene expression in experimental animals and have
an excellent safety record in humans, including a few
individuals who have received administration to the
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brain (During et al., 2001; Janson et al., 2002). Although
other AAV serotypes yield higher transgene expression
level or more widespread transgene expression follow-
ing administration to the brain, the pre-clinical devel-
opment pathway, especially for a non-human-derived
AAV would be much more complex and the danger of
unanticipated side effects would be greater.

Another important consideration in developing
gene therapy for LINCL is how to distribute the vec-
tor throughout the CNS. LINCL has a diverse set of
symptoms that is not attributable to a focal neurologi-
cal loss in the brain (Williams et al., 1999; Wisniewski
et al., 2001b). Moreover, inspection of MRI images
of children with LINCL suggest widespread neural
atrophy (Fig. 1). It is known that AAV2 vectors do
not spread widely after injection into the brain. A
number of methods have been suggested to enhance
vector distribution including the use of simultaneous
heparin infusion or intra-ventricular vector injection
with mannitol to permeabilize the blood-brain barrier
(Nguyen et al.,, 2001; Mastakov et al., 2002a). While
demonstration of success in experimental animals
is important, the potential for a medical complica-
tion confounds pre-clinical development and clinical
trails with two simultaneous experimental reagents.
Further, the effective distribution of TPP-I in the brain
following gene transfer does not require transduction
of every cell because the expressed protein provides
cross-correction to neighboring cells. As described
above, addition of the pro-TPP-I to cells derived from
individuals with LINCL results in a reduction in the
accumulation of the abnormal storage products (Lin
and Lobel, 2001). Therefore, cells that are not corrected
through vector transduction can nevertheless acquire
wild-type TPP-I protein from a neighboring trans-
duced cell — a process referred to as cross-correction
(Sondhi et al., 2005). Further, axonal transport of either
vector or pro-TPP-I taken up at the distal end of axons
can correct storage disorder at the cell body, which may
be several millimeters away (Chamberlin et al., 1998;
Sondhi et al., 2001; Kaspar et al., 2002; Passini et al.,
2002). Therefore, injection of one region with vector
results in TPP-I in distant cell bodies that have axonal
projection to the injection site. With extensive knowl-
edge of circuitry of the brain, sites of injection can be
chosen to optimize distribution via axonal transport.

V1. PRE-CLINICAL EFFICACY STUDIES

Studies of AAV2-mediated gene transfer in the treat-
ment of an animal model of mucopolysaccaharidosis

VII (MPS VII (B-glucuronidase deficiency or Sly syn-
drome), a lysosomal storage disorder that bears many
similarities to LINCL (Skorupa et al., 1999; Frisella
et al., 2001), have established several principles rel-
evant to the development of gene therapy for LINCL.
MPS VII mice are characterized by the accumulation of
storage granules in CNS neurons (untreated mice live
up to 5 months) similar to LINCL. $-Glucuronidase,
the deficient lysosomal enzyme, is normally secreted
and cross-corrects neighboring cells via mannose-6-
phosphate receptor-mediated uptake. Studies with
MPSVII mice (Elliger et al., 1999; Skorupa et al., 1999;
Stein et al., 1999; Bosch et al., 2000; Davidson et al., 2000;
Sferra et al., 2000; Frisella et al., 2001) have established:
(1) direct gene transfer to the CNS provides correction
of storage defect in the adult brain; (2) transplantation
of wild-type cells can correct mutant cells over an area
much greater than the region of transplantation thus
validating that cross-correction occurs; and (3) direct
CNS administration of AAV delivered f-glucuroni-
dase can reverse storage and behavioral defects and
extend survival.

Incorporating the considerations for gene trans-
fer for MPS VII, an AAV2 vector-based therapy was
investigated for the delivery of therapeutic levels
and distribution of TPP-I to the brain (Sondhi et al.,
2005). Approval of a human clinical trial was based
entirely on pre-clinical efficacy studies in wild-type
(CLN2 +/+) animals (Crystal et al., 2004). A knockout
mouse was reported late in the development process
(see below), but was never considered critical to the
clinical path by the regulatory groups (Sleat et al.,
2004). Although scientifically interesting, there is no
guarantee that the mouse model would provide an
approximation of the human disease due to parallel or
alternate pathways that exist in different species. Fur-
ther, achieving therapeutic benefit in the mouse model
would not necessarily predict the same outcome in
humans due to the substantial differences in brain
size and complex immunological differences between
inbred mice and humans.

Studies in CLN2 +/+ animals required analytical
methods that distinguished vector-derived TPP-I from
the endogenous levels. To resolve this problem, a vec-
tor, AAV2. hCLN2, with the human ¢cDNA for CLN2
and an optimized Kozak sequence for translation
initiation was used in conjunction with a monoclonal
antibody specific to the human TPP-I protein. These
reagents enabled the detection of vector-derived TPP-I
in the context of normal endogenous TPP-I levels of
the rat, but not of the monkey. Histology of rat brain
using this monoclonal antibody provided evidence
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that vector-derived TPP-I is present, however, quanti-
tative measure of TPP-I was not possible nor was the
evaluation of the limits of detection possible. In addi-
tion, a quantitative, enzymatic activity assay for TPP-I
was used that was not species-specific, therefore, only
TPP-I levels substantially above background could be

reliably detected. These methods can distinguish those -

areas with TPP-I levels that are well above endogenous
(which refers to the levels in normal individuals and is
designated as 100%), but does not readily predict the
volume around the injection site that will surpass the
5% target for therapeutic benefit. It is reasonable to
assume that achieving the therapeutic levels is much
broader than the tip of the iceberg seen with this assay
of low sensitivity.

The AAV2 expression cassette included the CAG
promoter on the basis of published data that it pro-
duced long-lasting gene expression in the brain via
AAV2-mediated gene transfer (Niwa et al., 1991; Daly
et al, 1999a,b). The CAG hybrid promoter consists
of the enhancer of the cytomegalovirus IE1 gene, the
chicken f-actin promoter, splice donor and intron and
the splice acceptor of rabbit f-globin. The polyadenyl-
ation/transcription stop signals are also derived from
rabbit f-globin. These signals controlled the expres-
sion of the human cDNA for CLN2 with an optimized
Kozak context around the start codon. When packaged
into the genome of AAV?2, this vector is referred to as
AAV2-;hCLN2 (Crystal et al., 2004; Sondhi et al., 2005).

AAV2-mediated CLN2 gene transfer to the brain of
rats was used to establish the general characteristics of
TPP-1 expression (Sondhi et al., 2005). With respect to
time course, TPP-I was first detected by immunohis-
tochemistry at ~4 weeks following gene transfer and
extended up to the last time-point studied, which was
18 months (Fig. 3A, B). TPP-I was produced locally after
injection of vector into a number of structures within
the brain including cerebellum, frontal cortex, parietal
cortex and the striatum. In each injected structure, triple
immunofluorescence indicated that TPP-I-positive cells
were also neulN positive (neurons) and not GFAP-posi-
tive cells (astrocytes). With respect to levels, injection of
2.5 X% 107 particle units of AAV2-;hCLN2 into striatum
resulted in a TPP-I activity 1.5-fold the endogenous
level at 4 weeks and remained stable in that range for at
least 12 weeks. Therefore, AAV2;hCLN2 can achieve
greater than the therapeutic target, at least locally at the
site of injection.

TPP-I neurons positive for human TPP-I were
detected a significant distance from the vector injection
site indicating a mechanism of spread of the vector and/
or TPP-I protein through the brain possibly by axonal

transport and /or cross correction of cells with extended
processes (Fig. 3C, D). This even included neurons as
far away as the hemisphere contralateral to the injection
site (Fig. 3D). It was estimated that ~50% of the striatum
and ~5% of the hemisphere contained TPP-I-positive
neurons following a single injection of 10'° particle units
into the striatum. Finally, while the literature indicates
that immunity against a xenotropic gene delivered by
AAV depends on the route of administration (Herzog
et al, 2002; Song et al, 2002; Arruda et al, 2004;
Chenuaud etal., 2004; Couto, 2004; Flotte, 2004; Gao et al.,
2004), our studies in rats show that for intracranial injec-
tion of human TPP-], this is not a problem, likely due to
the immuno-privileged nature of the brain (Mastakov
et al., 2002b).

The rat studies indicated that functional TPP-I
could be delivered specifically to neurons, even at
locations distant from the site of injection without
stimulating immunity. However, it remained to be
established if the extent of TPP-I activity spread seen
in the rat brain, would translate to effective distribu-
tion in larger brains such as in non-human primates
and ultimately in humans. It is possible that the spread
is limited by distance per se or by anatomical barriers
that are further apart in larger brains. Therefore, the
brain of African green monkeys were injected with
AAV2-;hCLN2 and TPP-I expression was assessed by
the enzymatic activity assay and immunohistochem-
istry. The dose was scaled with respect to brain size
and, as with rats, TPP-I levels were significantly above
the endogenous background at the site of injection
suggesting that therapeutic levels could be obtained
locally. By immunohistochemistry, TPP-I expression
was detected in neurons around the injection site
(Sondhi et al., 2005). Since the TPP-I protein in African
green monkeys is 93% identical to the human protein,
immunohistochemistry reagents required to distin-
guish vector-encoded human TPP-I from endogenous
monkey TPP-I were not as sensitive. Thus, the possible
spread of TPP-I from the injection site to neurons in
distant brain structures could not be assessed.

While our data focused on the use of AAV sero-
type 2, which facilitated clinical development because
of extensive safety data, other investigators have
explored the use of adenoviral, AAV serotype 5 and
lentiviral vectors for CLN2 gene transfer (Haskell
et al., 2003). Similar to our experiments, a single injec-
tion of vector encoding the CLN2 gene into the cerebel-
lum or striatum produced TPP-I expression detectable
by immunofluorescence. TPP-I enzymatic activity was
also detected at levels somewhat higher than those
achieved with AAV2 vectors. Use of a f-galactosidase
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D. Axonal transport
- to contralateral
he’misphere,

FIGURE 3 TPP-I protein accumulation following AAV2. hCLN2 gene transfer and expression of TPP-I
in structures far from the injection site. Rats were injected into the striatum with 1 ul (109 particle units) of
AAVZ2.;hCLN2 and TPP-I distribution was assessed at 18 months by anti-TPP-I immunoperoxidase staining on
sagittal sections of the striatum of the injected hemisphere. (A) naive; (B) AAV2 - hCLN2 at 18 months TPP-I
expression was observed in various regions far from the injection site; (C) TPP-I-positive cells in the substantia
nigra at 18 months; and (D) TPP-I-positive cells in the contralateral hemisphere. Magnification bar = 1 mm for

panels A and B and 50 uM for panels C and D.

and TPP-1 double expression vector provided evi-
dence for cross-correction through the appearance of
TPP-I-positive, f-galactosidase-negative cells.

VII. PRE-CLINICAL TOXICOLOGY
STUDIES

With a complete set of data supporting efficacy,
using an AAV2 vector our group proceeded to translate

this toward a clinical study. A decision to proceed with
a pre-clinical program involves great cost and commit-
ment of time. Therefore, development of a clinical can-
didate often occurs with a technology that is no longer
state-of-the-art (in this case, AAV2 rather than newer
serotypes that may offer better performance) as the
various stages of development proceed. We decided to
lock in the AAV?2 platform with evidence of transgene
expression, but not functional clearance of lysosomal
storage in a knock out mouse (model available late in

V. GENE THERAPY FOR BRAIN TUMORS AND NEURQGENETIC DISEASES




PRE-CLINICAL TOXICOLOGY STUDIES 325

our development process). This decision was made
for the following reasons: (1) there is no evidence that
the storage defect phenotype is the primary cause of
disease therefore establishing a litmus test based on
this attribute may be misleading; (2) although alternate
serotypes of AAV have shown greater magnitude of
transgene expression, the extent of this expression var-
ies from species to species and may not be relevant to
humans; (3) the use of AAV?2 in clinical studies is well
documented with a good safety profile thus improving
the likelihood of “doing no harm” in a clinical trial;
(4) therapeutic levels of TPP-I are significantly below
the sensitivity of assays in our experimental animal
studies, i.e., even if alternative serotypes yield higher
levels of expression this may not be an advantage in
the context of 5-10% of a normal level as target and the
potential for adverse events due to overexpression may
become an issue; and (5) the requirements for toxico-
logy and development program for manufacturing
and quality control for human use of a new serotype of
AAV, for which there is no previous clinical precedence,
is likely to be more stringent than that for AAV2.

The combination of evidence for long-term, moder-
ate-level TPP-I production following AAV2-,;hCLN2
gene transfer along with the demonstration of axonal
transport to widen the range of TPP-I distribution
beyond the immediate injection site produced justi-
fication to proceed to the clinic (Sondhi et al., 2005).
Moreover, the demonstration of efficacy in animal
models in other lysosomal storage diseases such as
MPSVII suggested at least a possibility of a success-
ful outcome of a clinical study for LINCL (Stein et al.,
1999; Frisella et al., 2001). Finally, clinical development
is a process of iterative improvement and establish-
ing the safety of an AAV2 platform for gene transfer
would provide valuable data applicable to other gene
transfer vectors for this and related diseases.

In light of the limitations of animal models to mimic
all aspects of human biology and the urgent medical
need for treatments for LINCL, we initiated a pre-clinical
development program. This started with a consultation
with the FDA for product design, proposals for a toxi-
cology study and for the drug manufacturing process.
The supportive response from the FDA arose at least
in part from the severity of the disease in combination
with an emerging picture of the expected toxicity profile
of AAV2 vectors. For example, many groups have stud-
ied biodistribution of AAV vectors, the potential spread
to gonads as well as the insertion of the vector DNA into
the chromosome in testes (Kho et al., 2000; Arruda et al.,
2001; Monahan et al., 2002; Couto et al., 2004; Pachori
et al., 2004). These considerations are largely irrelevant

for a fatal childhood disease such as LINCL where
death is inevitable in the absence of a successful therapy.
Therefore, the stringency for toxicological para-meters
for a dinical study for a therapeutic for LINCL is
reduced, which is analogous to developing a new drug
for cancer where a degree of uncertainty on outcome
and even the possibility of side effects are acceptable.

Pre~clinical studies to support an investigational
new drug application included standard safety and
toxicology assessment in rodents. No biodistribu-
tion study was required although samples of tissue
were retained for future studies. The study involved
comparing male and female Fisher 344 rats injected
bilaterally into the striatum with AAV2,hCLN2 vs.
phosphate-buffered saline-injected control rats over
18 months. The dose was 10" particle units delivered
directly to the rat brain and translates, on a weight
basis to a dose of approximately 5x 10*? in humans.
The rats were observed three times a week and mor-
bidity and mortality was noted. At specified times,
a subset of rats were sacrificed with assessment of
hematological and histopathological parameters. For
all timepoints assessed there was no abnormality in
the AAV2- ;hCLN2-treated group for any parameter
of complete blood count or serum chemistry and the
histopathological data for both groups were the same.

Behavioral assessment of rats is relatively unsophis-
ticated and anomalies resulting from vector admin-
istration or transgene expression may be difficult to
observe. Therefore, non-human primates were chosen
as the second species for toxicology studies. Two groups
received CNS administration of 3.6 X 10 and 3.6 X 101
particle units of AAV2-;hCLN2 in parallel with vari-
ous control (AAV2Null with no transgene, phosphate-
buffered saline and sham-injected) groups. As planned
for the human study, vector was administered to 12
locations through 6 burr holes. As with rats, a subset
was sacrificed at intervals up to 1 year for assessment
of hematological and histopathological parameters. In
addition, the non-human primates in the study were
videotaped with a prescribed list of challenges and the
responding behaviors were recorded and analyzed via
a standardized scoring algorithm. All remaining mon-
keys were also bled periodically to assess differential
and serum chemistry.

As with the rat toxicology study, there were no
abnormalities that were attributable to AAV2.;hCLN2
gene transfer (for an example, see Fig. 4A demonstrat-
ing serum liver enzyme values over time). However,
there was a minor evidence that the procedure of direct
vector administration into 12 sites in the brain could
cause local trauma. In this context, histopathological
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FIGURE 4 Acute effects of direct CNS administration of AAV2-;hCLN2 on serum liver enzyme levels and
on histopathology in African green monkeys. African green monkeys (n=12 per group) were injected with
3X 10" or 3X 10" particle units of AAV2-;hCLN2 and controls were injected with AAV2Null, PBS or sham
injected. At various time points, all monkeys were sedated and blood was drawn for complete blood count and
serum chemistry. (Aj Aspartate aminotransferase for all surviving monkeys (mean = standard error) is shown
with the shaded area representing the normal range. At weeks 1, 13, 26 and 52, a subset was sacrificed and
histopathology analysis was performed. Examples of the injection site in the caudate are shown for monkeys
sacrificed at 1 week with the area of gliosis shown by the dotted circle and the hemosiderin shown with an arrow.

(B) AAV2yhCLN2; (C) AAVNull.

examination showed mild gliosis and hemosiderin in
the brain around the injection sites (Fig. 4B, C). This
was injection related, was most pronounced at 1 week
post-injection, and was resolved at the longer time-
points. There was a similar level of severity in the
control and AAV2.;hCILN2 groups.

MANUFACTURING THE CLINICAL
GRADE AAV2.,HCLN2 VECTOR

VII.

The fact that LINCL is a fatal disease with a very
small number of patients also impacts the requirements
for manufacturing. In standard drug development,
which anticipates large phase III trials and downstream
development toward a marketed product, a scalable
process and infrastructure development is critical. In
the case of LINCL, these issues are moot because there

are only about 200 LINCL patients in the developed
world. Therefore, the small-scale production process
transferred from the research laboratory with transfec-
tion of adherent 293 cells in 10 stack Cell Factory was
sufficient to make all of the vector necessary for the
phase I/II trial and in the event of clinical benefit may
be scaled up with minimal changes. The cells were
transfected with two plasmids, the first containing the
genome of the AAV2- hCLN2 vector and the second
plasmid pPAK-MAZ2 (similar to the pDG plasmid used
in research laboratories containing the Ad E2, E4, VA)
and AAV2 (rep and cap) helper functions (Grimm
et al.,, 1998; Qui et al., 2002). The lysate was collected
after 48 h and the vector purified by a iodixanol step
gradient density centrifugation followed by heparin
affinity chromatography (Zolotukhin et al., 1999).
Prior to manufacture of clinical lots, a develop-
ment program was followed (Fig. 5) to ensure that
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FIGURE 5 Development of a GMP production scheme for AAV2;hCLN2. The left vertical path indicates
steps in the manufacture of AAV. Boxes to the right of each step are the process development activities, assays
and documentation requirements. QC = quality control; SOP = standard operating practice; GMP = good

manufacturing practice.

a reproducible, well-controlled manufacturing pro-
cess was available. The purpose of this program is to
identify reagents compatible with the requirements
of current good manufacturing practice (GMP), to
develop standard operating procedures (SOPs), to
train personnel and to understand critical aspects of
the manufacturing process. Initially, the performance
of a working cell bank from a certified human embry-
onic kidney 293 cell line was assessed to ensure yields
were in line with those obtained in the research labora-
tory. The plasmids needed to make the AAV2-;hCLN2
vector were reengineered to confer kanamycin resis-
tance on the host bacterium to eliminate the use of
ampicillin, a potential allergen, which would require
residual testing in the final product. The ability to
transfect the 293 cells with different reagents and
with different amounts of plasmid was assessed and
a procedure using the Polyfect reagent (QIAGEN)
and 1 mg of Ad/AAV helper plasmid and 0.5 mg of
the vector plasmid was found optimal. Various aspects
of the purification procedure were also optimized such
as the final concentration and buffer exchange for

which a reverse dialysis procedure was devised. This
process was sufficient to bring the 200 ml eluted from
the heparin column in the last step of the purification
to ~10 ml of the required concentration. In addition,
quality control assays including in vitro gene transfer,
replication-competent AAV titer and infectious titer
were developed and validated. On the basis of this
type of process development, a complete set of SOPs
were drafted covering all steps of manufacturing and
practice batches were performed under GMP condi-
tions by GMP personnel for the purpose of training
and in order to refine and fine tune these SOPs.
Following the development phase, seven clini-
cal batches of vector have been purified (Table 1). In
general, each batch was sufficient for only one or two
patients, but yields have been improved following
batch 5 by forced aeration of the cell factory following
transfection. The gene transduction titers have been
reproducible and stability of this parameter to stor-
age has been demonstrated. In addition to in-house
assessment of potency and purity, safety parameters
have been assessed by contract laboratories. As for
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TABLE 1 Properties of Clinical Batches of AAV2.hCLN2¢
Batch Total yield Physical titer by Genome titer Physical In vitro gene Genomic DNA
{particle ELISA(particle (genome titer/genome transfer? contamination
units) units/mi) copies/ml) copies (ng/dose)°
Lot1 1.3x 1012 1.0x 10% 3.0x 101 35 85 160
Lot2 5.0 x 101 1.0 x 1012 7.4x10% 13.5 250 65
Lot3 4.8x 10" 1.2 %1012 6.4 X101 18.7 297 83
Lot4 75x 1012 1.5 x 10" 7.1x 101 21.3 734 60
Lot5 2.1x10%2 3.0x 101 ND¥ ND ND ND
Loté 1.6 X108 1.8 X 10" 1.1x 1010 180 387 55
Lot7 52x10% 1.1 X101 ND ND 247 ND

“The characteristics of the seven candidate clinical batches of AAV2. hCLN2 are tabulated.
¥In a standardized assay, vector (10 pu) was used to infect 293 cells and the TPP-I activity of the media was assessed after 72 h.
‘Genomic DNA contamination was determined by Tagman realtime PCR using the rfRNA gene as a target.

#ND =not determined.

toxicology, the fact that we are treating a fatal child-
hood disease and performing only a phase I study
reduces the stringency of testing. For example, the lot
release for the AAV2.;hCLN2 vector contained test-
ing for only a subset of adventious agents compared
to the lot release criteria used in applications relevant
to a less severely diseased population. The critical
drug control parameters that remain relevant are the
identity, purity and potency ‘of the active ingredient
and the control and stability of this formulated reagent
during delivery to the clinical trial subjects. The pres-
ence of adventitious agents and residuals of manufac-
ture, likely to be relevant for long-term safety would
come to the forefront when a therapeutic benefit
was demonstrated.

As mentioned above, studies of vector stability
under conditions for delivery to the patient remains
a critical component of drug development. Under
the proposed clinical study, a catheter composed of
glass capillary is used for intracranial delivery. It
was therefore essential to show that functional gene
transfer by AAV2.;hCLN2 vector was not diminished
by the injection catheter. Under conditions mimick-
ing the surgery, the vector was recovered from the
catheter and the concentration and biological activity
was assessed (Fig. 6). The concentrations of AAV2 in
the first 50 ul was significantly diminished, possibly
due to adherence to the walls of the catheter. The next
300 pl was recovered from the catheter with minimal
loss in titer and potency. Therefore, during surgery the
first 50 pl of vector is discarded prior to inserting the
catheters into the brain, thereby assuring appropriate
delivery of functional vector.

IX. CLINICAL PROTOCOL DESIGN

The design of clinical studies to assess safety and
efficacy of AAV2.;hCLN2 gene transfer as well as the
anticipation of product development was complicated
by the small number of patients available. According
to the Batten disease registry, there are approximately
200 subjects in the USA with LINCL which is insuf-
ficient for traditional phases I, IT, III studies consisting
of initial safety, dose-escalation and a multi-center,
randomized placebo-controlled double blind evalu-
ation of efficacy. Instead, the current clinical study
combines safety and efficacy with a single administra-
tion at a dose with the potential for therapeutic value
(Crystal et al., 2004). The single dose used for the study
is a total of 3.6 X 10** particle units divided among 12
locations. This is based on extrapolation of TPP-I activ-
ity in rats to the desired therapeutic levels and on prac-
tical surgical considerations. Injection of 10 particle
units into the brain of rat gave an excess TPP-I activity
of 6000 units per gm of brain wet weight compared to
the endogenous activity of 20000 units. Assuming lin-
ear scaling of expression with dose, the target of 10%
endogenous TPP-I activity (i.e., 2000 units) over the
whole human brain (1,000 g) would be derived from
the injection of 3.3 X 10* particle units. An additional
constraint is related to the risk of direct surgical injec-
tion into the brain. Greater than six burr holes were
deemed inadvisable for safety reasons and a slow infu-
sion rate of 2 pl/min through each of the six catheters
was believed necessary to minimize local damage to
the brain. Therefore, limiting time of administration to
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FIGURE 6 Stability of vector in the injection catheter. AAV2-;hCLN2 (2 X 10" pu/ml
by ELISA) was loaded into a syringe and the needle/catheter assembly was attached.
This was mounted on the delivery pump and vector was collected from the end of the
catheter in 25 pl aliquots were collected at a flow rate of 2 il per minute. Fractions were
assayed in triplicate for physical titer by ELISA (closed symbols) and in duplicate by in
vitro functional gene transfer assay (open symbols).

150 min (to limit time under anesthesia) we decided
to deliver no more than 300 ul per burr hole (150 ul at
each of two depths per burr hole). Since AAV2 vectors
tend to aggregate at concentrations of >2 X 10 pu/ml
we were limited to a total dose of 3.6 X 10" particle
units.

All clinical trials have many challenging issues
related to ethics and design. A particularly difficult
decision for this clinical trial design was whether to
treat LINCL patients with AAV2.;hCLN2 at the mild
or severe phase of the disease. For gene therapy, this
issue is an ongoing dilemma. Due to the risk of direct
surgical administration of vector into the brain, we
decided to first treat patients with advanced LINCL
for whom the impact of possible adverse events would
have less impact on life expectancy. This decision is
complicated by the fact that advanced LINCL patients
have impairment in several organ systems and there-
fore there is a chance of serious adverse events possi-
bly related to underlying disease but indistinguishable
from effects the drug or surgery. In addition, it may
be argued that the potential for benefit of gene trans-
fer diminishes as the neurodegeneration in the brain
increases. As a compromise, the trial was designed to
start with five subjects with advanced disease (desig-
nated Group A) and, pending review by the regulatory

agencies, to proceed to six subjects with moderate dis-
ease (designated Group B; Crystal et al., 2004).
Administration of AAV2-;hCLN2 to subjects with
advanced LINCL also complicates the choice of safety
endpoints. The toxicology studies in rats and non-
human primates provided no evidence to anticipate
likely adverse effects. Therefore, aside from the brain,
there is no obvious anatomical site of interest for safety
assessments. Moreover, the neurological tests and EEG
normally used as sensitive tests of drug safety in nor-
mal children provide no insight in LINCL patients with
severely degraded neurological function. Therefore, a
set of standard medical and hematological assessment
parameters were used to assess vector safety with the
caveat that their significance is better understood in
normal subjects than in children with LINCL.
Secondary to safety assessment are the efficacy
endpoints, which provide additional challenges. The
LINCL clinical rating scale in which the broad loss
of brain function is the primary readout provided
a useful starting point. This clinical rating scale,
modified from an original model by Steinfeld et al.
(2002), was constructed to provide an integrated
sense of each patient’s disease severity. The scale is
comprised of three functional categories: motor func-
tion, seizures and language, each of which are rated
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on a scale of 0-3 allowing for a total CNS disability
score between 0 and 9. Patients receiving total dis-
ability ratings between 0 and 4 are categorized in
the gene transfer protocol as “severe” or Group A,
while those who receive total disability scores of 5-6
are classified as “moderate” or Group B. This scale
was modified from an original design by Steinfeld
et al. (2002), which included a categorization for vision.
We eliminated this category for the following reasons:
(1) most patients are blind by the time of enrollment
in the trial, largely due to the rapid progression of
the disease; and (2) the central nervous system vector
delivery route selected for this trial proscribes the pos-
sibilities for visual improvement in subjects post vec-
tor administration, since retinal cells are not targeted
for gene transfer. In addition, the Steinfeld scale cate-
gorized patients as “severe” if they received total CNS
disability scores between 0 and 3. This was broadened
in our modification to account for the fact that for most
LINCL patients, seizure activity is adequately con-
trolled by anti-convulsants, and subjects are therefore
expected to receive seizure scores of “3” (indicating no
grand mal seizures in the last 3 months).

Unfortunately, the modified LINCL clinical rating
scale is relatively insensitive as an efficacy parameter.
A favorable outcome for this trial might simply be a
decrease in the rate of deterioration of this parameter
but given variability among subjects and the relative
insensitivity of the scale, it may take a long time and
multiple subjects to see this impact. Although the rat-
ing scale is the most important tool, we also attempted
to use magnetic resonance spectroscopy (MRS) to
assess the status of the brain in LICNL patients. Pre-
vious studies have shown that there are decreases in
N-acetylaspartate (NAA) concentration and increase
in lactate concentration in the brains of LINCL patients
(Brockmann et al., 1996; Jarvela et al., 1997; Seitz et al.,
1998; Vanhanen et al., 2004). These assessments were
made by the use of single voxel magnetic resonance
spectrometers, but the advent of high magnetic field
spectrometers has improved the resolution of these
metabolites, thus local effects due to gene therapy
may be evident from a lack of decrease in NAA con-
centration by the expected rate/amount. Therefore,
the clinical protocol included both pre-surgical MRS
spectroscopy as well as repeated assessments at 6 and
18 months post-therapy.

A full clinical protocol based on the considerations
above was accepted by the local regulatory agencies
(Institutional Review Board and Institutional Biosafety
Committee). In conjunction with the efficacy data and
toxicology data presented above, it was also reviewed

by the National Institutes of Health Recombinant
DNA Advisory Committee, who opted for no detailed
review and the Food and Drug Administration. There-
fore, subject accrual and gene transfer in those enrolled
in the trial is ongoing.

X. CONCLUSION

The program described above for commencing a
clinical trial for LINCL by direct administration of
AAV2 vector expressing CLN2 to the brain is a typical
example of translational research in the academic set-
ting. While missing some of the stringency that may be
applied to a commercial entity in the development of a
marketed drug, the program still consumed a substan-
tial amount of resources and time. The overall cost is
several million dollars and identification of support on
the scale needed for such pre-clinical programs is dif-
ficult even in the context of the NITH roadmap for trans-
lational research. To maximize the return on the effort
invested, other neurological lysosomal storage diseases
may be subsequently identified that may benefit from
a similar approach and the knowledge learned from
the manufacturing program and toxicology studies for
LINCL could be applied to these other diseases.
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Safety of Direct Administration of AAV2cyhCLN2, a
Candidate Treatment for the Central Nervous System
Manifestations of Late Infantile Neuronal Ceroid
Lipofuscinosis, to the Brain of Rats and Nonhuman Primates
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ELIZABETH VASSALLO,' JAMIE STRATTON,! JIANPING QIU,! STEPHEN M. KAMINSKY,!
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ABSTRACT

Late infantile neuronal ceroid lipofuscinosis (LINCL), a pediatric autosomal recessive neurodegenerative lyso-
somal storage disorder, results from mutations in the CLN2 gene and consequent deficiency in tripeptidyl-pep-
tidase I (TPP-I) and progressive destruction of neurons. We have previously demonstrated that CNS gene trans-
fer of AAV2cghCLN2 (an AAV2-based vector expressing the human CLN2 ¢DNA) in rats and nonhuman
primates mediates long-term TPP-I expression in the CNS neurons [Sondhi, D., Peterson, D.A., Giannaris, E.L.,
Sanders, C.T., Mendez, B.S., De, B., Rostkowski, A., Blancard, B., Bjugstad, K., Sladek, J.R., Redmond, D.E.,
Leopold, P.L., Kaminsky, S.M., Hackett, N.R., and Crystal, R.G. (2005). Gene Ther. 12, 1618-1632]. The pres-
ent study tests the hypothesis that direct CNS administration of a clinical-grade AAV2cyhCLN2 vector to the
CNS of rats and nonhuman primates at doses scalable to humans has a long-term safety profile acceptable for
initiating clinical trials. Fischer 344 rats were injected bilaterally via the striatum with 2 X 10'° particle units
(PU) of AAV2 cyhCLN?2, using saline as a control. At 13, 26, and 52 weeks, vector and phosphate-buffered saline-
injected rats were Kkilled (» = 6 per time point), and blood, brain, and distant organs were assessed. There were
no biologically significant differences between control and vector groups for complete blood count, serum chem-
istry, and neutralizing anti-AAV2 antibody levels. CNS administration of AAV2 cyghCLN2 did not result in any
pathological changes in the brain that were attributable to the vector, although microscopic changes were ob-
served along the track consistent with needle trauma. A total dose of 3.6 X 101° or 3.6 x 10'! PU of AAV2cyh-
CLN2 was administered to the CNS of African Green monkeys at 12 locations, targeting the caudate nucleus,
hippocampus, and overlying cortices. Monkeys (n = 3 at each dose) were killed 1, 13, 26, or 52 weeks after in-
jection. Controls included sham-injected, saline-injected, and AAV2cyNull-injected (3.6 x 10! PU) monkeys.
There were no biologically significant differences among vector-injected and control groups in any parameter
of the general assessment, complete blood count, or serum chemistry assessed at multiple time points after vec-
tor administration. Importantly, no abnormal behavior was observed in any group in videotaped neurological
assessment, where behaviors were quantified before administration and at multiple time points afterward.
Histopathological examination of the CNS demonstrated that 1 week after administration, AAV2¢cyhCLN2 pro-
duced transient minor white matter edema with reactive glial cells in the corona radiata of the cerebrum along
the injection track and in the surrounding white matter. This abnormality was not observed at 13, 26, or 52
weeks. Together with the long-term gene expression after gene transfer, these findings supported the initiation
of clinical trials to assess the safety of AAV2cghCLN2 administration to individuals with LINCL.
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SAFETY OF AAV2-MEDIATED CNS TRANSFER OF CLN2

INTRODUCTION

LATE INFANTILE NEURONAL CEROID LIPOFUSCINOSIS (LINCL)
is a fatal autosomal recessive disorder resulting from mu-
tations in the CLN2 gene and consequent deficiency in its prod-
uct tripeptidyl-peptidase 1 (TPP-I) (Sleat et al., 1997; Williams
et al., 1999; Haltia, 2003). In the central nervous system (CNS),
TPP-I deficiency results in accumulation of membrane proteins
in lysosomes, leading to a loss of neurons and causing pro-
gressive neurological decline (Palmer ez al., 1992; Umehara et
al., 1997; Ezaki et al., 1999; Vines and Warburton, 1999). The
prevalence of the disease is low, with approximately 200 known
cases in the United States. The symptoms begin at approxi-
mately 3 years of age with seizures, ataxia, impaired vision, and
speech and developmental regression. A gradual decline fol-
lows and afflicted children generally become wheelchair bound
by 4 to 6 years, with death occurring by ages 8 to 12 years
(Sleat et al., 1997; Haltia, 2003). At a morphologic level, the
disease is characterized by CNS atrophy, with progressive loss
of neurons and retinal cells (Boustany, 1996; Sleat et al., 1997,
Birch, 1999; Haltia, 2003). There is no treatment for LINCL
other than symptom management.

In the absence of any available treatment for LINCL, we
have developed a program using adeno-associated virus (AAV)
gene transfer vectors to deliver the normal human CLN2 cDNA
to neurons to provide persistent expression of TPP-I to halt the
neurodegeneration that characterizes the disease. LINCL has
several features that make it a good candidate for gene therapy
(Sondhi et al., 2001). In addition to being a classic autosomal
recessive disorder caused by mutations in a single gene, com-
parisons of genotype and phenotype suggest that TPP-I levels
that are 5 to 10% of normal should be sufficient to significantly
delay mortality (Sleat ez al., 1999). Importantly, like other lyso-
somal proteins, a fraction of the newly synthesized precursor
to TPP-I is secreted and is taken up by neighboring cells by
cross-correction via the mannose 6-phosphate receptor pathway
(Lin et al., 2001; Haskell et al., 2003). This is an advantage for
gene therapy, in that it is not necessary to transfer the normal
CLN2 cDNA to all of the cells in the brain, effectively lever-
aging gene transfer to improve TPP-I distribution beyond the
range of vector diffusion.

In prior studies, we have demonstrated that CNS administra-
tion to the rat brain of 10'© particle units (PU) of a gene trans-
fer vector based on AAV2 expressing the human cDNA for
CLN2 (AAV2cyhCLN2) results in local TPP-I activity that is
55% over the endogenous background (Sondhi ef al., 2005). If
spread over the whole brain, this would correspond to levels of
~5% of the endogenous level, a level that should be therapeu-
tic on the basis of genotype/phenotype correlations (Sleat et al.,
1999). TPP-I-positive neurons were seen in regions of the brain
distant from the injection site, at locations consistent with ax-
onal transport of vector or TPP-I enzyme. Finally, TPP-I was
observed to persist in the rat and nonhuman primate brain after
gene transfer. Together, these observations established the fea-
sibility of effective gene transfer to the human brain, using an
AAV?2 vector with prospects for a therapeutic level of TPP-1.

The objective of the present study was to assess the hy-
pothesis that administration of therapeutic doses of a clinical-
grade AAV2cyhCLN2 vector to the CNS of rodents and non-
human primates will have minimal vector-related toxicity,
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acceptable for moving to human trials. The toxicology studies
were designed with input from the Center for Biologics Eval-
uation and Research, Food and Drug Administration (Rockville,
MD), to assess short- and long-term effects of AAV2cyhCLN2
administration using a clinical-grade AAV2¢cyhCLN2 vector
produced under Good Manufacturing Practice (GMP) condi-
tions. The data show that clinical-grade AAV2cyhCLN2 can
be administered to rats and nonhuman primates with no signif-
icant side effects attributable to the vector.

MATERIALS AND METHODS

Gene transfer vectors

The genome of AAV2cyhCLN2 includes the inverted ter-
minal repeats (ITR) from AAV2 surrounding the expression
cassette (Crystal et al., 2004; Sondhi et al., 2005). The expres-
sion cassette includes the CAG promoter (consisting of the hu-
man cytomegalovirus immediate-early enhancer, the splice
donor and the left-hand intron sequence from chicken S-actin,
the splice acceptor from rabbit 3-globin) (Niwa et al., 1991;
Daly et al., 1999a,b), the human CLN2 cDNA with an opti-
mized Kozak translational initiation signal before the start
codon, and a rabbit 3-globin poly(A) sequence. The AAV2¢y
Null control vector is identical to AAV2cyhCLN2 except that
the CAG promoter drives transcription of an untranslatable
DNA sequence corresponding to intron 5 of the human vascu-
lar endothelial growth factor gene to match the size of human
CLN2 cDNA (Sondhi et al., 2005).

Both of the recombinant AAV2 vectors were produced un-
der GMP conditions by cotransfection of 293 cells in a 10-stack
Nunclon A Cell Factory (Nalge Nunc International, Rochester,
NY) with 500 wg of an expression cassette plasmid (pAAV2-
CAG-hCLN2) carrying the human CLN2 ¢cDNA or an expres-
sion plasmid carrying irrelevant sequence to be used as control
(p-AAV2-CAG-Null) and 1 mg of an adenovirus/AAV2 helper
plasmid (pPAK-MA?2), using PolyFect reagent (Qiagen Sci-
ences, Germantown, MD) (Fig. 1). At 72 hr posttransfection,
the cells were harvested (1150 X g, 15 min) and a crude viral
lysate (CVL) was made by three cycles of freeze—thawing. Cel-
lular DNA was digested with Benzoase (50 U/ml; Sigma-
Aldrich, St. Louis, MO) and the CVL was cleared by centrifu-
gation at 3300 X g for 20 min and applied to a discontinuous
iodixanol gradient followed by affinity chromatography on hep-
arin—agarose.

Vector concentration in particle units was determined by
anti-capsid ELISA (RDI Division of Fitzgerald Industries, Con-
cord, MA). To validate the function of the AAV2cyhCLN2
preparations, in vitro gene transfer was assessed by measure-
ment of tripeptidyl-peptidase I enzymatic activity after infec-
tion of 293-ORF6 cells with AAV2cyhCLN2 (Brough et al.,
1996; Lin and Lobel, 2001). All vectors used in the toxicology
studies were shown to be sterile by growth for 14 days on
medium supporting the growth of aerobic bacteria, anaerobic
bacteria, or fungi; endotoxin free to a level of <20 U of endo-
toxin per milliliter by the Endosafe method (Charles River,
Charleston, SC); and uncontaminated by mycoplasma to a level
of <1000/ml, using a quantitative polymerase chain reaction
assay (AppTec Laboratory Services, Camden, NJ).



1486 HACKETT ET AL.

Rabbit B-globin

Chicken B-actin
splice acceptor

promoter + intron

Human CLN2 cDNA
Left ITR of AAV2-rep+cap

AAV2 Rabbit B-globin

polyA
Ad5E4

Right ITR of AAV2
Ad5-VA gene

pucie

Kanf Ad5E2A

pAAV2-CAG-hCLN2 pPAK-MA2

FIG. 1. Structure of the plasmids used for GMP AAV2cyhCLN2 vector production. The AAV2cyhCLN2 vector is made by
cotransfection of 293 cells with the two plasmids, shown schematically. The expression plasmid pAAV2-CAG-hCLN2 is a pUC19
derivative with the ampicillin resistance gene deleted and replaced by a kanamycin resistance gene. Within that backbone is the
genome of AAV2-yhCLN2, consisting of the two inverted terminal repeats of AAV2 (ITRs, nucleotides 1-145 and 4531-4675
of GenBank J01901) surrounding an expression cassette composed of the human cytomegalovirus (CMV) enhancer (nucleotides
558-925 of GenBank x03922), the chicken 3-actin promoter/splice donor and intron (nucleotides 268—1530 of GenBank x00182),
the splice acceptor of the rabbit B-globin intron (nucleotides 1457-1551 of GenBank J00659), the human cDNA for CLN2 with
an optimized Kozak translation initiation signal (nucleotides 13—-1704 of GenBank BC014863), and the polyadenylation/tran-
scription stop from rabbit -globin (nucleotides 1546—1827 of GenBank J00659). The helper plasmid pPAK-MA?2 is also based
on a kanamycin resistance replicon and contains the VA gene (nucleotides 9856 to 11548 of GenBank M73260) and E2A and
E4 genes (nucleotides 21438-35935) of Ad serotype 5. Expression of the AAV2 rep gene is driven by a mouse mammary tu-
mor virus (MMTYV) promoter (nucleotides 583—1325 of GenBank AF228552) and expression of the AAV2 cap gene is driven

by the endogenous p40 promoter of AAV?2.

Rat toxicology studies

Administration and monitoring. Fischer 344 rats (160 to
200 g; Taconic, Germantown, NY) were deeply anesthetized and
positioned in a stereotaxic frame (model 310; Stoelting, Wood
Dale, IL). The skull was exposed through a cranial midline in-
cision, the location of bregma was recorded, and the desired co-
ordinates for the left (A/P, +0.06 cm; M/L, +0.28 cm) and right
(A/P, +0.06 cm; M/L, —0.28 cm) striata were calculated. The
needle of the injection syringe, preloaded with vector or vehi-
cle, was sequentially adjusted to the desired location on each
side and the skull was marked. A hole was then drilled in the
skull at each of the marked positions, using a MultiPro drill
(model 395 T6; Dremel, Mount Prospect, IL) with a 0.8-mm
carbide burr (AH62-0030; Harvard Apparatus, Holliston, MA).
The stereotaxic frame arm was then returned to the position of
the left striatum and locked in place, and the needle was slowly
lowered into the burr hole until the opening of the beveled nee-
dle was aligned with the skull. This coordinate was marked as
the dorsal/ventral (D/V) reference location, and from this the de-
sired D/V coordinates for the left and right striata were calcu-
lated (D/V, —0.52 cm from dura). Next, the needle was lowered
extremely slowly to the adjusted D/V coordinate for the left stria-
tum. After 1 min, the injection pump was started for the injec-
tion of vector (AAV2cyhCLN2 at 2 X 10'2 PU/ml) or phos-
phate-buffered saline (PBS) into the left striatum at 0.2 ul/min
for 25 min. The needle was left in place for 2 min after the in-

jection and then retracted slowly; the process was repeated for
the right striatum. The incision site was sutured in one layer, us-
ing 4.0 Polysorb sutures, and the rat was removed from the
stereotaxic frame. The animals were monitored while recover-
ing from anesthesia and checked twice daily for the first 2 days.
Subsequently, the health status of all rats was checked three
times weekly and recorded on health monitoring forms. Any ab-
normalities were monitored with the assistance of the veterinary
staff of the Research Animal Resource Center of Weill-Cornell
(New York, NY).

Necropsy. Thirteen, 26, and 52 weeks after vector adminis-
tration, three male and three female rats each from vehicle and
vector groups were killed (Table 1). The rats were deeply anes-
thetized via an intraperitoneal injection of sodium pentobarbi-
tal, and the body surface and all orifices were inspected and
any external abnormalities were noted. The abdomen and tho-
rax were exposed and 2.5-3.0 ml of blood was collected via
cardiac puncture for complete blood count, complete chemistry
profile (both performed by Antech Diagnostics, Southhaven,
MS), and anti-AAV neutralizing antibodies (see below). The
pulmonary arteries and descending aorta were clamped. An in-
cision was made in the left ventricle and a blunted catheter was
guided through the incision and into the aorta, permitting per-
fusion with 200 ml of PBS at a flow rate of 6 ml/min. During
the perfusion, the abdomen and thorax were inspected for the
presence of tumors and the testes or ovaries, spleen, liver, kid-
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TaBLE 1. EvaLuATION OF ToxicoLogy oF DIRecTt CNS
ADMINISTRATION OF AAV2-yhCLN2 1O THE RAT?

Time of assessment
(weeks after vector administration)

Parameter 0 13 26 52
Vector/vehicle v
administration®
Postmortem®
Complete blood 4 4 4
countd
Chemistry® v 4 4
Anti-AAV antibodies’ v v v
Weight and organ v v v
weight
Histopathology® 4 4 4

2The schedule for injection of study drug and subsequent as-
sessment is shown.

bVector (or PBS vehicle) was administered on day 0 at a to-
tal dose of 2 X 10'° particle units, 5 ul each into the left and
right striatum.

CAll assessments were performed at time of sacrifice on 12
rats at each time point, 6 treated with vector and 6 treated with
PBS, n = 3 male and n = 3 female in each group. Blood was
collected by heart puncture.

dCBC (hematocrit, hemoglobin, WBC, RBC, differential,
platelets).

¢Comprehensive chemistry (albumin, alkaline phosphatase,
alanine aminotransferase, aspartate aminotransferase, blood
urea nitrogen, calcium, chloride, cholesterol, creatine phospho-
kinase, creatinine, globulin, glucose, phosphorus, potassium,
sodium, total bilirubin, total protein).

fSerum was collected at sacrifice for anti-AAV2 neutralizing
antibody assay.

gRats were perfused with cold PBS and internal organs were
examined. The brain, liver, lung, kidney, heart, spleen, gonads,
and quadriceps were excised and weighed and one piece was
submerged in paraformaldehyde for routine histopathology.

ney, quadriceps, and any abnormal organs were examined, re-
moved, and weighed and portions of each organ were placed
in chilled 4% paraformaldehyde. The rats were then further per-
fused with 200 ml of chilled 4% paraformaldehyde. After the
perfusion was completed, the heart, lung, and brain were re-
moved, weighed, and preserved in 4% paraformaldehyde. Or-
gan samples for histology were stored at 4°C for 72 hr, at which
time they were transferred to 30% sucrose in 0.1 M phosphate
buffer, pH 7.4.

Histopathology. The brains and organs were shipped to
Pathology Associates ( Division of Charles River Laboratories,
Frederick, MD) for histopathology. The brains were trimmed
in a rat brain matrix every 4 mm, generating eight coronal sec-
tions regularly distributed throughout the brain and embedded
in paraffin. All blocks were sectioned once at 5 um except for
the block containing the injection site in the striatum, which
was sectioned 10 times at 5 um in a stepwise fashion. All other
organs were trimmed once and embedded in paraffin and 5-um
sections were cut. All slides were stained with hematoxylin and
eosin for microscopic evaluation in a blinded fashion by a
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board-certified veterinary pathologist. The results were un-
blinded after the evaluation was complete and the key was pro-
vided.

Anti-AAV2 neutralizing antibody. Anti-AAV2 neutralizing
antibody titers were assessed by mixing serial 2-fold dilutions
of serum, starting at a 1:10 dilution, with 2 X 108 PU of
AAV2LacZ for 30 min at 37°C. The mixture was then used to
infect 293-ORF6 cells in a 96-well plate (Brough et al., 1996).
After growth for 48 hr, a cell lysate was made and the 3-galac-
tosidase activity was determined. The reciprocal dilution re-
quired for 50% inhibition of infection was interpolated. In all
assays, positive control serum from a normal human was in-
cluded and the assay was accepted only if the reciprocal titer
for that serum was 200 = 50.

African green monkey toxicology studies

Administration and monitoring. African green monkeys
(Cercopithecus aethiops sabaeus, male, 4.0 to 6.5 kg, feral, es-
timated age of 5 to 10 years) were used for these experiments.
Each nonhuman primate received intracranial administration of
a total dose of 3.6 X 10'°PU (low dose) or 3.6 X 10'! PU (high
dose) of the AAV2cyhCLN2 vector or 3.6 X 10! PU of the
AAV2cyNull control vector or PBS at 1 wl/min for a total vol-
ume of 180 ul (15 ul at each of 12 locations; Table 2). An ad-
ditional control was sham-injected animals, which involved in-
sertion of the injection needle into all locations but no
administration. Six burr holes (three symmetrical holes per
hemisphere) were drilled through the skull of anesthetized mon-
keys, followed by the lowering of the syringe sequentially to
two defined depths per burr hole for injection of vector or ve-
hicle. Injections were made to the head of the caudate nucleus
and overlying the cerebral cortex (16.2 mm apart), the body of
the caudate nucleus and the overlying cerebral cortex (19.2 mm
apart), and the hippocampal formation and overlying cerebral
cortex (31.2 mm apart).

Monkeys were anesthetized with pentobarbital (25 mg/kg,
intravenous) and the heads were shaved. Preoperatively, each
monkey received (intramuscularly) atropine (0.5 mg), long-act-
ing penicillin (600,000 units), and iron dextran (150 mg). An
intravenous line was inserted with 0.9% saline infusion. An en-
dotracheal tube was inserted and monkeys were monitored con-
tinually and received assisted ventilation if required. The ani-
mal was first set up in the stereotaxic head holder and midline
incisions were made and the muscles retracted to each side. Pre-
cise holes were drilled at the six stereotaxic points of entry, us-
ing a Foreman high-speed drill with a diamond ball bit. A
stereotaxic carrier containing a Stoelting microsyringe injector
with a Hamilton 710 series 100-ul syringe and a replaceable 2-
in., 22-gauge beveled needle was attached to the stereotaxic
frame. Ninety microliters of the appropriate vector or PBS was
then drawn up into the chamber. Cortical injections were made
first and then the cannula was lowered to the site of the cau-
date or hippocampus. After each injection was made at a rate
of 1 ul/min, 2 min was allowed to elapse before the cannula
was withdrawn slowly and repositioned for the next injection.
The syringe was refilled once with 90 ul to inject all 12 sites
sequentially. After the final injections, the wound was closed
by approximating the muscle layers with chromic suture, clo-
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TABLE 2. PARAMETERS AND TIME OF ASSESSMENT FOR NONHUMAN PRIMATE ToxicoLoGY EVALUATION oF DIRECT
ADMINISTRATION OF AAV2cyhCLN2?

Time of assessment (days after vector administration)®

Parameter Pre 0 3 7 14 28 56 91 180 360

General safety
Body temperature
Vital signs©
Weight
Hematology
CBC¢
Chemistry®
Anti-AAV antibodies
Neurological assessment"
Postmortem®

AN NN
AN R
AR NS R

AN NN R
AN NN
AN NL NN NN
AN NS
AN RN
RN N NN
PN NN NS R

/P Vi

aThe major groups of tests and components are listed with the times of assessment. v/, procedure required.

bPre, <14 days before vector administration. Day 0, analysis was performed on sample obtained after anesthesia but before
vector or PBS administration. Tests were performed on the designated day * 1 day for day 3, 7, and 14 time points; *3 days
for day 28, 56, and 90 time points; and £7 days for day 180 and 360 time points. On day 0, n = 12 monkeys were injected with
3.6 X 10" PU of AAV2cyhCLN2 (high dose), n = 12 were injected with 3.6 X 10'° PU of AAV2cyhCLN2, n = 3 were in-

jected with 3.6 X 10'' PU AAV2cyNull, n = 3 were sham injected, and n = 4 were injected with PBS.

“Vital signs (pulse, respiratory rate).

dCBC (hematocrit, hemoglobin, RBC, WBC, differential, platelets).
¢Comprehensive mammalian chemistry (albumin, alkaline phosphatase, alanine aminotransferase, aspartate aminotransferase,
blood urea nitrogen, calcium, chloride, cholesterol, creatine phosphokinase, creatinine, globulin, glucose, phosphorus, potassium,

sodium, total bilirubin, total protein).

fFor neurological assessment, the nonhuman primates were videotaped with a standard series of challenges and quantitative

parameters were extracted from the videotapes.

€The whole brain and samples of liver, lung, kidney, heart, testes, spleen, and biceps were obtained at sacrifice for routine his-

tology.

hAt the 7-day time point, n = 3 of the high-dose AAV2cyhCLN2, n = 3 of the low-dose AAV2cyhCLN2, and n = 1 of the

AAV2cyNull monkeys were killed.

iAt the 91-day time point, n = 3 of the high-dose AAV2cyhCLN2, n = 3 of the low-dose AAV2cyhCLN2, n = 3 of the sham-

injected, and n = 1 of the AAV2cyNull monkeys were killed.

IAt the 180-day time point, n = 3 of the high-dose AAV2cyhCLN2, n = 3 of the low-dose AAV2cyhCLN2, and n = 1 of the

AAV2cyNull monkeys were killed.

kAt the 360-day time point, n = 3 of the high-dose AAV2cyhCLN2, n = 3 of the low-dose AAV2cyhCLN2, and n = 4 of the

PBS-injected monkeys were killed.

sure of the subcutaneous tissue also with chromic suture, and
a skin closure using Vicryl. The wound was then sealed with
collodion and the monkey was removed from the stereotaxic
holder and observed in the recovery area until it was awake, at
which time it was returned to its cage. Monkeys were assessed
three times a day during recovery from surgery and daily there-
after.

Less than 2 weeks before surgery, on the day of administra-
tion, and on days 3, 7, 14, 28, 56, 91, 180, and 360 postinjec-
tion, animals were sedated for general assessment and for blood
draw for complete blood count (CBC) and serum chemistry
(both by Antech Diagnostics) and anti-AAV neutralizing anti-
bodies. Because there was sequential sacrifice of monkeys, the
number of observations decreased as the experiments pro-
ceeded.

Less than 2 weeks before surgery and at 7, 14, 28, 56, 91,
180, and 365 days postsurgery, monkeys were assessed for be-
havior. Again, because of sequential sacrifice of subsets of the
nonhuman primates, there were more observations closer to the
time of vector administration. These animals were videotaped

in the absence of stimuli and with specific food and threat sce-
narios. Specific behaviors were quantitated by blinded ob-
servers from the video tape. Two types of behaviors were quan-
titated: normal behaviors and identifiable abnormal behaviors.
The normal behaviors were grouped into 5 summary scores,
based on a previous data set of more than 50,000 observations
(Taylor et al., 1994, 1997).

Necropsy and sample collection. At intervals, a subset of the
injected monkeys was killed for necropsy. The monkeys were
first anesthetized with ketamine, vital signs were recorded, and
blood was collected from the femoral vein. The monkey was
then killed with a lethal dose of pentobarbital. The animal was
then perfused with cold PBS and pieces of the testes, spleen,
liver, kidney, lung, quadriceps, and heart were examined, re-
moved, and placed in chilled 4% paraformaldehyde. During per-
fusion, the abdomen and thorax were explored for the presence
of tumors. After the perfusion was completed, the brain was re-
moved. Organ samples for histology were stored in parafor-
maldehyde at 4°C for 72 hr, at which time they were transferred
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to 30% sucrose in 0.1 M phosphate buffer. The whole brain was
divided into 4-mm coronal slabs (approximately 15 per animal),
which were bisected with the right sections being immersed in
4% paraformaldehyde with transfer to sucrose after 72 hr.

Histopathology. All histologic assessments were carried out
by Pathology Associates (Frederick, MD). The collection of a
single section from each slab required paraffin embedding, and
rough cutting of the block until a complete section was ob-
tained. The four most frontal and four most occipital slabs were
processed in paraffin in toto, and a single section was cut from
the cranial face of each block (total of eight slides). For each
of the seven middle slabs containing the injection sites, one sec-
tion was obtained from each side of the block (caudal and ros-
tral), giving a total of 14 sections. All 22 slides of brain (num-
bered 1 to 22 from the frontal to the occipital level) were stained
with hematoxylin and eosin, for microscopic evaluation by a
board-certified veterinary pathologist. The stained sections
were carefully examined for evidence of neuronal death, axonal
degeneration, or abnormal glial cell reactions. The pathologist
was blinded as to the study groups on evaluation of the slides.
The results were unblinded after the evaluation was complete
and the key was provided.

Statistical analysis

In the rat study, statistical assessment of all parameters (or-
gan weights, CBC, and serum chemistry) used analysis of vari-
ance (ANOVA) with treatment group (AAV2cyhCLN2 vector
versus PBS vehicle control) and sex as factors and time as a
covariate. Because there was a total of 39 dependent variables,
a cutoff of p < 0.01 was taken as a potentially significant dif-
ference between the vector and vehicle groups to reduce the
chance of incorrectly rejecting the null hypothesis.

For statistical analysis of the nonhuman primate data (gen-
eral assessment, CBC, blood) a mixed models analysis was used
with time as a repeated measure. This method was required be-
cause of the study design, which had decreasing numbers of an-
imals over time, leading to reduced numbers of values. Prelim-
inary analysis with PBS, sham, and AAV2¢yNull as separate
control groups gave high intragroup variance and was also com-
plicated by the fact that the PBS animals were all killed at 52
weeks whereas the sham group was killed at 13 weeks. There-
fore the three control groups were pooled to reduce the variance.
In a preliminary assessment of the dependent measures, three
variables (creatine phosphokinase [CPK], aspartate aminotrans-
ferase [AST], and white blood cell count [WBC]) were noted to
show unusual skewness; several tests of normality indicated
these data were probably not normally distributed. On the basis
of this analysis, those variables were transformed using log;o
transformations and assessed with the mixed models analysis on
log CPK, log AST, and log WBC. All other dependent variables
were assessed without transformation. For all dependent vari-
ables, the main effects of group (control, low-dose AAV2cyh-
CLN2, or high-dose AAV2cyhCLN2) and time, and the inter-
action of group and time, were assessed. A main effect of group
with p < 0.01 was taken as rejection of the null hypothesis that
there was no difference between the groups. As with the rat
analyses, a low p value was used because of the presence of
multiple dependent variables.
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To assess the effects of treatment on brain histopathology,
x> tests were used to compare the number of animals per group
with and without the histopathological characteristic of inter-
est. Because there were three control groups (sham, PBS, and
AAV2cyNull), we first assessed whether there were differences
among the three control groups before combining them for com-
parison with the AAV2cyhCLN2 low- and high-dose groups.
To assess the impact of treatment on behaviors of the nonhu-
man primates, a separate analysis of the short-term and long-
term effects was performed to increase the possibility of ob-
serving an effect of treatment group. Both analyses used the
general linear models procedure with the type III mean squares
analysis with animal within group as an error term, as imple-
mented by SAS software (SAS Institute, Cary, NC).

RESULTS

Vector production

A preclinical toxicology study necessitates using AAV2¢y.
hCLN2 that is manufactured under the same conditions as the
vector to be used in the human clinical study. On the basis of
the proposed human dose of 3.6 X 10!2 PU/subject and the
small number of LINCL patients to be treated, scalability of the
manufacturing process was not a major consideration. There-
fore a two plasmid cotransfection system was chosen with prod-
uct purification by iodixanol gradients and heparin affinity
chromatography (Zolotukhin ez al., 1999; Sondhi et al., 2005).
Human embryonic kidney 293 cells from a certified working
cell bank were grown in 10-stack cell factories and cotrans-
fected with PolyFect by two plasmids, pAAV2-CAG-hCLN2
and pPAK-MA2 (Fig. 1). Both plasmids use the kanamycin re-
sistance gene for propagation in Escherichia coli, thereby ob-
viating the use of ampicillin, a potential allergen. The first plas-
mid contains the genome of the AAV2cyhCLN2 vector. The
second plasmid contains all of the AAV2 and Ad helper func-
tions required for AAV2 vector replication and packaging. On
the basis of yield of infectious AAV2 particles and total yield
by capsid and ELISA and genome copies, the pPAK-MA2
helper plasmid was demonstrated to give comparable yields of
AAV?2 vectors in side-by-side comparisons with pDG, a widely
used AAV?2 helper plasmid that contains the ampicillin resis-
tance gene (Grimm et al., 1998; Crystal et al., 2004).

Rat toxicology

Mortality. For each of the PBS and AAV2cyhCLN2 groups,
on the day after surgery, one rat was found dead or moribund,
necessitating sacrifice. Examination of both rats suggested the
cause of death to be head trauma associated with the surgical
procedure. On day 152 after vector administration, one
AAV2cyhCLN2-injected rat was found dead. On the basis of
histopathological examination, the cause of death in this ani-
mal was hemorrhage in the thalamus due to large granular cell
leukemia observed in the thalamus, liver, and spleen. On day
329 after vector administration a second rat of the AAV2¢y.
hCLN2 group was found moribund. It was rehydrated but did
not improve and therefore was killed the next day. The
histopathology examination on this animal suggested the cause
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FIG. 2. Effect of CNS administration of AAV2cyhCLN2 on selected general safety and hematological parameters in rats. Male
(triangles) and female (circles) rats (age, 7 to 10 weeks) were injected bilaterally via the striatum with 2 X 10'° PU of AAV2¢yh-
CLN2 (solid symbols) or PBS (open symbols). Thirteen, 26, or 52 weeks after vector administration, subsets of rats were killed
and assessed by general safety and hematological tests. As a basis for comparison, rats of similar age and sex (three naive fe-
males and three naive males) were also assessed. Data for all available rats are plotted for four selected parameters: (A) Weight
of animal at sacrifice; (B) white blood cell count; (C) aspartate aminotransferase; and (D) urea nitrogen. For (B-D), the shaded
areas represent the normal range based on analysis of six naive rats (7 to 10 weeks of age).

of death to be chronic progressive nephropathy with secondary
mineralization of the kidney and myocardium.

General safety parameters. For the subset of rats killed 13,
26, or 52 weeks postadministration (n = 3 males and n = 3 fe-
males per treatment group), the internal organs were inspected
for overt abnormalities or tumors. None were found. There was
no difference in time-dependent weight gain between the
AAV2cyhCLN2 and PBS groups (Fig. 2 and Table 3). For all
organs, as expressed as a percentage of total weight, there was
no difference between AAV2cyhCLN2 and PBS groups (Fig.
2 and Table 3).

Hematological parameters. Blood was collected at sacrifice
and assessed by complete blood count consisting of 13 vari-
ables. For 12 of these variables (hemoglobin, hematocrit, red
blood cell count, mean corpuscular hemoglobin, mean corpus-
cular volume, mean corpuscular hemoglobin content, platelets,
neutrophils, lymphocytes, monocytes, eosinophils, and ba-

sophils), there was no significant difference (p > 0.01) between
AAV2cyhCLN2 and PBS groups (Fig. 2 and Table 3). For the
white blood cell count, there was a significant difference be-
tween vehicle and vector group (p = 0.006). The mean and
standard deviation of the white blood cell count for the
AAV2cyhCLN2-treated group (all sexes and time points) was
(2.0 = 1.3) X 103/l whereas the mean for the PBS-treated rats
was (1.6 = 1.0) X 10%/ul. Both values fall within the normal
range [(2.6 = 1.7) X 103/ul] based on our analysis of six naive
rats (7 to 10 weeks of age).

Serum collected at sacrifice was assessed by a mammalian
chemistry panel consisting of 17 variables. For 15 of these vari-
ables (glucose, creatinine, total protein, albumin, total bilirubin,
alkaline phosphatase, alanine aminotransferase, aspartate
aminotransferase, cholesterol, phosphorus, sodium, potassium,
chloride, globulin, and creatine phosphokinase) there was no
significant difference (p > 0.01) between AAV2cyhCLN2 and
PBS groups (Table 3). For two parameters (calcium [p =
0.0014] and urea nitrogen [p = 0.0005]), there was a signifi-
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TaBLE 3. ToxicoLoGY PARAMETERS AFTER AAV2cyhCLN2 ADMINISTRATION TO THE RAT BRAIN®

General safety

Complete blood count

Serum chemistry

Organ weight p Value® Parameter p Value Parameter p Value
Total body weight 0.63 Hemoglobin 0.32 Glucose 0.49
Brain 0.62 Hematocrit 0.21 Urea nitrogen <0.001
Lung 0.02 RBC 0.94 Creatinine 0.80
Quadriceps 0.48 WBC <0.01 Bilirubin 0.18
Liver 0.26 MCV 0.35 Alkaline phosphatase 0.01
Gonads 0.77 MCH 0.40 ALT 0.25
Spleen 0.48 MCHC 0.35 AST 0.13
Heart 0.46 Platelets 0.27 Cholesterol 0.80
Kidney 0.75 Neutrophils 0.86 CPK 0.97
Lymphocytes 0.48 Calcium <0.01
Monocytes 0.08 Potassium 0.52
Eosiniphils 0.23 Sodium 0.64
Basophils 0.77 Phosphorus 0.21
Chloride 0.06
Total protein 0.83
Albumin 0.77
Globulin 091

2The outcome parameters are divided into groups and p values for an effect of drug on that parameter are presented. Abbrevi-
ations: RBC, red blood cell count; WBC, white blood cell count; MCV, mean corpuscular volume; MCH, mean corpuscular he-
moglobin; MCHC, mean corpuscular hemoglobin content; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CPK,

creatine phosphokinase.

bp Values were assessed by ANOVA, using sex and treatment group as factors and time (13, 26, and 52 weeks) as an inde-
pendent variable. The reported p value is a test of the null hypothesis that there is no difference between the AAV2-yhCLN2

and PBS groups for that parameter.

cant difference between the AAV2cyhCLN2 and PBS groups.
The mean and standard deviation of serum calcium for the
AAV2cyhCLN2-treated group (all sexes and time points) was
11.3 = 0.5 mg/dl whereas that for the PBS-treated rats was
10.8 = 0.7 mg/dl. Both values fall within the normal range
(11.1 £ 0.3 mg/dl based on analysis of six naive rats, 7 to 10
weeks of age). The mean and standard deviation of urea nitro-
gen for the AAV2cyhCLN2-treated group (all sexes and time
points) was 21.6 = 3.0 mg/dl whereas that for the PBS-treated
rats was 17.9 * 2.8 mg/dl. Both values fall within the normal
range (18.3 = 3.9 mg/dl based on analysis of six naive rats, 7
to 10 weeks of age).

Anti-AAV2 neutralizing titers. The anti-AAV2 neutralizing
titers were <10 for all serum samples at all time points whether
derived from PBS- or AAV2cyhCLN2-injected rats.

Brain histopathology. Multiple full coronal sections of brain
were examined, representing an extensive survey of all areas of
the brain, including frontal, temporal, and occipital cortex, deep
cortex, corona radiata including the hippocampus, the dien-
cephalon, and midbrain including the thalamus, midbrain, cere-
bellum, and medulla oblongata. Hematoxylin and eosin-stained
sections were carefully examined for evidence of neuronal
death, axonal degeneration, or abnormal glial cell reactions.

Microscopic changes in brain histology were observed at 13,
26, and 52 weeks at the level of the striatum (injection site) in
one or several of the step sections taken throughout that area
(Fig. 3). These changes consisted of circumscribed dorsoven-
tral linear foci of gliosis (mononuclear microglial cells and as-

trocytes), sometimes accompanied by pigment-laden macro-
phages (hemosiderin). The severity of these changes was gen-
erally classified as minimal with occasional sections showing
mild pathology. Extension was confined to the path of needle
puncture. These microscopic changes were not seen in either
group in any other part of the brain and extended only mini-
mally from the injection site. The frequency of injection track
capture, and severity of these pathological changes, were sim-
ilar between the AAV2cyhCLN2 and vehicle groups (Table 4).
For example, the overall frequency of injection track hemo-
siderin in the PBS group when all time points were combined
was 7 of 22 compared with 6 of 21 in the AAV2cy.
hCLN?2 group, an insignificant difference (p = 0.11 by x? test).
In only one of the 26-week PBS rats was the hemosiderin clas-
sified as mild, and all other examples were classified as mini-
mal. With respect to injection track gliosis, there was actually
a higher frequency in the PBS group than in the AAV2¢y.
hCLN2 group after all time points were combined (p < 0.01).

There was a small focus of fibrosis in the leptomeninges of
the frontal cortex in a single week 13 PBS animal, and an oc-
casional focus of superficial cortical loss with scarring in week
26 and week 52 animals at the intracerebral injection access site
(subdural cortex). These changes were considered to be due to
the localized trauma of injection and their incidence and sever-
ity did not reflect a relationship to the test article. There were
no microscopic changes that were considered to be related to
the presence of the viral vector construct at week 13, 26, or 52.
Inflammatory changes sometimes associated with intracerebral
injection of a viral vector, such as perivascular lymphocyte in-
filtrates, were not seen.



1492

13 wk

PBS

AAV2,,hCLN2

26 wk

HACKETT ET AL.

52 wk

FIG. 3. Histopathology of brain of AAV2-yhCLN2-treated rats. For each treatment and time point, one example of a coronal
section of the striatum in the region of injection is shown. These examples are selected to show the range of pathologies observed
and are not necessarily typical of any one group. The hematoxylin and eosin-stained sections are 5 wm thick. Scale bar: 100 wm.
(A1-C1) PBS-injected rats; (D1-F1) AAV2cyhCLN2-injected rats. (A1 and D1) Thirteen weeks after vector administration; (B1
and E1) 26 weeks after vector administration; (C1 and F1) 52 weeks after vector administration. Examples of reactive microglial
cells (wide arrowheads), reactive astrocytes and filamentous astrocyte processes (long arrows), and hemosiderin within microglial
cells (narrow arrowheads) are indicated. Panels A2-F2 (corresponding to panels A1-F1, respectively) show higher magnifica-

tion views of the abnormal histopathology. Scale bar: 50 wm.

Histopathology of other organs. On gross examination of rats
at sacrifice, no abnormal structures or tumors were found with
the exception of those rats that died prematurely. Histopatho-
logical examination of other organs at weeks 13, 26, and 52
showed abnormalities of the type commonly observed in rats,
and there were no trends suggesting treatment relationship. Ab-
normalities such as cardiomyopathy in the heart, clear cell fo-
cus in the liver, chronic progressive nephropathy in the kidney,
and hemosiderin and extramedullary hematopoiesis in the

spleen were observed at comparable incidence in PBS controls
and treated rats at weeks 13, 26, and 52.

Nonhuman primate toxicology

Anti-AAV2 neutralizing titers. The anti-AAV2 neutralizing
titers were assessed for a subset of the nonhuman primates be-
fore and after vector administration. At the time of administra-
tion the mean reciprocal anti-AAV?2 neutralizing titer was 28 *
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TABLE 4. QUANTITATION OF INJECTION TRACK PATHOLOOGY IN AAV2-yhCLN2-INJECTED AND PBS-INJECTED CONTROL RATS?

Time point (weeks) PBS AAV2cyhCLN2 p Value®
Injection track hemosiderin 13 2/9 1/9 0.52
26 3/6 1/6 0.22
52 2/7 4/6 0.17
All time points 7/22 6/21 0.81
Injection track gliosis 13 4/9 1/9 0.11
26 6/6 3/6 0.04¢
52 4/7 3/6 0.79
All time points 14/22 7121 0.006¢

2At the time points indicated, rats were killed and perfused and the brains were sent for sectioning, Hematoxylin and eosin
staining, and reading by a board-certified pathologist. Listed are the number of rats in which the indicated pathology was found/to-
tal killed at that time point. At the 13- and 52-week time points, additional rats were examined beyond the planned number of
three males and three females to fill in missing laboratory values.

p Values were calculated by x? test comparing the PBS and AAV2cyhCLN2 groups.

€At the 26-week time point there is a marginally significantly higher detection of injection track hemosiderin in the PBS group.

dQverall there was a higher frequency of detection of injection track gliosis in the PBS group than in the AAV2cyhCLN2 group.

10 and at 56 days after vector administration this was unchanged
(42 = 26, p > 0.6).

General safety parameters. There was no mortality for any
monkey in any group over the 52 weeks of the study. The pe-
riodic assessments included pulse, respiratory rate, temperature,
and weight. Statistical analysis (Table 5) showed no effect of
treatment group for any of the general safety parameters (p >
0.01 all variables).

Complete blood count. Statistical analysis (Table 5) showed
no effect of group (controls, low dose, and high dose) for any of

the complete blood count parameters: hemoglobin, hematocrit,
platelet count, white blood cell count, red blood cell count, lym-
phocyte count, neutrophil count, and monocyte count, all of
which were expressed as a function of the white blood cell count
(p > 0.01 all variables). For several CBC parameters, there was
a significant impact of time. For example, in the individual mon-
keys, there was a transient drop in hematocrit in all groups, which
recovered into the normal range in about 30 days (Fig. 4). Sim-
ilarly, among the group means, there was a postsurgical increase
in platelet count that slowly dropped to presurgery levels (Fig.
5). However, the statistical analyses showed that these transient
changes were not dependent on treatment group.

TaBLE 5. ToxicoLoGYy PARAMETERS AFTER AAV2cyhCLN2 ADMINISTRATION TO NONHUMAN PRIMATE BRAIN®

General safety

Complete blood count

Serum chemistry

Parameter p Value® Parameter p Value Parameter p Value
Weight 0.93 Hemoglobin 0.73 Glucose 0.01
Pulse 0.86 Hematocrit 0.65 Urea nitrogen 0.17
Respiratory rate 0.28 RBC 0.70 Creatinine 0.10
Temperature 0.77 WBC 0.57 Bilirubin 0.72
Platelets 0.47 Alkaline phosphatase 0.76
Neutrophils 0.71 ALT 0.30
Lymphocytes 0.63 AST 0.50
Monocytes 0.51 Cholesterol 0.01
CPK 0.93
Calcium 0.81
Potassium 0.76
Sodium 0.87
Phosphorus 0.18
Chloride 0.67
Total protein 0.93
Albumin 0.25
Globulin 0.40

2The outcome parameters are divided into groups and p values for an effect of drug on that parameter are presented. Abbrevi-
ations: RBC, red blood cell count; WBC, white blood cell count; ALT, alanine aminotransferase; AST, aspartate aminotrans-

ferase; CPK, creatine phosphokinase.

b» Values were assessed by a mixed models analysis with time (pre, 7, 14, 28, 56, 91, 180, and 365 days) as a repeated mea-
sure. The reported p value is a test of the null hypothesis that there is no difference between the high-dose AAV2cyhCLN2 ani-
mals, the low-dose AAV2cyhCLN2 animals and control animals (PBC, AAV2¢yNull, and sham combined) for that parameter.
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Serum chemistry. Statistical analysis showed no effect of
treatment group (controls, low dose, and high dose) for 15 of
17 serum chemistry parameters (urea nitrogen, creatinine, to-
tal protein, albumin, globulin, total bilirubin, alkaline phos-
phatase, alanine aminotransferase, aspartate aminotrans-
ferase, calcium, phosphorus, sodium, potassium, chloride,
and creatinine phosphokinase; Table 5). There was a signif-
icant effect of treatment group on serum cholesterol (p =
0.007). The mean value (all time points) for the control group
was 115 %= 2.0 mg/dl (standard error) versus 121 = 3.0 mg/dl
for the low-dose group and 102 * 1.5 for the high-dose
group. However, these differences are within the normal
range of 91 to 160 mg/dl, based on a survey of 40 normal
African green monkeys presurgery. In addition, there was a
significant effect of treatment group on glucose (p = 0.005).
The mean value (all time points) for the control group was
80 = 2.3 mg/dl (standard error) versus 91.9 * 3.14 mg/dl for
the low-dose group and 85 = 2.7 for the high-dose group.
These differences are within the normal range of 51 to 155
mg/dl, based on a survey of 40 normal African green mon-
keys presurgery. As seen for some of the CBC parameters,
some of the serum chemistry parameters, such as alanine
aminotransferase (plotted for individual monkeys; see Fig. 4)
and aspartate aminotransferase (plotted as means for each
group; see Fig. 5), showed transient changes in all groups
postsurgery, but these were not different among different
treatment groups.

Brain histopathology. For each brain, 22 slides (numbered 1
[frontal] to 22 [occipital]) containing coronal sections of one
hemisphere were examined. These slides represented an exten-
sive survey of all areas of the brain, including frontal, tempo-
ral, and occipital cortex, deep cortex, corona radiata including
the hippocampus, the diencephalon, and midbrain including the
thalamus, midbrain, cerebellum, and medulla oblongata, in-
cluding the olivary nucleus. The sections were carefully exam-
ined for evidence of neuronal death, axonal degeneration, or

HACKETT ET AL.

abnormal glial cell reactions. In some week 52 brains (one PBS,
two low-dose CLN2, and one high-dose CLN2) there were large
clear spaces around vessels and within the brain parenchyma
consistent with perfusion and/or freeze artifact.

Histopathological changes were observed in the vicinity of
injection, consisting of circumscribed dorsoventral linear foci
of gliosis (mononuclear microglial cells and astrocytes). The
gliosis was of minimal to moderate severity in multiple sections
of all monkeys (AAV2cyNull and both doses of AAV2¢y.
hCLN?2) at the 1-week time point (Table 6). At later time points,
injection site gliosis was observed in a subset of both the con-
trol and AAV2cyhCLN2 monkeys (Table 6). To assess the cor-
relation with the AAV2cyhCLN2 vector, it was necessary to
combine the control monkeys, which is justified by the fact that
there is no difference in the rate of detection of injection site
gliosis (p = 0.2 by x> test) between the PBS, sham, and
AAV2cyNull control groups. When the control groups are com-
bined, there was no difference in the rate of detection of injec-
tion site gliosis between the AAV2cyhCLN2 groups and the
controls (y? test, p = 0.6 comparing all control with the low-
dose and high-dose groups combining all time points). Multi-
focally, there were hemosiderin-laden macrophages in the lep-
tomeninges consistent with slight hemorrhage related to the
mechanical trauma of needle puncture. These changes were ob-
served in both the control and treated groups at all time points
greater than 1 week. They were located in the rostral and tem-
poral cerebrum in an area consistent with the injection site, in-
cluding the cerebral cortex, corona radiata, and caudate nucleus,
sometimes reaching the hippocampus and the lateral ventricle
(Fig. 6). The frequency was the same in all three control groups
(p = 0.35) and there was no different between the controls and
the low and high-dose AAV2cyhCLN2 groups (p = 0.1). In ad-
dition, there was slight injection track axonal degeneration or
necrosis (spheroids) in 5 of 24 AAV2cyhCLN2 monkeys and
3 of 10 control monkeys independent of time point.

The dorsal aspect of the cortex, where the injection cathe-
ter entered the brain, showed discrete foci of proteinaceous ma-

TABLE 6. QUANTITATION OF ABNORMAL BRAIN PATHOLOGY IN AAV2cyhCLN2-INJECTED NONHUMAN PRIMATES?

Time points Injection Injection track Subdural
Treatment n (weeks) track gliosis hemosiderin necrosis
AAV2cyhCLN2 3 1 1 minimal None 3 mild
(3.6 X 1019 PU) 2 mild
AAV2-yhCLN2 3 1 2 mild None 1 moderate
(3.6 X 10'! PU) 1 moderate 2 mild
AAV2cyNull 3 1,13,26 1 moderate 1 minimal 1 moderate
(3.6 X 10'" PU) 1 mild 1 mild
1 minimal
PBS 4 52 3 minimal 2 minimal 3 minimal
Sham 3 13 1 mild None 3 minimal
AAV2cyhCLN2 9 13, 26, 52 3 mild 3 minimal 4 minimal
(3.6 X 1019 PU) 4 minimal 2 mild 1 mild
AAV2cyhCLN2 9 13, 26, 52 5 minimal 1 minimal 6 minimal
(3.6 X 10'" PU) 2 mild 1 mild

#Histopathological findings as graded by the veterinary pathologist are tabulated for the various injection groups and time
points. The PBS, null, and sham control groups are separated. Abnormal pathology was classified as minimal, mild, or moder-
ate and the number of animals of each group with at least one section of that level is recorded. All other animals of the group

showed no abnormalities of this type.
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terial accumulation in the leptomeninges. These foci had pro-
duced slight compression of the superficial cortex resulting in
subjacent cortical gliosis with a localized wedge of pressure
necrosis in the superficial cortex (subdural cortical necrosis).
These changes were also observed at equal frequency when
comparing the control groups (sham controls [3 of 3], PBS
controls [3 of 4], AAV2cyNull control [2 of 3], p = 0.70) and
when comparing the combined control groups with the low-
dose (8 of 12) and high-dose (10 of 12) AAV2cyhCLN2-
treated nonhuman primates (p = 0.6). Although there was mild
hemorrhage observed in six of seven brains observed 1 week
after injection, independent of treatment group, there was no
obvious hemorrhage at subsequent time points. Minimal
mononuclear cell infiltration was observed in the injection
track in one of three low-dose AAVcyhCLN2 week 26 ani-
mals and in one PBS control at week 52. There was a small
nonorganized fibrin embolus in a leptomeningeal vessel of the
occipital cortex in a single low-dose AAV2cyhCLN2 week 13
animal.

The only change potentially related to treatment was ob-
served at week 1 and consisted of minimal to mild spongiosis.
Spongiosis was observed in the corona radiata of the cerebrum
along the injection track, and in the surrounding white matter,
extending moderately in the corona radiata rostrally and cau-
dally. Spongiosis was characterized by slight edema that
slightly increased the extracellular space, and was accompanied
by reactive glial cells. This change was observed in two of three
low-dose AAV2cyhCLNL2 monkeys (grade 1) and in two of
three high-dose AAV2cyhCLN2 monkeys (grade 2) but not in
the single AAV2¢yNull monkey. Reactive glial cells consisted
primarily of astrocytes with prominent cell processes and open-
faced nuclei. Identical reactive glial cells were observed at, and
immediately adjacent to, the injection track in the absence of
edema in the AAV2cyNull controls.

HACKETT ET AL.

Histopathology of other organs. No tumors or visible ab-
normalities of any organ were found in any nonhuman primate
from any treatment group at sacrifice. In histopathological ex-
amination of other organs, there were some microscopic
changes including a multifocal ischemic fibrosis in the heart of
a high-dose week 26 animal and diffuse marked atrophy of the
testis in a low-dose AAV2cyhCLN2 week 13 animal.

Behavioral analysis. Over the period of the study, all sur-
viving monkeys were observed for neurological behavior by
videotaping in the absence of stimuli and with specific food
and threat scenarios. Five specific types of behavior (anxiety,
arousal, sedation, quiet, and healthy) were quantitated by
blinded observers from that video tape. Statistical analysis
showed that there was no systematic effect of observer on the
quantitative outcome parameters (p values between 0.65 and
0.13, testing the hypothesis that there was no difference be-
tween observers for five different quantitative measures of
behavior).

There was no abnormal behavior observed in any of the
treated or untreated monkeys in the formal toxicology study.
The monkeys were specifically observed for food-eating prob-
lems, appearance, delayed movement, poverty of movement,
and tremor; none of these were observed for any AAV2cy.
hCLN2-treated or control animals.

The normal behaviors were also compared among groups.
Because of the decreasing numbers of monkeys over time,
short-term and long-term effects of treatment group were as-
sessed independently. There was no effect of treatments group
on any of the five specific types of normal behavior, nor on the
sum of all healthy behaviors (Table 7). This was true both for
the monkeys that were observed over 52 weeks (“long term”)
as well as for the larger group of monkeys observed for up to
26 weeks (“short term”).

TABLE 7. DEPENDENCE OF BEHAVIORAL SUMMARY SCORES ON TREATMENT GROUP

Behavior

Short-term effects®

Long-term effects®

Anxiety sum®

Arousal sum?

Sedation sum®

Quiet behaviorf

Healthy sum#

Any neurological abnormality

0.74 0.99
0.36 0.25
0.98 0.37
0.96 0.83
0.76 0.7
NAR NA

2This column gives the p values for testing the hypothesis that the variable is unaffected by treat-
ment group considering the time points (pre, 7, 14, 28, 56, 91, and 180 days). The analysis uses
general linear models procedure with the type III mean squares analysis with animal within group
as an error term, as recommended by Winer (1971).

bp Values for testing the hypothesis that the variable is unaffected by treatment group, using only
the pre, 26-week, and 52-week data for the 10 animals that were observed for 52 weeks. The anal-
ysis uses the type III mean squares analysis with animal within group as as error term, as recom-

mended by Winer (1971).

“Sum of five behaviors associated with anxiety (chewing, penile erection, scratching, self-groom-

ing, and yawn).

dSum of six behaviors associated with arousal (bipedal lookout, shift, tail flagging, threaten out-

side, vertical climb, and vocalization).

¢Sum of two behaviors associated with sedation (eyes closed, and freeze).

fSum of four quiet behaviors (cage pick, self-groom, drinking, and eating).

gSum of anxiety, arousal, sedation, and quiet behaviors.

"NA, not applicable as none of those behaviors were observed in any monkey in any group.
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DISCUSSION

These data describe the pivotal toxicology studies performed
to prepare for a human clinical trial of CNS administration of
AAV2cyhCLN2 in subjects with LINCL. The experience with
AAYV vectors in humans is limited and few subjects have re-
ceived direct administration of AAV vectors into the CNS, as
is required for LINCL (During et al., 2001; Janson et al., 2002).
Using a clinical-grade vector produced under GMP conditions,
an extensive series of toxicology studies was carried out in rats
and nonhuman primates with assessment of general safety,
histopathology, and behavioral assessment after direct CNS ad-
ministration of vector. In rats, there were no biologically sig-
nificant changes seen for any safety parameter and the
histopathological changes were similar in the AAV2cyhCLN2
and control animals, limited to minor changes attributable to
the injection per se. In nonhuman primates, there were no sig-
nificant changes in blood count, serum chemistry, or general
safety parameters between high- or low-dose AAV2cyhCLN2
groups and control animals. Histopathological examination of
the brain showed mild dose-independent changes along the in-
jection track at the 1-week time point but not thereafter. Im-
portantly, periodic, blinded, semiquantitative assessment of
videotapes of the nonhuman primates showed no difference in
multiple parameters of behavior of the nonhuman primates ob-
served over the course of the 1-year study in both AAV2¢y.
hCLN2 groups and control animals. Together, these observa-
tions support the concept that CNS administration of the
AAV2cuhCLN2 vector has a safety profile acceptable for ini-
tiating human trials to treat LINCL.

Safety of AAV2 vectors: preclinical studies

Various experimental animal studies have demonstrated a fa-
vorable safety profile with gene transfer by adeno-associated
virus serotype 2 vectors to a variety of organs. Favre et al.
(2001) reported normal organ histopathology and the absence
of significant hematological abnormalities after intramuscular
administration of an AAV2 vector encoding erythropoietin into
rhesus and cynomolgus macaques. Similarly, Flotte et al. (2004)
performed an extensive series of toxicology studies in rabbits
and nonhuman primates and reported no pathology associated
with AAV?2 vectors encoding «i-antitrypsin or the cystic fi-
brosis transmembrane regulator delivered to the epithelial sur-
face of the lung and by the intravenous route. Relevant to the
CNS route in the present study, Janson et al. (2002) demon-
strated the absence of behavioral changes up to 1 week after
intracranial administration of an AAV2 vector expressing as-
partoacylase to the CNS of nonhuman primates.

Safety of AAV2 vectors: clinical studies

AAV2-derived vectors have been administered to various hu-
man organs including the nasal, airway, and sinus epithelium
and by the intramuscular route with minimal safety issues (Kay
et al., 2000; Aitken et al., 2001; Wagner et al., 2002; Flotte et
al., 2003; Manno et al., 2003; Moss et al., 2004). Of signifi-
cance to the study reported here, the human aspartoacylase
cDNA has been administered to the CNS of children with Cana-
van disease both in the context of an AAV2-derived plasmid
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and an AAV2 vector, and the data to date suggest that this is
well tolerated (P. Leone, personal communication). A trial de-
livering glutamic acid decarboxylase via AAV2 to the CNS sub-
thalamic nucleus of individuals with Parkinson’s disease is also
proceeding without significant safety concerns (M. Kaplitt, per-
sonal communication).

Trauma associated with administration to the CNS

As LINCL is a neurodegenerative disorder that affects the
entire brain, an effective therapy should target as large a por-
tion of the brain as possible. Although there are several inno-
vative strategies to deliver genes to the brain that have been
developed in experimental animals (Nguyen et al., 2001; Mas-
takov et al., 2002a), our study design takes the most direct ad-
ministration strategy with insertion of fine catheters into sev-
eral regions of the CNS and slow infusion of the vector. There
are significant challenges to this strategy. First, to attain a larger
distribution of the transgene product, it is essential to target
multiple locations, thereby requiring multiple burr holes. In our
LINCL gene transfer strategy, this issue was addressed by max-
imizing the delivery of the vector through each burr hole by de-
livering vector to two sites along the same needle track. Sec-
ond, there can be no significant increases in intracranial
pressure. As delivery of the vector requires introduction of fluid
into a closed space, it is essential to do so at a flow rate that
will minimize the risk of increased intracranial pressure or hem-
orrhage. To address this concern, the vector was delivered at a
rate of 1 ul/min, a rate known to be safe for intracranial deliv-
ery in nonhuman primates (Bohn et al., 1999; Smith et al., 1999;
Kozlowski et al., 2001; Muramatsu et al., 2002).

The slow flow rate for delivery of vector means a long pro-
cedure, and thus an increased risk of time under anesthesia. Al-
though the surgical procedure for the delivery of the AAV2¢y.
hCLN?2 vector to the CNS was optimized to prevent trauma, the
surgical administration of the vector (rather than the vector it-
self) did pose some minor risks. This has also been seen in other
studies. For example, in the preclinical studies in preparation for
human gene therapy with Canavan disease, the only deaths in
toxicology studies were attributed to surgical complications (Jan-
son et al., 2002). In addition, intracerebral hemorrhage is a com-
mon complication of stereotactic surgery (Field ez al., 2001). The
histopathological changes in the nonhuman primates seen in this
study were the same in the sham group (with needle insertion
only and no fluid infusion) as in the PBS-, AAV2¢yNull-, and
AAV2cyhCLN2-injected groups and resembled those previously
described as occurring after puncture wounds. This suggests that
all of the abnormal histopathology that arises is a result of the
needle insertion and that the infusion rate and test object cause
no additional histopathology. This is corroborated in multiple
studies in which extensive gliosis has been observed at the site
of needle insertion into the brain (Ma et al., 1991; Lo et al., 1999;
Xue and Del Bigio, 2001). In addition, there is rapid infiltration
of macrophages after needle trauma that may not be seen in this
study because by 1 week microglial cells are more prevalent
(Kaur et al., 1987; Fujita et al., 1998). Consistent with these ob-
servations, we observed local hemorrhage and local gliosis in
histopathological examination of nonhuman primate brains 1
week postsurgery. In nonhuman primates, in which administra-
tion of vector was performed serially at 12 different positions,
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the slow infusion rate necessitated anesthesia for up to 5 hr. A
number of parameters of serum chemistry including liver en-
zymes were transiently increased after surgery in all groups in-
dependent of AAV2cyhCLN2 treatment. Finally, the multiple
blood samples collected around the time of surgery mitigated by
the surgery itself resulted in a transient anemia that resolved over
time (Atabek er al., 1995). Taken together, although there is
trauma associated with surgical delivery of the vector, it is mild
and reversible, and did not result in any mortalities.

Vector-related host responses

The recombinant AAV2cyhCLN2 vector does not contain
any viral genes that express viral proteins; thus, any vector-
related host responses can be directed only to the viral capsid.
Anti-vector neutralizing antibodies have been shown to be
evoked in response to intravenous and intramuscular adminis-
tration of AAV2 vectors (Chirmule et al., 2000; Xiao et al.,
2000). When the vectors are administered systemically, these
antibodies are sufficient to block or significantly reduce the
effect of readministration of another vector of the same serotype
(Moskalenko et al., 2000; Xiao et al., 2000; Gao et al., 2002).
Even though the brain is thought to be immunoprivileged, when
there are high systemic levels of anti-AAV2 immunity, this can
act as a barrier to effective gene transfer to the brain by AAV2
vectors. For example, injection of wild-type AAV2 into rats
was sufficient to evoke neutralizing titers of >51,200 and this
was effective in blocking AAV2-mediated gene transfer of the
glial-derived neurotrophic factor (GDNF) gene (Penden et al.,
2004). But at lower anti-AAV?2 neutralizing titers, there was
only a weak negative correlation of the efficacy of gene trans-
fer with neutralizing titer (Sanftner et al., 2004). In the present
study, there were no increases in anti-AAV?2 neutralizing titer
after direct CNS gene transfer to rats or nonhuman primates.
These data are consistent with a previous study using CNS ad-
ministration of AAV2-based vectors in nonhuman primates,
which resulted in no change in anti-AAV neutralizing titers
(Janson et al., 2002). In rats, CNS administration may induce
limited antivector immunity that results in a partial barrier
against reuse of the same serotype, especially a short time after
the first administration (Mastakov ez al., 2002b), and may limit
the domain over which transgene expression is observed (Sanft-
ner et al., 2004). This response to AAV vectors is mild com-
pared with the strong inflammatory response after CNS admin-
istration of adenoviral gene transfer vectors (Smith ez al., 1997).

Transgene-related host response

Systemic administration of AAV vectors may evoke an anti-
transgene immune response and there are attempts to harness
this response by using AAV as a vaccine carrier (Manning et
al., 1997; Xin et al., 2002). But the major determinant of the
antitransgene immune response is whether the expressed trans-
gene protein is recognized as foreign by the host. In animal
studies of factor IX gene transfer, using AAV2-based vectors
delivered by the intramuscular and intravenous route, anti-fac-
tor IX antibodies are observed (Herzog et al., 2002; Arruda et
al., 2004; Couto, 2004). Baboons administered an AAV?2 vec-
tor expressing the human o -antitrypsin gene by the intramus-
cular route developed antibodies against human «;-antitrypsin
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(Song et al., 2002). Macaques administered various serotypes
of AAV vectors expressing erythropoietin (EPO) via the intra-
muscular route developed autoimmune anemia due to a strong
humoral response to monkey EPO (Chenuaud et al., 2004;
Flotte, 2004; Gao et al., 2004).

In contrast to these reports, there are several studies that de-
scribe long-term transgene expression mediated by AAV2, al-
though immunological responses to the transgene product were
not studied (Xiao er al., 1996; Herzog et al., 1997; Hernandez
et al., 1999; Monahan et al., 2002). In the present study, the
human cDNA for CLN2 was administered to animals that were
wild type for the endogenous CLN2 genes that encode proteins
87% (rat; GenBank AH81775) and 97% (African green mon-
key; our unpublished data) identical to the human protein.
Transgene expression was not explicitly assessed in this toxi-
cology study, but it is expected on the basis of the proven po-
tency of the vector in vitro and the results of our previous
efficacy study (Sondhi er al., 2005). In addition, although an-
titransgene immunity was not examined, whatever antitrans-
gene response may have occurred after CNS administration of
AAV2cyhCLN?2 is not sufficient to block long-term transgene
expression in the CNS (Sondhi e al., 2005).

Tumorigenesis

There has been some concern that AAV may cause cancer
by insertional mutagenesis, following the observation that 10%
of newborn mucopolysaccharide type VII knockout mice whose
life had been prolonged by AAV2 gene transfer developed he-
patocellular carcinoma or angiosarcoma over an 18-month time
period (Donsante et al., 2001; Monahan et al., 2002). In the
present study in rats, two mortalities were observed in the
AAV2cyhCLN2 group 152 and 329 days after vector injection.
The cause of death of one was granular cell leukemia, whereas
the other was due to a common disease in this strain of rats,
chronic progressive nephropathy, unrelated to cancer. Granular
cell leukemia is a common neoplasia in Fischer 344 rats (Boor-
man et al., 1990), and therefore unlikely to be associated with
the AAV vector. No tumors were observed in the nonhuman
primates over a 1-year period after administration of the vec-
tor. In conjunction with other long-term toxicology studies, the
absence of vector-related tumors in both rats and nonhuman pri-
mates in this study helps mitigate the concern about tumorige-
nesis related to AAV serotype 2 vectors.

Germ line transmission

A theoretical concern for AAV gene transfer is heritable ge-
netic change due to insertion of AAV-derived DNA into the
germ line. There are multiple studies on biodistribution and
germ line transmission of the genome of AAV2 vectors that
demonstrate that, although vector is disseminated from the ad-
ministration site to many organs, including testes, there is no
heritable insertion of AAV-derived DNA into the sperm ge-
nome (Kho et al., 2000; Arruda et al., 2001; Monahan et al.,
2002; Pachori et al., 2004). Direct exposure of mouse sperm to
AAV?2 vectors failed to yield germ line transmission (Couto et
al., 2004). On the basis of those prior studies, in consultation
with the U.S. Food and Drug Administration, biodistribution
studies were not explicitly assessed in this study. Direct CNS
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administration is unlikely to provide large amounts of vector
systemically. For example, direct intracochlear administration
of an AAV vector resulted in no detectable vector in liver, lung,
heart, spleen, or kidney (Kho et al., 2000). Because LINCL is
a fatal childhood disease, germ line transmission is extremely
unlikely to be an issue in human recipients of the AAV2¢y.
hCLN2 vector.
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Intracranial Delivery of CLN2 Reduces Brain Pathology
in a Mouse Model of Classical Late Infantile Neuronal
Ceroid Lipofuscinosis
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Classical late infantile neuronal ceroid lipofuscinosis (cLINCL) is a lysosomal storage disorder caused by mutations in CLN2, which
encodes lysosomal tripeptidyl peptidase I (TPP1). Lack of TPP1 results in accumulation of autofluorescent storage material and curvi-
linear bodies in cells throughout the CNS, leading to progressive neurodegeneration and death typically in childhood. In this study, we
injected adeno-associated virus (AAV) vectors containing the human CLN2 cDNA into the brains of CLN2~"" mice to determine thera-
peutic efficacy. AAV2;hCLN2 or AAV5.;hCLN2 were stereotaxically injected into the motor cortex, thalamus, and cerebellum of both
hemispheres at 6 weeks of age, and mice were then killed at 13 weeks after injection. Mice treated with AAV2.;hCLN2 and AAV5.;hCLN2
contained TPP1 activity at each injection tract that was equivalent to 0.5- and 2-fold that of CLN2*"" control mice, respectively.
Lysosome-associated membrane protein 1 immunostaining and confocal microscopy showed intracellular targeting of TPP1 to the
lysosomal compartment. Compared with control animals, there was a marked reduction of autofluorescent storage in the AAV2,;hCLN2
and AAV5.;hCLN2 injected brain regions, as well as adjacent regions, including the striatum and hippocampus. Analysis by electron
microscopy confirmed a significant decrease in pathological curvilinear bodies in cells. This study demonstrates that AAV-mediated
TPP1 enzyme replacement corrects the hallmark cellular pathologies of cLINCL in the mouse model and raises the possibility of using

AAV gene therapy to treat cLINCL patients.

Key words: AAV; LINCL; neurodegeneration; TPP1; Batten; lysosomal storage disease

Introduction

The neuronal ceroid lipofuscinoses (NCLs) are a group of at least
seven inherited lysosomal storage disorders (LSDs) characterized
by the intracellular accumulation of autofluorescent storage ma-
terial, which is the hallmark cellular phenotype for this disease
family (Hofmann and Peltonen, 2001). In addition, many of the
NCLs contain ultrastructural pathology that can be visualized by
electron microscopy. These include granular osmiophilic depos-
its, curvilinear bodies, and fingerprint profiles for infantile NCL
(INCL), classical late infantile NCL (cLINCL), and juvenile NCL,
respectively (Elleder et al., 1999; Haltia, 2003; Beaudoin et al.,
2004). Lysosomal pathology predominately occurs in the CNS,
but some storage defect can also be found in visceral tissue (Car-
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penter et al., 1972; Hofmann and Peltonen, 2001). cLINCL, also
known as Jansky-Bielschowsky disease, is caused by mutations in
CLN2 (Sleat et al., 1997) that encodes the lysosomal enzyme trip-
eptidyl peptidase I (TPP1) (Rawlings and Barrett, 1999; Vines
and Warburton, 1999). cLINCL patients typically exhibit neuro-
logical impairment beginning at 2—4 years of age that can be
verified by electroencephalography and magnetic resonance im-
aging (Autti et al., 1997; Williams et al., 1999). Disease progres-
sion is unyielding and leads to ataxia, mental retardation, blind-
ness, dementia, seizures, and death between the ages of 7 and 15
years (Hofmann and Peltonen, 2001). There is currently no ef-
fective treatment for cLINCL.

Patients with cLINCL may benefit from gene therapy because
it is a monogenic disease. Introducing a functional version of
CLN2 to the brain by intracranial injection of a viral vector may
remove storage material and rescue cells from dysfunction. This
strategy was shown to be effective in other mouse and cat models
of LSDs treated with adeno-associated virus (AAV) vectors
(Skorupa et al., 1999; Bosch et al., 2000; Sferra et al., 2000; Frisella
et al., 2001; Matalon et al., 2003; Passini et al., 2003, 2005; Cres-
sant et al., 2004; Desmaris et al., 2004; Griffey et al., 2004; Klug-
mann et al., 2005; Rafi et al., 2005; Vite et al., 2005). However,
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until only recently, an appropriate mouse model was not avail-
able to test this therapeutic approach for cLINCL. Previous stud-
ies in normal rodents and nonhuman primates showed that hu-
man TPP1 protein could be expressed in the brain after
intracranial injection of recombinant AAV vectors that con-
tained the human CLN2 cDNA (Haskell et al., 2003; Sondhi et al.,
2005). Those studies also demonstrate that human TPP1 protein
is secreted by transduced cells and taken up by neighboring cells
via receptor-mediated endocytosis, similar to that observed for
other lysosomal enzymes (Neufeld, 1991).

A CLN2 knock-out mouse model of cLINCL was recently
generated and characterized (Sleat et al., 2004). CLN2™/~ mice
contain undetectable levels of TPP1 activity, which results in ly-
sosomal pathology and progressive neurodegeneration that reca-
pitulate the human disease (Sleat et al., 2004). In this study, we
investigated the ability of AAV gene therapy to correct lysosomal
storage pathology in CLN2™/~ mice. Our results demonstrate
that the mutant brain responds to AAV-mediated TPP1 enzyme
replacement by showing a substantial reduction in brain pathol-
ogy. The information in this study provides proof-of-principle
that delivery of human CLN2 ¢DNA to the diseased brain is a
promising strategy for treating cLINCL.

Materials and Methods

AAV vector production. The genomic structures of AAV2.;hCLN2 and
AAV5.,;hCLN2 were identical to each other and contained serotype-2
inverted terminal repeats and the human CLN2 cDNA under the control
of the cytomegalovirus enhancer chicken B-actin promoter. The
AAV2-,NULL control vector was also similar except that the human
CLN2 cDNA was substituted with a noncoding DNA sequence of equal
size. The detailed description of the recombinant genomes used in this
study and the production and characterization of AAV2,;hCLN2 and
AAV2-,NULL were reported previously by Sondhi et al. (2005).
AAV5.;hCLN2 was produced by cotransfection of helper plasmid
pPAK-MAS5 and CLN2 plasmid pAAV2-CAG-hCLN2 in a 10-Stack Cell-
Factory (VWR Scientific, West Chester, PA) containing human 293 cells.
Seventy-two hours after transfection, cells were harvested, and viral ly-
sate was collected, treated with benzonase, clarified by centrifugation,
and purified by discontinuous iodixanol gradients. Pooled fractions con-
taining AAV5 were treated with 0.5% octyl glucopyranoside, loaded onto
a Q-HP anion exchange column, eluted using a linear 0—1 M NaCl gra-
dient, and concentrated by dialysis against 120 g/L dextran-40. In vitro
enzyme assays verified that AAV2, ;hCLN2 and AAV5, ;hCLN2 ex-
pressed TPP1. Viral vectors were made under good manufacturing prac-
tice, and the titers of AAV2.;hCLN2, AAV2. NULL, and
AAV5.;hCLN2 were 2.0 X 10'! genome copies (gc)/ml.

Injection of AAV vectors into the CLN2 '~ brain. All procedures were
performed under a protocol approved by the Institutional Animal Care
and Use Committee. Mice were housed under 12 h light/dark cycle and
were provided with food and water ad libitum. The genotypes of
CLN2~/~, CLN2"/~, and CLN2*/" littermates were confirmed by PCR
as described previously (Sleat et al., 2004). In the pilot study, 25 CLN2 ™/~
mice at 6 or 10 weeks of age underwent stereotaxic brain surgery and were
injected into two sites along a single needle tract with AAV2,;hCLN2
(n = 14), AAV2-,NULL (n = 7), or saline (n = 4). Injections were
performed in the thalamus (2.00 mm caudal to bregma, 1.75 mm right of
midline, 3.50 mm ventral to pial surface) and hippocampus (2.00 mm
caudal to bregma, 1.75 mm right of midline, 1.75 mm ventral to pial
surface) of the right hemisphere. Three microliters (6.0 X 10® gc) of
either vector were dispensed with a Hamilton syringe (Hamilton, Reno,
NV) into each structure for a total of 6 ul (1.2 X 10° gc) per brain. In the
serotype comparison study, 17 CLN2~/~ mice at 6 weeks of age under-
went stereotaxic brain surgery and received six injections (three per
hemisphere) in six different needle tracts with AAV2 - ;hCLN2 (n = 8) or
AAV5.;hCLN2 (n = 9). Injections were done bilaterally in the motor
cortex (1.00 mm rostral to bregma, 1.25 mm from midline, 1.25 mm
ventral to pial surface), thalamus (2.00 mm caudal to bregma, 1.75 mm

J. Neurosci., February 1,2006 - 26(5):1334-1342 « 1335

from midline, 3.50 mm ventral to pial surface), and cerebellum (6.00 mm
caudal to bregma, 1.50 mm from midline, 1.50 mm ventral to pial sur-
face). Three microliters (6.0 X 108 gc) of either vector were injected with
a Hamilton syringe for a total of 9 ul (1.8 X 10° gc) per hemisphere and
18 ul (3.6 X 107 gc) per brain. The injections in both the pilot and
serotype comparison studies were performed at a rate of 0.5 wl/min,
and the needle was left in place for 2 min after each injection to minimize
upward flow of viral solution after raising the needle.

Evaluation of TPP1 enzyme activity in vivo. For measurement of TPP1
activity, mice were perfused with PBS, and brains were removed and cut
into 2 mm coronal slabs using a brain matrix (Harvard Apparatus, Hol-
liston, MA). Tissue extracts were prepared by homogenization in 150 mm
NaCl and 1 g/L Triton X-100 using a disposable pellet pestle and 1.5 ml
matching tube (Kimble-Kontes, Vineland, NJ) and clarified by centrifu-
gation. Supernatants were analyzed for TPP1 activity as described previ-
ously (Sohar et al., 2000) after incubation at pH 3.5 to activate TPP1
precursor (Lin et al., 2001). The final activity of TPP1 was calculated
by measuring the change in fluorescence units (FU) per minute per
milligram of protein (standardized by BCA protein assay; Pierce,
Rockford, IL).

Immunohistochemistry. Brains designated for histological analysis
were drop fixed in 4% paraformaldehyde, pH 7.4, for 48 h, cut with a
vibratome into 50 wm sections, and stored free floating in KPB (0.1 M
potassium phosphate, pH 7.4) at 4°C. Brain sections were blocked in 5%
normal donkey serum, 0.2% Triton X-100, and 0.1 M potassium phos-
phate saline, pH 7.2, for 1 h at room temperature (RT). A human-specific
CLN2 polyclonal antibody (Haskell et al., 2003) was diluted 1:1000 in
blocking solution and added to brain sections for 1 h at RT, followed by
overnight incubation at 4°C. An anti-rabbit biotinylated secondary anti-
body (Jackson ImmunoResearch, West Grove, PA) was diluted 1:250 in
PBS and incubated on brain sections for 1 h at RT. TPP1 immunopositive
cells were visualized with a streptavidin—fluorescein conjugate (Jackson
ImmunoResearch). Purkinje cells were labeled with calbindin D mono-
clonal antibody (Sigma, St. Louis, MO) at 1:2500 dilution, neurons were
labeled with neuron-specific nuclear protein (NeuN) monoclonal anti-
body (Chemicon, Temecula, CA) at 1:100 dilution, astrocytes were la-
beled with glial fibrillary acidic protein (GFAP) monoclonal antibody
(Sigma) at 1:1000 dilution, and lysosomes were labeled with lysosome-
associated membrane protein (LAMP1) monoclonal antibody (BD Bio-
sciences, San Jose, CA) at 1:1000 dilution. Calbindin D- and GFAP-
positive cells were detected with donkey anti-mouse secondary antibody
conjugated to cyanine 3 (Jackson ImmunoResearch). NeuN- and
LAMP1-positive cells were detected with biotinylated anti-mouse or
anti-rat secondary antibody, respectively, and visualized with strepta-
vidin—Alexa Fluor 546 conjugate (Invitrogen, Carlsbad, CA). All sections
were mounted on glass slides, coverslipped with Vectashield (Vector
Laboratories, Burlingame, CA), and viewed under epifluorescence and
confocal microscopy.

Brain autofluorescence. Autofluorescent storage material was assessed
by mounting 50 um free-floating vibratome sections from KPB storage
onto glass slides, coverslipping with Vectashield, and viewing under
4',6'-diamidino-2-phenylindole epifluorescence (Sleat et al., 2004).
Exposure-matched digital images were taken from comparable regions
of treated and untreated brains, and the amount of autofluorescent stor-
age was quantified using the MetaMorph Image Analysis System (Uni-
versal Imaging Corporation, Downingtown, PA). The percentage of
autofluorescence in AAV-treated CLN2~/~ brains relative to untreated
CLN2~’" brains was calculated as follows: (1) storage of a given brain
structure was determined in untreated CLN2™/~ mice, and an overall
average (mean) for each structure was calculated; (2) storage of the cor-
responding brain structures for each AAV-treated animal was deter-
mined and compared with the average autofluorescence in untreated
CLN2~’~ mice to generate a relative percentage; and (3) the relative
percentages of all mice for each structure were tabulated to give an overall
mean and SE.

Electron microscopy. Fifty micrometer sagittal brain sections from
AAV-treated and untreated groups were dehydrated and infiltrated in
100% Spurr’s resin for 24 h, embedded between two plastic sheets, and
baked at 60°C for 16 h. The thalamus was dissected from the embedded
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sample, and ultrathin 50 nm sections were cut with a diamond knife,
placed on grids, and then stained with uranyl acetate and lead citrate.
Stained sections were examined with a Hitachi (Tokyo, Japan) H700
transmission electron microscope, and photos of cells with similar cross-
sectional area were taken. The size of inclusions was determined using the
Bioquant Software (Bioquant Image Analysis Corporation, Nashville,
TN), and the total combined area of the inclusions in each cell were
grouped as small (1 wm? or less), medium (2—8 um?), and large (9 um 2
or greater). Three brains were processed from each group, and 40 ran-
dom cells were examined in each brain for a total of 120 cells per group.
The number of cells containing inclusions of different sizes were counted
and compiled for statistical analysis.

Statistics. The amount of autofluorescent storage material and the
number of curvilinear bodies in cells were analyzed with one-way
ANOVA and Dunnett’s post hoc test using GraphPad Prism version 4.0
(GraphPad Software, San Diego, CA). All values with p < 0.05 were
considered significant.

Results

Human TPP1 expression and reduction of storage pathology
Storage pathology in CLN2~/~ mice is present by 5 weeks of age,
and the progressive nature of the disease results in ataxia, sei-
zures, and a median lifespan of 19-20 weeks (Sleat et al., 2004).
An initial pilot study was conducted to determine whether
AAV2.hCLN2 could transduce the CLN2 ™/~ brain and reduce
autofluorescent storage. CLN2~/~ mice were either 10 weeks (co-
hort 1) or 6 weeks (cohort 2) of age at time of surgery. A total of
1.2 X 10° gc of AAV2,;hCLN2 or AAV2-;NULL were injected
along a single needle tract into the thalamus and hippocampus of
the right hemisphere. Mice from cohort 1 were killed at 6 weeks
after injection and processed for TPP1 activity and expression.
Mice from cohort 2 were killed at 13 weeks after injection and
analyzed for TPP1 expression and reduction of autofluorescent
storage material.

For biochemical analysis at 6 weeks after injection, brains
treated with AAV2-;hCLN2 (n = 6), AAV2-y,NULL (n = 3), or
saline (n = 2) were separated into two hemispheres. Each hemi-
sphere was further dissected into 2 mm coronal slabs, homoge-
nized, and analyzed for TPP1 activity (Fig. 1). The background
TPP1 activity as defined by multiple assays of untreated CLN2 "~
mouse brain homogenate was 150 * 120 FU+min~'-mg ™'
protein, in contrast to the average activity of 32,800 = 6800
FU - min~" - mg ™" in wild-type mouse brain. The region corre-
sponding to the injection tract (slab 3) in AAV2 - ;hCLN2-treated
brains exhibited enzyme activity that approached CLN2""" con-
trols, and the two adjacent regions (slabs 2 and 4) had TPP1
activity less than that found in CLN2*/~ control mice. In con-
trast, the rostralmost and caudalmost regions of the ipsilateral
hemisphere (slabs 1 and 5) and the entire contralateral hemi-
sphere had negligible TPP1 activity, comparable with
AAV2. NULL- and saline-injected CLN2~/~ mice.

For histological analysis at 6 weeks after injection, brains
treated with AAV2-;hCLN2 (n = 4), AAV2,NULL (n = 2),
and saline (n = 1) were cut into 50 wm vibratome sections and
analyzed by immunohistochemistry to determine the TPP1 ex-
pression pattern in situ. AAV2;hCLN2-treated brains had many
TPP1 immunopositive cells concentrated around the injection
sites in the ipsilateral hippocampus and thalamus (Fig. 2). Con-
focal microscopy showed TPP1 in a punctate cytoplasmic stain-
ing pattern that colocalized with LAMP1, indicating that TPP1
was targeted to the lysosomes (Fig. 2 D—F). Although the majority
of expression was localized to the cytoplasm, a portion of TPP1
was also observed in dendrites (Fig. 2G). Ecoptic distribution of
TPP1 to dendritic structures may be attributable to over-
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Figure1.  TPP1activityinthe CLN2 /" brain at 6 weeks after injection. Brains were cutinto
2 mm coronal slabs as shown at the bottom, with corresponding amount of enzyme activity
plotted above for the following samples: AAV2;hCLN2 ipsilateral hemisphere (black circles),
AAV2;hCLN2 contralateral hemisphere (gray circles), and control AAV2¢,NULL or saline ipsi-
lateral hemisphere (white circles). TPP1 activity approached wild-type levels in the brain slab
(3) that contained the hippocampus and thalamus injection sites. The two adjacent slabs (2 and
4) contained some elevated levels of TPP1 activity. The rostral brain (slab 1), cerebellum (slab 5),
and the entire contralateral (uninjected) hemisphere of AAV2,hCLN2-treated brains had levels
of enzyme activity indistinguishable from AAV2 NULL-treated and saline brains. The dashed
lines correspond to the relative levels of TPP1 activity in untreated CLN2™/~ and CLN2 ™+
control brains. The total number of animals was n = 6 for AAV2,h(LN2 injected and n = 5 for
control injected (AAV2y,NULL and saline). Asterisks in the brain image show location of the
injection sites. Data are means = SEM.

abundance of expressed protein in transduced cells. Similarly,
viral vector-mediated expression of other lysosomal enzymes re-
sulted in labeling of dendrites and, in some cases, labeling of
axonal tracts (Passini et al., 2002; Haskell et al., 2003; Hennig et
al., 2003; Griffey et al., 2005; Luca et al., 2005). Consistent with
the enzyme activity data (Fig. 1), there was negligible TPP1 ex-
pression in regions distal to the injection site, including the mo-
tor cortex, cerebellum, the contralateral hemisphere, and in
brains injected with AAV2-,NULL or saline (data not shown).
The efficacy of AAV2 gene therapy for treating autofluores-
cent storage was determined. Mice from cohort 2 were allowed to
survive to 19 weeks (13 weeks after injection) so that a direct
comparison could be made with end-stage CLN2~/~ control
mice that normally accumulate a substantial (maximum)
amount of storage at this age and die (Sleat et al., 2004). Immu-
nohistochemistry verified the presence of TPP1 in the brain (Fig.
3 A, B), with an expression pattern similar to mice at 6 weeks after
injection. There was a substantial decrease in autofluorescent
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Figure 2. TPP1 expression in the CLN2™/~ brain at 6 weeks after injection with
AAV2;hCLN2. TPP1 immunopositive cells were detected in the hippocampus and thalamus of
the ipsilateral hemisphere but not in the contralateral hemisphere (A). Close-up of the ipsilat-
eral hippocampus showed that there was no detectable TPP1 immunostaining in untreated
brains (B) compared with robust TPP1 immunostaining in AAV2.,hCLN2-treated brains (C).
High-magnification confocal images of cell bodies in the hippocampus demonstrated that TPP1
(D) and LAMP1 (E) were present in an overlapping punctate pattern (F, yellow signal). High-
magpnification confocal images of CA3 pyramidal dendrites showed positive immunostaining
for TPP1 (G). Scale bars: A, 1 mm; B, €, 100 wm; D-G, 20 m.

storage material in the ipsilateral hippocampus and thalamus
with AAV2.;hCLN2 (Fig. 3C,D) but not with AAV2.,NULL
(Fig. 3E,F). The amount of storage reduction was quantified
using the MetaMorph System Analysis software (see Materials
and Methods). The hippocampus and thalamus of
AAV2.;hCLN2-treated CLN2~/~ brains (n = 4) contained an
average of 39.3 = 11.8 and 30.8 = 7.1% autofluorescence storage
material relative to AAV2,NULL- and saline-injected CLN2~/~
mice (n = 3), respectively ( p < 0.05). However, distal structures
in the ipsilateral hemisphere and the entire contralateral hemi-
sphere of AAV2, hCLN2-treated mice contained autofluores-
cent storage that was equivalent to that found in age-matched
AAV2. NULL and saline CLN2~/~ control mice (data not
shown). Untreated CLN2"/" mice had virtually no detectable
autofluorescence in the brain (Fig. 3G,H).

Comparison of AAV2 and AAV5 vectors in CLN2 ™/~ mice

The pilot study showed that AAV2 gene therapy could reduce
autofluorescent storage in the CLN2~/~ mouse brain. However,
other AAV serotype vectors may provide more effective therapy.
AAVS is a good candidate to deliver the human CLN2 cDNA
because this serotype showed improved transduction of mam-
malian brain compared with AAV2 (Davidson et al., 2000; Burger
etal., 2004; Cressant et al., 2004; Desmaris et al., 2004; Paterna et
al., 2004). We thus compared the overall efficacy of titer-matched
AAV2-,;hCLN2 (n = 8) and AAV5.;hCLN2 (n = 9) after bilat-
eral injection into the motor cortex, thalamus, and cerebellum of
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6-week-old CLN2™/~ mice. These structures contain high levels
of cellular pathology and represent challenging regions to deter-
mine the efficacy of gene therapy vectors. A total of 6.0 X 10® gc
of either serotype was injected into each structure.

At 13 weeks after injection, mice were killed and brain hemi-
spheres were separated from each other. The left hemisphere was
analyzed for TPP1 activity, and the right hemisphere was ana-
lyzed for TPP1 expression and for the reduction of autofluores-
cent storage material and curvilinear bodies. AAV2,;hCLN2-
treated mice produced TPP1 activity similar to CLN2"/~ controls
in corresponding tissue slabs containing the motor cortex (slab
2), thalamus (slab 3), and cerebellum (slab 5) (Fig. 4). In contrast,
AAV5.,CLN2-treated mice produced TPP1 activity approxi-
mately twofold higher than CLN2"/" control mice in these same
three regions (Fig. 4). There were essentially null levels of TPP1
activity in slab 4 of AAV2 - hCLN2- and AAV5.;hCLN2-treated
brains, indicating that there was no significant diffusion of virus
or TPP1 protein.

Immunohistochemical analysis of the right hemisphere con-
firmed the presence of TPP1 in brain. A sagittal view at the level of
the thalamic injection site showed many TPP1 immunopositive
cells with AAV2, hCLN2 and AAV5.,hCLN2 (Fig. 5A,B).
TPP1 cells were also detected in the injected motor cortex and
cerebellum (Fig. 5C-E). TPP1 was targeted to the lysosomes as
verified by LAMP1 immunostaining (data not shown). Colocal-
ization of TPP1 with NeuN showed that the majority of trans-
duced cells were neurons (Fig. 5F,G). Neither serotype vector
transduced astrocytes, as demonstrated by the lack of colocaliza-
tion with GFAP (Fig. 5 H,I). Double immunostaining with calbi-
ndin (red) and TPP1 (green) showed colocalization of signal (yel-
low) in Purkinje cells of the cerebellum (Fig. 5/-M). Although
not all Purkinje cells contained exogenous protein, there were
substantially more Purkinje cells positive for TPP1 with
AAV5,;hCLN2 compared with AAV2- hCLN2. This observa-
tion is consistent with the natural tropism of AAV5 for this cell
layer after cerebellar injection (Alisky et al., 2000). However,
there were regions in both the AAV5- and AAV2-treated cerebel-
lum that were negative for calbindin, indicating that there was
some Purkinje cell loss (Fig. 5I). Outside the injection sites, scat-
tered TPP1 immunopositive cells were detected in nearby stria-
tum and hippocampus with both vectors. TPP1 was also rou-
tinely detected in the ependyma with AAV5.;hCLN2 but not
with AAV2-,hCLN2, which is consistent with the strong infec-
tivity of AAVS5 for the ventricular lining (Davidson et al., 2000;
Watson et al., 2005).

Similar to our pilot study, untreated CLN2 ™/~ mice contained
abundant levels of autofluorescence at 19 weeks of age (Fig. 6 A—
C). The robust TPP1 immunostaining observed in the brain (Fig.
5) resulted in a substantial decrease of autofluorescent storage in
the corresponding brain structures (Fig. 6 D-I). As determined
using the MetaMorph Image Analysis System, AAV-treated mice
contained ~30-70% ( p < 0.05) autofluorescent storage in the
motor cortex, thalamus, cerebellum, striatum, and hippocampus
compared with untreated CLN2 /" mice (Fig. 6]). There was no
significant difference between the two vectors in the amount of
autofluorescence that was cleared. However, regions distal to
the injection tracts, such as the caudal neocortex and brain-
stem, had little-to-no reduction of autofluorescent storage,
consistent with the negligible levels of TPP1 activity in these
regions (slab 4) (Fig. 4).

The ultrastructural hallmark phenotype in cLINCL patients is
curvilinear bodies. A random sampling of 120 cells along the
anteroposterior and mediolateral axes of the thalamus (40 cells
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per brain, three brains per group) by elec-
tron microscopy showed that this patho-
logical marker was found in many cells of
CLN2™’~ mice (Fig. 7A) but never in
CLN2""" mice (Fig. 7B). CLN2"/~ mice
treated with AAV2. hCLN2 (Fig. 7C) or
AAV5.;hCLN2 (Fig. 7D) had signifi-
cantly ( p <0.01) less number of cells pos-
itive for curvilinear bodies in the thalamus
compared with untreated CLN2~/~ mice
(Fig. 7E). Furthermore, the curvilinear
bodies in cells that did contain them were
smaller in size than those found in un-
treated CLN2™/~ mice (Fig. 7E). For ex-
ample, only 0.8 and 2.5% of cells in
AAV2.,hCLN2- and AAV5.;hCLN2-
treated brains contained inclusions 9 um?
or greater, respectively (p < 0.01). This
was in contrast to untreated CLN2™/~
mice in which 26% of cells contained cur-
vilinear bodies of this size.

Figure 3.
tion. AAV2,hCLN2 (A-D) or AAV2,NULL (E, F) was injected into the hippocampus (A, C, E) and thalamus (B, D, F). TPP1 was
present in the injected structures (A, B). This resulted in a substantial reduction of autofluorescent storage material in both
structures (C, D). In contrast, injection of AAV2 NULL did not reduce autofluorescent storage in the hippocampus or thalamus (E,
F). Untreated CLN2 " control mice contained undetectable levels of autofluorescence in the hippocampus (6) and thalamus
(H). Scale bar, 250 wm.

Discussion

Collectively, the NCL (“Batten”) family are the most prevalent
neurological genetic disorders affecting children (Hofmann and
Peltonen, 2001). cLINCL is a type of NCL that is caused by mu-
tations in the CLN2 locus on chromosome 11 (Sleat et al., 1997).
A mouse model was recently generated by targeted disruption of
the CLN2 gene (Sleat et al., 2004). CLN2~/~ mice contain many
of the neurological deficits found in cLINCL patients, such as
ataxia, loss of motor function, brain atrophy, axonal degenera-
tion, and the intracellular accumulation of autofluorescent stor-
age and curvilinear bodies throughout the brain (Sleat et al.,
2004). Storage pathology in CLN2~/~ mice is present by 5 weeks
of age, the earliest time examined (Sleat et al., 2004). The progres-
sive nature of the disease and the global neuropathology in
CLN2~/~ mice result in a median lifespan of 19-20 weeks.

The present study shows that CLN2~/~ mouse brains injected
with AAV2,;hCLN2 or AAV5, hCLN2 contain substantially
less autofluorescent storage and curvilinear bodies than un-
treated mutants. Colocalization with LAMP1 and subsequent de-
crease in cellular pathology indicates that human TPP1 was tar-
geted to lysosomes. The amount of lysosomal pathology reduced
in treated animals were comparable between the two serotype
vectors despite the higher levels of TPP1 activity resulting from
AAV5.;hCLN2. This suggests that enzyme activity above a cer-
tain threshold amount may not provide additional therapeutic
relief. Typically, restoration of activity to 10—15% of normal lev-
els is sufficient to correct storage pathology in the majority of
LSDs, and this is often accepted as a target for gene therapy
(Neufeld, 1991; Kaye and Sena-Esteves, 2002).

AAV-mediated enzyme replacement therapy is effective in
preventing new storage from accumulating and/or degrading ex-
isting storage. Brains treated with AAV2.;hCLN2 or
AAV5.;hCLN2 had an average of 30—70% autofluorescent stor-
age in structures targeted by the viral vectors compared with
untreated CLN2~'~ mice. There were a few AAV-treated animals
that contained ~10% autofluorescent storage in the injected
structures, which is an almost complete reduction of pathology.
Electron microscope analysis also shows that only 16-26% of
cells in AAV-treated brains had discernable curvilinear bodies
compared with 59% in untreated CLN2™/~ mice. Furthermore,
the cells in AAV-treated brains that did contain these ultrastruc-
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Overlapping regions of TPP1 expression and reduction of autofluorescent storage material at 13 weeks after injec-

tural inclusions were smaller and rarely approached the 9 um?
size that was frequently observed in untreated CLN2™/~ mice.
These data are encouraging because lysosomal storage in cLINCL
patients and in CLN2~/~ mice form highly insoluble aggregates
that could be refractory to therapy (Hofmann and Peltonen,
2001). AAV gene therapy is thus an effective strategy to treat LSDs
that contain aberrant storage material.

TPP1 was restricted to the injected sites and nearby structures,
indicating that there was little viral and/or protein spread, which
explains the lack of global correction in the brain. Although
transduced cells that overexpress and secrete TPP1 can supply
nontransduced cells with enzyme by mannose-6-phosphate
receptor-mediated endocytosis (Lin and Lobel, 2001), this pro-
cess likely occurred in the vicinity of the injection sites. A more
widespread TPP1 distribution may be achieved with longer treat-
ment or by administering AAV vector preparations (preps) with
higher titers. An extended postinjection time point could provide
transduced cells the time needed to “ramp-up” enzyme produc-
tion, which was shown to be the case for AAV2-;hCLN2 in the
normal rodent brain (Sondhi et al., 2005). Time points that ex-
ceeded 8 months resulted in higher enzyme activity and detection
of TPP1 in areas of the brain with synaptic connections to the
injection site (Sondhi et al., 2005). Similarly, widespread distri-
bution of palmitoyl protein thioesterase (PPT) in a mouse model
of INCL occurred at 7 months after injection (Griffey et al.,
2005). These data suggest that distribution of TPP1 (and other
NCL enzymes) may be achieved at longer time points but cannot
be measured directly in the CLN2™/~ mouse model because of
the shorter lifespan. Alternatively, injecting high-titer AAV preps
may convert transduced cells into highly efficient enzyme facto-
ries for TPP1 secretion and transport in a shorter period of time.
Injections into the normal rat striatum using an AAV5-hCLN2
vector that was half-log higher in titer than the one used in the
current study resulted in widespread enzyme activity and evi-
dence of cross-correction by 10 weeks after injection (Haskell et
al., 2003). This was also shown for another lysosomal enzyme, in
which axonal transport of B-glucuronidase was detected as early
as 5— 8 weeks after injection with high titer AAV in a mouse model
of Mucopolysaccharidosis VII disease (Sly syndrome) (Passini et
al., 2002; Hennig et al., 2003).
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Figure4.  Comparison of TPP1 activity in AAV2.,hCLN2- or AAV5,hCLN2-treated brains at
13 weeks after injection. AAV2-injected brains (black circles) contained heterozygote levels of
TPP1 activity in brain slabs containing the injection sites (slabs 2, 3, 5). Despite matching titers,
AAV5-injected brains (white circles) had substantially higher levels of TPP1 activity in the same
corresponding brain slabs. Disparate enzyme activity was also detected in the frontal brain (slab
1) with the two serotype vectors. AAV-treated brains had essentially null levels of TPP1 activity
in slab 4. The dashed lines correspond to the relative levels of TPP1 activity in untreated
CLN2*~ and CLN2™ brains. Asterisks in the brain image show location of the injection sites.
Data are means = SEM.

The reasons underlying the inefficient spread of AAV are not
clear. One possibility may also be attributable to the low titers of
AAV used in this study because the primary attachment receptors
for AAV2 and AAVS5 are abundantly found in the brain (Bartlett
et al., 1998; Summerford and Samulski, 1998; Walters et al.,
2001). Low-titer AAV preps may become sequestered at the in-
jection site because there would presumably be enough cell-
surface receptors available to bind the majority of virions. In
contrast, high-titer AAV preps may saturate cell-surface recep-
tors at the injection site, thereby producing a gradient of virions
that extend the sphere of transduction to more distal locations.
High-titer AAV preps are also capable of undergoing retrograde
axonal transport to distal sites, establishing secondary areas of
protein production (Kaspar et al., 2002, 2003; Burger et al., 2004;
Passini et al., 2005). This is also supported by a dose-response
study that showed loss of axonal transport with decreasing titers
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Figure 5.  Comparison of TPP1 expression between AAV2;hCLN2 (A, C, F, H, L) and
AAV5¢,hCLN2 (B, D, E, G, I-K, M) at 13 weeks after injection. Robust TPP1 immunopositive
cells were detected in the thalamus with AAV2 (4) and AAV5 (B). Adjacent sagittal sections
contained many cells positive for TPP1 in the motor cortex (C, D). A 100X confocal image of a
Purkinje cell with TPP1 (green) in cytoplasmic vesicles consistent with endosomal-lysosomal
targeting (). Double immunohistochemistry showed that the TPP1 (green) surrounded NeuN-
positive nuclei (red), confirming that both serotype vectors were neurotrophic (F, G). In con-
trast, very few cells costained for TPP1 (green) and GFAP (red), demonstrating that astrocytes
were inefficiently transduced by AAV2 or AAV5 (H, I). Low (/) and high (K) magnification
confocal images of AAV5.,hCLN2-treated cerebellum showed that many Purkinje cells con-
tained TPP1. There were substantially less Purkinje cells positive for TPP1 in AAV2,hCLN2-
treated brains (L). Purkinje cell loss in the cerebellum of an AAV5-treated brain (M). Scale bars:
A,B,2mm; C,D, 50 wm; E, 5 um; F~I, 20 jam; J, 200 um; K=M, 40 .

of AAV vectors (Kaspar et al., 2003). Alternatively, widespread
AAV distribution may be achieved with pressure-mediated,
convection-enhanced delivery (Bankiewicz et al., 2000; Nguyen
et al., 2001). Coinjection of AAV with hyperosmotic agents or
molecules that bind to their receptors may also provide broader
distribution (Mastakov et al., 2001; Burger et al., 2005; Hadaczek
et al., 2004), although it is unclear whether toxicity associated
with coinjection strategies make it useful in the clinic.



1340 - J. Neurosci., February 1, 2006 - 26(5):1334 1342

Figure 6.
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Reduction of brain autofluorescence with AAV2.,hCLN2 or AAV5.,hCLN2 at 13 weeks after injection. Shown are the motor cortex (4, D, G), thalamus (B, E, H), and striatum (C, F, I).

Untreated CLN2 "~ mice have high levels of autofluorescent storage material at 19 weeks of age (A—C). Injection of AAV2,hCLN2 (D~F) or AAV5,hCLN2 (G-1) substantially reduced autofluo-
rescent storage. The intensity of autofluorescence was quantified from exposure-matched digital images, and the results were plotted as the percentage of autofluorescent storage to untreated

(N2~ control mice (J). The background level of autofluorescence in untreated CLN2 /4

mice was <<5%. A total of four animals were analyzed from each group. Black bars, AAV2,hCLN2-

treated CLN2~/~ mice; white bars, AAV5  hCLN2-treated CLN2 /" mice. Data are means = SEM. Scale bar: 250 um. MC, Motor cortex; ST, striatum; HC, hippocampus; TH, thalamus; (B,

cerebellum.

The issue of spread of expressed pro-
tein is critical in large brains and in hu-
mans. Exploiting brain circuits to distrib-
ute TPP1 by axonal transport would be
beneficial for widespread distribution of
enzyme in cLINCL patients. Several

mouse models of LSD show potential dis-
ruption of vesicular transport through ax-
ons (Walkley, 1998). However, despite
these disruptions, many lysosomal en-
zymes undergo axonal transport to distal
locations in disease brain, such as
B-glucuronidase (Passini et al., 2002; Hen-
nigetal., 2003), arylsulfatase A (Lucaetal.,
2005), and acid sphingomyelinase (Dodge
et al., 2005; Passini et al., 2005). PPT1 is
also widely distributed in the INCL mouse,
demonstrating that disease-compromised
neurons of the Batten brain support ax-
onal transport (Griffey et al., 2005). Al-
though these data provide optimism that
axonal transport may be a general prop-
erty of lysosomal enzymes in affected
brain, it still remains to be verified that
TPP1 can become distributed through ax-
ons of the cLINCL brain.

In summary, we show that AAV-mediated TPP1 enzyme re-
placement is effective in reducing the hallmark cellular patholo-
gies in a newly described CLN2 knock-out mouse model of
cLINCL. The progressive nature of the disease suggests that TPP1
played a definitive role in preventing the development of storage
in CLN2~/~ brains. This would, at the minimum, provide ther-
apeutic benefits by halting any additional progression of the dis-

Figure 7.
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Electron microscope analysis of curvilinear bodies in AAV-treated and untreated thalamus. Untreated C(LN2 7/~
brains contain ultrastructural inclusions (arrow) classified as curvilinear bodies (4). In contrast, every cell from (LN2 /" mice (B)
and the majority of cells in CLN2 /"~ mice treated with AAV2,hCLN2 (€) or AAV5,hCLN2 (D) did not contain these inclusions. A
random sampling of 120 cells per group were analyzed, and the percentage of cells without or with curvilinear bodies of various
sizes were plotted as stacked bar graphs (E). Black bars, The percentage of cells that contain inclusions with a combined area of 9
um? or greater; gray bars, the percentage of cells that contain inclusions with a combined area of 2— 8 pum %; hatched bars, the
percentage of cells that contain inclusions with a combined area of 1 um 2 or less; white bars, the percentage of cells that contain
no inclusions. Scale bar, 1 m. G, Curvilinear body; N, nucleus.

ease in cLINCL patients. TPP1 may have also degraded existing
storage material because injections were done at a time when
lysosomal pathology was present in the CLN2™/~ brain. This
would be particularly relevant for treating late-stage patients with
severe forms of the disease. In conclusion, the information in this
study provides supporting evidence that AAV gene therapy may
be a potential strategy for treating cLINCL.
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Late infantile neuronal ceroid lipofuscinosis (LINCL) is a
lysosomal storage disorder caused by mutations in the
CLN2 gene and a deficiency of tripeptidyl peptidase |
(TPP-I). Prior studies with adeno-associated virus (AAV)
serotype 2 or 5 mediated transfer of the CLN2
complementary DNA to the central nervous system
(CNS) of CLN27/~ mice cleared CNS storage granules,
but provided no improvement in the phenotype or
survival of this model of LINCL. In this study, AAV
serotypes (AAV2, AAV5, AAV8, and AAVrh.10) were
compared for the delivery of the same CLNZ2 expression
cassette. AAVrh.10, derived from rhesus macaque,
provided the highest TPP-I level and maximum spread
beyond the site of injection. The AAVrh.10-based vector
functioned equally well in naive rats and in rats
previously immunized against human serotypes of
AAV. When administered to the CNS of CLN2~/~ mice,
the AAVrh.10CLN2 vector provided widespread TPP-|
activity comparable to that in the wild-type mice.
Importantly, the AAVrh.10CLN2-treated CLN2~/~ mice
had significant reduction in CNS storage granules and
demonstrated improvement in gait, nest-making abil-
ities, seizures, balance beam function, and grip strength,
as well as having a survival advantage.
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INTRODUCTION

Late infantile neuronal ceroid lipofuscinosis (LINCL, a form of
Batten Disease) is an autosomal recessive lysosomal storage
disorder that results in progressive neurological degeneration."?
LINCL is caused by mutations in the CLN2 gene that result in
the deficiency of tripeptidyl peptidase I (TPP-I), a lysosomal
enzyme that is responsible for degrading membrane proteins.”*
Neurons are particularly sensitive to the lysosomal accumulation

of storage material, and individuals with LINCL have extensive,
progressive neurodegeneration in all parts of the brain, resulting
in a vegetative state and death by the age of 8-12 years."?

Direct transfer of the normal CLN2 coding sequence to the
central nervous system (CNS) is one strategy for achieving
sustained TPP-I expression levels in brain.>” Adeno-associated
viral vectors (AAV) are ideally suited for this purpose, as they
infect neurons and provide persistent expression.”>**> We have
previously demonstrated that human-derived AAV serotypes 2
and 5 vectors encoding CLN2 provide long-term expression of
TPP-I in the CNS of CLN2~'~ mice, and reduce the numbers of
lysosomal storage granules in the CNS. However, a sustained
improvement in function or survival of the knockout mice was
not observed suggesting that insufficient amounts of TPP-I were
present.7

In developing a strategy to enhance the ability of AAV vectors
to treat CNS-related neurodengerative disorders, we hypothe-
sized that maintaining the same genome but changing the capsid
of the vector may provide higher expression levels and wider
distribution of TPP-1 in the CNS. In a comparison of 25 different
AAV serotypes for levels of expression following intrapleural
administration,'® we observed the highest levels of expression of
a secreted marker protein with AAVrh.10, a clade E, non-human
primate (rhesus macaque)-derived AAV gene transfer vector.
Based on this experience, and with preliminary studies showing
that AAVrh.10-mediated remarkable levels of TPP-I in the CNS
of normal rats, we assessed the ability of AAVrh.10 vectors to
effectively deliver the CLN2 complementary DNA (cDNA) to the
CNS of CLN2™"~ mice and to produce TPP-I in sustained levels
sufficient to provide significant improvement in function and
survival of this murine model of LINCL. Using the same genome
with AAV2-inverted terminal repeats packaged in different AAV
capsids, the data shows that, on an equal dose basis, the
AAVrh.10 vector gave the highest levels of TPP-I expression and
provided the best spread of TPP-I beyond the immediate
administration site compared to the commonly used AAV 2, 5,
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and 8 capsids. As AAVrh.10 is derived from a rhesus macaque,
we reasoned that it might be more applicable to use in humans
owing to the absence of pre-existing anti-vector immunity. Not
only was AAVrh.10 able to mediate better levels and spread of the
TPP-I protein in the CNS, but it also functioned equally well in
naive animals and in animals previously immunized against the
human serotypes of AAV. When the AAVrh.10 vector expressing
CLN2 was administered to the CNS of CLN2'~ mice, the
AAVrh.10CLN2-treated mice showed widespread TPP-I activity
that reached the levels observed in wild-type mice. Importantly,
the mice receiving the AAVrh.10 vector had improvement in gait,
nest-making abilities, frequency of seizures, balance beam
performance, and grip strength as well as having a survival
advantage.

RESULTS

Distribution and activity of TPP-l gene product by
different AAV serotypes

Rats were administered with the same dose (2.5 x 10°gc
(genome copy)) of a CLN2 expression construct packaged into
the capsids of AAV2, AAV5, AAVS, or AAVrh.10. Four weeks
after administration of AAV2hCLN2, TPP-I-positive staining
was observed with little spread from the site of injection
(Figure la—). In agreement with our previous report,® the
morphology of TPP-I-positive cells was consistent with the
transduction of neurons, whereas the white matter tracts passing
through the striatum were devoid of TPP-I staining (Figure 1d).
Administration of AAV5hCLN2 resulted in a much wider
distribution, spreading throughout the extent of the striatum
in the rostrocaudal axis, and with some spread in the
mediolateral axis (Figure le-g). As with AAV2, cells of neuronal
morphology were found to express TPP-I (Figure 1h). The
distribution of TPP-I staining following delivery of AAVShCLN?2
was similar to that observed with AAV5, but the density of TPP-
I-positive cells was greater (Figure 1i). In contrast to AAV2, 5,
and 8, administration of AAVrh.10CLN2 produced a very intense
signal with substantial spread that filled most of the striatum
except for the white matter tracts (Figure 1m-o). TPP-I-positive
cells were intensely stained in cell bodies and in their proximal
processes (Figure 1p).

The morphological data was complemented by TPP-I
enzymatic activity assays of brain homogenate using the same
dose of the four different AAV vectors. The AAV2 vector gave
peak TPP-I levels that were 1.3 +0.4 times the endogenous level
(Figure 1q). The AAVS5hCLN2 vector mediated peak TPP-I
activity of 1.54+0.2 times and AAVS8hCLN2 produced a peak
activity that was 2.440.6 times the endogenous level. By
contrast, AAVrh.10CLN2 produced an activity that was 6.4-1.6
times the endogenous level. This level was significantly higher
than for the AAV2 and AAV5 vectors (P<0.05), but not different
from that for the AAVS8 vector (P=10.06). As AAVrh.10 provided
both a high level and a wide distribution of TPP-I, follow-up
studies were focused on AAVrh.10.

AAVrh.10 is neurotropic

As neurons are primarily at risk with LINCL, it was important to
show that transduction with AAVrh.10 vectors resulted in TPP-I
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Figure 1 Comparison of TPP-I protein expression following injection
of different AAV vectors expressing CLN2 into striatum of rats. Rats
(n=6/group) were injected into the striatum with 2.5 x 10° gc (in 5ul)
of AAV2hCLN2, AAV5hCLN2, AAV8hCLN2, or AAVrh.10CLN2. The
experiment included age-matched naive controls (n=6; not shown; all
were negative). After 4 weeks, animals (n=3/group) were killed, and
TPP-I distribution was assessed by immunohistochemical staining. (a—)
Series of 50 um sagittal sections, 250 um apart from medial to lateral, of
the injected striatum for AAV2-mediated gene transfer of the CLN2
cDNA. (d) Higher magnification showing the density of staining in the
striatum resulting from gene transfer with AAV2. (e-h) AAVS5, panels
similar to a-d for AAV2. (i) AAV8. (m-p) AAVrh.10. Scale bar in a
indicative of scale in a—, e-g, i-k, m-o and scale bar in d indicative of
scale in d, h, I, and p. (q) The remaining animals in each experimental
group (n=3/group) were also killed at 4 weeks, the brain cut into 2mm
sagittal sections, bisected and the inner (non-cortical) material was
separated and homogenized, and TPP-l activity was measured and
adjusted for protein concentration. Data are mean+SE for the peak
section corresponding to the location of vector administration.

activity in neurons. Adjacent sections were stained by multiple
immunofluorescence to reveal the cell types expressing TPP-I
using the mature neuronal marker, NeuN, and the astrocytic
marker, glial fibrillary acidic protein (GFAP). As with the
immunoperoxidase staining, TPP-I expression was observed
throughout the striatum of rats except in white matter tracts
(Figure 2a). Detection of coexpression by confocal microscopy
revealed that TPP-I expression colocalized with neurons in the

www.moleculartherapy.org vol. 15 no. 3, march. 2007
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Figure 2 Preferential accumulation of TPP-l in neurons following
AAVrh.10-mediated gene transfer to rat striatum. Sections of rat
brain were studied by immunofluorescence 4 weeks following striatal
injection of 2.5 x 10% gc of AAVrh.10CLN2. (a) Superimposition of the
signals of TPP-I expressing cells (green) with neuron-specific staining
(red, NeuN) and glial-specific staining (blue, GFAP) demonstrating
neuron-specific expression mediated by the AAVrh.10 vector in the
striatal region. (b-e) Higher power views of section outlined in a. (b)
Immunofluorescent staining demonstrating neurons (red) using anti-
NeuN; (c) immunofluorescent detection of TPP-I (green) in the same
section as in b; d Immunofluorescent detection of glia (blue) in the same
section as in b using anti-GFAP antibody; and e superimposition of the
signals of TPP-I expressing cells (green) with neuron-specific staining
(red, NeuN) and glial-specific staining (blue, GFAP) demonstrating
neuron-specific expression. Bar =200 um (a and b-e).

parenchyma of the striatum (Figure 2b-e). Some expression was
also noted in the endothelial cells, the choroid plexus, and the
meningeal cells (not shown). Triple immunofluorescence studies
using neuronal (NeuN) and glial (GFAP) markers in addition
to TPP-I showed a strong colocalization of TPP-I with NeuN
and no colocalization with GFAP (Figure 2). TPP-I cells that
did not show apparent colocalization with the primarily nuclear
neuronal marker, NeuN, were confirmed to be neuronal by
examining adjacent focal planes. Thus, gene transfer
with AAVrh.10 provides the required neuronal tropism to treat
LINCL.

Molecular Therapy vol. 15 no. 3, march. 2007
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Projection neurons express TPP-I following striatal
injection

Axonal transport may represent a powerful mechanism making
use of the connections of the CNS to distribute therapeutic
protein beyond the injection site. In our previous study using
AAV2 vectors, retrograde transport was observed only at >2
months following gene transfer.® In contrast, in serial sagittal
sections examined in rats that received a single injection of
AAVrh.10CLN2 into the striatum, axonal transport was readily
visible at 4 weeks with strongly TPP-I-positive staining cells
found in several structures with projections to the striatum
including the frontal cortex, thalamus, and substantia nigra
(Figure 3a). The intensity of TPP-I staining observed in the
substantia nigra approached that seen in the injected area of
the striatum. In all three of these regions, the TPP-I-positive
cells were multipolar cells with the morphology of neurons
(Figure 3b-d). To confirm the identity of these cells, adjacent
sections were stained using multiple immunofluorescence.
As in the striatal target region, TPP-I-positive cells in these
projection regions were confirmed to be neuronal based upon
their coexpression with the mature neuronal marker, NeuN,
and an absence of colocalization with the astrocytic marker,
GFAP (Figure 3e-g). This data is consistent with extensive
axonal transport of vector or TPP-I protein from the site of
injection.

AAVrh.10 gene delivery produces widespread expres-
sion of TPP-I

To quantitatively assess the extent of TPP-I spread following
CLN2 gene transfer, volume estimates were performed
comparing all serotypes of AAV (Figure 3h). AAV2 produced
an overall TPP-I-positive tissue volume of 1.0mm? all of
which was localized to the striatum at this vector concentration
and time point. AAV5hCLN2 gene transfer produced a total
TPP-1 tissue volume of 10.3mm?’ of which 7.3mm’ was
within the striatum and 3mm’ was outside. Although AAVS
staining intensity was greater than AAV5, the TPP-positive
tissue volume was equivalent to AAV5. The volume of TPP-I-
positive tissue for both AAV5 and AAV8 was significantly greater
than for AAV2 (P<0.001, both comparisons). However,
AAVrh.10CLN2 gene transfer produced a total TPP-I-positive
tissue volume of 19.6 mm>, of which 9mm’ was within the
striatum and 10.6mm’ was outside. Thus, while AAV5, AAVS,
and AAVrh.10 gene transfer were all able to provide TPP-I
to over 75% of the rat striatum (no difference between vectors,
P>0.05), the AAVrh.10 vector provided a significantly larger
domain of detectable TPP-I beyond the boundaries of the
injected structure than either AAV5 or AAV8 (P<0.01, both
comparisons).

Use of non-human primate AAVrh.10 avoids problems
of pre-immunity

The use of an AAV vector derived from a non-human primate
may provide a therapeutic advantage by removing a barrier
to gene transfer owing to pre-existing anti-vector immunity in
human recipients. To assess this concept, rats were immunized
against AAVrh.10 and against the three common human
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Figure 3 Distribution of TPP-I outside the striatal region of injection
following AAVrh.10-mediated gene transfer to the rat CNS. Sections
of rat brain were studied by immunohistochemical staining 4 weeks
following striatal injection of 2.5 x 10° gc of AAVrh.10CLN2. (a) Sagittal
section of the brain showing various TPP-I-positive regions outside the
TPP-I-positive striatum. The TPP-l-positive regions indicated by the
boxed region are magnified in the panels below; (b) frontal cortex; (c)
thalamus; (d) substantia nigra. Superimposition of the signals of TPP-|
expressing cells (green) with neuron-specific staining (red, NeuN) and
glial-specific staining (blue, GFAP) in the (e) frontal cortex; (f) thalamus;
and (g) substantia nigra. Bar =2 mm for a, 100 um for b-d, and 50 um
for e-g. (h) Volumetric analysis. Serial sections of immunohistochemi-
cally stained brains were analyzed using the Cavelieri estimator to
determine the TPP-I-positive volume both within (shaded) and outside
(open) the striatum. The data are the mean for n=3 rats per vector.

serotypes, AAV1, 2, and 5 (Figure 4a). When the rats immunized
against the human serotypes received injection of AAVrh.10
vector into the striatum, there was no difference between the
vector-immunized and naive groups (P>0.5, Figure 4b). By
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contrast, pre-immunization against AAVrh.10 was sufficient to
reduce significantly TPP-I activity following injection of
AAVrh.10 into the striatum (P<0.05 compared with level in
previously naive recipients, Figure 4b).

Assessment of the impact of AAVrh.10CLN2 injection
on TPP- levels in CLN2"/~ mice

As AAVrh.10 appeared to give better spread and higher levels of
TPP-I activity after injection into the rat brain, we assessed its
impact on CLN2~'~ mice. Seven week-old mice were injected
with AAVrh.10CLN2 at four locations per hemisphere. Following
killing, TPP-I activity was undetected in coronal sections of the
brain (Figure 5a). TPP-I activity was undetected in brain
homogenates from naive and phosphate-buffered saline (PBS)-
injected CLN2™"~ mice. Wild-type mice had a TPP-I activity of
approximately 3.9 x 10* FU/min-mg, which was spatially uni-
form from the most rostral section to the most caudal. Injection
of the CLN2™/~ mice at four locations in each hemisphere
resulted in TPP-I activities that varied from 4.742.2 x 10* FU/
min-mg in the most rostral section to levels of >36 x 10* FU/
min-mg in the more caudal sections. The TPP-I levels achieved
in AAVrh.10CLN2-injected CLN2™'~ mice varied from 1 to 27
times the wild-type level, depending on the location.

To further assess distribution of TPP-I activity following
intracranial injection, serum and various organs of the CLN27'—,
mice were assessed for TPP-I activity. Injection of
AAVrh.10CLN2 into the brain parenchyma resulted in TPP-I
activities that were greater than or equal to wild-type levels and
greater than the background levels in untreated or PBS-treated
CLN2~'~ mice (P>0.05, all comparisons; Figure 5b) in serum
and all organs tested. The organs with the highest levels were
liver > spleen > heart, kidney, lung, muscle, and serum. TagMan
realtime polymerase chain reaction established the presence of
small amounts of vector in lung, spleen, and liver of some
AAVrh.10CLN2-treated mice above the detection limit of <0.05
copies/cellular genome.

Delivery of AAV10rh.10hCLN2 to CLN2~/~ mice
reduces autofluorescence

To evaluate any therapeutic outcome of AAVrh.10CLN2 treat-
ment, the extent of autofluorescence in AAVrh.10CLN2-injected
and control mice was determined. Distinct cellular inclusion
of lipofuscin-associated autofluorescence was observed in
the striatum (Figure 6a), the thalamus (Figure 6d), and the
cerebellum (Figure 6g) of CLN2~'~ mice. In CLN2~/~ mice
receiving injections of AAVrh.10CLN2 to these regions, there
was a reduction of autofluorescence in most of the field
(Figure 6b, e and h, respectively). Expression of TPP-I in these
regions was confirmed by immunofluorescence staining of
the tissue with detection of TPP-I at a longer wavelength
(not shown). Quantification of lipofuscin-associated auto-
fluorescing particles revealed that there was a 44% reduction
in the striatum (Figure 6c), 42% reduction in the thalamus
(Figure 6f), and a 41% reduction in the cerebellum as a result
of regional TPP-1 expression (Figure 6i). These differences
were significant (P<0.05 compared with the untreated
CLN2~'~ mice).
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the CNS. (b) TPP-I activity. After a further 4 weeks, the brains were cut into 2 mm sagittal sections and homogenized and the TPP-I activity was
determined and normalized to protein concentration. The mean and SE TPP-I activity for the peak section, at the site of injection for n=28 pre-
immunized and n= 6 naive rats is shown.
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Figure 5 TPP-I activity resulting from intracranial administration of AAVrh.10CLN2 in the brain and other visceral organs of CLN2~/~ mice.
Mice were injected at eight locations (bilaterally into the upper striatum, lower striatum, thalamus, and cerebellum) with either PBS or AAVrh.10CLN2
(2 x 101°gc in 3 ul per location). When moribund, the vector- (n=14) or PBS-injected mice (n=7), the control uninjected mice (CIN27'=, n=14)
and the uninjected wild-type (CLN2*/, n=15) mice were killed. (a) TPP-I activity in the CNS. The brain was cut into 2mm coronal sections. Each
section was homogenized, and TPP-| activity was measured and adjusted for protein concentration. (b) TPP-I activity in other organs. Various visceral

organs were collected from the same mice, homogenized and TPP-I activity was measured and adjusted for protein concentration.

Impact of AAVrh.10CLN2 on the gait of CLN2~/~ mice
Gait analysis of mice was conducted at 18 weeks of age when the
untreated CLN2~'~ mice are at their worst. In wild-type mice,
the footprints for the hind paws are largely superimposed on
those for the front paws and there is no dragging of the limbs
(Figure 7a). In untreated CLN2~'~ mice, there was disordered gait
with dragging of feet and poor coordination between the forepaw
and the ipsilateral hindpaw. However, in the CLN2™'~ mice
injected with AAVrh.10CLN?2, there was a noticeable improvement
in the coordination of the paws and reduced limb dragging.

Impact of AAVrh.10CLN2 on home cage activity of
CLNZ™/~ mice

In pilot experiments, the AAVrh.10CLN2-treated CLN2'~ mice
were observed to be in a better physical condition and showed
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more normal activities than untreated CLN2™'~ controls which
exhibited increased nest-making activity and a decrease in
tremors. For nest-making activity, the wild-type mice showed
consistent activity with increasing age, whereas untreated and
PBS-treated CLN2™'~ mice showed decreasing activity until
death (Figure 7b). AAVrh.10GFP-injected mice showed similar
age-dependent reduction of nest making (not shown). By
contrast, the AAVrh.10CLN2-treated mice showed a consistent
pattern of nest making, with activity less than in the wild-type
mice (P<0.001 by analysis of variance with group as factor and
time as covariate), but significantly greater than in the untreated
or PBS-treated CLN2™/~ mice (P<0.001). With regard to
tremors, the wild-type mice showed no tremors at any age,
whereas PBS-treated, untreated (Figure 7c) or AAVrh.10GFP-
treated CLN2~'~ mice (not shown) showed more tremors with
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Figure 6 Lipofuscin-associated autofluorescence assessed in the CNS of CLN2~/~ mice following CNS administration of AAVrh.10CLN2.
Lipofuscin-associated autofluorescence observed in the various regions of the brain of mice that were killed owing to morbidity (~16-18 weeks for
untreated CLN2~/~ mice; 18-22 weeks for AAVrh.10CLN2-treated mice) including: (a) striatum, untreated CLN2~'~ mice; (b) striatum, CLN2~/~ mice
treated with AAVrh.10CLN2; (c) quantitative data from striatum for naive CLN2~/~ and AAVrh.10CLN2-treated mice; (d) thalamus, untreated CLN2~/~
mice; (e) thalamus, CLN2~/~ mice treated with AAVrh.10CLN2; () quantitative data from thalamus for naive CLN27'~ and AAVrh.10CLN2-treated
mice; (g) cerebellum, untreated CLN2~'~ mice; (h) cerebellum, CLN2~/~ mice treated with AAVrh.10CLN2; and (i) quantitative data from cerebellum
for naive CLN2~/~ and AAVrh.10CLN2-treated mice. For ¢, f and i, quantification of lipofuscin-associated autofluorescing particles (+SEM) in a
1,856 x 1,450 um field in the various regions of the brain in the CLNZ‘/‘—uninjected mice and CLN2~/~ mice treated with AAVrh.10CLN2, and
expression of TPP-l was confirmed by immunofluorescence staining of the tissue with detection of TPP-I at a longer wavelength (not shown).

increasing age. The AAVrh.10-treated CLN2~'~ mice showed
intermediate values with a worse tremor rating than wild-type
mice (P<0.001), but better tremor rating than untreated or
PBS-treated CLN2~/~ mice (P<0.05).

AAVrh.10CLN2 delivery leads to improved
performance in behavioral tasks

AAVrh.10CLN2-injected mice and controls were also assessed
weekly for performance in tests that combine motor and sensory
skills. Assessment of CLN2~'~ mice by the balance beam test
showed an age-dependent decrease in the time that the mouse
could stay on the beam, from >3 min at ages up to 12 week with
a rapid decline thereafter (Figure 7d). By contrast, wild-type
mice retained the ability to stay on the beam up to age >20
week. Intracranial delivery of AAVrh.10CLN2 produced a delay
in the decline of performance with age. Injection of neither PBS
(Figure 7d) nor AAVrh.10GFP (not shown) impacted age-
dependent deterioration. AAVrh.10CLN2-treated mice is per-
formed better than untreated or PBS-treated CLN2™'~ mice
(P<0.01, analysis of variance with age as covariate starting at
week 16), although the performance of AAVrh.10CLN2-treated
CLN2™'~ mice was poorer than the performance of wild-type
mice (P<0.01).
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Assessment of CLN2™'~ mice by the grip strength test showed
an age-dependent deterioration (Figure 7e). Wild-type mice
showed strong performance on the test, which did not change
with age. Injection of neither PBS nor AAVrh.10GFP (not
shown) altered age-dependent deterioration. In CLN2~/~ mice
injected with AAVrh.10CLN2, there was a delay in the
deterioration of performance with age (P<0.01, compared to
untreated or PBS-treated CLN2'~ mice, analysis of variance
with age as covariate, commencing at week 8). The performance
of AAVrh.10CLN2-treated CLN2~'~ mice did not match that of
wild-type mice (P<0.01).

AAV10rh.10CLN2 delivery leads to enhanced survival
in CLN27/~ mice

The median age of survival of the AAVrh.10CLN2-injected
CLN2™'~ mice was 162 days compared with 128 days for the
uninjected CLN2—/— mice, 117 days for PBS-injected CLN2~/~
mice (Figure 8), and 119 days for the AAVrh.10GFP-injected
CLN2™'~ mice (not shown). Kaplan-Meier analysis suggested
that injection with PBS marginally decreased survival (the PBS-
treated CLN2~'~ mice had a significantly shorter lifespan than
the untreated CLN2~'~ mice, P<0.05). In contrast, the
AAVTh.10CLN2-injected CLN2™'~ mice exhibited a significant
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Figure 7 Impact of AAVrh.10CLN2 administration on phenotype of CLN2 '~ mice. Mice were assessed weekly after administration of vector or
PBS at 7 weeks of age. (a) Gait analysis. The front feet of each mouse were dipped in red ink and the rear feet were dipped in blue ink. The mouse was
placed at the light end of a tunnel over a sheet of white paper. As the mouse runs to the dark end of the tunnel, the footprints are recorded.
Representative examples are shown for mice of 18 weeks of age. Left: wild-type CLN2*/* mouse; middle: untreated CLN2~/~ mouse; and right:
AAVrh.T0CLN2 treated CLN2~/~ mouse. (b) Nest making. Effect of administration of AAVrh.10CLN2 on the ability of CLN2~/~ mice to create and
upkeep nests (scale 0-5, see Materials and Methods). (c) Tremors. Effect of administration of AAVrh.10CLN2 on tremors in CLN27'~ mice (scale 0-5,
see Materials and Methods). (d) Balance. Effect of administration of AAVrh.10CLN2 on performance of CLN2~'~ mice on the balance beam. (e) Grip
strength. Effect of administration of AAVrh.10CLN2 on performance of CLN2~/~ mice on grip strength. The number of mice per group for b and ¢
included: untreated CLN27/~, n=14; AAVrh.10CLN2-injected CLN2~/~, n=14; PBS-injected CLN2~/~, n=14; CLN2*'/", n=16. The number of mice
for d and e included: untreated CLN2~/~, n=21; AAVrh.10CLN2-injected CLN27/~, n=20; PBS-injected CLN27/~, n=14, and CLN2*/*, n=22.

survival advantage over the untreated CLN2~'~ and PBS-treated
CLN2~'~ mice (P<0.001 both comparisons).

DISCUSSION

Successful gene therapy for LINCL and other lysosomal storage
disorders that affect the CNS requires neurotropic gene delivery,
expression of therapeutic levels of protein for a long duration
with extensive spread through the brain. Previously, we have
shown that an AAV2 vector containing CLN2 can achieve locally
high levels of TPP-I for at least 18 months® and can clear storage
granules in the CNS of CLN2™/~ mice, but with no reported
improvement in performance or mortality.” In this study, we
compared several AAV serotypes for TPP-1 expression following
CNS administration. Overall, the non-human primate-derived
serotype, AAVrh.10, expressing the CLN2 ¢cDNA produced the
highest levels and broadest distribution of TPP-1 expression.
Immunity to human AAV serotypes did not affect CLN2 gene
transfer by AAVrh.10CLN2, an important consideration for gene
delivery in human subjects who may have been exposed to AAV.
CNS delivery of AAVrh.10CLN2 to CLN2~'~ mice restored
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Figure 8 Impact of administration of AAVrh.10CLN2 on survival of
CLN2"/~ mice. CLN2~/~ mice were administered AAVrh.10CLN2 into
eight locations in the brain for a total of 1.6 x 10" gc. Survival was
assessed three times per week. Any mouse that appeared moribund was
killed and the age of death was recorded. The number of animals per
group assessed: CLN27/~, n=21; CLN2~/~+AAVrh.10CLN2, n=20;
CLN27/~ 4 PBS, n=14; and CLN2*/*, n=22.
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normal levels of TPP-I and reduced the accumulated autofluor-
escent particles in the brain. Assessment of treated CLN2~/~
mice found that delivery of AAVrh.10CLN2 significantly
improved behavioral activity and performance compared to
controls and, most importantly, extended survival.

Suitability of AAVrh.10 for widespread CNS delivery
Widespread expression is an important therapeutic goal for
AAV-mediated gene transfer of CLN2 cDNA. The limited extent
of transduction by AAV2 vectors may result from sequestration
of viral particles by adherence to their extracellular heparin-
binding sites. Methods have been proposed to increase distribu-
tion by vector formulation with heparin or the simultaneous
injection of mannitol to modify diffusion in the brain."”™"* Other
serotypes of AAV offer an alternative route to wider distribution
of transgene product. For example, AAV5 achieves wider
distribution than does AAV2,*?? and improved distribution
of gene transfer at the injection site has also been reported for
the non-human-derived AAV serotypes AAV8,*>** and recently
for AAVrh.10 with a reporter gene.”> The contribution of
receptor binding to the enhanced distribution with the AAVrh.10
vector is unclear as the receptors are unknown.

In addition to local distribution at the delivery site, additional
spread of gene product or vector by retrograde transport has
been reported in the CNS following the delivery of AAV2%**%*
and AAV9.” Using a single intrastriatal injection of AAV2 vector
expressing hCLN2, we previously observed TPP-I expression in
the frontal cortex 2 months post-injection, and in the thalamus
and the substantia nigra, 8 months post-injection.® In this study,
more evidence of early retrograde transport was seen. This may
reflect the overall higher expression level achieved with
AAVrh.10, which is desirable provided that there is no local
toxicity.

Suitability of AAVrh.10 for therapeutic use

From prior toxicology studies with an AAV2 vector and the
identical expression cassette as in this study,”® we know that the
transgene per se is not toxic. One consideration for the use of
AAVrh.10 vector in a clinical setting is that pre-existing
antibodies to the capsid resulting from prior viral exposure
could negatively impact transgene expression and/or be a risk to
the patient.** The AAV2 capsid-derived peptide PADVEMVP-
QYGYLTL has been identified as the dominant AAV2-induced
cellular immunity-related epitope in humans who received AAV
gene transfer to the hepatic artery.”® This epitope is present in
the capsids of multiple AAV serotypes and cellular immunity to
this determinant in gene therapy subjects immune to human
AAVs could theoretically result in the elimination of transduced
cells. The high level of expression in AAVrh.10CLN2-treated
mice previously immunized to AAV serotypes 1, 2, and 5
suggests that the cellular immunity to epitopes shared among the
capsids of multiple serotypes of AAV does not lead to the
elimination of transduced cells. Non-human primate-derived
serotypes may be advantageous for clinical use owing to
their efficiency and distribution and also by reducing the
probability of attenuated gene transfer owing to pre-existing
immunity. Further, considering the possibility that expression of
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a therapeutic gene may not be maintained throughout the
patient’s lifetime, the use of non-human primate-derived AAVs
may provide the option for repeat administration without
immune barriers.

Intracranial delivery of AAVrh.10CLN2 to different regions of
the CLN2™/~ mice resulted in elevated levels of TPP-I activity
that were greater than wild-type levels, but also resulted in
restoration of TPP-I levels in peripheral tissue of CLN2~'~ mice
to at least the level found in wild-type mice. As the blood-brain
barrier prevents TPP-I from exiting the CNS, it seems unlikely
that the source of this peripheral TPP-I is from the transduced
neurons. The most likely source for the peripheral TPP-I
expression is the leakage of the AAVrh.10CLN2 vector into the
peripheral circulation at the time of intracranial injection, and
TagMan polymerase chain reaction established the presence of
small amounts of vector genome in some tissues 4 week
following vector injection. This possibility is substantiated by the
observation of TPP-I-positive endothelial cells, choroid plexus,
and meningeal cells in brain sections. Distribution of viral
particles into the vascular system could account for the detection
of TPP-I activity in such diverse peripheral tissue. Theoretically,
this could be an advantage, as more broad-spaced distribution of
TPP-I activity is an advantage for the treatment of LINCL, which
is not confined to the CNS." Conversely, transvascular spread of
this AAV serotype may allow some level of delivery to the brain
after intravenous injection, but the doses of vector required to
achieve efficiency would likely be prohibitive in regard to
systemic toxicity.

The accumulation of autofluorescing particles in the peri-
nuclear cytoplasm is an indicator of the severity of cellular
toxicity in CLN2™'~ mice.””" Clearance of cellular debris is a
criterion to evaluate therapeutic strategies.”””> We observed a
significant decline in the extent of autofluorescing particles in
targeted brain regions following delivery of AAVrh.10CLN2.
Whether the clearance of the storage granules represents
prevention or reversal is unknown.

Effect of AAVrh.10CLN2 delivery on behavior and
survival

The most important measures of therapeutic success are the
improvement in overall behavioral function and survival. In our
prior study, there was no improvement in performance or
survival in spite of reduced cellular pathology following AAV2-
mediated CLN2 delivery to CLN2~'~ mice.” Another study using
AAV2-mediated delivery of the palmitoyl protein thioesterase-1
cDNA into the CLNI '/~ mice (to assess the closely related
disease, infantile neuronal ceroid lipofuscinosis) found improve-
ment in cellular pathology and a variety of activity and
sensorimotor tasks, but no improvement in survival.’® In this
study, we found that delivery of the CLN2 gene by AAVrh.10
resulted in improvements in gait, nest-building activity, tests of
sensorimotor performance, and in reduced tremor compared
with those of controls. The increased performance and longevity
mediated by AAVrh.10 vector was afforded by treatment with
AAVrh.10CLN2 at 7 weeks of age. It is possible that earlier
intervention would further prevent the accumulation of
pathological burden and extend performance and survival.
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These results suggest that AAVrh.10 is a suitable vector for
preclinical development in treatment of LINCL.

MATERIALS AND METHODS

AAV vectors. All AAV vectors contain the same expression cassette
consisting of the human CLN2 cDNA driven by a CMV/f-actin hybrid
promoter surrounded by the inverted terminal repeats of AAV2.%** 293
cells were transfected using Polyfect with the plasmid containing the
AAV genome and with one or two other plasmids (see below) supplying
the required adenovirus and AAV functions. After 72 h, the cells were
harvested and AAV purified on iodixanol gradients, followed by heparin
affinity chromatography for AAV2 or QHP ion exchange chromatop-
graphy for AAV5, 8, and rh.10. Vector preparations were assessed by
TagMan real-time polymerase chain reaction to determine gc and by in
vitro gene transfer in 293 ORF6 cells.”

AAV2 vectors were produced using a helper plasmid pPAK-MA2,
which contains the rep and cap genes of AAV2 and the E2, VA, and E4
helper genes of adenovirus.”® AAV5 vectors were produced using a
helper plasmid pDGS5, which provides the adenovirus helper functions
in addition to the rep gene of AAV2 and the cap gene from AAV5.*
AAVS8 vectors were produced by cotransfection of the vector plasmid
with two helper plasmids, one (pAF6) with the adenovirus helper
functions and the other with the AAV2 rep gene and the AAVS cap
gene.”” AAVrh.10 vectors were produced by contransfection of the vector
plasmid with two helper plasmids, pAF6 and the other with the AAV2
rep gene and the AAVrh.10 cap gene.'®

Rat experiments. For comparisons among AAV serotypes, Fischer 344
male rats (Taconic, Germantown, NY) received unilateral AAV
administration into the left striatum (AP +0.60, ML+2.8, and
DV—5.2). The AAV vectors (2.5 x 10° gc in PBS) were injected at a
rate of 0.2 ul/min using a microprocessor controlled infusion pump
(Model 310, Stoelting, Wood Dale, IL). Rats were also used to assess
AAVrh.10 CLN2 gene transfer in the context of pre-existing immunity
against human AAVs. Rats (130-150g) were pre-immunized subcuta-
neously on days 0 and 21 with either AAVrh.10Luciferase (2.0 x 10'° gc),
or AAV1, 2, and 5 (2.0 x 10'° gc; with nonspecific transgenes) or left as
naive controls. Forty-two days later, serum anti-AAV antibodies were
determined by in vitro gene transfer assay.'® Rats were then injected with
AAVrh.10CLN2 (2.5 x 10°gc in 2 ul of PBS) into the left striatum as
described above.

Evaluation of TPP-I protein expression in the rat brain. TPP-I
enzymatic activity was assessed in coronal sections of brain as described
previously.>*® Immunohistochemical detection of TPP-I distribution in
brain 4 weeks after gene transfer was assessed, as described pre-
viously.**® To ensure comparability among serotypes, all sections were
processed for immunohistochemistry and imaged in the identical
manner. Volume was assessed by using the Cavalieri estimator.®
Multiple immunofluorescence labeling was performed, as described
previously®® using antibodies specific for neurons (mouse anti-NeuN,
1:2,500, Chemicon International, Temecula) or astrocytes (guinea-pig
anti-GFAP, 1:500, Advanced Immunochemical, Long Beach, CA).
Expression of the CLN2 transgene product was detected using a mouse
anti-human TPP-I antibody at a dilution of 1:1,000.*

CNS administration of AAVrh.10 to CLN2 knockout mice. Original
heterozygous breeding pairs of CLN2 knockout mice back crossed
into C57Bl/6 were used to produce all of the CLN2™'~ mice used in
this study.”® Genotypes of pups were determined by polymerase
chain reaction.®' At 7 weeks of age, CLN2"'~ mice received adminis-
trations bilaterally in four locations per hemisphere: lower striatum
(A/P 4 0.60 mm, M/L-1.75 mm, D/V —4.0 mm), upper striatum (A/P
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+0.60 mm, M/L-1.75 mm, D/V —2.0 mm), thalamus (A/P -2.0 mm, M/
L-1.0 mm, D/V —3.0 mm), and cerebellum (A/P —6.0 mm, M/L-0.5 mm,
D/V -1.5mm). CLN2~/~ mice received AAVrh.10CLN2, AAVrh.10 GFP
(both 2 % 10'°gc), or PBS in 3yl volume at 0.5 ul/min. Uninjected
CLN2™~ mice served as negative controls and CLN2"/" served as
positive controls.

Enzymatic analysis of TPP-I activity in mouse brain and organs. When
mice became moribund, they were deeply anesthetized, and blood was
obtained by cardiac puncture. They were transcardially perfused with PBS
and the whole brain, heart, kidney, liver, lung, quadriceps, and spleen were
excised. The brain was hemisected and the right hemisphere was
submerged in 4% paraformaldehyde for morphological evaluation and
left hemisphere was sectioned into 2mm coronal sections and assessed
for TPP-I activity, as described above for the rat brain. Each organ was
also homogenized and assessed for TPP-I activity and vector DNA content
by Tagman.®*'

Quantification of autofluorescence in mouse brain. Image analysis was
used as a measure of the abundance of autofluorescent particles in naive
and AAVrh.10-CLN2-injected CLN2~'~ mice. Autofluorescence was
detected in sections of striatum, thalamus, and cerebellum previously
stained for the presence of TPP-I by immunofluorescence. Regions
containing TPP-I-Alexa488 fluorescence were imaged using UV excita-
tion with a 460/32 emission filter to detect autofluorescence. Equivalent
regions were sampled in uninjected mice. All images were collected at
identical camera settings on an Optronics Magnafire-equipped Olympus
BX51 using a x 20 lens to sample a 1856 x 1450 um field of view. Image
analysis was conducted by another investigator blinded to group identity
with standardized settings using ImageJ (http://rsb.info.nih.gov/ij/
download.html). The number of particles and two SDs above mean
intensity was determined using a boundary area of 50-800 pixels to
include lipofuscin particles within cells, but to exclude nonspecific
autofluorescence.

Behavioral assessment of CLN2 knockout mice. In three separate
experimental series, cohorts of n=7 CLN2~'~ mice were injected, as
described above, and a number of phenotypic observations were made at
intervals to assess the impact of administration of AAVrh.10CLN2 versus
AAVrh.10GFP or PBS. The negative controls were untreated CLN2~/~
mice and the positive controls were wild-type mice. The assessments
used and the testing intervals included (1) gait (in a subset of mice at
weekly intervals), (2) nest making (weekly), (3) tremors (weekly), (4)
performance of balance beam (weekly), (5) performance on grip
strength test (weekly), and (6) morbidity/mortality (three times per
week). All tests were performed at the same time each week and under
similar conditions. Following three independent experimental series, all
available datapoints were combined for statistical analysis.

Gait analysis. Gait analysis was performed with a subset of mice each
week sampling all ages and all groups for comparison. A blind tunnel
(100 cm long, 20 cm wide, 10 cm high) was created with a plain white
paper floor. The front paws of a mouse were dipped in red paint, and
back paws in blue paint (Crayola washable paints, Binney and Smith,
Easton, PA). The mouse was placed in the front of the tunnel on the
paper so that it could run down the tunnel to the dark end. The piece of
paper with the colored paw prints was retained for qualitative analysis.

Nest making. Based on empirical observations in the first experi-
mental series, a nest-making scale was created and applied to the second
and third experimental series. Individual mice were moved to a clean
cage with two cotton nestlets for weekly assessment. They were rated on
a scale of 1-5 as follows: score 1, no nest was created and the nestlets
remained intact; score 2, edges of the nestlets were chewed but no nest
created; score 3, ~50% nestlets were chewed up but the mice were
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unable to create an adequate nest; score 4, all the nestlets were chewed
up but did not result in a structured nest; and score 5, the structured
nest of a healthy mouse.

Tremors. Based on empirical observations in the first experimental
series, a tremor scale was created and applied to the second and third
experimental series. Tremors were assessed while the mouse was on the
balance beam (described below) for a period of 30's. Animals were rated
on a scale of 15 as follows: score 1, occasional violent and severe
seizures coupled with repeated tremors; score 2, tremors and shaking
most of the time; score 3, tremors and shaking occasionally; score 4, a
shuffling movement with splayed hind feet but no tremors or shaking;
and score 5, an active and agile mouse with no visible tremors or
shuffling.

Balance beam test. A horizontal polyurethane treated wooden beam
3 cm in width was affixed to a wooden stand 100 cm high, which was
placed over a plastic tub filled with underpads to provide a soft landing
for any mouse that fell off. The mouse was placed in the center of the
wooden beam and was allowed to move along, and the time till fall was
recorded. After 3 min, any mouse that had not fallen was returned to its
cage, and the time was recorded as 3 min.

Grip strength. A string was stretched between two vertical wooden
dowels, and a plastic tub filled with underpads was placed below. The
mouse was placed in the center of the suspended string, hanging by its
front paws and the time till falling was recorded. If the mouse was still
hanging after 3 min, it was removed from the string and the time
recorded as 3 min.

Survival. Three times per week, mice were observed and, if deemed
moribund, (inactive with severe shaking and weight loss), were killed
and the age of death was recorded.

Statistics. Data is presented as mean+SE. For serotype and gene
expression volume comparisons, groups were compared by analysis of
variance using post hoc Fisher tests. For the quantification of the
autofluorescent storage granules, a two-tailed Student’s #-test was used.
Behavioral assessments were performed by analysis of variance using
treatment group as factor and time as covariant. Survival difference
between two groups was assessed using Kaplan-Meier test.
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Assessing Disease Severity in Late Infantile
Neuronal Ceroid Lipofuscinosis Using Quantitative
MR Diffusion-Weighted Imaging

BACKGROUND AND PURPOSE: Late infantile neuronal ceroid lipofuscinosis (LINCL), a form of Batten
disease, is a fatal neurodegenerative genetic disorder, diagnosed via DNA testing, that affects
approximately 200 children in the United States at any one time. This study was conducted to evaluate
whether quantitative data derived by diffusion-weighted MR imaging (DWI) techniques can supple-
ment clinical disability scale information to provide a quantitative estimate of neurodegeneration, as
well as disease progression and severity.

MATERIALS AND METHODS: This study prospectively analyzed 32 DWI examinations from 18 patients
having confirmed LINCL at various stages of disease. A whole-brain apparent diffusion coefficient
(ADC) histogram was fitted with a dual Gaussian function combined with a function designed to model
voxels containing a partial volume fraction of brain parenchyma versus CSF. Previously published
whole-brain ADC values of age-matched control subjects were compared with those of the LINCL
patients. Correlations were tested between the peak ADC of the fitted histogram and patient age,
disease severity, and a CNS disability scale adapted for LINCL.

RESULTS: ADC values assigned to brain parenchyma were higher than published ADC values for
age-matched control subjects. ADC values between patients and control subjects began to differ at 5
years of age based on 95% confidence intervals. ADC values had a nearly equal correlation with patient
age (R? = 0.71) and disease duration (R? = 0.68), whereas the correlation with the central nervous
system disability scale (R? = 0.27) was much weaker.

CONCLUSION: This study indicates that brain ADC values acquired using DWI may be used as an
independent measure of disease severity and duration in LINCL.

ate infantile neuronal ceroid lipofuscinosis (LINCL), a

form of Batten disease, is an autosomal recessive lysosomal
storage disease that results in neurodegeneration.' Tt first
manifests between the ages of 2—4 years through seizures fol-
lowed by deteriorating motor, cognitive, and visual abilities,
traditionally leading to death by ages 8 —12 years.” Definitive
diagnosis of LINCL is done via genetic testing for mutations in
the CLN2 gene, which results in deficiency of the lysosomal
protease tripeptidyl peptidase-I. Absence of this protease leads
to lysosomal distension and neuronal death. There are no
known treatments for LINCL other than symptom manage-
ment. A better understanding of the anatomic distribution of
neurodegeneration may permit genetic and cellular therapies
to be targeted to appropriate locations in the brain.’

Progression of neuronal degeneration can be assessed by a
disability scale based on speech, vision, language, and sei-
zures.* To monitor brain-directed therapies, a modified cen-
tral nervous system (CNS) disability score has been estab-
lished.! However, these methods are nonspecific in that they
do not implicate specific areas of the brain. Quantitative MR
imaging techniques may supplement information provided by
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the disability scale and provide a more refined evaluation of
neurodegeneration, as well as an opportunity for serial assess-
ment of the same patient.

Diffusion-weighted MR imaging (DWI) is a technique that
has been shown to detect water diffusion abnormalities in var-
ious disease states.”” Measurement of the apparent diffusion
coefficient (ADC) provides a quantitative estimate of the re-
strictive nature of the motion of water molecules within tissue
for each voxel in a diffusion-weighted image. The ADC is
known to decrease with increasing age in normal children as
the brain becomes increasingly myelinated and structured.®’
This study used whole-brain ADC histograms to obtain a mea-
sure of the degree of water restriction in the entire brain. The
whole-brain histogram was fitted using a dual Gaussian func-
tion in addition to a partial volume function. We hypothesized
that the global maximum of the model fit characterizing the
whole-brain ADC value derived by DWI techniques would
supplement clinical disability scale information to provide a
quantitative estimate of neurodegeneration, as well as disease
progression and severity.

Materials and Methods

Patient Selection

The research protocol was reviewed and approved by the institutional
review board at our institution. Eighteen patients presenting with
genetically confirmed LINCL (9 boys and 9 girls) of ages 3.4 through
13.8 years participated in this protocol, for a total of 32 DWI exami-
nations (Table). The average age at diagnosis for all of the patients was
3.9 = 1.0 years. Disease severity was clinically monitored throughout
the study using a modified CNS disability scale.* The visual compo-
nent was removed from the scoring system while retaining measures



Whole-brain ADC values for 18 patients with LINCL

Age at Age at CNS ADC x 10%,
Patient Diagnosis,y  Scan Scan,y  Score mm?/s
BD-01 5.3 1 8.4 3 1.12
2 8.6 3 1.18
BD-02 48 3 9.7 3 0.98
4 10.0 3 1.00
BD-03 35 5 6.6 3 0.96
6 6.9 3 0.92
BD-04 45 7 13.8 3 1.80
BD-05 48 8 6.2 5 0.96
9 7.1 2 0.96
BD-06 44 10 8.0 3 1.10
" 8.1 3 1.06
BD-07 33 12 6.6 3 1.02
BD-08 47 13 6.0 4 0.94
14 70 3 1.08
BD-09 33 15 6.7 4 0.92
16 1.7 3 0.98
BD-10 38 17 5.0 5 0.90
18 54 5 0.90
BD-11 4.4 19 54 5 0.94
BD-12 28 20 4.4 4 0.92
21 45 4 0.90
BD-13 43 22 44 6 0.84
23 45 6 0.84
BD-14 1.9 24 34 5 0.90
25 36 5 0.82
BD-15 4.4 26 4.7 4 0.88
BD-16 48 27 5.2 5 0.86
28 5.3 5 0.90
BD-17 48 29 5.4 4 0.90
BD-18 28 30 34 5 0.84
31 34 5 0.82
32 34 5 0.84

Note:—ADC indicates apparent diffusion coefficient; LINCL, late infantile neuronal ceroid
lipofuscinosis; CNS, central nervous system.

of motor function, seizure activity, and language skills to focus on the
neurologic aspects of the disease.! Each of these areas was ranked
from 0 to 3 and then summed to provide a total score with 0 being the
most severe. At the time of MR imaging, patients presented the fol-
lowing CNS disability scores: 2 (n = 1),3 (n = 12),4(n =6),5(n =
11),and 6 (n = 2).

Clinical MR Imaging Methods

All of the image data were acquired on a 3T MR imaging system (GE
Medical Systems, Milwaukee, Wis). Conventional clinical imaging
included T1-weighted, T2-weighted, and fluid-attenuated inversion
recovery sequences. Next, a spin-echo diffusion-weighted echo-pla-
nar imaging sequence was implemented over the entire brain using a
section thickness of 5 mm with an FOV of 22 ¢m, a matrix size of
128 X 128, a TR of 8.2 seconds, a TE of 70—80 ms, and 2 averages.
Diffusion weighting was acquired using b = 1000 s/mm? in 3 orthog-
onal directions for a total scan time of 65 seconds.

Analysis Methods

Images were exported to an Optiplex Pentium 4 4.0-GHz PC (Dell,
Round Rocker, Texas) and analyzed using the Interactive Data Lan-
guage (IDL 6.2; ITT, Boulder, Colo). Images were masked to include
voxels having a signal intensity greater than 15% of the maximum
value in the DWI series. ADC values were calculated as follows:

ADC = 11(51>
1) D**EHS*O

Fig 1. A A diffusion-weighted image (b = 1000 s/mm?) and an image acquired without
diffusion weighting (B) show enlarged sulci and dilated ventricles consistent with atrophic
changes from a representative patient with LINCL.

where S, represents the signal intensity from the diffusion-weighted
image and S, the signal intensity without diffusion weighting (Fig 1).
ADC values were placed in a normalized histogram of unit area. The
normalized histogram was fitted with a dual Gaussian distribution
function and a partial volume distribution function (Fig 2). These 3
functions were designed to segment the brain, CSF, and brain-CSF
partial volume components, respectively. Modeling of these functions
was based on arguments given previously®'® but was modified in the
following sense: the ADC distribution function was modeled as
follows:

2) Papc = forain Porain + fose Pese ¥ (1 = forain — fese) Prvs

where
3) ! |: 1<ADC B I“’brain) 2:|
rain — o — _ €X S
be \/%017rai11 r 2 O prain
and
Y 1 [ 1<ADC - Mcsp)z]
= e¢x I
Pesr = ey Pl T2\ ocw

are the normalized Gaussian functions describing the distribution of
ADC values in the brain and CSF, respectively, and f, , are respective
weighting factors. The partial volume distribution function was mod-
eled under the assumption that voxels that consist of brain matter and
CSF contain both components in all of the possible and equally prob-
able fractions, that is:

[t [_1<ADC—u(t))z]d
) b= Nama(n L T2\ 0 b

where u(t) = (1 = Dpyrain + these and o2(1) = (1 = 0207, +
07 g Curve fitting of the 6 parameters i Mesp Tprain Tosp
Forain a0d fop Was performed within IDL 6.2 using a gradient expan-
sion algorithm to compute a nonlinear least-squares fit to the data.
Note that the partial volume function is completely determined by the
parameters of the 2 Gaussians. The histogram bin containing the
maximum value of the combined fitted function (Equation 2), of the
cerebral compartment was used as a measure of the whole-brain ADC
value.

A Monte Carlo algorithm was written in IDL 6.2 to verify the
functional form of the equations describing the analytical partial vol-
ume model. Two standard normally distributed floating point pseu-
dorandom number generators, r ), were used to sample points from
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T Fig 2. A whole-brain ADC histogram from a representative
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7 patient with LINCL shows the dual Gaussian and partial
| volume functions that were used to fit the whole brain,
—| partial volume, and CSF compartments.

Apparent Diffusion Coefficient x 107 (mm?s)

v Coefficient x 10° (mm*/s)

§2 Y

Fig 3. Voxels associated with specific ranges of ADC values provide visual confirmation
that compartments identified as whole brain, partial volume, and CSF correspond with
specific regions as shown from a representative section of a patient with LINCL. ADC
ranges displayed are described below.

A 10 %02 X 1073 mm?/s.
B, 15+ 02 X 107° mm%s.
C 20+ 02 % 107° mm?/s.
D, 25+ 0.2 X 1072 mm?%/s.
F 3.0 = 0.2 X 1073 mm%/s.
F, 35+ 02 % 107° mm%s.

the Gaussian distributions (Equations 3 and 4) characterizing the
brain and CSF compartments. A uniformly distributed floating point
pseudorandom number generator was used to determine the partial
volume weighting factors, t. A partial volume voxel was then placed in
the histogram according to the following:

6)  ppv="(1 =) (Wprain + TbrainTprain) T t(lesp + TesrOese)s

This process was repeated approximately 200,000 times to get an ad-
equate sampling estimate of the functional form of the partial volume
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component. The Monte Carlo sampling method was found to pro-
duce the same functional form as the analytic solution. In addition,
qualitative visual confirmation of gray and white matter, partial vol-
ume, and CSF components was obtained using images generated as
shown in Fig 3 by displaying only voxels associated with specific
ranges of ADC values. In the example of Fig 3, voxels are shown with
the following ranges: 1) 1.0 = 0.2 X 10> mm?/s;2) 1.5 £ 0.2 X 10>
mm?/s; 3) 2.0 = 0.2 X 107> mm?/s; 4) 2.5 = 0.2 X 10~ > mm?/s; 5)
3.0 = 0.2 X 10> mm?/s; and 6) 3.5 = 0.2 X 10> mm?/s.

Previously published ADC values derived from whole-brain his-
tograms of age-matched control subjects were used for comparison
with the LINCL patients. In that study, data were fitted with a 9-pa-
rameter triple-Gaussian model that incorporated components of
brain parenchyma, CSF, and a mixing compartment attributed to
partial volume averaging.'' The mean of the first Gaussian peak char-
acterizing brain parenchyma defined the whole-brain ADC value for
this method. For the purpose of comparison only, the full dataset of
LINCL patients was fitted with the triple-Gaussian model in addition
to the partial volume model described in Equation 2.

The method of statistical bootstrapping was used to estimate the
error on the maximum of the ADC histogram for 5 DWI patient
studies chosen at random from the full dataset.'* The histogram con-
tained 250 bins of data, which were randomly resampled 100 times
with replacement using IDL 6.2. Each of these resampled histograms
was fitted with the partial volume model, and the resulting error on
the maximum ADC value was calculated. A single-factor analysis of
variance (ANOVA) test was used to determine statistically significant
variances in the mean ADC values of the patients when grouped by
their CNS disability scores. The resulting F value was compared with
the critical F value for the specified number of samples, and a P value
was determined using a 95% confidence interval to gauge significance
for all of the results.

Results

The whole-brain ADC value containing both gray and white
matter components of the brain was determined from the 32
DWI scans of the 18 LINCL subjects and given with age, CNS
disability score at the time of the scan, and the age at diagnosis
(Table). The estimate of percentage error on the maximum
ADC value was 1.7% * 0.3% (n = 5) using the statistical
bootstrap method. The whole-brain ADC values derived from
the histogram increased with age for all of the LINCL patients
(Fig 4), in contrast with the decrease in ADC as a function of
age as seen in age-matched control subjects. The ADC values
increased linearly with patient age [ADC X 10> (mm?/s) =



CNS Disability Scale

2 3 4568
X+ HO A

Py = - =k
- w o -~

Whole Brain Apparent Diffusion Coefficient x 10° (mm’ls)
o
w0

0.7 T T T T T

. Fig 4. The whole-brain ADC value is plotted versus age for all
of the patients showing an increasing trend over time. Serial
studies are connected by /ines, and the CNS disability scale
is shown in the legend. Previously published whole-brain
ADC values from age-matched control subjects are plotted
for comparison.

Mormal Controls
(Ulug,2002)

Patient Age (Years)

0.065 * Age (years) + 0.564] yielding R? = 0.71 (P < .0001).
The whole-brain ADC values were correlated with the disease
duration calculated as the age at diagnosis subtracted from the
age at examination. A linear trend showed significant correla-
tion between the whole-brain ADC histogram values and dis-
ease duration yielding R* = 0.68 (P < .0001). There were no
significant differences in the ADC values of the Gaussian rep-
resenting brain parenchyma of the LINCL patients fitted using
both Equation 2 and the triple-Gaussian methods. The point
at which the lower 95% confidence interval of the LINCL pa-
tients crossed the upper 95% confidence interval of the control
subjects was at 5 years. This implies that statistically significant
deviations in whole-brain ADC may be detected as early as 5
years of age in this population.

A single-factor ANOVA test with a 95% confidence interval
compared the mean of the whole-brain ADC histogram with
the modified CNS disability scale. The ANOVA analysis
yielded F > F_; (3.8 > 2.7) and a P value of .01, confirming
differences in the means of the whole-brain ADC values be-
tween patients grouped by LINCL scale. A linear regression
confirmed that the whole-brain ADC values increased with
disease severity (R* = 0.27; P = .002).

Discussion

A number of noninvasive imaging approaches have been ap-
plied to the brains of subjects with various forms of neuronal
ceroid lipofuscinosis. Conventional MR imaging and CT have
been used to demonstrate the presence of cerebral atrophy in
multiple forms of neuronal ceroid lipofuscinosis.'>"'® How-
ever, atrophic grading using conventional MR imaging is only
a subjective measure of disease severity. A diffuse hyperinten-
sity of cerebral white matter has been reported in LINCL pa-
tients.>'? Postmortem studies of LINCL and juvenile neuronal
ceroid lipofuscinosis patients confirm a loss of myelin and
gliosis in periventricular white matter.” Consistent with these
findings, our patients presented with enlarged sulci and ven-
tricles in both the supratentorial and infratentorial compart-
ments of the brain consistent with marked atrophy. In addi-
tion, high signal intensity on T2-weighted images was
observed in the periventricular white matter. A previously

published CT study also showed increased subarachnoid and
ventricular spaces, which were correlated with patient age.'®
However, CT findings were usually normal in patients
younger than 10 years of age, and these findings did not cor-
relate with onset or severity of the abnormalities, possibly re-
flecting the diverse forms of neuronal ceroid lipofuscinosis in
this study before genetic testing.'®

MR spectroscopic imaging (MRSI) has also been used to
noninvasively assess brain metabolism in various neurodegen-
erative diseases, such as Alzheimer and Parkinson diseases.”"”
"H-MR spectroscopy has used single voxel techniques to de-
termine abnormal metabolic changes in patients with LINCL
within specific regions, such as the white matter of the parietal
lobe.'® MRSI is a sensitive though nonspecific method for as-
sessing metabolic changes in patients with LINCL compared
with normal control subjects. Multivoxel chemical shift imag-
ing may provide further information about metabolic degra-
dation in specific regions of the brain."®

Traditionally, DWI has been used to assess isotropic re-
striction of water molecules in stroke or white matter diseases
of the brain, such as multiple sclerosis or ischemic leukoara-
iosis.””*' DWT has rarely been used to examine neurodegen-
erative diseases of the brain, which primarily affect gray mat-
ter. One study examined patients with Huntington disease
with DWI and found a correlation (P = .05) between disease
stage and the mean of the whole-brain ADC histograms.*> Our
study showed a strong correlation between whole-brain ADC
values and age along with both disease severity and duration in
patients with LINCL.

This study examined the water diffusivity of the entire
brain through the use of DWI. Whole-brain ADC histograms
were created that included all of the voxels in the brain having
signal intensities greater than a predefined threshold. This
method eliminated user subjectivity required to place regions
of interest on the images. The reproducibility of whole-brain
ADC histograms has been confirmed as an accurate method to
quantify water diffusion in a robust and objective manner.*’
The whole-brain histogram was fitted using dual Gaussian
functions in addition to a partial volume function to charac-
terize brain parenchyma while excluding partial volume and
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CSF contamination. The global maximum of this function
yielded an estimate of the whole-brain ADC value. As ex-
pected, compartments identified as brain parenchyma, partial
volume, or CSF corresponded with those specific locations in
the brain. The fitted Gaussian function with the lowest mean
ADC corresponded with that of parenchyma containing both
gray and white matter regions. Voxels labeled as containing
partial volume fractions in the model were found to corre-
spond with those regions at the boundary between gray and
white matter and CSF. As the ADC value increased, voxels
along the gray matter boundary were seen to migrate toward
regions of CSF. Similarly, the voxels with high ADC were as-
sociated with the CSF compartment. Voxels having higher
ADC values than CSF were also observed, most likely because
of CSF flow artifacts in the region.

A significant correlation between increased whole-brain ADC
values and patient age was found for all of the patients. Deviation
of whole-brain ADC values from the control subjects became
significant at 5 years of age, suggesting a common age of disease
onset. This is consistent with the uniform age of manifestation of
LINCL clinical symptoms. Because of the progressive increase of
ADC values with age and the uniform age at diagnosis, it follows
that the ADC values also correlate with time since diagnosis. Sim-
ilarly, because severity increases with age, it would be expected
that ADC values correlate with severity, which is indeed the case,
though this correlation is less strong.

Changes in the ADC values were likely the result of a com-
bination of physiologic mechanisms that primarily alter the
restrictive nature of gray matter and, to a lesser degree, that of
white matter. A study found that calcium-binding proteins
linked to GABAergic interneurons in the cortex and cerebel-
lum were disrupted in patients with LINCL.>* An additional
postmortem study of 13 case subjects with LINCL found a
moderate-to-severe loss of myelin and mild-to-moderate gli-
osis in the periventricular white matter of 10 of 13 case sub-
jects.” Increased signal intensity in the periventricular white
matter on T2-weighted MR images in patients with LINCL
was correlated with histology confirming atrophy. These find-
ings implied a loss of neuronal integrity in gray matter and
decreased myelination in white matter. This is consistent with
the increased whole-brain ADC values found in this study
showing the progressive nature of the disease.

Whole-brain ADC values correlated better with patient age
than the modified CNS disability scale. Whole-brain ADC values
may, thus, provide a more accurate physiologically based indica-
tor of disease progression and severity. The objective acquisition
and analysis criterion of whole-brain ADC histograms is an at-
tractive feature of this technique. In addition, ADC measures
provide a more continuous scale with which to assess severity in
comparison with the discrete characterization of patient

disability.

Conclusions

This study was conducted to evaluate whether quantitative
data derived by DWI techniques can supplement clinical
disability scale information to provide a quantitative esti-
mate of neurodegeneration, as well as disease progression
and severity. The results presented are consistent with
known conventional MR imaging findings but suggest an
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objective and complementary technique to monitor disease
progression. Increased whole-brain ADC values agree with
imaging results characteristic of LINCL. Whole-brain ADC
values were significantly correlated with patient age, disease
severity as assessed with the modified CNS disability scale,
and disease duration. DWI has been shown to detect vari-
ances in cerebral water diffusion abnormalities in patients
with LINCL and may have the potential to monitor disease
progression and severity in conjunction with the clinical
characterization of patient disability.
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Editorial, see page 503

Neurological deterioration in late

infantile neuronal ceroid lipofuscinosis

ABSTRACT

Background: Late infantile neuronal ceroid lipofuscinosis (LINCL) is associated with progressive
degeneration of the brain and retina starting in early childhood.

Methods: Thirty-two individual neurologic, ophthalmologic, and CNS imaging (MRI and MRS) as-
sessments of 18 children with LINCL were analyzed. Disease severity was followed by two rating
scales, one previously established but modified to solely assess the brain and exclude the retinal
disease (modified Hamburg LINCL scale), and a newly developed scale, with expanded evaluation
of the CNS impairment (Weill Cornell LINCL scale).

Results: For the 18 children, the Weill Cornell scale yielded a closer correlation with both age and
time since initial clinical manifestation of the disease than did the modified Hamburg scale. There
were no significant differences as a function of age or time since initial manifestation of the
disease in the rating scales among the most frequent CLN2 mutations (G3556C, 56% of all
alleles or C3670T, 22% of all alleles). Measurements of cortical MRS N-acetyl-aspartate con-
tent, MRI ventricular, gray matter and white matter volume, and cortical apparent diffusion coef-
ficient correlated to a variable degree with the age of the children and the time since initial clinical
manifestation of the disease. All imaging measurements correlated better with the Weill Cornell
CNS scale compared to the modified Hamburg LINCL scale.

Conclusion: The data suggest that the Weill Cornell late infantile neuronal ceroid lipofuscinosis
(LINCL) scale, together with several of the MRl measurements, may be useful in the assessment
of severity and progression of LINCL and for the evaluation of novel therapeutic strategies.
Neurology® 2007;69:521-535

Late infantile neuronal ceroid lipofuscinosis (LINCL) is the second most frequent form of
the eight neuronal ceroid lipofuscinosis (NCL) lysosomal storage disorders, all of which
are associated with progressive neurodegeneration.' LINCL is an autosomal recessive
disorder caused by mutations in the CLN2 gene, located on chromosome 11q15 encoding
the lysosomal enzyme tripeptidyl peptidase 1 (TPP1).>® LINCL is rare with an incidence
of 0.46 per 10° live births in Germany and an estimated prevalence of 0.6 to 0.7 per 10° in
Northern Europe.>>!° The hallmarks of the disease are progressive degeneration of the
brain and retina mediated by apoptosis of neurons and photoreceptors.!>!:1> Diagnosis
of LINCL is based on clinicopathologic findings, enzymatic assay, and genetic testing.'
Symptoms usually appear in young children at the ages of 2 to 4 years, with seizures,
myoclonus, loss of motor function, language, and vision.! The seizures can be partial,
complex partial, or generalized tonic clonic and are often followed by development of
myoclonus, ataxia, and developmental regression.>'>!'* By the age of 6 years, the affected
children are usually unable to walk and sit unsupported and become blind, and death
occurs in mid-childhood.'?

Although the clinical manifestations of LINCL are clearly defined, and there are exam-
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ples in the literature of CT, MRI, and MRS
imaging studies of the CNS in children
with LINCL,"!® other than the Hamburg
University rating scale of disease severity in
patients residing in Germany and Switzer-
land based on clinical assessment of lan-
guage, motor function, seizures, and
vision,' the natural progression of LINCL
is not well characterized. As the basis of
planning a gene therapy study of
LINCL,**?! we have had the opportunity to
make 32 assessments of 18 children with
LINCL using a battery of measurements
relating to their neurologic status, includ-
ing MRI and MRS imaging. The present
study summarizes these data and estab-
lishes a more comprehensive clinical dis-
ease severity rating scale focused on the
CNS dysfunction, contributing to the un-
derstanding of the progressive deteriora-
tion in this disorder.

METHODS Study group. The study group consisted of
18 children (9 boys, 9 girls) with confirmed LINCL. DNA
analysis of the CLN2 mutations was available for all chil-
dren prior to inclusion into the study. The initial evaluation
included a detailed neurologic examination by a pediatric
neurologist, funduscopic examination by an ophthalmolo-
gist, and MRI/MRS imaging of the brain. Fourteen of the
children were subsequently reassessed 18 to 365 days after
the initial evaluation, for a total of 32 assessments of the 18
children. The parents of all study children provided in-
formed consent and the research protocol was reviewed and
approved by the Institutional Review Board at Weill Medical
College of Cornell University.

LINCL CNS severity assessment. LINCL CNS severity
and progression were evaluated using two scales: a modified
form of the Hamburg LINCL scale based on a scale origi-
nally developed by Steinfeld et al." to assess LINCL disease
progression, but modified to assess only the CNS, not the
ophthalmologic manifestations of the disease?’; and a newly
developed Weill Cornell LINCL scale, which is an expanded
severity scale assessing the degree of CNS dysfunction that
includes swallowing dysfunction, gait, motor, and language
abnormalities.

The modified Hamburg LINCL scale assesses motor
function, seizure activity, and language skills. Each of these
individual scales is ranked from 0 to 3 and then all individual
ratings are added to provide a total rating with 0 being the
most severe and 9 the mildest. The following ratings for the
individual scales were used: Seizure scale: 3 = no seizures/3-
month period; 2 = 2 seizures/3 month period; 1 = 1 seizure/
month; 0 = >1 seizure/month; Motor scale: 3 = walks
normally; 2 = frequent falls, clumsiness obvious; 1 = no
unaided walking or crawling only; 0 = immobile, mostly
bedridden; and Language scale: 3 = normal; 2 = recogniz-
ably abnormal; 1 = hardly understandable; and 0 = unintel-
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ligible or no language. The ratings were summarized for the
total disability, and grouped as 0 to 4 severe, 5 to 6 moderate,
7 to 8 mild, and 9 normal.

The Weill Cornell LINCL scale expands the modified
Hamburg LINCL scale to include the assessment of swallow-
ing function (“feeding scale”), gait (“gait scale”), motor sys-
tem abnormalities (“motor scale”), and speech abnormalities
(“language scale”). The following ratings for the individual
scales were used: Feeding scale: 0 = gastrostomy-dependent;
1 = moderate swallowing dysfunction; 2 = mild swallowing
dysfunction; 3 = no swallowing dysfunction; Gait scale: 0 =
nonambulatory; 1 = abnormal (spastic, bradykinetic, or
ataxic), and unable to ambulate independently; 2 = abnor-
mal (spastic, bradykinetic or ataxic), but able to ambulate
independently; 3 = normal; Motor scale: 0 = myoclonus and
one of chorea or tremor or athetosis (referred to as chorea/
tremor/athetosis) and positive Babinski reflex; 1 = two of
myoclonus, chorea/tremor/athetosis, or positive Babinski re-
flex; 2 = one of myoclonus, chorea/tremor/athetosis, or pos-
itive Babinski reflex; 3 = none of myoclonus, chorea/tremor/
athetosis, or positive Babinski reflex; and Language scale:
0 = unintelligible words or no speech; 1 = barely under-
standable speech (severe dysarthria or very few meaningful
words); 2 = abnormal speech (abnormal articulation or de-
creased vocabulary; and 3 = normal speech. The ratings were
summarized for an index of the total disability, with a maxi-

mum score of 12 for normal and 0 for most severe (table 1).

Ophthalmology examination. Funduscopic evaluation
was performed by slit lamp examination and direct ophthal-
moscopy using a 20 diopter lens by an ophthalmologist.

MRI/MRS. All image data were acquired on a 3.0 Tesla
MRI system (GE Medical Systems, Milwaukee, WI). Imag-
ing included T1-weighted, T2-weighted, and fluid-
attenuated inversion recovery (FLAIR) sequences. For the
MRI and MRS imaging measurements only experimentally
valid data points are presented (n = 27 scans for NAA, n =
28 for ventricular volume, n = 26 for gray matter volume,
and n = 32 for CADC). N-acetylaspartate (NAA), creatine,
and lactate levels in the CNS were extracted from the MRS
data set. Volumetric assessments of the ventricles were per
formed on T1-weighted data sets. To assess gray and white
matter volume a spoiled gradient recalled pulse sequence
(SPGR) was employed. The cortical apparent diffusion coef-
ficient (CADC) was measured with a spin-echo diffusion
weighted (DWI) echoplanar (EPI) sequence implemented
over the entire brain (for more details, see supplemental
E-Methods on the Neurology Web site at

www.neurology.org).

Statistics. Data are reported as mean = SEM and median.
Correlation coefficients were calculated using linear regres-
sion and significance was determined by analysis of variance.
Differences in regression with age or time since initial mani-
festation of the disease were assessed by comparatively ana-

lyzing the slopes of the linear regression.

RESULTS Characteristics of the study population.
The children were from the United States, Can-
ada, England, Australia, and Germany. The ages
of the children at the initial evaluation ranged
from 3.3 to 13.8 years (6.3 = 0.6 years; median 5.7
years; table 2). There were four sibling pairs.



Table 1 Weill Cornell LINCL Scale

Functional category Rating criteria Score
Feeding scale No swallowing dysfunction 3
Mild swallowing dysfunction 2
Moderate swallowing dysfunction 1
Gastrostomy-tube dependent 0
Gait scale Normal 3
Abnormal (spastic or bradykinetic or ataxic) but able to ambulate independently 2
Abnormal (spastic or bradykinetic or ataxic) requiring assistance 1
Nonambulatory 0
Motor scale None of myoclonus, chorea/tremor/athetosis,* and upgoing toes 8
One of myoclonus or chorea/tremor/athetosis* or upgoing toes 2
Two of myoclonus or chorea/tremor/athetosis* or upgoing toes 1
Myoclonus and chorea/tremor/athetosis* and upgoing toes 0
Language scale Normal speech 3
Abnormal speech with abnormal articulation or decreased vocabulary 2
Barely understandable speech with severe dysarthria or very few meaningful words 1
Unintelligible words or no speech 0

Total score

Feeding score + gait score + motor score + language score

*Any or more of the three motor symptoms chorea, tremor, and athetosis are considered as one scoring.

LINCL = late infantile neuronal ceroid lipofuscinosis.

Eight different mutations of the CLN2 gene were
present in 335 alleles; no mutation was detected in
one allele of BD-10. The sibling pairs each had the
same mutations. The most frequent mutation was
the splice mutation G3556C present in 18 alleles
(50%); 7 of the children were homozygous for this
allele. All of the homozygous mutations were
found in the children from England and Austra-
lia. The second most frequent mutation was
C3670T, which results in a premature stop codon,
and was present in 8 alleles (25%). Two children
were homozygous for this mutation.

LINCL history. The diagnosis of LINCL was
made at an average age of 4.0 = 0.2 years (range
2.0 to 5.3 years, median 4.0; table 3). The diagno-
sis was based on biochemical testing of the TPP-1
levels in fibroblasts or leukocytes and genetic
analysis. Three of the children were assessed due to
previous diagnosis in an affected sibling; these chil-
dren were tested before the onset of symptoms.

The average age at the onset of seizures was
3.3 = 0.2 years (median 3.1 years, range 2.0 to 6.3
years). The type of seizures included myoclonic,
complex partial, and generalized tonic clonic sei-
zures with the majority of the children experienc-
ing more than one seizure type. All of the children
received anticonvulsive therapy with control of
the seizures at the time of the initial presentation.
The reported onset of the language abnormalities
was 3.0 = 0.2 years (median 3.0 years, range 1.5

to 4.8 years). Some of the children never acquired
normal language skills and were diagnosed in
their second year of life with speech delay. The
reported onset of motor dysfunction was at 3.5 £
0.2 years (median 3.5 years, range 1.9 to 5.0
years). For the children with complete loss of the
ability to walk at the time of the assessment, the
age at which they became wheelchair-bound was
5.7 = 0.3 years (median 5.7 years, range 4.3 to 6.5
years). Feeding difficulties were common; only
17% of the children had no feeding problems, 67%
were fed via a gastrostomy tube due to their swal-
lowing dysfunction. Disease progression varied in
some of the four sibling pairs, indicating that there
may be confounding factors such as modifier genes
important for disease progression besides the muta-
tion alone. No change in the progression of the clin-
ical phenotypic pattern was seen related to either of
the two frequent mutations C3670T or G3556C nor
with the sibling pair (BD02 and BD03), carrying the
G3085A mutation, which has been previously asso-
ciated with a less severe phenotype."”

LINCL severity and neurologic characteristics. The
total ratings of the modified Hamburg LINCL
scale of the study children at the time of initial
evaluation ranged from 3 to 6 (table E-1 on the
Neurology Web site at www.neurology.org). All
but one child (BD-17) in the severe category (total
score of 0 to 4) had a seizure score of 3, as defined
by no seizures within the previous 3-month pe-
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Table 2

Demographics of the LINCL study population

CLN2 mutationst

Other medical conditions§

G3556C/T3016A' Otitis media

G3556C/G3085A" Hypospadias, septic arthritis hip
G3556C/G3085A" Otitis media

C3670T/T4396G* Pneumonia, reactive airway disease
G3556C/C3670T Otitis media, varicella

G3556C homozygote Drug allergy (lamotrigine)

G3556C homozygote

G3556C homozygote Drug allergy (phenytoin)
G3556C/T4383C™ Varicella
C3670T/unknown* —

G3556C homozygote Irritable bowel
G3670T homozygote =

G3556C homozygote

Atopic dermatitis, food allergies

Child* Age, y* Race/ethnicity Sex Residence
BD-01 8.4 W M USA
BD-02@ 9.7 W M USA
BD-03@ 6.6 W M USA
BD-04 13.8 W = USA
BD-05 6.2 W M Canada
BD-06[] 8.0 W F England
BD-07[] 6.6 W F England
BD-08A 6.0 W M England
BD-09 6.7 W M Canada
BD-10 5.0 W M USA
BD-11 5.4 W F England
BD-12 4.4 W F Germany
BD-130 4.4 W M Australia
BD-14A 3.4 W F England
BD-15 4.7 W F Canada
BD-16 52 W M Germany
BD-17 5.4 Cb/W F England
BD-180 33 W F Australia

G3556C homozygote Atopic dermatitis
G3556C/C3670T Frequent gastroenteritis
C3670T homozygote Atopic dermatitis

C1441G/r3986-4000%8  —

G3556C homozygote Atopic dermatitis, food allergies

*Listed in the order of the initial evaluation; ®, [], A, O used to identify sibling pairs.

*Age in years at initial evaluation.

Mutations are named by location in the gene”" & with the wild type nucleotide before and mutant nucleotide after. G3556C is
a mutation in the splice junction also referred to as IVS5-1G>C or ¢.509-1G>C. The C3670T mutation is a premature stop

codon also called R208X or c.622C>T.

8Medical problems unrelated to the known clinical manifestations of LINCL.>>

'Premature stop codon at amino acid 104.
IMissense (Arg>GIn) mutation at amino acid 127.
*Splicing mutation in intron 8 splice donor.
"Missense mutation (Leu>Pro) in amino acid 355.

#The diagnosis of LINCL for this patient was based on the TPP-1 deficiency and the presence of a known mutation for LINCL

on the other allele.

88Compound heterozygote with splicing mutation splice acceptor for intron 1 and in frame deletion of amino acids 275-279.
LINCL = late infantile neuronal ceroid lipofuscinosis; W = white; Cb = Caribbean.

riod. None of the children had a score of 1, possi-
bly reflecting the efficacy of their antiepileptic
drug regimens, which resulted in decreased sensi-
tivity at the lower end of the scale.

The modified Hamburg LINCL scale declined
with the age of the children (figure E-1A). In our
study population, the scores of the modified
Hamburg LINCL scale were mostly within the
5th to 95th percentile range as reported by Stein-
feld et al.” (gray shaded area, figure E-1). For
those children outside the range described by
Steinfeld et al.,” all were shifted to the right (i.e.,
older age for the same degree of severity), all were
older (>7 years), and all were in the severe cate-
gory. In general, this “right shift” was due to lack
of seizure activity (i.e., seizure score 3), perhaps
associated with effective antiseizure therapy.
Over the course of the study, three of the children
died due to progression of the disease. There were
no significant differences as a function of age in
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the rating scale among the two most frequent
CLN2 mutations G3556C (figure E-1B) and
C3670T (figure E-1C; p = 0.87).

All children had neurologic abnormalities at the
time of the initial presentation (table 4). Strength in
upper or lower extremities was decreased in all of
the children evaluated at an age older than 4 years.
Muscle stretch reflexes were increased in most chil-
dren, with a few showing normal or decreased mus-
cle stretch reflexes. The plantar response was mostly
“upgoing,” reflecting upper motor neuron involve-
ment in this disease. Dystonia in the form of athe-
toid movements was observed only in one child
during one evaluation. Dyskinesia of the tongue was
seen in 13% (4 of 32) of the assessments. The gait
abnormalities of the children who were still ambula-
tory were mostly of spastic and ataxic type. Myoclo-
nus was seen in 69% (22 of 32) of the assessments.
Tremors and chorea were seen less frequently, in
25% (8 of 32) and 16% (5 of 31) of the assessments.



Table 3 History related to progression of LINCL

Onset of Feeding issues
Onset of motor Onset of vision loss/
Onset of dysfunction/  language abnormal
Diagnosis seizures inability abnormality eye exam Swallowing
Child* (age, y) (age,y)  Seizure type* towalk (age, y) (age,y) (age, y) Gastrostomy* dysfunction
BD-01 53 3.7 Myoclonus 3.7/6.5 3.7 Unknown/5.2 Yes Yes
BD-0O2@ 4.7 6.3 Complex partial Unknown/6.2 4.0 4.0 Yes Yes
BD-03@ 3.6 39 Complex partial 5.0/5.6 4.0 5.0 Yes Yes
BD-04 45 3.5 Generalized tonic clonic  3.5/6.5 3.0 Unknown/7.7 Yes Yes
BD-05 4.8 3.5 Complex partial, 4.8 4.8 5.8/6.3 Yes Yes
myoclonus
BD-06[] 4.3 2.9 Complex partial, 3.3 3.3 Unknown/7.0 Yes Yes
myoclonus
BD-07(] 3.3 31 Complex partial 3.2/5.6 3.2 Unknown/6.6 Yes Yes
BD-08A 4.7 2.5 Generalized tonic clonic  3.5/5.0 2.0 5.2 Yes Yes
BD-09 3.4 2.7 Generalized tonic clonic, 4.5/5.8 3.0 Unknown/6.9 No Yes
complex partial
BD-10 3.7 2.8 Generalized tonic clonic, 3.5 3.7 4.5 Yes Yes
myoclonus
BD-11 45 2.8 Generalized tonic-clonic, 3.0 3.0 4.8 Yes Yes
complex partial,
myoclonus
BD-12 2.7 2.4 Generalized tonic clonic, 2.4/4.3 2.0 Unknown/4.4 No Yes (mild)
myoclonic
BD-130 4.3 8.9 Complex partial 2.5 2.5 4.3 No Yes
BD-14A 2.08 2.0 Generalized tonic clonic, 1.9 2.5 None No No
myoclonic
BD-15 4.4 3.0 Complex partial 4.2 2.0 Unknown/4.6 Yes Yes
BD-16 4.8 3.9 Complex partial, 3.7 i35 4.8 Yes Yes (mild)
myoclonus
BD-17 438 33 Generalized tonic clonic, 3.9 3.6 Unknown/5.3 No No
myoclonic
BD-180 2.88 31 Complex partial 3.1 2.5 None No No

*Listed in the order of initial evaluation; ®, [], A, O used to identify sibling pairs.

*Seizure history at time of initial assessment at Weill Cornell.
fFeed exclusively via gastrostomy.

8Tested for LINCL because older sibling was diagnosed with LINCL.

LINCL = late infantile neuronal ceroid lipofuscinosis.

Weill Cornell LINCL scale. The new Weill Cornell
LINCL scale, which expands the assessment of
the neurologic abnormalities compared to the
modified Hamburg LINCL scale, correlated bet-
ter with the age of the children compared to the
modified Hamburg LINCL scale (r* = 0.55; p <
0.0001 for Weill Cornell LINCL scale vs r*
0.44; p < 0.0001 for modified Hamburg LINCL
scale; figure 1A. The Weill Cornell scale sepa-

rated the individual assessments over a broad
area within the range of the scale. Compared to
the age progression observed with the modified
Hamburg LINCL scale, the slope of the decline
with age was steeper with the Weill Cornell
LINCL scale (y = —0.85 X + 8.2 for the Weill
Cornell CNS scale vsy = —0.36 X + 6.3 for the
modified Hamburg LINCL scale; p < 0.05),
suggesting that this scale may detect deviations
toward a decreased rate of disease progression

more readily and may thus be the more valu-
able of the two scales to assess effects of novel
therapies on disease progression. As seen for
the modified Hamburg LINCL scale, progres-
sion with age of the Weill Cornell LINCL scale
was not different for the two frequent geno-
types G3556C (figure 1B) and C3670T (figure
1C, p = 0.83).

Both LINCL scales correlated also with the
time since initial clinical manifestation of the dis-
ease, as determined by the chronological age at
the time of evaluation minus the age when sei-
zures or language or motor abnormalities were
first observed (figure 2 and figure E-2). Again, as
seen for the correlation with age, the Weill Cor-
nell LINCL scale correlated better with time since
initial clinical presentation (r* = 0.53; p < 0.0001;
figure 2) compared to the modified Hamburg
LINCL scale (r* = 0.35; p < 0.0001; figure E-2).
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Table 4

Child*
BD-130

BD-180

BD-144

BD-10

BD-11

BD-16

BD-5

BD-17

BD-15

BD-8A

BD-9

BD-12

BD-1

BD-2@

BD-3@

BD-4
BD-6[]

BD-70]

Neurologic evaluation

Age at
assessment,
y

4.4
4.5
8.3
3.4
3.4
3.6
5.0
5.4
5.4
52

5.3

6.2
7.2
5.4

4.7
5.7
6.0

7.0

6.7
7.7

4.4
4.5

8.4
8.6
9.7
10.0

6.6
6.9

13.8
8.0
8.1
6.6

Upper
limb
strength®
12

!
Normal
Normal
Normal
Normal
Normal
!

NA

!

NA
NA

NA
NA

— — o

Lower
limb
strength

!

!
Normal
Normal
Normal
Normal

!

!
NA

NA
NA

NA
NA

— — —

Upper
muscle
stretch
1

1

1

1
Normal
Normal
Normal
1
1
1

—

- — 5 -

Normal

- — 5 -

Lower
muscle
stretch
1

1

1

1
Normal

Normal

1

1
1
1

- > = -

Normal

Normal

= «— = —

Plantar
reflexes

Up

Up
Up/down?#
Up/downt
Down
Down

Up

Up

NA

Up

Up

Up
Up
Up

Up
Up
Up

Up

Up
Up

Up
Up

Up
Up
Up
Up

Down

Up

Up
Up
Mute

Up

Dystonia
No

Athetoid
movements

No
No
No
No

Dyskinesia Gait

No Ataxic

No Ataxic, spastic

No Ataxic

No Spastic

No Clumsy, tumbling
Ataxic

Tongue Walks with support

Tongue Ataxic

No Non-ambulatory

No Ataxic, spastic,
bradykinetic

No Ataxic, spastic,
bradykinetic

No Non-ambulatory

Tongue Non-ambulatory

No Ataxic, spastic,
bradykinetic

No Non-ambulatory

No Non-ambulatory

No Non-ambulatory

No Non-ambulatory

No Walks with support

No Ataxic, spastic,
bradykinetic

No Non-ambulatory

No Non-ambulatory

No Non-ambulatory

No Non-ambulatory

No Non-ambulatory

No Non-ambulatory

Tongue Non-ambulatory

No Impaired

No Non-ambulatory

No Non-ambulatory

No Non-ambulatory

No Non-ambulatory

*Order based on total LINCL severity score in increasing severity; ®, [], A, O used to identify sibling pairs.
*1, | =Increased, decreased.
*Left side up, right side down.

LINCL = late infantile neuronal ceroid lipofuscinosis; NA = not applicable.
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Also, the individual assessments were separated
more over the range of the Weill Cornell LINCL
scale with steeper slope of decline (y = —1.03 X
+ 6.5) compared to the modified Hamburg
LINCL scale (y = —0.41 X + 5.5). As seen for the
relation of the two frequent genotypes G3556C
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Myoclonus
No

No

No

No

Yes

Yes
(daytime)

(occasional)

Yes
(occasional)

Yes
Yes

Yes

Yes
(frequent)

Tremors
Yes

Yes

No

No

No

Chorea
No
No
No
No
No
No

Not
evaluated

Yes

Athetosis

Yes

and C3670T with age, no difference was ob-
served in the increase of severity with either of

these two genotypes as a function of time since

initial manifestation of the disease (not shown;
p > 0.6 for the comparisons for both LINCL

severity scales).



Figure 1 Progression of late infantile neuronal
ceroid lipofuscinosis (LINCL) as a
function of age as assessed by the
Weill Cornell CNS score for 18

children with LINCL
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Fourteen children were re-evaluated 18 to 365 days later,
for a total of 32 evaluations of the 18 children. (A) All chil-
dren; (B) G3556C (homozygotes and heterozygotes) chil-
dren; and (C) C3670T children. For B and C, heterozygotes
are shown with gray symbols and homozygotes with filled
symbols.

Ophthalmologic findings. Funduscopic evaluation
of the children revealed changes in the optic disc,
macula densa, and retinal periphery (table E-2).
Pallor of the optic disc was the most common ab-
normal finding. The macular findings included

pigmentary changes and degeneration, Bullseye

maculopathy, retinal pigmentary epithelial
changes, and pigmentary degeneration. Findings
in the retinal periphery included hypopigmenta-
tion, hypo- and hyperpigmentation (salt-and-
pepper appearance), and other pigmentary
changes. The funduscopic abnormalities in-
creased with LINCL severity, with the most se-
verely affected children showing changes in at

least two areas.

Brain imaging. The T1-weighted MR images
showed progressive global atrophy of the gray
matter with increasing degree of ventricular en-
largement becoming more marked with severity
of the disease (decreasing scores on the modi-
fied Hamburg and Weill Cornell LINCL scales;
figure 3). For example, MRI of a moderate pa-
tient with a score of 6 on the modified Ham-
burg LINCL scale and 8 on the Weill Cornell
LINCL scale showed minimal white matter hy-
perintensities and no gross gray matter involve-
ment (figure 3, A and B). Some minimal gray
matter changes and involvement with atrophy
were visible in a moderate patient with scores
of 5 on the modified Hamburg LINCL and 5 on
the Weill Cornell LINCL scale (figure 3, C and
D). In contrast, even more pronounced global
atrophy was present in children in the severe
category one with a score of 4 on the modified
Hamburg LINCL scale and 3 on the Weill Cor-
nell LINCL scale (figure 3, E and F) and an-
other with a score of 3 on the modified
Hamburg LINCL scale and 1 on the Weill Cor-
nell LINCL scale (figure 3, G and H).

Imaging measurements and age. Ten different mea-
surements of the MRI or MRS assessments were
used to quantify disease progression, including
quantification of levels of cortical N-acetyl-
aspartate (NAA; a metabolite reflecting the
amount of neuronal cells by MRS); NAA/creatine
and lactate as measured by MRS; ventricular,
white matter, and gray matter volume, quantified
from T1-weighted MR images and each calcu-
lated as an absolute volume and as a % of total
brain volume; and the cortical apparent diffusion
coefficient (CADC) by diffusion weighted MRI of
cortical brain ADC histograms. NAA levels, gray
matter volume, and % gray matter volume of to-
tal brain volume declined with age (figure 4, A, E,
F), reflecting the loss of neurons with progression
of the disease. In contrast, CADC, a measurement
reflecting the microscopic self-diffusion of H,O
molecules (H,O diffusivity increases with a lack
of structural restrictions at the cellular level due
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Figure 2 Status of late infantile neuronal ceroid
lipofuscinosis (LINCL) as a function
of the time since the first clinical
manifestation of the disease

Weill Cornell LINCL scale

0 5] <
0 2 4 6 8 10 12
Time since initial clinical manifestation
of disease (age at time of assessment
- age at which disease first manifested) (yr)

The initial clinical manifestation of the disease was deter-
mined by the earliest age at onset of seizures or motor or
language abnormalities. The time since the initial clinical
manifestation of disease was calculated as [age at time of
assessment — age at which disease first manifested] (y). The
data are shown for 18 children with LINCL for a total of 32
evaluations as a function of the Weill Cornell LINCL scale.

to neuronal degeneration), increased with age and
disease progression (figure 4B). Ventricular vol-
ume and % ventricular volume of total brain vol-
ume also increased with age, reflecting the
expansion of the ventricular space secondary to
neuronal loss (figure 4, C and D). Interestingly,
white matter volume and % white matter volume
of total brain volume also increased with age,
suggesting that this increase could either be at-
tributed to a relative increase in white matter due
to gray matter loss or to an absolute increase in
white matter volume. The correlations of the
eight imaging measurements with age were best
for ventricular volume > % gray matter volume
> CADC > % ventricular volume > NAA > %
white matter volume > white matter volume >
gray matter volume. Lactate and NAA/creatine,
other MRS measurements, correlated similarly to
NAA with age (r* = 0.25; p < 0.01 for NAA/
creatine and r* = 0.42; p < 0.001 for lactate; not
shown).

The correlations of the 10 imaging measure-
ments as a function of time since initial clinical
manifestation of the disease (figure 5) showed a
similar pattern as observed for the correlations
of the imaging measurements with age. Corre-
lations were best with ventricular volume (fig-
ure SC) > CADC (figure 5B) > % ventricular
volume (figure 5D) > % gray matter volume

Neurology 69  August 7, 2007

(figure 5SF) > NAA (figure 5A) > gray matter
volume (figure SE) > % white matter volume
(figure SH) > white matter volume (figure 5G),
suggesting that the time since disease manifes-
tation is reflected better by increased ventricu-
lar volume and CADC, as compared to
decreased gray matter volume and NAA. Lac-
tate correlated well with the time since initial
manifestation of the disease (r* = 0.57; p <
0.0001) and the correlation for NAA/creatine
with the time since initial manifestation of the
disease was comparable to that of NAA with
the time since clinical manifestation of the dis-
ease (r* = 0.35; p < 0.001; not shown).

Imaging measurements and disease severity scales.
The correlation of the imaging measurements
as a function of the modified Hamburg LINCL
scale was best for % ventricular volume (figure
E-3D) > % gray matter volume (Figure E-3F) >
ventricular volume (figure E-3C) > gray matter
volume (figure E-3E) > NAA (figure E-3A) >
CADC (figure E-3B) > % white matter volume
(figure E-3H) > white matter volume (figure
E-3G). All imaging measurements except gray
matter volume correlated less well with the
modified Hamburg LINCL scale compared to
age and time since initial clinical manifestation,
and % white matter volume and white matter
volume correlated similarly poorly compared
to time since initial clinical manifestation.
These observations suggest that the modified
Hamburg LINCL scale reflects disease severity
and progression as determined by the imaging
measurements less well compared to age and
time since clinical manifestation.

Correlations of the imaging measurements
with the Weill Cornell LINCL scale were better
for six measurements (NAA, ventricular volume,
% ventricular volume, gray matter volume, %
gray matter volume, and % white matter volume)
compared to the correlations with the modified
Hamburg LINCL scale (figure 6, A, C through F,
H). The correlation of the Weill Cornell LINCL
scale with CADC (figure 6B) was comparable to
the correlation with the modified Hamburg
LINCL scale and there was no good correlation
with white matter volume (figure 6G) as seen for
the modified Hamburg LINCL scale. The best
correlation was with the % ventricular volumes
(figure 6D). Interestingly, the second and fourth
best correlations were with % gray matter vol-
ume (figure 6F) and gray matter volume (figure
6E), followed by the correlation with NAA (figure
6A), suggesting that these primary measurements
of neuronal loss are reflected better as a function



| Figure 3 Brain MR images of children with severe and moderate late infantile neuronal ceroid lipofuscinosis (LINCL)

Severe

Moderate

S ot - B ’ ‘..ir.‘-
H6 WCS38 H5 WCS5 H4 WC3 H3 WC1

T1-weighted axial (A, C, E, G) and coronal (B, D, F, H) brain MR images of children with moderate (A through D) or severe LINCL (E through H). The axial (top) and
coronal (bottom) images are paired. Scores on the modified Hamburg LINCL scale (H) and the Weill Cornell LINCL scale (WC) of the included examples are
shown below the axial and coronal images for each child. Shown are axial images at the level passing through the head of the caudate nucleus anteriorly and
the genu of the corpus callosum posteriorly, and coronal images at the level passing through the third ventricle. Note that the degree of ventricular enlarge-
ment is paralleled by the extent of cortical atrophy.

of the Weill Cornell LINCL scale compared to as
a function of age or time since initial clinical man-
ifestation of the disease. The lower correlations
for CADC with both severity scales compared to
the other three imaging measurements were par-
tially affected by the very high CADC value in the
oldest child (figure 6B). Neither of the two
LINCL scales correlated well with lactate (r*<
0.08; p > 0.15 for both comparisons; not shown)
nor with NAA/creatine (r* = 0.28; p < 0.01 for
the modified Hamburg LINCL scale and r* =
0.30; p < 0.01 for the Weill Cornell LINCL scale;
not shown).

DISCUSSION The clinical presentation and
progression of LINCL have been well docu-
mented.'>" Symptoms usually appear in early
childhood and consist of seizures and loss of mo-
tor function, language, and vision. Progression of
the disease is rapid over the next few years with
complete loss of motor function by 6 years and
death at 8 to12 years. Exceptions from this disease
pattern have been described for a few patients
with rare CLN2 mutations who had delayed on-

set of symptoms.'”® The children in our cohort
followed the classic pattern with the mean onset
of language abnormalities at 3.0 years, seizures at
3.2 years, and motor abnormalities at 3.6 years.
Some of the children never completely acquired
language capacity beyond verbalization of a few
words and had been diagnosed initially with
speech delay.

Disease severity scales to assess disease pro-
gression have been developed for various forms
of neuronal ceroid lipofuscinosis.'”?>? A com-
prehensive clinical rating scale has been devel-
oped for juvenile NCL, including assessment of
motor, behavioral, and functional capabili-
ty.?»? For LINCL, which develops early in life
and progresses rapidly, it is challenging to de-
velop such a comprehensive disease severity
scale. The only disease severity scale developed
to date is the LINCL severity scale from Stein-
feld et al.,” which includes the assessment of
seizures, motor dysfunction, language abnor-
mality, and vision.

In the context of our interest in developing a
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Figure 4 Brain imaging measurements of children with late infantile neuronal ceroid lipofuscinosis (LINCL) as a
function of age
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(A) Cortical N-acetylaspartate levels. Data are shown as individual measurements of four interleaved 15-mm brain sections.
(B) Cortical apparent diffusion coefficient measured by diffusion-weighted imaging. (C) Ventricular volumes. Measurements of
ventricular segmentations included all of the lateral and inferior lateral ventricles for both hemispheres. Volumes were calcu-
lated by the number of voxels segmented as ventricles, multiplied by the single voxel dimension. (D) Ventricular volumes as %
of total brain volume. Total brain volume was determined as the sum of ventricular volume + gray matter volume + white
matter volume. (E) Gray matter volumes. (F) Gray matter volumes as % of total brain volume. (G) White matter volumes. (H)
White matter volumes as % of total brain volume. Data for E and G are shown as individual measurements from SPGR
acquisitions, calculated using the Freesurfer software. All data are shown as measurements of individual children. Shown for
each is the correlation coefficient (r2) and p value for a linear fit.
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Figure 5
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Brain imaging measurements of children with late infantile neuronal ceroid lipofuscinosis (LINCL) as a function of the time since initial clinical manifestation of
disease. The time since the initial clinical manifestation of disease was calculated as (age at time of assessment — age at which disease first manifested) (y). (A)
Cortical N-acetylaspartate levels. Data are shown as individual measurements of four interleaved 15-mm brain sections. (B) Cortical apparent diffusion
coefficient measured by diffusion-weighted imaging. (C) Ventricular volumes. Measurements of ventricular segmentations included all of the lateral and
inferior lateral ventricles for both hemispheres. Volumes were calculated by the number of voxels segmented as ventricles, multiplied by the single voxel
dimension. (D) Ventricular volumes as % of total brain volume. Total brain volume was determined as the sum of ventricular volume + gray matter volume +
white matter volume. (E) Gray matter volumes. (F) Gray matter volumes as % of total brain volume. (G) White matter volumes. (H) White matter volumes as % of
total brain volume. Data for E and G are shown as individual measurements from SPGR acquisitions, calculated using the Freesurfer software. All data are
shown as measurements of individual children. Shown for each is the correlation coefficient (r2) and p value for a linear fit.

gene therapy strategy to treat the CNS manifesta- likely reflecting optimized antiseizure management
tions of LINCL, we modified the scale created by  or inability of the brain to generate seizures due to
Steinfeld et al.” to focus only on the CNS mani-  advanced neuronal degeneration. This feature of the
festations of the disease referred to here as the modified Hamburg LINCL scale further limited the
modified Hamburg LINCL scale. The age- phenotypic range of the scale.

specific ratings of our cohort using the modified A clinical rating instrument, which is able to
Hamburg LINCL scale compared well with the identify more subtle differences in disease pro-
one from Steinfeld et al.”” for the younger chil- gression of children with LINCL, would be de-
dren, but most of the children older than 6 years sirable to study the natural progression of the
of age were outside the 95th percentile range. disease and is critically important for the as-
Most of these deviations were due to the high rating  sessment of novel therapeutic interventions, as
on the seizure scale of the modified LINCL scale, the window for assessing disease progression is
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Figure 6

Brain imaging measurements of children with late infantile neuronal ceroid lipofuscinosis (LINCL) as a function of the Weill Cornell
LINCL scale
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(A) Cortical N-acetylaspartate levels. Data are shown as individual measurements of four interleaved 15-mm brain sections. (B) Cortical apparent diffusion
coefficient measured by diffusion-weighted imaging. (C) Ventricular volumes. Measurements of ventricular segmentations included all of the lateral and
inferior lateral ventricles for both hemispheres. Volumes were calculated by the number of voxels segmented as ventricles, multiplied by the single voxel
dimension. (D) Ventricular volumes as % of total brain volume. Total brain volume was determined as the sum of ventricular volume + gray matter volume +
white matter volume. (E) Gray matter volumes. (F) Gray matter volumes as % of total brain volume. (G) White matter volumes. (H) White matter volumes as % of
total brain volume. Data for E and G are shown as individual measurements from SPGR acquisitions, calculated using the Freesurfer software. All data are
shown as measurements of individual children. Shown for each is the correlation coefficient (%) and p value for a linear fit.

only a few years from the onset of symptoms to  LINCL scale. The individual assessments also
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development of a vegetative state."" In this
context, the new Weill Cornell CNS scale was
developed to help identify phenotypic differ-
ences over a broader range. The Weill Cornell
CNS scale, consisting of a more comprehensive
neurologic assessment compared to the modi-
fied Hamburg LINCL scale and excluding
events prior to the time of the assessment, such
as onset of seizures, correlated better with age
and the time since clinical manifestations of the
disease compared to the modified Hamburg
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separated over a wider range with a steeper de-
cline compared to the modified Hamburg
LINCL scale. These features make this new
scale suitable to detect deviations to a slower
rate of decline with age more readily and make
it particularly valuable for the assessment of
the effect of novel therapies on disease
progression.

To date, at least 52 different mutations in the
CLN2 gene have been associated with the LINCL
phenotype (http://www.ucl.ac.uk/ncl). Two of



these mutations, the missense mutation C3670T
(R208X) and the splicing mutation G3556C
(IVS5-1 G>C), account for at least 60% of all dis-
ease alleles. A study including patients from Ger-
many and Switzerland found C3670T in 42% and
G3556C in 25% of the mutant alleles."” The 5th
and 95th percentile range of the modified LINCL
CNS scale based on the data of Steinfeld et al.”
used to assess age-specific disease severity is based
on patients from that study carrying exclusively
the C3670T or G3556C mutation."

All of the CLN2 mutations in our patient pop-
ulation have been previously reported in the NCL
mutation database (http://www.ucl.ac.uk/ncl). In
our study population, 25% of the alleles were
C3670T, with both patients from Germany being
homozygous for this mutation, and 50% of the
alleles were G3556C, with all the children from
England (except BD-17 whose mother was from
the Caribbean), Canada, and Australia having at
least one allele with this mutation. Although the
sample size precluded a comprehensive assess-
ment of the relationship of genotype with pheno-
type, we did not observe a difference in the
progression of the clinical phenotypic pattern re-
lated to either C3670T or G3556C, the two most
frequent mutations. Later onset of disease or
milder progression have been associated in the lit-
erature with a few mutations (R447H, S153P,
R127Q, and the intron splice mutation T523-
1GoA)."?*2¢ Two of the children, a sibling pair,
carried R127Q (G3085A). The milder disease
course, previously described for this mutation in a
compound heterozygous patient with C3670T/
R127Q," was not observed for the compound
heterozygous G3556C/R127Q children in our
study.

Anecdotal MRI brain imaging studies have
been reported for living patients with LINCL,
demonstrating progressive gray matter atrophy
prominent in the infratentorial regions.!>!7:18:27:28
In a postmortem MRI study of 16 patients with
LINCL, characteristic MRI findings were en-
larged cerebral and cerebellar sulci as well as di-
lated ventricles," similar to the MRI changes in
the present study. Also changes in periventricular
white matter, the only finding in the less severely
affected children in our cohort, have been previ-
ously described in children with more advanced
disease.!17-18

Brain imaging with MRI and MRS provides
the tools and opportunity to assess disease se-
verity and to monitor disease progression for
neurodegenerative disorders quantitatively.
None of this has been reported in a comprehen-

sive and quantitative fashion for LINCL to
date, but MRI, MRS, and SPECT analysis have
been employed to characterize disease progres-
sion in eight patients with infantile NCL
(CLN1). MRI and MRS showed abnormal find-
ings before the disease was clinically apparent,
and SPECT analysis showed cortical hypoper-
fusion and loss of benzodiazepine receptors
with the onset of clinical manifestations.?” Gray
matter volume, % gray matter volume, and
NAA, assessing the presence of neurons, de-
creased with age and severity of the disease,
whereas ventricular volume, % ventricular vol-
ume, and CADC, assessing consequences of the
neuronal loss, increased with age and severity
of the disease. The % white matter volumes in-
creased with age and severity of the disease.
However, the data did not allow us to distin-
guish whether the increase in the % white mat-
ter volume was absolute or relative to the brain
atrophy attributable to the gray matter loss. Of
all the MRI measurements evaluated, ventricu-
lar volume or % ventricular volume correlated
the best with age and the severity scales, sug-
gesting that the measurement of ventricular
volumes may be the best MRI measurement to
assess disease progression.

In two small studies with LINCL, MRS as-
sessment showed decreased NAA/creatine ra-
tios in three patients,'® and decreased NAA and
elevated lactate in one patient.'* The NAA mea-
surements in our cohort showed variability be-
tween children and also between repeat
evaluations of the same child, indicating that
this measurement can serve as a marker for
overall disease progression in a cohort of pa-
tients, but may not be suitable to follow disease
progression in individual patients.

The noninvasive instruments used to assess
brain structure and degeneration in this study
were useful in pointing out that in LINCL gray
matter volume and NAA decrease with disease
progression, in contrast to white matter volume,
ventricular volume, and whole brain diffusion ca-
pacity (CADC), which increase with disease pro-
gression. These data are consistent with ongoing
neuronal loss contributing to the progressive
brain atrophy and clinical deterioration evident in
LINCL.

Overall, the present study provides an im-
proved understanding of LINCL and provides
new tools to assess severity and progression of the
disease. By using a novel, more comprehensive
disease severity scale, assessing the neurologic
manifestations of the disease, and employing
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quantitative imaging measurements, in particular
the assessment of ventricular volumes, this study
also provides a basis for the evaluation of novel
therapeutic strategies such as gene and stem cell
therapy.

NOTE ADDED IN PROOF

Analysis of the MRS data from a subset of scans (n = 10) with data
available from voxels corresponding to thalamic tissue showed that
thalamic NAA/Cr ratios correlated better with patient age
(r* = 0.45), Modified Hamburg LINCL scale (r* = 0.60), and Weill
Cornell LINCL scale (r* + 0.69) compared to the cortical region of
interest reported in the manuscript (r* = 0.25, 0.28, and 0.30, respec-
tively). These newer analyses suggest that MRS measurements of
thalamus may provide greater sensitivity as a marker to identify the

progression of Batten disease.

ACKNOWLEDGMENT

The authors thank T. Lee for the ophthalmologic evaluations; S. Ho-
sain for the neurologic assessments; L. Cai, L.M. Arkin, S.C. Bangs,
and H. Lawther for coordinating the study; L.H.K. Suh for regulatory
submissions; M. Wang for monitoring the study; S. Hyde for data
management; and N. Mohamed and T. Virgin-Bryan for help in pre-

paring the manuscript.

Received December 27, 2006. Accepted in final form April 2,
2007.

REFERENCES

1. Goebel HH, Wisniewski KE. Current state of clinical
and morphological features in human NCL. Brain
Pathol 2004;14:61-69.

2. Haltia M. The neuronal ceroid-lipofuscinoses. ] Neu-
ropathol Exp Neurol 2003;62:1-13.

3. Hofmann SL, Peltonen L. The neuronal ceroid lipo-
fuscinoses. In: Scriver CR, Beaudet AL, Valle D, Sly
WS, eds. The metabolic and molecular bases of in-
herited disease. New York: McGraw-Hill;
2001:3877-3894.

4. Williams RE, Gottlob BD, Lake HH, Goebel HH, Win-
chester BG, Wheeler RB. CLN2 classic late infantile
NCL. In: Geobel HH, Mole SE, Lake BD, eds. The neu-
ronal ceroid lipofuscinoses (Batten disease). Amster-
dam: 1OS Press; 1999:37-54.

5. Wisniewski KE. Neuronal ceroid lipofuscinoses: classi-
fication and diagnosis. In: Wisniewski KE, Zhong N,
eds. Batten disease: diagnosis treatment and research.
San Diego: Academic Press; 2001:1-34.

6. Mole SE. The genetic spectrum of human neuronal
ceroid-lipofuscinoses. Brain Pathol 2004;14:70-76.

7. Sleat DE, Donnelly R], Lackland H, et al. Association
of mutations in a lysosomal protein with classical late-
infantile neuronal ceroid lipofuscinosis. Science 1997;
277:1802-1805.

8. Sleat DE, Gin RM, Sohar I, et al. Mutational analysis
of the defective protease in classic late-infantile neuro-
nal ceroid lipofuscinosis, a neurodegenerative lysoso-
mal storage disorder. Am ] Hum Genet 1999;64:1511—
1523.

9. Claussen M, Heim P, Knispel J, Goebel HH, Kohls-
chutter A. Incidence of neuronal ceroid-lipofuscinoses
in West Germany: variation of a method for studying
autosomal recessive disorders. Am ] Med Genet 1992;
42:536-538.

Neurology 69  August 7, 2007

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Uvebrant P, Hagberg B. Neuronal ceroid lipofuscino-
ses in Scandinavia. Epidemiology and clinical pictures.
Neuropediatrics 1997;28:6-8.

Lane SC, Jolly RD, Schmechel DE, Alroy ], Boustany
RM. Apoptosis as the mechanism of neurodegenera-
tion in Batten’s disease. ] Neurochem 1996;67:677—
683.

Weleber RG. The dystrophic retina in multisystem dis-
orders: the electroretinogram in neuronal ceroid lipo-
fuscinoses. Eye 1998;12:580-590.

Hachiya Y, Hayashi M, Kumada S, Uchiyama A,
Tsuchiya K, Kurata K. Mechanisms of neurodegenera-
tion in neuronal ceroid-lipofuscinoses. Acta Neuro-
pathol (Berl) 2006;111:168-177.

Sinha S, Satishchandra P, Santosh V, Gayatri N, Shan-
kar SK. Neuronal ceroid lipofuscinosis: a clinicopatho-
logical study. Seizure 2004;13:235-240.

Autti T, Raininko R, Santavuori P, Vanhanen SL, Pou-
tanen VP, Haltia M. MRI of neuronal ceroid lipofusci-
nosis. II. Postmortem MRI and histopathological study
of the brain in 16 cases of neuronal ceroid lipofuscino-
sis of juvenile or late infantile type. Neuroradiol 1997;
39:371-377.

Brockmann K, Pouwels PJ, Christen HJ, Frahm ],
Hanefeld F. Localized proton magnetic resonance spec-
troscopy of cerebral metabolic disturbances in children
with neuronal ceroid lipofuscinosis. Neuropediatrics
1996;27:242-248.

Petersen B, Handwerker M, Huppertz HI. Neuroradio-
logical findings in classical late infantile neuronal
ceroid-lipofuscinosis. Pediatr Neurol 1996;15:344-347.
Seitz D, Grodd W, Schwab A, Seeger U, Klose U,
Nagele T. MR imaging and localized proton MR spec-
troscopy in late infantile neuronal ceroid lipofuscino-
sis. AJNR Am ] Neuroradiol 1998;19:1373-1377.
Steinfeld R, Heim P, von GH, et al. Late infantile neu-
ronal ceroid lipofuscinosis: quantitative description of
the clinical course in patients with CLN2 mutations.
Am ] Med Genet 2002;112:347-354.

Crystal RG, Sondhi D, Hackett NR, et al. Clinical pro-
tocol. Administration of a replication-deficient adeno-
associated virus gene transfer vector expressing the
human CLN2 cDNA to the brain of children with late
infantile neuronal ceroid lipofuscinosis. Hum Gene
Ther 2004;15:1131-1154.

Sondhi D, Hackett NR, Apblett RL, Kaminsky SM,
Pergolizzi RG, Crystal RG. Feasibility of gene therapy
for late neuronal ceroid lipofuscinosis. Arch Neurol
2001;58:1793-1798.

Adams H, de Blieck EA, Mink JW, et al. Standardized
assessment of behavior and adaptive living skills in ju-
venile neuronal ceroid lipofuscinosis. Dev Med Child
Neurol 2006;48:259-264.

Marshall FJ, de Blieck EA, Mink JW, et al. A clinical
rating scale for Batten disease: reliable and relevant for
clinical trials. Neurology 2005;65:275-279.
Hartikainen JM, Ju W, Wisniewski KE, et al. Late in-
fantile neuronal ceroid lipofuscinosis is due to splicing
mutations in the CLN2 gene. Mol Genet Metab 1999;
67:162-168.

Lin L, Lobel P. Expression and analysis of CLN2 vari-
ants in CHO cells: Q100R represents a polymorphism,
and G389E and R447H represent loss-of-function mu-
tations. Hum Mutat 2001;18:165.



26.

27.

Mitsumoto H, Ulug AM, Pullman SL, et al. Quantita-
tive objective markers for upper and lower motor neu-
ron dysfunction in amyotrophic lateral sclerosis.
Neurology 2007 (in press).

Lagenstein I, Schwendemann G, Kuhne D, Koepp P,
Stahnke N, Sternowsky HJ. Neuronal ceroid lipofusci-
nosis: CCT findings in fourteen patients. Acta Paediatr
Scand 1981;70:857-860.

28.

29.

Neuroloav 69  Auaust 7. 2007

Santavuori P, Vanhanen SL, Autti T. Clinical and neu-
roradiological diagnostic aspects of neuronal ceroid li-
pofuscinoses disorders. Eur J Paediatr Neurol 2001;5
Suppl A:157-161.

Vanhanen SL, Puranen J, Autti T, et al. Neuroradiologi-
cal findings (MRS, MRI, SPECT) in infantile neuronal
ceroid-lipofuscinosis (infantile CLN1) at different stages
of the disease. Neuropediatrics 2004;35:27-35.

535



SETTING BACK THE CLOCK: ADENOVIRAL-
MEDIATED GENE THERAPY FOR LYSOSOMAL
STORAGE DISORDERS

Dolan Sondhi, Neil R. Hackett, Stephen M. Kaminksy, and Ronald G.
Crystal

1 INTRODUCTION

Lysosomal storage diseases (LSD) arise from mutations in the genes for lysosomal
proteins that degrade and recycle macromolecules (Futerman and van Meer, 2004; Mach,
2002; Vellodi, 2005; Walkley, 2001). The undegraded waste products accumulate over
time, resulting in derangement of cell physiology and eventually cell death. It follows,
therefore, that delivery and expression of a wild-type copy of the defective gene to the
affected cells should be preventive or therapeutic. For the lysosomal storage disorders,
the challenges for gene therapy are to deliver the gene to the target tissue and to achieve
reduction of “lysosomal storage,” thus preserving cellular function.

Of the various strategies to achieve that goal, replication-deficient adenovirus-
derived vectors (Ad) are generally thought to be inappropriate because although Ad
vectors mediate high levels of production of their transgene, expression is transient over a
period of only a few weeks (Hackett and Crystal, 2003; Trapnell and Gorziglia, 1994;
Wilson, 1996). This chapter provides a contrary and counterintuitive view, making the
case for using Ad vectors to treat the lysosomal storage disorders. We do so by first
providing an overview of the production and properties of Ad vectors and then discussing
studies in which Ad has been used to treat animal models of lysosomal storage diseases.
The intent of this analysis is to critically evaluate the applicability of Ad for the
challenges provided by LSD, including the required spatial and temporal pattern of gene
expression. We then discuss a novel hypothesis, which we call “setting back the clock,”
which holds that, for some lysosomal storage diseases, transient overexpression of the
deficient gene at high levels may be sufficient to completely reverse the storage defect
and may give a substantial benefit, especially in diseases where the accumulation of the
storage defect is slow.

2 GENERAL CHARACTERISTICS OF ADENOVIRUS

This section provides a brief description of the construction and use of Ad for gene
transfer. A number of detailed reviews on the biology of adenoviruses and how they are
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modified as gene transfer vectors are available (Hackett and Crystal, 2003; Trapnell and
Gorziglia, 1994; Wilson, 1996).

In humans, adenoviruses generally cause transient mild infections of the upper
respiratory tract which are rapidly cleared by the immune system, providing long-term
protection against reinfection by the same serotype (Horwitz, 1996). There are at least 51
distinct serotypes of human adenovirus, classified into six groups labeled A to F based on
sequence homology and their ability to agglutinate red blood cells (Horwitz, 1996). Most
gene therapy related studies have been carried out with derivatives of adenovirus serotype
5 although other serotypes including Ad35 and Ad11 are being evaluated, as are vectors
made from nonhuman primate-derived adenoviruses (Cohen et al., 2002; Seshidhar et al.,
2003; Stone et al., 2005).

Adenoviruses are nonenveloped double-stranded DNA viruses with an outer protein
shell surrounding an inner nucleoprotein (Shenk, 1996). The 20 triangular faces of the
capsid are each made up of 60 trimers of the hexon protein, which makes contact with six
adjacent pseudo-equivalent neighbors. The 12 vertices are made up of a complex of the
five copies of penton base protein and three of the fiber protein (Shenk, 1996). Within
the 90 nm capsid, the 36 kilobase (kb) genome is packaged with the core protein and with
the terminal protein attached to each end (Shenk, 1996; Figure 1A).

The adenovirus infection pathway is initiated by interaction of Ad with cell surface
proteins. For the group C Ad, these include the primary coxsackie-adenovirus receptor
(CAR) and coreceptors from the integrin family (owvfBs, ovBs, ovBi, omB2, and osfBi)
(Nemerow, 2000; Wickham, 2000). Other serotypes of human adenovirus use different
receptors (Sirena et al., 2004). The knob region of fiber contains a binding site for CAR
and the penton base protein binds to integrins via a consensus integrin binding domain
containing an Arg—Gly—Asp motif (RGD) (Nemerow, 2000; Wickham, 2000). Adeno-
virus enters cells via clathrin-mediated endocytosis followed by a pH-dependent modifi-
cation of the capsid and release of the virion to the cytosol (Meier and Greber, 2003).
Like many viruses, adenovirus takes advantage of microtubule-associated transport
mechanisms to reach the nucleus (Leopold et al., 2000). The capsids bind to the nuclear
envelope in the vicinity of nuclear pores and undergo a final round of uncoating during
which the viral DNA genome and DNA-binding protein leave the capsid and enter the
nucleus (Figure 1B).

The biology of human adenoviruses has been extensively studied and their
adaptation to the role of gene transfer vectors was relatively simple. Among the features
that make Ad vectors attractive for gene therapy are the mild pathology of wild-type
adenovirus, the lack of oncogenic potential, and the ability to infect a wide variety of
cells (Hackett and Crystal, 2003; Trapnell and Gorziglia, 1994; Wilson, 1996). These
qualities, as well as the ease of manipulating the viral genome, have made Ad a popular
gene therapy vector as can be evidenced by the fact that nearly one quarter of all human
gene therapy clinical trials in the United States use recombinant adenoviral vectors
(http://www4.od.nih.gov/oba/rac/PROTOCOL.pdf). In general Ad are easy to produce in
large amounts, achieve efficient infection of many cell types (quiescent or dividing) and
rapidly result in high levels of expression of the therapeutic gene (Hackett and Crystal,
2003; Trapnell and Gorziglia, 1994; Wilson, 1996).
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Figure 1. Adenovirus structure and intracellular trafficking. (A) The adenovirus capsid surface is
composed primarily of two structures, hexon and penton. The major component is the hexon, but
many of the critical functions involved in infection are incorporated in the penton that resides at
each vartex. The penton has two parts, the penton base, which binds to integrins, and the high affinity
fiber, which binds to the coxsackie adenovirus receptor (CAR). (B) The adenovirus trafficking pathway.

Laboratory investigations of adenovirus serotype 5 have lead to a detailed
understanding of its infection and replication cycles and the roles played by the early (E1,
E2, E3, and E4) and late (L1, L2, L3, L4, L5) genes (Shenk, 1996; Figure 2). Each gene
comprises a complex transcription unit with alternative sites for transcription initiation,
termination, and splicing, and each gene expresses multiple proteins (Shenk, 1996). The
El gene products, E1A and E1B, are expressed immediately upon infection and are
essential for expression of all other adenoviral genes (Shenk, 1996). The E1 genes play a
critical role in forcing the host cell to enter the replicative state needed by the virus for
DNA replication and in preventing cellular apoptosis (Shenk, 1996). Among the genes
activated by the E1 proteins are the E2 (encoding proteins required for DNA replication),
the E3 proteins (encoding nonessential proteins that help evade host response) and the E4
proteins (encoding proteins that coordinate late gene expression). The late genes encode
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Figure 2. Structure and transcription of the major genes of the adenovirus type 5 genome. The
genome is represented as two parallel lines and is divided by the scale shown on top into 100 map
units (1 map unit = 360 bp). There are nine major complex transcription units divided into early
(above the genome) and late transcripts (below). The four early transcripts are produced before the
commencement of DNA replication and specify regulatory proteins and proteins required for DNA
replication. Upon initial infection of a cell, the E1A protein is produced from transcripts in the E1l
region. E1A is a major regulatory factor required for transcription of E1B, E2, E3, and E4. In
replication-deficient adenovirus vectors, the E1 region is deleted. Proteins coded by the E2 and E4
regions are required for late gene transcription. The E3 region codes for proteins that help the virus
evade host defenses. All late transcripts originate at the same point and are produced by alternate
splicing. The tripartite leader sequence is present at the 5° end of all late transcripts. The L3 region
specifies hexon, the L5 specifies fiber and the L2 specifies penton. For conventional adenovirus
gene transfer vectors, most of E1 and E3 are deleted, and the expression cassette is inserted into the
El region.

the components of the viral capsid and are expressed in abundance after DNA replication
begins. In the wild-type adenovirus, DNA replication and packaging are coordinated and
about 10,000 progeny virus are produced by each infected cell (Hackett and Crystal,
2003; Horwitz, 1996; Shenk, 1996).

3 GENE TRANSFER BY REPLICATION-DEFICIENT ADENOVIRUSES

Because the E1 gene is essential for all subsequent steps of the productive infection
cycle, it follows that adenoviruses with E1 deletions are replication-deficient (Shenk,
1996). Gene transfer vectors are made by replacing the E1 gene with an expression
cassette for the therapeutic gene. In practice, the nonessential E3 gene is also deleted.
These two modifications render the vector incapable of completing the infectious cycle
and thus infection is followed by expression of only the therapeutic gene (Hackett and
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Crystal, 2003; Trapnell and Gorziglia, 1994). Production of such E1'E3™ Ad requires
producer cell-lines that provide the deleted viral functions in #rans (Graham and Prevec,
1995). The 293 cell-line, derived from human embryonic kidney and transformed by the
left 11% of the adenovirus genome is generally used (Graham et al., 1977; Figure 3).
Recombinant E1™ Ad vectors containing therapeutic genes can be expanded on 293 cells
and are readily purified in large amounts. These vectors can infect many cell types in
vitro and in vivo and result in high-level expression of the therapeutic gene (Hackett and
Crystal, 2003; Trapnell and Gorziglia, 1994; Wilson, 1996).

Wild type adenovirus
| {:\\\‘I‘ | A |
E1 region replaced by E3 region deleted
Expression cassette
x Y

E1+ cell line permits replication
by providing E1 protein in trans

Host cell -
non permissive
for replication

Figure 3. Gene transfer by adenovirus vectors. (Top) The 36,000 basepair genome of wild-type
adenovirus serotype 5 with the locations of the E1 and E3 genes cross-hatched. Below this is a
schematic of a first-generation adenovirus gene transfer vector. The E3 gene is deleted to make
room for the expression cassette for the therapeutic gene. The E1 gene is removed and replaced by
an expression cassette, typically consisting of a strong promoter (e.g., cytomegalovirus
immediate/early promoter/ enhancer), an artificial splice site to enhance expression, and the
reporter or therapeutic gene followed by a transcription stop/polyadenylation site. (Below, left) The
genome of the replication deficient Ad vector is constructed in E. coli and transfected into human
embryonic kidney 293 cells. Because 293 cells have the adenovirus E1 gene expressed from a
chromosomal location, they are permissive for the replication of the E1 deleted vector. Serial
infection of increasing numbers of 293 cells leads to large amounts of vector which is purified
before in vitro or in vivo use. (Below, right) The vector binds to host cells through interaction of
the fiber gene, which projects from each vertex of the virion, and the cell surface coxsackie
adenovirus receptor integrins. The vector is internalized by endocytosis. It escapes from endosomes
and traffics rapidly to the nucleus. The vector DNA, but not the capsid, enters the nucleus. There is
no integration into host DNA so the transgene is expressed from an episome which does not
replicate and is diluted by cell division.
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Extensive use of recombinant Ad in experimental animals and humans has led to a
number of general conclusions about their use as vectors. Adenoviruses can be used for
gene transfer to most tissues by direct administration to that tissue. When administered by
the intravenous route, gene expression is primarily in the liver in rodents, but also in the
lung in species such as the pig (Hackett et al., 2000). Due to the packaging capacity of the
virus, the expression cassette can be up to ~8 kb and therefore most cDNAs can be
expressed using E1'E3~ Ad. Ad vectors generally mediate a high level of gene
expression, peaking at two to seven days, but diminishing to <5% by about two weeks
following gene transfer (Hackett and Crystal, 2003; Trapnell and Gorziglia, 1994;
Wilson, 1996). The reason for the decrease is a combination of two factors. First, the Ad
genome does not replicate or integrate into the host genome and therefore expression
becomes diluted when cells divide. Second, and more important, there are robust cellular
and humoral responses against the vector (Yang et al., 1996a,c). Furthermore, if the
transgene is foreign to the host, there is also a humoral and cellular response against the
transgene. At least part of the immune response is due to efficient infection of dendritic
cells and macrophages by Ad, which results in efficient antigen presentation to T and B
cells (Yang et al., 1996a,c).

There is extensive experience of administration of Ad to humans (Crystal, 1995). In
general Ad vectors are safe and well tolerated when injected locally at moderate doses,
but can be toxic when administered by the intravascular route (Crystal et al., 2002;
Harvey et al., 2002; Raper et al., 2003). Local inflammatory/immune reactions are
sometimes observed. When gene expression has been observed in humans, it is transient,
and thus the primary focus of Ad gene therapy has been on scenarios such as
angiogenesis and cancer where a therapeutic benefit can be gained from transient
transgene expression.

4 SETTING BACK THE CLOCK

The general perception is that Ads are not applicable to treatment of genetic diseases
inasmuch as they provide only transient transgene expression. For most hereditary
disorders, this seems a rational assumption. For example, diseases such as hemophilia
would require a continuous supply of the deficient coagulation proteins for the whole
lifetime of the patient. But in the case of lysosomal storage diseases, the validity of this
contention is not clear. Contrary to conventional concepts, we propose a testable hypo-
thesis with Ad vectors that we call “setting back the clock” (Figure 4). Waste products
accumulate slowly over time in the lysosomal storage disorders, and only when a
threshold is reached do they cause cellular pathology (Futerman and van Meer, 2004;
Mach, 2002; Vellodi, 2005; Walkley, 2001).

Although the kinetics by which storage products accumulate is complex, and likely
differs in different lysosomal storage disorders, we suggest that if gene therapy with
transient expression is used, it is theoretically possible that the stage of progression of the
cellular pathology can be set back to the wild-type baseline level. As the expression
wanes, the abnormal storage will start to reaccumulate, but this should provide a signi-
ficant window of therapeutic benefit, particularly for the lysosomal storage disorders
where the natural history of accumulation is slow. The “setting back the clock”
hypothesis predicts that if the storage defect is fully, or even partially, reversed in the
recipients, the impact of cessation of therapy (e.g., loss of expression), will be a very
slow re-emergence of the disease.
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The utility of setting back the clock with an Ad vector is enhanced by another
property of many lysosomal storage diseases, referred to as “cross-correction” (Desnick
and Schuchman, 2002; Kornfeld, 1986; Sleat et al., 2005). Upon biosynthesis, lysosomal
enzymes are glycosylated with carbohydrates that contain mannose-6-phosphate
(Kornfeld, 1986). In sorting the newly synthesized enzyme to the lysosome, a fraction of
the newly synthesized enzyme is misdirected, secreted from the cell, and can be taken up
by mannose-6-phosphate receptor-mediated endocytosis. Thus, a cell that is transduced
by an Ad vector may be a depot to produce enzymes for other cells. A good example of
the cross-correction concept is the mucopolysaccharidosis VII animal model, which lacks
the protein B-glucuronidase (Kosuga et al., 2000). When serum from mucopolysacchari-
dosis VII mice treated with an adenovirus coding for the b-glucoronidase gene was
transfused into untreated mucopolysaccharidosis VII knockout mice, the recipients
showed b-glucuronidase activity in liver, spleen, kidney, lung, and heart (Kosuga et al.,
2000). In a study involving the mouse model of glycogen storage disease II,
administration of an adenovirus coding for acid-a-glucosidase into the gastrocnenius
muscle of acid-a-glucosidase knockout mice resulted in secretion and uptake of the
transgene product by other muscle groups with amelioration of the storage defect at these
distant sites (Martin-Touaux et al., 2002). Cross-correction has also been implicated after
use of Ad for treatment of other lysosomal storage diseases, including Fabry (Ziegler
et al., 1999) and Tay—Sachs disease (Guidotti et al., 1999). Thus, a single administration
of an Ad expressing the missing enzyme has the potential to eliminate the storage defect
in cells beyond those transduced and return the pathology to baseline levels.
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Figure 4. Setting back the clock. The concept is demonstrated graphically with the accumulation of
storage defect as a function of time and the impact of intervention. As an example, there is linear
accumulation of storage defect that reaches the threshold shown by the dotted line at which point
pathology results. Gene therapy with an Ad vector should result in transient expression of the
deficient protein, resulting in transient decrease in storage defect which then reaccumulates. This
would provide a window of therapeutic benefit.
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There are several examples of experimental animal models for which transient
expression resulting from a single administration of an Ad vector expressing a lysosomal
protein resulted in the correction of storage defect for a much longer duration than that of
detectable transgene expression. In all cases, cross-correction was a significant factor
enhancing the efficacy of gene transfer. In the mouse model of Fabry disease (o-
galactosidase deficiency), a single intravenous administration of an Ad vector expressing
the a-galactosidase gene was sufficient to reverse the storage defect (Ziegler et al., 1999).

The deposition of glycosphingolipid globotriaosylceramide that occurs in the mutant
Fabry mouse was reversed for up to six months, with only a low level of reaccumulation.
Although transgene expression was primarily in the liver, all tissues showed reversal of
storage defect (Ziegler et al., 1999). Similarly, when an Ad expressing the acid-a
glucosidase gene, was injected intravenously into the acid-a-glucosidase model of the
glycogen storage disease type II (Pompe disease) knockout mice, the expression level as
assessed by enzymatic activity in the serum peaked on days 2 to 3 post-administration but
declined rapidly to background by 10 days. However, this pattern of transgene expression
was sufficient to reduce the glycogen storage defect in various muscle groups for 100 to
200 days postvector administration (Ding et al., 2001). In a study where old mice with
glycogen storage disease type Il were treated by intravenous administration of the same
vector, high levels of human acid-aglucosidase were produced and, based on reductions
in glycogen storage in heart, quadriceps, and diaphragm, apparently taken up by muscles
(Xu et al., 2005).

Surprisingly, in spite of the antivector and antitransgene immune response, long-term
correction of the defect was observed (Ding et al., 2001). In another demonstration of this
concept, in a lysosomal acid lipase knockout mouse, a model for human Wolman disease
and cholesteryl ester storage disease, intravenous administration of Ad expressing
lysosomal acid lipase was associated with increased hepatic liposomal acid lipase
activity, decreased hepatomegaly, normalization of histopathology, and reductions in
trigylceride and cholesterol levels in liver, spleen, and the small intestine for up to 47
days (Du et al., 2002).

Together, these models provide an important element of our hypothesis, that
lysosomal storage defects are reversible and not merely preventable by adenovirus-
mediated gene transfer. This is important when translating this concept to humans,
because the lysosomal storage disorders are generally diagnosed at an advanced stage of
storage defect accumulation. These examples verify the overall concept of setting back
the clock with storage defect being cleared for a duration that exceeds the duration of
transgene expression. None of these examples include behavioral or survival analysis and
therefore full assessment of the therapeutic benefit is not known. However, for the
experimental animal data available, although setting back the clock may not offer a
permanent cure for lysosomal storage diseases, the impact on patients with these diseases
may be substantial.

4.1 Enhancing the Efficacy of Ad in the Treatment of Lysosomal Storage Disease

If adenoviral gene transfer can reverse storage defect in lysosomal storage diseases, then the
optimal result would be to return the storage defect to baseline levels of cellular pathology.
It follows that a small dose and a short duration of expression of the therapeutic gene after
Ad gene transfer may give only partial relief. Therefore manipulations that enhance
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adenoviral gene transfer or prolong transgene duration may be advantageous to “setting
back the clock” as far as possible. Studies with Ad in experimental models of lysosomal
storage diseases have used various strategies to overcome the short-term transgene
expression resulting from the immune responses against the Ad vector. Examples of
different approaches to this challenge as applied to lysosomal storage disease are as follows.

4.1.1 Vectors with Additional Early Gene Deletions

Gene transfer with first generation Ad (E1™ E3~ Ad), results in gene expression that is
limited to a few weeks. This is, in part, attributed to the presence of El-like activities in
cells that potentiate expression of other adenovirus genes. The result is that Ad infected
cells can be detected by the cellular immune system (Yang et al., 1996a,c). This problem
can be reduced, at least in part, by making additional deletions of essential Ad genes such
as E2 or E4 (Brough et al., 1997; Ding et al., 2001; Engelhardt et al., 1994; Gao, Yang,
and Wilson, 1996; Yang et al., 1994). Propagation of these vectors requires specially
constructed cell-lines that complement both missing adenoviral genes. There has been no
direct comparison of such vectors to conventional EIT'E3" Ad vectors in experimental
models of lysosomal storage disease, but a double mutant Ad with both E1 and E2B
(DNA polymerase) deletions expressing the acid-o-glucosidase gene (the gene that is
defective in glycogen storage disease type II, Pompe disease) did lead to long-term
clearance of glycogen storage defect (Ding et al., 2001).

4.1.2 Immuno-Supression Strategies

The most important factor limiting the duration of transgene expression mediated by Ad
vectors is the acquired immune response to Ad gene products. As a dramatic
demonstration of this concept relevant to the lysosomal storage diseases, an immune-
deficient mouse model of glycogen storage disease type II was developed by crossing
acid a-glucosidase knockout mice with severe combined immune-deficient mice. In these
recipients, long-term high-level expression of acid-a-glucosidase was achieved for at
least six months following intravenous administration of an Ad-vector coding for human-
acid-a-glucosidase compared to a limited duration of approximately ten days in immune
competent recipients (Xu et al., 2004).

Because there is such a vigorous immune response to Ad and to nonautologous
transgenes, a number of groups have used immunosuppression to blunt this response in
an attempt to prolong transgene expression (Guibinga et al., 1998; Scaria et al., 1997,
Yang et al., 1996b). For example, intravenous administration of an Ad vector coding for
b-glucuronidase led to detectable serum levels of b-glucuronidase that declined to
undetectable by 50 days (Kosuga et al., 2000). However, simultaneous injection of
another Ad expressing a decoy for immune costimulatory molecules, Ad-CLTLA4Ig,
resulted in expression of detectable levels of glucuronidase for greater than 300 days.

In the mouse model of Fabry disease (o-galactosidase deficiency), high doses of Ad
vector expressing the a-galactosidase transgene were needed to provide the required level
of enzyme to cause clearance of storage defect, but as a result of the high dose, a strong
immune response occurred, thereby limiting the duration of gene expression (Ziegler
et al., 2002). Pretreatment with clodronate liposomes to eliminate Kupfer cells and other
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antigen-presenting cells (thereby blunting both the innate and acquired immune responses
to the vector) permitted complete clearance of the storage defect with an Ad vector 100-
fold lower than required in control mice (Ziegler et al., 2002). Similarly, treatment of
mice by gamma globulin prior to Ad infusion resulted in a transient blockade of cells
expressing IgG receptors (macrophage and dendritic cells) allowing 10-fold higher
transgene expression levels at the same dose (Ziegler et al., 2002).

Another strategy to circumvent the immune system is to use newborn animals in
which the immature immune system is unable to detect the Ad (Chou, Zingone, and Pan,
2002; Kamata et al., 2003; Martin-Touaux et al., 2002). Using the mucopolysaccharidosis
type VII (MPSVII) model, mice were administered within 24 hours of birth an Ad
expressing the wild-type form of the defective gene, B-glucuronidase (Kamata et al.,
2003). More than 20% of normal B-glucuronidase activity was maintained for at least 20
weeks after birth in the brains of the Ad-injected mice. Histopathological analysis
showed no obvious lysosomal storage defect in any of the visceral organs or the brain.
The treated neonatal mice also failed to develop the facial skeletal deformities that
characterize MPS VII mice. Similarly, the feasibility of adenovirus-mediated gene
transfer was assessed in newborn glucose-6-phosphatase (G6Pase) deficient mice
(a model of Type 1A glycogen storage disease) by infusion of a recombinant adenovirus
containing the murine G6Pase gene. Whereas only 15% of untreated mutants survived
weaning, 100% of the Ad vector-treated mice lived to three months of age, and liver and
kidney enlargement was less pronounced with near normal levels of glycogen depositions
in both organs (Chou, Zingone, and Pan, 2002). The concept of early therapy with Ad
vectors has been extended to the period before birth, based on the observation that long
term lacZ expression can be achieved by in utero gene transfer using Ad vectors (Shen
et al., 2004).

4.1.3 Targeting Immuno-Privileged Tissues

Ad yields short duration expression in most tissues, however, the brain and eye are
exceptions due to their partially immunoprivileged nature (Chaum and Hatton, 2002;
Lowenstein and Castro, 2003). It follows that complete reversal of the storage defect
using Ad to set back the clock is most likely in these organs. Inasmuch as several
lysosomal storage diseases manifest in these organs and methods exist for direct
administration to these sites, there is a possibility of treating the local symptoms of such
lysosomal storage diseases with Ad. For example, when MPS VII knockout mice were
treated by direct administration of Ad-B-glucuronidase into the brain, long-term (>16 wk)
expression of B-glucuronidase protein was observed (Stein et al., 1999). Interestingly,
there was correction of the storage defect in many parts of the brain, including areas
where there was no B-glucuronidase activity detectable by immunohistochemistry.
Animal models of other lysosomal storage diseases with neurological symptoms such as
aspartylglucosaminuria (Peltola et al., 1998) have also been treated by direct CNS
administration of Ad with consequent clearance of the storage defect.

Due to the limited size of the eye, it is easy to deliver Ad expressing the deficient
gene to a large proportion of this target tissue, and because the eye is partially immune-
protected, long-term transgene expression may result (Bennett et al., 1994; Mashhour
et al., 1994). For example, phenotypic correction of storage defect in the retinal pigment
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epithelium of mucopolysaccharidosis VII mice has been demonstrated after Ad-B-
glucuronidase injection by subretinal and intravitreous routes (Li and Davidson, 1995).

The blood-brain barrier precludes targeting and delivery of Ad to the brain by the
vascular route and necessitates gene transfer directly to the CNS. In this regard,
intravenous injection of an Ad expressing B-glucuronidase into MPS VII knockout mice
resulted in no detectable B-glucuronidase activity in the brain (Ohashi et al., 1997). In an
attempt to enhance delivery of Ad vectors to the brain, methods of delivery have been
assessed in which the brain barriers are transiently compromised to allow Ad expressing
the therapeutic gene to reach the brain parenchyma. For example, when intraperitoneal
mannitol was administered at the time of the intraventricular injection of Ad-B-
glucuronidase into MPS VII knockout mice, there was penetration of vector across the
ependymal cell layer, with infection of cells in the subependymal region (Ghodsi et al.,
1999).

5 CONCLUSIONS

The argument made in this chapter is that transient, adenovirus-mediated expression of a
therapeutic enzyme should be sufficient to provide a prolonged therapeutic effect for
lysosomal storage diseases due to the high levels of therapeutic protein, cross-correction,
and long residence time of degradative enzymes in the lysosome. This effect may be
further enhanced by some of the innovations that interrupt the immune response against
first-generation Ad vectors thereby providing a longer duration of expression and a
greater therapeutic benefit. The concept of setting back the clock merits a full experi-
mental investigation in animals and consideration as an approach to human therapy for
lysosomal storage diseases.
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ABSTRACT

Late infantile neuronal ceroid lipofuscinosis (LINCL) is an autosomal recessive, neurodegenerative lysosomal
storage disease affecting the CNS and is fatal by age 8 to 12 years. A total average dose of 2.5 X 1012 parti-
cle units of an adeno-associated virus (AAYV) serotype 2 vector expressing the human CLN2 ¢cDNA (AAV2¢gh-
CLN2) was administered to 12 locations in the CNS of 10 children with LINCL. In addition to safety pa-
rameters, a neurological rating scale (primary variable) and three quantitative magnetic resonance imaging
(MRI) parameters (secondary variables) were used to compare the rate of neurological decline for 18 months
in treated subjects compared with untreated subjects. Although there were no unexpected serious adverse
events that were unequivocally attributable to the AAV2-yhCLN2 vector, there were serious adverse effects,
the etiology of which could not be determined under the conditions of the experiment. One subject died 49
days postsurgery after developing status epilepticus on day 14, but with no evidence of CNS inflammation.
Four of the 10 subjects developed a mild, mostly transient, humoral response to the vector. Compared with
control subjects, the measured rates of decline of all MRI parameters were slower, albeit the numbers were
too small for statistical significance. Importantly, assessment of the neurologic rating scale, which was the pri-
mary outcome variable, demonstrated a significantly reduced rate of decline compared with control subjects.
Although the trial is not matched, randomized, or blinded and lacked a contemporaneous placebo/sham con-
trol group, assessment of the primary outcome variable suggests a slowing of progression of LINCL in the
treated children. On this basis, we propose that additional studies to assess the safety and efficacy of AAV-
mediated gene therapy for LINCL are warranted.

INTRODUCTION

LATE INFANTILE NEURONAL CEROID LIPOFUSCINOSIS (LINCL)
is a form of Batten disease, a group of autosomal reces-
sive, progressive, childhood neurodegenerative lysosomal stor-
age diseases associated with intracellular accumulation of aut-
ofluorescent material resembling lipofuscin in neuronal cells
(Williams et al., 1999; Haltia, 2003). LINCL is rare, affecting
0.36 to 0.46 per 100,000 live births (Wisniewski ef al., 2001).
Like other forms of Batten disease, the hallmark of LINCL is

progressive neurological decline characterized by cognitive im-
pairment, visual failure, seizures, and deteriorating motor func-
tion (Boustany, 1996; Williams et al., 1999). The disease is
caused by mutations in the CLN2 (ceroid lipofuscinosis, neu-
ronal 2) gene, a 6.7-kb, 13-exon gene mapped to chromosomal
locus 11p15 (Sleat et al., 1997). The CLN2 gene encodes tripep-
tidyl-peptidase I (TPP-I), a 46-kDa lysosomal protein that func-
tions in the acidic milieu of the lysosome to remove groups of
three amino acids from the amino terminus of proteins (Sleat
etal., 1997; Vines and Warburton, 1999). When the CLN2 gene
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is mutated, proteins accumulate in the lysosomes of neurons
over time, leading to progressive neuronal death, likely by apop-
tosis (Lane et al., 1996).

LINCL typically manifests clinically at age 2 to 4 years with
ataxia, myoclonus, impaired speech, and developmental re-
gression (Boustany, 1996; Williams et al., 1999; Haltia, 2003).
Seizures are often the first manifestation, but there is variabil-
ity in the time of onset and the appearance of the collective
symptoms. A gradual decline in visual ability follows, with
blindness by age 4 to 6 years. Affected children generally be-
come wheelchair-bound between 4 and 6 years. Toward the late
stages of the disease, feeding becomes difficult, resulting in
poor weight gain. Death occurs by age 8 to 12 years (Williams
et al., 1999; Haltia, 2003).

As a strategy to treat the CNS manifestations of LINCL, we
initiated a program using serotype 2 adeno-associated virus
(AAV2) to transfer the normal CLN2 cDNA to the brain, ex-
ploiting the neurotrophic properties of this vector and the po-
tential for long-term transgene expression. Preclinical studies
demonstrated that direct CNS administration of AAV2cyh-
CLN2, a serotype 2 adeno-associated virus gene transfer vector
expressing the human CLN2 cDNA, mediated high levels of en-
zymatically active TPP-I in the lysosomes of neurons of exper-
imental animals for at least 18 months. There was no evidence
of adverse effects in experimental animals (Hackett ez al., 2005;
Sondhi et al., 2005), and administration of the vector demon-
strated suppression of the accumulation of autofluorescent ma-
terial in the CNS of CLN2 knockout mice (Passini et al., 2006).
On the basis of these data, the present study was designed to as-
sess the safety of direct administration of the AAV2cyhCLN2
vector to the CNS of children with LINCL and to develop pre-
liminary data concerning whether this therapy slows the pro-
gression of the CNS manifestations of the disease. LINCL rep-
resents a paradigm for assessing the efficacy of therapy for rare
disorders of children, in that a combination of practical and eth-
ical concerns significantly limits clinical trial design, obviating
the use of contemporaneous, matched, randomized, blinded, or
placebo control subjects. With this caveat, the data demonstrate
that this therapy is associated with minimal toxicity. For the chil-
dren for whom data were available for >6 months posttherapy,
compared with historic control subjects, the magnetic resonance
imaging (MRI) assessments (the secondary outcome parameters)
showed a slower but not statistically significant rate of decline.
Importantly, assessment of the modified Hamburg LINCL clin-
ical rating scale, the primary outcome variable, demonstrated
that the treatment was associated with a statistically significant
slower decline in neurologic status compared with control sub-
jects. Although the number of treated children is small and the
control group is not ideal to make definitive conclusions, col-
lectively the data suggest that additional studies are warranted
to assess the safety and efficacy of AAV-mediated gene therapy
for the CNS manifestations of LINCL.

MATERIALS AND METHODS

Overall design

The study was carried out at the New York Presbyterian Hos-
pital, Weill Medical College of Cornell University (New York,
NY). The research protocol was reviewed and approved by the
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Weill Cornell Institutional Review Board, Institutional Biosafety
Committee, National Institutes of Health (NIH)/General Clinical
Research Center-Pediatric Scientific Advisory Committee and
Data Safety Monitoring Board. At the national level, the protocol
was reviewed by the NIH/Recombinant DNA Advisory Com-
mittee and an Investigational New Drug application was approved
by the Center for Biologics Evaluation and Research, U.S. Food
and Drug Administration (U.S. FDA, BBIND 11481). The par-
ents of all participating children provided informed consent.

The study was designed as an 18-month follow-up subse-
quent to direct CNS administration of the AAV2cyhCLN2 vec-
tor to 10 children with LINCL, 5 of whom were severely af-
fected by the disease and 5 of whom were moderately affected
(Table 1; and see Supplementary Table I at www.lieberton-
line.com/hum). All subjects received 1.8 to 3.2 X 10!? particle
units (average dose, 2.5 X 10'? particle units) of the AAV2cyh-
CLN2 vector. The primary outcome variable was neurologic
assessment of the disease, using a modified form of the Ham-
burg LINCL scale (see Supplementary Table II at www.liebert-
online.com/hum) (Steinfeld et al., 2002; Crystal et al., 2004).
The secondary variables included CNS MRI assessment of gray
matter volume as a percentage of total brain volume, ventricu-
lar volume, and cortical apparent diffusion coefficient (CADC)
(Dyke et al., 2007; Worgall et al., 2007). Because of the small
number of children involved and because of ethical issues re-
garding a neurosurgical procedure in children with a fatal neu-
rological disease, the study did not include a formal random-
ized, placebo/sham, or untreated control group, and the study
was not blinded (Crystal et al., 2004; Arkin et al., 2005). Data
from four independent children with LINCL with two assessments
separated by 1 year served as an untreated control group for com-
parison. For the primary variable, we also compared the rate of
decline in the modified Hamburg scale in the treated subjects with
the data published by Steinfeld and coworkers (2002).

Study population

The study group consisted of 10 children (6 boys and 4 girls)
with LINCL. Pretherapy, the children had confirmation of
CLN2 mutations, routine blood and urine studies, comprehen-
sive neurological assessments, and quantitative MRI imaging
(Crystal et al., 2004). Subjects were chosen for the gene ther-
apy study, on the basis of specific inclusion/exclusion criteria,
by an eligibility committee composed of three physicians other
than the principal investigator, including a pediatric neurosur-
geon, a pediatric neurologist, and a general pediatrician.

AAV2cuyhCLN2

The gene therapy vector used in the study, AAV2cyhCLN2,
is based on an AAV2 serotype capsid and genome. The modi-
fied genome is deleted of the AAV2 rep and cap genes, re-
taining only the AAV2 inverted terminal repeats flanking the
expression cassette (Crystal er al., 2004; Hackett et al., 2005;
Sondhi et al., 2005). The expression cassette includes the CAG
promoter (consisting of the human cytomegalovirus immedi-
ate/early enhancer, the promoter, splice donor, and left-hand in-
tron sequence from chicken B-actin, and the splice acceptor
from rabbit $-globin), the human CLN2 cDNA with an opti-
mized Kozak translational initiation signal before the start
codon and a rabbit 3-globin poly(A) sequence. The AAV2cyh-
CLN2 vector was produced by a two-plasmid cotransfection
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TABLE 1. DEMOGRAPHICS OF STUDY POPULATION

Age at time Race/ CLN2 LINCL
Patient*  of therapy®  ethnicity® Sex® Residence mutations® severity® Other medical conditions"
BD-01 8.6 C M USA G3556C/T3016A8  Severe Prior otitis media
BD-02* 10.0 C M USA G3556C/G3085A"  Severe Hypospadias, prior septic arthritis hip
BD-03* 6.9 C M  USA G3556C/G3085A  Severe Otitis media
BD-04 8.1 C F England  G3556C Severe Drug allergy’
homozygote
BD-05 4.5 C F Germany G3670T Severe —
homozygote
BD-06 5.4 C M USA C3670T/unknown’  Moderate ~—
BD-07+ 4.5 C M Australia  G3556C Moderate  Atopic dermatitis, food allergies
homozygote
BD-08 3.6 C F England  G3556C Moderate  Atopic dermatitis
homozygote
BD-09 53 C M Germany C3670T Moderate  Atopic dermatitis
homozygote
BD-107 34 C F Australia  G3556C Moderate  Atopic dermatitis, food allergies
homozygote

Abbreviations: CLN2, ceroid lipofuscinosis, neuronal 2; LINCI, late infantile neuronal ceroid lipofuscinosis; TPP-I, tripeptidyl-

peptidase 1.

4Listed in order of the initial evaluation; BD, Batten disease; and * and 7 are used to identify sibling pairs.

bAge in years at time of therapy.
¢C, Caucasian; M, male; F, female.

dMutations are named by location in the gene (Sleat et al., 1999) with the wild-type nucleotide before and mutant nucleotide
after. G3556C is a splice junction mutation also referred to as IVS5-1G > C or ¢.509-1G > C. The C3670T mutation is a
premature stop codon also called R208X or ¢.622C > T. The genotypes of the four control subjects were as follows: two
G3556C/C3670T heterozygotes, one G3556C homozygote, and one G3556C/T4383C heterozygote.

CLINCL severity based on the modified Hamburg LINCL scale; see Materials and Methods and Supplementary Table II (at

www.liebertonline.com/hum).

fMedical problems unrelated to the known clinical manifestations of LINCL (Boustany, 1996; Williams et al., 1999).

gPremature stop codon at amino acid 104.
f‘Missense (Arg>Gln) mutation at amino acid 127.
'Lamotrigine.

IThe diagnosis of LINCL for this subject was based on quantitative assessment of TPP-I deficiency in white blood cells and
the presence of a single known mutation for LINCL in the genome.

procedure in the Belfer Gene Therapy Core Facility (Weill Cor-
nell Medical College) under current Good Manufacturing Prac-
tice conditions. This included transfection into a certified 293 cell
line of an expression cassette plasmid (pAAV2-CAG-hCLN2)
containing the promoter and the human CLN2 cDNA expression
cassette and an adenovirus/AAV2 helper plasmid (pPAK-MA?2)
(Qiu et al., 2002; Hackett et al., 2005; Sondhi et al., 2005). The
vector was released from cells by freeze—thaw cycles, and puri-
fied by an iodixinol step gradient followed by affinity chro-
matography on heparin—agarose columns. The resulting vector
was transferred to the clinical formulation by dialysis. Full char-
acterization of the final formulated vector included the follow-
ing: enzyme-linked immunosorbent assay (ELISA) for capsid
protein, polymerase chain reaction (PCR) for transgene DNA,
and Western analysis and activity assays for the protein trans-
gene product. U.S. FDA-approved lot release assays were per-
formed to ensure identity, purity, and function.

Vector administration and follow-up assessment

The children were prepared for anesthesia and surgery in a
standard fashion. The BrainLAB system for image-guided sur-
gery (BrainLAB, Westchester, IL) was used to map vector ad-
ministration loci on the skull, based on a preoperative MRI scan

with sentinels on the head. For standardization, the coronal su-
tures and bony landmarks of the cranium were used to draw a
line in the sagittal plane on the MRI. The burr holes were pro-
duced at the mapped locations and the dura was cut, permitting
the brain to be directly visualized. At the completion of the six
burr holes, 150-um-diameter flexible glass catheters (Polymi-
cro Technologies, Phoenix, AZ) were used to administer the
vector. A 20-gauge spinal needle was placed on the surface of
the brain orthogonal to the skull to act as a guide for the in-
sertion of the catheters 2 cm into the predetermined locations
in the brain. Intravenous mannitol (typically 1.0 g/kg) was given
as needed throughout the period of vector administration to min-
imize brain edema.

Each individual received a total dose of 1.8-3.2 X 10'? par-
ticle units of AAV2cyhCLN2, equally divided among 12 cor-
tical locations delivered through 6 burr holes (2 locations at 2
depths through each hole), 3 burr holes per hemisphere. The
exact locations of the administration of the vector were deter-
mined on a case-by-case basis, but were generally in the same
regions. The vector was administered at a rate of 2.0 ul/min to
each of the six sites in parallel by a microperfusion pump
(Hamilton, Reno, NV). After the specified dose was adminis-
tered over a period of 75 min to the six sites, the catheters were
left in place for 5 min to ensure tissue penetration. The catheters
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were then withdrawn approximately half-way from the bottom
of the catheter tract to the brain surface, and the remaining 50%
of the dose was administered, in parallel, to each of the six sites
as described above.

After vector administration, the surgical wounds were closed
by standard techniques. A postoperative fluid-attenuated inver-
sion recovery (FLAIR) MRI was performed within the first 48
hr after the surgical procedure to assess for bleeding or other
possible perioperative adverse events. Each child was moni-
tored postoperatively in a recovery room or intensive care unit,
and once stable, was transferred to the Children’s Clinical Re-
search Center unit. The children were discharged from the hos-
pital at the discretion of the attending neurosurgeon, usually 7
days after vector administration. All families were asked to re-
main in the proximity of the hospital until the evaluation on
day 14.

Subjects were assessed at Weill Cornell on days 7 and 14,
and at months 1, 6, 12, and 18 after treatment (see Supple-
mentary Table I). At months 2 and 3, they were also assessed
for adverse effects at the office of the child’s personal physi-
cian. Details of the assessments are described in Supplemen-
tary Tables 111, IV, and V (at www.liebertonline.com/hum). The
children continue to be monitored for general status once yearly
by telephone contact as mandated by the U.S. FDA 15-year an-
nual follow-up requirement for all gene transfer studies (U.S.
Food and Drug Administration, 2003).

Safety and efficacy parameters

Each individual underwent two baseline evaluations to deter-
mine eligibility and to establish baseline values for safety and ef-
ficacy parameters; these two baseline evaluations are referred to
as the “screening” studies (to determine eligibility) and the
“pretherapy” studies (to obtain current laboratory studies just be-
fore the surgical procedure and vector administration). The safety
parameters included a general assessment (history, physical ex-
amination, vital signs, height, and weight), blood and urine analy-
ses, human immunodeficiency virus test, vector-related tests
(serum anti-AAV antibody levels), electrocardiogram, neurolog-
ical assessment, chest X-ray, and ophthalmological examination
(split lamp examination and direct ophthalmoscopy). After the
death of subject BD-04, 49 days posttherapy (see below), 24-hr
continuous electroencephalogram (EEG) and levels of anticon-
vulsant medication levels pretherapy and on day 14 were added
to the protocol as per U.S. FDA recommendations. A 24-hr, 16-
channel video EEG was performed 4 days before treatment and
14 days after treatment in the six subsequent subjects. In addition
to the qualitative assessments of the EEG background, analysis
of sleep patterns, spike and wave discharge frequency, and dura-
tion was carried out. Quantitative spike analysis was performed
during wakefulness for 1 hr of each video EEG study by two read-
ers blinded as to treatment status. The efficacy parameters used
to develop estimates of the impact of therapy over time included
(1) the primary variable, the modified Hamburg LINCL clinical
rating scale (Steinfeld ef al., 2002; Crystal et al., 2004); and (2)
the secondary variables, all based on quantitative assessment of
CNS MRI scans (Dyke et al., 2007; Worgall et al., 2007).

Primary variable. The primary efficacy variable for the study
was the modified Hamburg LINCL clinical rating scale (see
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Supplementary Table II). This scale, originally developed by
Steinfeld and coworkers (2002), was modified to eliminate the
ophthalmologic variable, because the therapy was directed only
at the CNS manifestations of the disease (Crystal et al., 2004).
The modified Hamburg scale assesses motor function, seizure
activity, and language skills. Each of these individual scores is
ranked from O to 3 and then the individual scores are added to
provide a total rating, with O being the most severe and 9 the
mildest.

Secondary variables. The secondary efficacy parameters in-
cluded quantitative CNS MRI assessment at various intervals
pre- and posttreatment (see Supplementary Tables I and 1V).
Three imaging parameters were chosen on the basis of data from
untreated children demonstrating a correlation with the pro-
gressive deterioration associated with LINCL (Worgall et al.,
2007). All imaging data were acquired on a 3.0-T MRI system
(GE Medical Systems, Milwaukee, WI). Imaging included T;-
weighted, T»>-weighted, and fluid-attenuated inversion recovery
sequences. To assess gray matter volume as a percentage of to-
tal brain volume, a spoiled gradient recalled pulse sequence was
employed. Ventricular volume assessments were performed on
T;-weighted data sets. The CADC was measured with a spin-
echo diffusion-weighted echo-planar pulse sequence imple-
mented over the entire brain, and assessed for the cortex specif-
ically (Dyke et al., 2007; Worgall et al., 2007). Details of the
MRI assessments are described in Supplementary Table IVA.

Anti-AAV2 neutralizing antibody titers

Anti-AAV?2 neutralizing antibody titers were assessed in
serum before and at various times after therapy by mixing se-
rial 2-fold dilutions of serum, starting at a 1:10 dilution, with
2 X 10% particle units of AAV2LacZ (identical to the
AAV2cyhCLN2 vector, with -galactosidase substituted for
the CLN2 cDNA) (Hackett et al., 2005) for 30 min at 37°C.
The mixture was then used to infect 293 ORF6 cells in a 96-
well plate (Brough er al., 1996). After growth for 48 hr, a cell
lysate was made and 3-galactosidase activity was determined.
The reciprocal dilution required for 50% inhibition of infection
was interpolated. In all assays, a positive control serum sample
from a normal human was included and the assay was accepted
only if the reciprocal titer for the control serum was 200 = 50.

Data analysis and statistical considerations

Individuals (other than the principal and coprincipal inves-
tigators) collected, tabulated, and verified the clinical parame-
ters, and adverse effects were tabulated on the basis of standard
methods (Crystal et al., 2004). Seizure activity (by EEG) be-
fore and after therapy was compared for n = 6 subjects by un-
paired 7 test. For assessment of the primary and secondary pa-
rameters, the change of each parameter over time from pre- to
posttherapy was compared with observations obtained from
four untreated children (one was moderate and three severe on
the modified Hamburg LINCL rating scale at first visit) with
LINCL for whom data were available from two visits separated
by approximately 1 year. None of these children were enrolled
in the gene therapy protocol, but their genotypes were compa-
rable to those of the enrolled subjects. For the primary variable,
the modified Hamburg scale, the data from the four untreated
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children monitored for 1 year was supplemented with data pub-
lished by Steinfeld and coworkers (2002) representing an av-
erage based on 16 subjects. For the treated children with >6
months of follow-up, the change in each parameter over time
posttherapy was compared with the control data. To reduce un-
certainty in baseline values for the treated subjects, because all
pretherapy data for each subject were obtained within 2.3 = 0.4
months, when more than one data point was available prether-
apy, the pretherapy data points were averaged and considered
to be “zero” time. The rates of change for both primary and
secondary parameters for the treated and untreated subjects
were compared by nonparametric Mann—Whitney test.

RESULTS

Study population

Subjects were from the United States (n = 4), England (n =
2), Australia (n = 2), and Germany (n = 2). Their ages at the
time of vector administration ranged from 4.5 to 10.0 years (7.6 =
0.7 years; median, 8.1 years) for the severe group (BD-01 to BD-
05) and from 3.4 to 5.4 years (4.4 = 0.3 years; median, 4.5 years)
for the moderate group (BD-06 to BD-10; see Table 1). There
were two sibling pairs, one pair in the moderate group and one
pair in the severe group. The CLN2 mutations of the 10 subjects
included 5 different mutations in 19 of the 20 alleles; no muta-
tion was detected in 1 allele of subject BD-06. The sibling pairs
each had the same mutations. The most frequent mutation, the
splice mutation G3556C, was present in 11 of 19 (58%) alleles;
4 of the subjects were homozygous for this mutation. The sec-
ond most frequent mutation, C3670T, which results in a prema-
ture stop codon at amino acid 208, was present in 5 of 19 (26%)
alleles; 2 subjects were homozygous for this mutation. Both mu-
tations lead to undetectable TPP-I activity. Comparison of geno-
type with the clinical progression of LINCL has been reported
to be relatively homogeneous, uninfluenced by genotype (Sleat
et al., 1999; Worgall et al., 2007).

Of the 10 subjects who were treated, 1 died during the study
period, 8 completed the study through 6 months, and 7 com-
pleted the study through the 18-month follow-up period (see
Supplementary Tables III and IV for details regarding reasons
for missed predetermined data points).

Safety of administration of AAV2cyhCLN2

MRI scans performed within 48 hr postsurgery demonstrated
no evidence of hematoma or other surgery-related adverse effects.
Of the 154 adverse events reported posttherapy, 60 were ranked
as “serious” and 94 as “nonserious” (Table 2). In no instance was
it possible to directly attribute a serious or nonserious adverse
event to the vector per se versus the anesthesia/surgery/adminis-
tration procedure or the natural history of the disease. However,
because it was not possible to prove that these events were not
related to the vector, most adverse events were recorded as prob-
ably or possibly related to the vector. Thirteen of the 60 serious
adverse events (22%) and 52 of the 94 nonserious events (55%)
occurred within 2 weeks of administration of the vector and were
most likely related to the surgical procedure. The most common
of the serious adverse events were seizures, and, to a much lesser
extent, myoclonus or anemia.
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One serious event resulted in withdrawal of a subject from
the study. BD-04, an 8-year-old girl with severe LINCL, had
an uneventful postoperative course, and was discharged from
the hospital on day 7. On day 14 after vector administration,
she developed status epilepticus. Although the seizures could
be controlled by pentobarbital coma, the subject could not there-
after regain consciousness without reverting to status epilepti-
cus. Her family eventually decided to decline further treatment
and she died 49 days after vector administration. There was no
evidence of CNS inflammation in the cerebral spinal fluid 15
days after vector administration (i.e., normal cell counts, pro-
tein, and glucose, and no detectable bacteria or viruses), or in
CNS by FLAIR MRI on days 1, 21, and 44 after vector ad-
ministration. Because seizures are a part of the natural history
of LINCL, it is unclear to what extent this event was related to
the underlying disease, the surgical procedure, or the experi-
mental drug itself. In response to this event, with the advice of
the U.S. FDA, the study design was modified for all subsequent
study subjects (n = 6) to include EEG monitoring and assess-
ment of the levels of antiseizure medications pretherapy and 14
days after therapy. No subjects had electrographic seizures pre-
or posttherapy while being monitored. The pretherapy EEGs
showed generalized moderate- to high-amplitude spike and
wave discharges with maximum amplitude occipitally. The
background was characterized by diffuse 3- to 5-Hz rhythmic
activity and features of normal sleep patterns were generally
preserved. This EEG background did not change significantly
posttherapy. The mean spike frequency over 1 hr in six sub-
jects before gene therapy was 56.6 = 15.5 (SD) and the mean
spike frequency 2 weeks after gene therapy was 38.8 * 16.7
(SD), which was significantly decreased compared with prether-
apy (paired samples ¢ test, p < 0.007). Thus, although it is pos-
sible the seizures starting on day 14 in subject BD-04 were
linked to the vector, assessment of seizure activity on day 14
in the subsequent six treated subjects showed no increased
propensity toward seizure activity.

Subject BD-06 died 704 days after vector administration. Al-
though beyond the 18-month follow-up period for the primary
and secondary variables, the death was identified in the post-
study yearly follow-up call (see Table 2). This subject was not
included in the efficacy analysis, as the subject did not return
for visits subsequent to 1 month posttherapy (see Supplemen-
tary Table III, footnote 8). For both subjects who died, the fam-
ilies did not agree to an autopsy, and thus brain tissue was not
available for verification of gene transfer by DNA/RNA-based
methods or by detection of TPP-I protein.

Anti-AAV antibodies

Before gene transfer, no subjects had detectable serum anti-
AAV?2 neutralizing antibodies (Fig. 1). Four of the 10 subjects
(3 severe and 1 moderate) developed a mild humoral immune
response to the AAV2 capsid after CNS administration of the
AAV2cyhCLN2 vector. In no subject did the anti-AAV neu-
tralizing titer rise to >270. For two of the four subjects who
developed detectable anti-AAV2 antibodies, the response was
within 1 month, and for the other two, it was delayed, and not
observed until 6 months posttherapy. For three of the four who
developed anti-AAV?2 antibodies, the titers returned to baseline
by 18 months posttherapy, remaining mildly elevated in only
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TABLE 2. ADVERSE EVENTS?
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Level of severity

Relationship to drug use

Most common events

Serious/nonserious Number

Related/not related Number

Specific events

Number

Serious? 60

Nonserious 94

Probably or possibly 34
related to drug and/or
drug administration®

Not drug related 26

60

Probably or possibly
related to drug and/or
drug administration®

Seizured

Increased myoclonus
Anemia

Pneumonia

Respiratory distress
Possible gastroenteritis
Hypokalemia

Upper respiratory infection
Fever

Seizured

Vomiting
Thrombocytosis

— [
=N R RN W

—

w O

One-point decrease from
baseline modified Hamburg
LINCL rating scale

Elevated C-reactive protein

Elevated erythrocyte
sedimentation rate

Upper respiratory infection 4

Sinusitis

Infiltrated venous catheter 3
site

Hyperglycemia

Apnea

LW W

Not drug related 34

(9%}

NSl

Total: 154

2This table is classified in three different ways: Level of severity, Relationship to drug use, Most common events. Most com-
mon events includes only those events that occurred more than once in more than one patient and therefore does not add up to
the total of 154 events.

"Two events resulted in withdrawal from the study. Subject death (BD-04) occurred on day 49 after vector administration fol-
lowing status epilepticus, 14 days after vector administration; duration, 36 days. Categorized as “possibly related” to the study
drug. It was not possible to determine if seizures were part of the natural history of the disease, secondary to the surgical pro-
cedure and drug administration procedure in the setting of this disease, or to the vector. There were no signs of inflammation in
the cerebrospinal fluid or on three MRI scans. Subject BD-06 died 704 days after vector administration. This subject developed
pneumonia approximately 520 days after vector administration, and respiratory failure 700 days after vector administration. This
death was categorized as “not related” to the study drug or procedures and was likely related to the natural history of disease.

“Event either probably or possibly related to the AAV2-;hCLN2 vector. In no instance was it possible to directly attribute the serious
or nonserious adverse event to the vector per se; however, because it was not possible to prove it was not, most adverse events were
recorded as probably or possibly related to the vector. Thirteen of the 60 serious adverse events (22%) and 52 of the 94 nonserious events
(55%) occurred within 2 weeks of administration of the vector and were most likely related to the surgical procedure, and not the vector.

dEither generalized tonic clonic or complex partial seizures. The 11 seizures reported to have occurred during the 18 months
after gene therapy were experienced by 5 of the 10 patients, and half of these in a single patient between the 12- and 18-month
visits. As described, only one of these patients experienced status epilepticus. The rest had seizures of less than 5 min duration,
which were consistent with the seizures they experienced preinjection. All patients were taking multiple antiepileptic drugs
throughout the study period.

one subject (BD-03). Thus, CNS administration of the
AAV2cyhCLN2 vector to this population results in only a mild,
mostly transient systemic antivector humoral immune response.

Disease progression assessed by CNS imaging

The rates of change for all treated subjects were calculated
from the raw data (see Supplementary Table IVB) and the
means and standard errors were determined. For all three of the
MRI parameters, the measured rates of decline of the treated
subjects were slower, albeit the numbers were too small for sta-
tistical significance. For the gray matter volume as a percent-

age of total brain volume, for the six treated children for whom
data were available for >6 months, there was a trend, although
not significant, toward reduction in the mean rate of change
(2.6 * 0.7%/year) compared with that of the four untreated
children (-2.84 * 1.3%l/year; Fig. 2A [and see Supplementary
Table IVA and B]; p = 0.8 by Mann—Whitney test). Likewise,
the mean rate of change of the ventricular volume of the seven
treated children for whom data were available (14.0 = 4.1
cm?/year) showed a trend toward reduction in the mean rate of
change over time compared with that of the four untreated chil-
dren (17.2 = 4.7 cm®/year; Fig. 2B [and see Supplementary
Table IVA and B]), although this did not achieve statistical sig-
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FIG. 1. Anti-AAV?2 neutralizing titers after gene transfer with AAV2-yhCLN2. Serum samples were taken at intervals before and
after administration of the vector. The anti-AAV2 neutralizing titer was assessed by determining the dilution of serum required to in-
hibit in vitro gene transfer by 50%. Open symbols represent the pretherapy values; solid symbols represent posttherapy values.

nificance (p = 0.5 by Mann—Whitney test). Consistent with
these data, the CADC for the eight treated children with data
available for >6 months showed a mean rate of change
[0.034 + 0.015 mm? (X1073)/sec - year] that trended toward
being slower than for the untreated control subjects [0.083 *
0.023 mm? (X10-3)/sec - year] (Fig. 2C [and see Supplemen-
tary Table IVA and B]), although this difference was not sta-
tistically significant (p = 0.1 by Mann—Whitney test).

Disease progression assessed by the primary variable

At baseline, all study subjects had neurological abnormalities,
with the extent of the abnormalities dictating the severity cate-
gory (moderate or severe) of the disease (see Supplementary Table
V at www.liebertonline.com/hum). Typically, there was decreased
strength in the upper and lower extremities, increased muscle
stretch reflexes, an upward plantar response, and other motor sys-
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FIG. 2. Quantitative assessment of CNS MRI imaging. MRI parameters were assessed on the screening visit, the day before treat-
ment, and 6 and 18 months after treatment. Details regarding the data points available for analysis may be found in Supplementary
Table IVA (see www.liebertonline.com/hum). Data are presented as the change in the parameter relative to mean baseline values.
Raw data are provided in Supplementary Table IVB (see www.liebertonline.com/hum). If more than one baseline value was avail-
able and was obtained within 4 months of treatment, the average of the baseline values was used. Four untreated LINCL subjects, for
whom two assessments done ~1 year apart were available, acted as control subjects. (A) Mean rate of change in gray matter volume
(expressed as a percentage of total brain volume); (B) mean rate of change in ventricular volume; (C) mean rate of change in corti-
cal apparent diffusion coefficient. Rates of change for the treated subjects were compared with the mean rate of change for the com-
bined control group for each of the MRI parameters by Mann—Whitney test. CADC, cortical apparent diffusion coefficient.
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tem abnormalities, including gait abnormalities, myoclonus,
tremors, and swallowing dysfunction. These features were more
pronounced in the subjects with severe disease.

The modified Hamburg LINCL clinical rating scale was the
primary variable used to assess effects of the treatment on the
slowing of the progression of the disease (see Supplementary
Table III). The modified Hamburg rating was assessed both as a
function of age (Fig. 3A) and as a function of time after treatment
(Fig. 3B). To assess the impact of treatment (Fig. 4), the mean
rate of change in modified Hamburg scale was compared with
that in a combined control group consisting of (1) four untreated
control subjects who were monitored for 1 year without therapy
and (2) the historical data from the Steinfeld and coworkers study
(2002), employing only the parameters used in the modified Ham-
burg scale, giving a mean rate of —1.8 = 0.48/year (standard er-
ror). The decline per year for the eight treated subjects for whom
data were available for >6 months was significantly slower in
comparison with the decline for the combined control groups This
was the case when the slopes of decline of the treated children
were calculated using just the pre- and 12-month data points (to
match the times of assessment with that of the four untreated con-
trol subjects; mean rate of change, 0.0 = 0.30/year; p < 0.01 by
Mann—Whitney test) or when the slopes of decline were calcu-
lated using all the data from the pretherapy visit through the 18-
month observation points (mean rate of change, —0.33 =
0.29/year; p < 0.05 by Mann—Whitney test).

DISCUSSION

Gene transfer with adeno-associated viral vectors represents
a logical approach to treat the CNS manifestations of the neu-
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rological lysosomal storage disorders (Skorupa et al., 1999;
Bosch er al., 2000; Frisella et al., 2001; Sondhi et al., 2001,
2005; Janson et al., 2002; Haskell et al., 2003; Cressant et al.,
2004; Passini et al., 2005; Griffey et al., 2006). On the basis
of extensive supporting animal data (Hackett ez al., 2005;
Sondhi et al., 2005; Passini et al., 2006), the present study es-
tablishes the feasibility of treating LINCL by AAV2-mediated
gene transfer. A strategy was developed to administer the
AAV2cyhCLN2 vector through 6 burr holes to 12 sites in the
cortex to a total of 10 children with LINCL, 5 with severe and
5 with moderate disease. Serious adverse events were observed,
but all were anticipated and none could be definitively linked
to the gene transfer vector per se. Although the control groups
were not matched, randomized, placebo/sham or blinded, and
the numbers are small, assessment of the decline in the modi-
fied Hamburg LINCL clinical rating scale (the primary vari-
able) in the treated subjects monitored for >6 months suggests
that the therapy is associated with a slowing of disease pro-
gression. With the caveats that the small numbers of subjects
and control subjects preclude more in-depth analyses of the ef-
fects of genotype, concurrent medications, severity, and other
parameters on the outcome, the data support the hypothesis that
AAV-mediated CNS gene transfer can slow the rate of pro-
gression of the CNS manifestations of the disease, and support
the concept that additional studies using AAV-mediated CNS
gene transfer to treat the CNS manifestations of LINCL are war-
ranted.

Safety

Preclinical toxicology studies in experimental animals dem-
onstrated no safety issues regarding the use of the AAV2¢cyh-
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FIG. 3. Progression of LINCL in the 10 treated subjects as a function of time as determined by the modified Hamburg LINCL
scale, the primary outcome variable. (A) Data pre- and posttherapy, shown as a function of the age of each subject. Symbols for
each subject are identical to those in Fig. 1. The gray shaded area represents the Sth to 95th percentile area of untreated children
with LINCL from Germany and Switzerland published by Steinfeld and coworkers (2002), modified to eliminate the ophthal-
mologic parameter (Crystal et al., 2004; Steinfeld et al., 2002). * represents the death of subject BD-04. The dashed line repre-
sents the median. Open symbols represent the pretherapy values and solid symbols represent posttherapy values. (B) Data pre-
and posttherapy, assessed as a function of time before and after vector administration. The data are the same as in (A), but shifted
to time O as the time of administration. The time of treatment is indicated by the vertical dashed line. Symbols for each subject

are identical to those in (A).
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FIG. 4. Comparison of the mean rate of change of the mod-
ified Hamburg LINCL scale for treated and untreated subjects.
For control subjects, two groups of untreated subjects were
combined: (1) from the published data of Steinfeld and cowork-
ers (2002), the data for the modified Hamburg scale are pre-
sented as the average mean rate of deterioration per year (solid
symbol); and (2) from four untreated subjects we assessed
twice, at a 1-year interval; shown is the change in the modified
Hamburg scale per year for each subject (open symbols). For
the treated subjects, the data were assessed in two ways: (1)
“Treated (1 yr)”: for the seven treated subjects for whom data
were available at the 12-month time point posttherapy, the data
from Fig. 3B were used to calculate the change per year, based
on the pretherapy and 12-month assessment (this comparison
is the parallel to the manner in which the four control subjects
were assessed); and (2) “Treated (all data)”: the best fit was de-
termined for each of the eight subjects for whom data were
available for >6 months, using all the data from O to 18 months.
For the treated individuals, the symbols are the same as in Fig.
3. The mean values for the rate of change for all subjects in
each group are shown by the horizontal dashed lines. The rates
of change for the treated subjects were compared with the mean
rate of change for the combined control group by Mann—Whit-
ney test.

CLN?2 vector to treat the CNS manifestations of LINCL (Hack-
ett et al., 2005). A variety of adverse events were observed in
the clinical study, but most were limited in duration and sever-
ity. None could be directly attributed to the AAV2cyhCLN2
vector. However, because many adverse events occurred in
chronological proximity to the vector administration, and be-
cause it was not possible to prove the event was not associated
with the vector, most were classified as “probably or possibly”
related to the vector and/or vector administration. The most se-
rious event occurred in one subject who developed sustained
seizures 2 weeks after vector administration, and ultimately died
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49 days after vector administration. An extensive review was
inconclusive as to the cause, that is, whether the onset of the
seizure activity was related to the progression of the disease,
the surgical procedure, or the vector itself. The lack of evidence
of inflammation in the cerebrospinal fluid and by MRI argued
against the vector as a cause. Of note, the LINCL-affected, but
untreated younger sibling of that patient died at approximately
the same age 2 years later. Seizures are a cardinal feature of
LINCL and intractable seizures and status epilepticus are a
known feature of advanced LINCL (Boustany, 1996). Assess-
ment of 24-hr continuous EEG at 14 days posttherapy (the tim-
ing of the onset of the seizures in the subject who died) in the
six subsequent subjects who underwent treatment showed a de-
crease in subclinical seizure activity after therapy compared
with the same subjects pretherapy.

Challenges for successful gene therapy for LINCL

With rare diseases such as LINCL, the design of clinical stud-
ies is challenged by the paucity of data on the natural history
of the disease and the logistical and ethical difficulty of de-
signing a controlled study. In this context, assessment of new
therapeutics in rare, childhood genetic disorders such as the
LINCL is a dilemma. Like most CNS disorders, there are no
biomarkers that can be used to assess therapy in the brain. Be-
cause the therapy requires direct CNS administration by a mul-
tihour neurosurgical procedure, it is challenging to design a con-
temporaneous, matched, randomized, blinded or placebo
controlled study. In the absence of such a control group, rigor-
ous statistical assessment of the outcome data in the present
study is not possible. The data are further confounded by fac-
tors such as differences among individuals regarding genotype,
standard of medical care, and other undefined factors. Thus, it
was only possible to gain insight into the suggestive effect of
therapy on progression of the disease. With the caveats that the
control group was limited to four untreated subjects assessed
twice at an interval of 1 year plus the published data of Stein-
feld and coworkers (2002), assessment of the change of clini-
cal rating scale in the treated group suggests, but does not prove,
that CNS administration of the AAV2cyhCLN2 vector might
provide some therapeutic benefit.

It is of interest that although there was evidence of statisti-
cally significant slowing of the decline of the disease as as-
sessed by the primary variable, the clinical rating scale, the
quantitative MRI parameters suggested, but did not prove, a dif-
ference compared with the control subjects. Because there are
no biochemical markers for the disease, imaging represents a
rational choice for secondary parameters to complement the
clinical rating scales (Ramirez-Montealegre and Pearce, 2007;
Worgall er al., 2007). However, in diseases such as cerebral
palsy and Parkinson’s disease, and in our studies of LINCL, the
correlation between clinical and neuroimaging results based on
the current methods is variable (Bohnen er al., 2007; Worgall
et al., 2007; Korzeniewski et al., 2008). In this regard, it would
be useful for the design of future therapeutic studies to develop
less variable high-resolution MRI or other imaging parameters
that are sensitive to the disease process.

Successful gene therapy for the CNS manifestations of
LINCL requires vector-driven expression of TPP-I in the CNS
that is of a sufficient level, distribution, and duration to treat
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the disease. The requirement for long-term expression comes
from the knowledge that the accumulation of the lysosomal stor-
age defect is progressive. The range of required therapeutic lev-
els of expression can be estimated from the observation that
affected children with ~5% of normal TPP-I activity have a
late-onset variant of the disease and that heterozygous carriers
are normal (Sleat et al., 1999). These requirements were met
in the present study by using doses of the AAV2cyhCLN2 vec-
tor that, scaled from doses used in mice and monkeys, should
provide long-term expression in the human CNS of physiolog-
ical levels of TPP-I protein, at least in the general proximity of
the sites of vector administration. The major challenge for suc-
cessful therapy of LINCL is the requirement for wide distribu-
tion of the therapy within the brain, based on the fact that
LINCL affects the brain diffusely (Boustany, 1996; Williams
et al., 1999; Haltia, 2003). On the basis of safety constraints
limiting the volume that could be administered per unit time,
the limits on the concentration of the vector to avoid aggrega-
tion, and the number of burr holes, we designed the vector ad-
ministration to be through six burr holes with vector deposition
at two depths per burr hole. With these physical limitations, it
is likely that the goal of spreading the vector over as wide a
volume of brain as possible will likely come from vector de-
sign, that is, by developing new gene transfer vectors that dis-
tribute more widely through the CNS.

Although the data in the present study cannot prove we
achieved the levels, duration, and distribution of TPP-I expres-
sion in the treated children to provide a true therapeutic bene-
fit, we suggest that the data provide a rationale for developing
a second-generation clinical trial of AAV gene transfer in in-
dividuals with LINCL. On the basis of studies in rodents, non-
human primates, and cats, it is likely that the greatest impact
may be obtained from the use of serotypes of AAV such as 1,
5, 8,9, or rh.10, all of which provide much higher levels and
a much wider distribution of transgene expression in the brain
than the AAV2-based vector used in the present study (Vite et
al., 2003; Bunnell et al., 2004; Broekman et al., 2006; Cearley
and Wolfe, 2006; Passini et al., 2006; Cabrera-Salazar et al.,
2007; Sondhi et al., 2007a). On the basis of the suggestive ev-
idence of an impact on disease progression obtained in the pres-
ent study with an AAV?2 serotype-based vector, these second-
generation AAV vectors are now prime candidates for the
development of a new clinical trial for the treatment of the CNS
manifestations of LINCL. Further, on the basis of LINCL
knockout mouse data published by Cabrera-Salazar and
coworkers (2007), using an AAV1-based vector, and our sim-
ilar data with AAVrh.10-based vector (Sondhi et al., 2007b),
an enhanced therapeutic outcome will likely be achieved by
treating the disease as early as possible. For a second-genera-
tion clinical trial of AAV gene transfer we would also propose
the use of a newly developed clinical severity scale, which cor-
related better with disease progression in individuals with
LINCL (Worgall et al., 2007).
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Late infantile neuronal ceroid lipofuscinosis (LINCL), a fatal autosomal recessive neurodegenerative lysosomal
storage disorder of childhood, is caused by mutations in the CLN2 gene, resulting in deficiency of the protein
tripeptidyl peptidase I (TPP-I). We have previously shown that direct CNS administration of AAVrh.10hCLN2
to adult CLN2 knockout mice, a serotype rh.10 adeno-associated virus expressing the wild-type CLN2 cDNA,
will partially improve neurological function and survival. In this study, we explore the hypothesis that
administration of AAVrh.10hCLN2 to the neonatal brain will significantly improve the results of
AAVTh.10hCLN2 therapy. To assess this concept, AAVrh.10hCLN2 vector was administered directly to the
CNS of CLN2 knockout mice at 2 days, 3 wk and 7 wk of age. While all treatment groups show a marked
increase in total TPP-I activity over wild-type mice, neonatally treated mice displayed high levels of TPP-I
activity in the CNS 1 yr after administration which was spread throughout the brain. Using behavioral
markers, 2 day-treated mice demonstrate marked improvement over 3 wk, 7 wk or untreated mice. Finally,
neonatal administration of AAVrh.10hCLN2 was associated with markedly enhanced survival, with a median
time of death 376 days for neonatal treated mice, 277 days for 3 wk-treated mice, 168 days for 7 wk-treated
mice, and 121 days for untreated mice. These data suggest that neonatal treatment offers many unique
advantages, and that early detection and treatment may be essential for maximal gene therapy for childhood

lysosomal storage disorders affecting the CNS.

© 2008 Published by Elsevier Inc.

Introduction

There are over 40 identifiable lysosomal storage disorders, which
are rare monogenic autosomal recessive diseases characterized by
accumulation of unmetabolized substrates in lysosomes (Neufeld, 1991;
Vellodi, 2005). Among the lysosomal storage disorders, approximately
50% affect the central nervous system (CNS) (Cardone, 2007; Hoffmann
and Mayatepek, 2005; Jeyakumar et al., 2005). While many of the
systemic manifestations of several of the lysosomal storage disorders
can be effectively treated by intravenous enzyme therapy (Brady, 2006),
the blood brain barrier prevents enzymes administered systemically to
reach the brain, and thus the CNS manifestations of these disorders are,
for now, untreatable (Beck, 2007; Sondhi et al., 2001).

Gene therapy represents one approach to deliver the deficient
enzymes to the CNS, using gene transfer vectors expressing the wild-
type cDNA to correct the relevant cell population in the CNS (Beck,
2007; Cardone, 2007; Mandel et al., 2006; Sondhi et al., 2001). Studies

* Corresponding author. Department of Genetic Medicine, Weill Cornell Medical
College, 1300 York Avenue, Box 96, New York, New York 10065, USA. Fax: +1 646 962
0220.

E-mail address: geneticmedicine@med.cornell.edu (R.G. Crystal).

0014-4886/$ - see front matter © 2008 Published by Elsevier Inc.
doi:10.1016/j.expneurol.2008.04.022

of experimental animal models and humans have shown that a
significant challenge to providing effective gene therapy for the CNS
manifestations of the lysosomal storage disorders is that most of these
disorders diffusely affect the CNS, and thus effective therapy requires
delivery of the product of the therapeutic vector throughout the brain
(Beck, 2007; Sondhi et al., 2001). This challenge is further com-
pounded by the physical limitations of administration of gene therapy
vectors to the human CNS, including the number of burr holes that can
be placed in the skull, the volume that can be administered per min,
and the total time of anesthesia that can be used safely (Crystal et al.,
2004; Hackett et al., 2005). Finally, corrective gene therapies for
neurodegenerative diseases are not restorative but rather halt disease
progression, making delivery prior to disease onset an important
objective. With these limitations in mind, three basic strategies have
been employed to achieve therapeutic levels of gene expression
throughout the brain: identifying gene transfer vectors that will
diffuse through the CNS more effectively (Cearley and Wolfe, 2006;
Deglon and Hantraye, 2005; Shevtsova et al., 2005; Sondhi et al.,
2007), optimizing the method of delivery and volume and rate of
infusion (Chen et al., 1999; Hackett et al., 2005; Hsich et al., 2002), and
administration at an earlier timepoint, when the brain is smaller and
immature (Bostick et al., 2007; Broekman et al., 2007; Daly et al., 1999;
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Griffey et al., 2006; Li and Daly, 2002; Passini et al., 2003; Passini and
Wolfe, 2001; Rafi et al., 2005; Shen et al., 2001; Waddington et al.,
2004). Studies from our laboratory and others have identified several
serotypes of adeno-associated virus (AAV) vectors that are more
effective than the first generation vectors used for CNS gene transfer
(Broekman et al., 2006; Burger et al., 2005; Cearley and Wolfe, 2006;
Harding et al., 2006; Sondhi et al., 2007; Taymans et al., 2007), the
parameters for optimal administration of vectors to the CNS have been
established (Chen et al., 1999; Hackett et al., 2005; Hsich et al., 2002)
and several studies have shown that administration earlier in life
results in an advantage over therapy in older animals (Bostick et al.,
2007; Broekman et al., 2007; Daly et al., 1999; Griffey et al., 2006; Li
and Daly, 2002; Passini et al., 2003; Passini and Wolfe, 2001; Rafi et al.,
2005; Shen et al.,, 2001; Waddington et al., 2004).

In the present study, we asked whether CNS administration to
newborns of an AAV serotype rh10 vector, one of the AAV vectors
known to be among the best to transfer genes to the CNS (Cearley and
Wolfe, 2006; Sondhi et al., 2007), will have a better therapeutic
advantage than the same vector administered later in life. To test this
hypothesis, we have used late infantile neuronal ceroid lipofuscinosis
(LINCL) as the target disorder. LINCL, a fatal, autosomal recessive
neurodegenerative disease of middle childhood, is a typical lysosomal
storage disorder with diffuse CNS manifestations, caused by muta-
tions in the CLN2 gene, resulting in a deficiency of the lysosomal
tripeptidyl peptidase (TPP-I) (Sleat et al., 1997; Williams et al., 1999;
Worgall et al,, 2007). In prior studies, we have shown that CNS
administration of an AAVrh.10 vector coding for the wild-type human
CLN2 cDNA to 7 wk old CLN2 knockout mice increased the median age
of survival from 128 days to 162 days compared to the first generation
AAV serotype 2 or 5 vector which had no impact on survival (Passini
etal., 2006; Sondhi et al., 2007), and Cabrera-Salazar et al. (2007) have
shown that an AAV1 vector coding for the CLN2 cDNA administered to
4 wk old CLN2-/- mice had a significant survival advantage over
administration at 11 wk.

Based on these observations, and studies of several groups
showing that administration of gene transfer vectors to the newborn
CNS provides significant advantage to administration later in life
(Bostick et al., 2007; Broekman et al., 2007; Daly et al., 1999; Griffey
et al.,, 2006; Li and Daly, 2002; Passini et al., 2003; Passini and Wolfe,
2001; Rafi et al,, 2005; Shen et al., 2001; Waddington et al., 2004), we
hypothesized that if an AAVrh.10 vector coding for the wild-type CLN2
cDNA were administered to the CNS of newborn CLN2-/- mice, we
would achieve significant improvement in survival over administra-
tion to older animals. Compared to parallel administration in 3 or 7 wk
old mice, administration at postnatal day 2 demonstrated remarkable
persistent, widespread expression of the CLN2 gene product, with
concomitant improvement of a number of tests of CNS function as well
as significant survival advantage.

Methods
AAVTrh.10hCLN2 vector

The AAVrh.10hCLN2 vector contains an expression cassette con-
sisting of the human CLN2 cDNA driven by a CMV/p3-actin hybrid
promoter consisting of the enhancer from the cytomegalovirus
immediate early gene, the promoter, splice donor and intron from
the chicken B-actin gene, the splice acceptor from the rabbit 3-globin
gene followed by a CLN2 cDNA with an optimized Kozak translation
initiation sequence (Sondhi et al., 2007). The cDNA is followed by the
polyadenylation sequence from rabbit 3-globin. The expression
cassette is surrounded by the inverted terminal repeats of AAV2. To
produce AAVrh.10hCLN2, 293 cells were cotransfected using Polyfect
with the vector plasmid described above and two helper plasmids:
PAF6, which expresses the required adenoviral helper functions for
replication and the other with the AAV2 rep gene, and the AAVrh.10

cap gene (Sondhi et al., 2007). After 72 h, the cells were harvested and
AAV purified on iodixinol gradients, followed by QHP ion exchange
chromatography. Vector preparations were assessed by TaqMan real-
time polymerase chain reaction to determine genomic copies and by
in vitro gene transfer in 293 ORF6 cells.

Administration of AAVrh.10 to the CLN2-/- mouse brain

All procedures were performed in accordance with NIH guidelines
and under protocols approved by the Institutional Animal Care and
Use Committee. Original heterozygous breeding pairs of CLN2+/— mice
back crossed into C57BI/6 were used to produce all of the CLN2-/-
mice used in this study (Sleat et al., 2004). At postnatal day 20, mice
were weaned and genotyped by polymerase chain reaction. The
AAVrh.10hCLN2 vector was administered to the CLN2-/- mice at 7 wk,
3 wk, or 2 days of age. Untreated CLN2-/- mice, PBS-injected CLN2-/-
mice, and AAVrh.10GFP-treated CLN2-/- mice [the AAVrh.10GFP
vector consists of a humanized GFP gene with expression driven by
CMV promoter pseudotyped with rh.10 capsid (Zolotukhin et al.,
1996)] all served as negative controls and CLN2+/+ mice served as
positive controls. Pilot injections of methylene blue were performed to
confirm injection locations for 3 wk and 2 day injected mice.

The 7 and 3 wk mice received bilateral intracranial injections
stereotaxically in four locations per hemisphere using a 10 ul Hamilton
syringe (Hamilton Company; Reno, NV) fitted with a 26 g needle. At
7 wk of age, mice were injected bilaterally in the lower striatum (A/P
+0.60 mm, M/L +1.75 mm, D/V -4.0 mm), upper striatum (A/P
+0.60 mm, M/L+1.75 mm, D/V -2.0 mm), thalamus (A/P -2.0 mm, M/L
+1.0 mm, D/V -3.0 mm), and cerebellum (A/P -6.0 mm, M/L £0.5 mm,
D/V -1.5 mm) with AAVrh.10hCLN2 (2 x 10'° genome copies in 3 ul per
site) at a rate of 0.5 pl/min. The needle was left in position for 2 min
before and 2 min following vector administration, at which point it was
withdrawn slightly and left for 1 min, and then was finally withdrawn
over the course of an additional minute. At 3 wk of age, mice were
injected in the lower striatum (A/P +0.60 mm, M/L +1.70 mm, D/V
-3.5 mm), upper striatum (A/P +0.60 mm, M/L +£1.70 mm, D/V
-2.5 mm), thalamus (A/P -2.3 mm, M/L £1.0 mm, D/V -2.5 mm), and
cerebellum (A/P -6.0 mm, M/L £1.5 mm, D/V -1.5 mm) with
AAVrh.10hCLN2 (2x10'® genome copies in 3 pl per site) at a rate of
0.5 pl/min, similarly to that for the 7 wk old mice. The total dose
administered in the 7 wk and 3 wk animals was 1.6x 10" genome
copies delivered in a total volume of 24 pl distributed equally over
8 sites. Postnatal day 2 mice were injected bilaterally in three locations
per hemisphere using the 10 pl Hamilton syringe fitted with a 30 g
needle. Pups were anesthetized with ice (Li and Daly, 2002),
immobilized and injected at 3 separate locations per hemisphere
distributed along the rostral-caudal axis (1.85% 10'® genome copies in
0.5 pl per site). The total dose administered in the neonatal animals was
1.1x10" genome copies delivered in a total volume of 6 pl distributed
equally over 6 sites. Pups were returned to the litter and genotype
determined at 20 days.

TPP-I activity in the CNS

When observed to be close to death (severe shaking, weight loss),
mice were anesthetized and transcardially perfused with PBS. Brains
were excised and hemisected. The right hemisphere was submerged
in 4% paraformaldehyde for morphological evaluation (see below) and
the left hemisphere was cut into six, 2 mm coronal sections. All
samples were flash frozen. The samples were later thawed and homo-
genized in NaCl (0.15 M) and Triton X-100 (1 g/l). Supernatants of
homogenized samples were diluted 100 fold in phosphate buffered
saline and assayed for TPP-I activity as previously described (Sondhi
et al,, 2007). Final TPP-I activity was adjusted to total protein con-
centration using a bicinchoninic acid (BCA) Protein Assay (Pierce;
Rockford IL) and calculated as fluorescent units (FU)/min-mg.
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Morphological evaluation of TPP-I expression

Efficiency of CLN2 cDNA transfer was assessed in the right hemi-
sphere by immunohistochemical staining for the gene product TPP-I. At
72 h post-perfusion, the brains were equilibrated in 30% sucrose at 4 °C.
Serial 50 pum thick sagittal sections were produced by freezing sliding
microtomy. Immunohistochemical detection of TPP-I was accom-
plished by incubation with mouse anti-human TPP-I antibody
(1:1000; 72 h at 4 °C; gift from K. Wisniewski and A. Golabek, NYS
Institute for Basic Research), followed by biotin-streptavidin amplifica-
tion (Vectastain kit, Vector Labs; Burlingame, CA) that was then
visualized by incubation in nickel chloride enhanced diaminobenzidine
(DAB Kkit, Vector Labs; Burlingame, CA). Images were obtained by
brightfield microscopy with digital image acquisition using an Olympus
BX50 and Microfire Camera (Olympus America Inc; Center Valley, PA).
For multiple immunofluorescence staining, sections were incubated for
72 h at4 °Cwith rabbit anti-TPP-I1(1:500; gift from P. Lobel, University of
Medicine and Dentistry of New Jersey) and mouse anti-NeuN (1:2500;
Chemicon, Temecula, CA) or mouse anti-TPP-I1(1:2000), rabbit anti-Iba-
1 (1:4000; Wako Chemicals USA, Richmond, VA), and guinea pig anti-
GFAP (1:2000; Advanced Immunologicals, Long Beach, CA). Secondary
antisera raised in donkey were used as appropriate for species detection
and were conjugated to the fluorophores Alexa 488 (Invitrogen,
Carlsbad, CA) or Cy3 or Cy5 (Jackson ImmunoResearch, West Grove,
PA). Fluorescence imaging was performed using an Olympus Fluoview
confocal microscope (Olympus America, Center Valley, PA).

Behavioral phenotyping

AAVrh.10hCLN2 was administered to the CNS of CLN2-/- mice at
7 wk (n=17), 3 wk (n=15), or 2 days (n=8) of age. A series of
phenotypic observations were made at various intervals to assess the
impact of age of AAVrh.10hCLN2 administration. The negative controls
were untreated CLN2-/- (n=14) mice, PBS treated (n=14, injected at
7 wk) and AAVrh.10 GFP treated (n=6, injected at 7 wk). The positive
controls were CLN2 wild-type mice (n=16). The assessments used and
the testing intervals included: (1) gait (this qualitative test was
performed in a subset of n=3 mice/group at bimonthly intervals);
(2) tremors (weekly; on all animals in every group); (3) appearance
(weekly; on all animals in every group); (4) performance of balance
beam (weekly; on all animals in every group); and (5) performance on
grip strength test (weekly; on all animals in every group). All tests,
except gait, were performed at the same time each week and under
similar conditions on all of the surviving mice in each of the
experimental groups. Apart from gait, data from each of these tests
was statistically analyzed from 15 to 18 wk, a period chosen based on
the knowledge that CLN2-/- mice perform normally until about 14 wk
and are moribund by 18 wk (Sleat et al., 2004). There is typically a
sharp decline in abilities in this time frame.

Gait analysis

Gait analysis was performed on a subset (n=3) of mice in each
experimental groups at bimonthly intervals. A blind tunnel (100 cm
long, 20 cm wide, 10 cm high) with one end in the dark and the other
end in the light was constructed over a sheet of white paper. The
hindpaws of the mouse were dipped in blue ink and the frontpaws
were dipped in red ink (Crayola washable paints, Binney and Smith,
Easton, PA). The mouse was placed at the light end of the tunnel and as
it ran to the dark end, the footprints were recorded on the paper and
saved for qualitative analysis.

Tremors

Based on previous empirical observations, a tremor scale was created
and applied to all mice. Tremors were assessed while the mouse was on
the balance beam (described below) for a period of at least 30 s. The mice
were rated on a scale of 1 to 5 as follows: score 1, occasional violent and

severe seizures coupled with repeated tremors; score 2, tremors and
shaking most of the time; score 3, tremors and shaking occasionally; score
4, a shuffling movement with splayed hind feet but no tremors or shaking;
and score 5, an active and agile mouse with no visible tremors or shuffling.

Coat appearance

Based on previous empirical observations, a scale of coat
appearance was created and applied to all mice. Coat appearance
was assessed while the mouse was on the balance beam (described
below) for a period of at least 30 s. Mice were rated on a 3 point scale
of 1 to 5 as follows: score 1, greasy, clumped, and unkempt fur; score 3,
greasy but mostly kempt fur; and score 5, clean, smooth and shiny fur.

Balance beam

A horizontal wooden beam, 3 cmx125 cm was secured 100 cm
from the ground over a tub filled with pads to protect mice that fell off
the beam. The mouse was placed in the middle of the beam and the
time until fall was recorded. Mice that did not fall after 3 min were
returned to their cage and the time was recorded as 3 min.

Grip strength

A string was stretched between two wooden dowels. The mouse
was placed in the middle of the suspended string and the time until
fall was recorded. Mice that did not fall after 3 min were returned to
their cage and the time was recorded as 3 min.

Survival

Mice were observed 3 times a week for signs of deterioration in
health. If deemed moribund (severe shaking, weight loss), mice were
sacrificed and age of death was recorded.

Statistical analysis

Data is provided as mean values+SEM. Analysis of phenotype
ratings and time were performed by ANCOVA with the post-hoc
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Fig. 1. TPP-I Activity in the CNS following direct CNS administration of AAVrh.10hCLN2.
TPP-I activity in the brain following administration of AAVrh.10hCLN2 (2% 10'° genome
copies/site) bilaterally at multiple locations along the rostral-caudal axis at 7 wk, 3 wk,
or 2 days of age. Mice were sacrificed when moribund. Samples included untreated
controls (n=14, CLN2-/-); wild-type (n=16, CLN2+/+); 7 wk AAVrh.10 treated (n=17,
CLN2-/-); 3 wk AAVrh.10 treated (n=11, CLN2-/-); and 2 day AAVrh.10 treated (n=5,
CLN2-/-). Mean specific activity was measured in brain homogenates across six, 2 mm
coronal sections. The y-axis is represented as a log scale.
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Fischer test with each measurement contributing to the value used for normally distributed, significance was confirmed by non-parametric
means testing with treatment group as factor and time as covariant. analysis at selected timepoints. Survival analysis was assessed using
Since some parameters such as tremor and appearance are not Kaplan-Meier test.

-/- PBS -/- CLN2 7 wk -/- CLN2 3 wk -I- CLN2 2 day

Hippocampus

Cerebellum

Mid-Brain

Fig. 2. Immunohistological assessment of the expression of TPP-I in the CNS following gene transfer. A-D. Sagittal sections of whole brain after: A. delivery of PBS; B. delivery of
AAVTh.10hCLN2 at 7 wk; C. delivery of AAVrh.10hCLN2 at 3 wk; and D. delivery of AAVrh.10hCLN2 at 2 days. E-H represent higher magnification views of panels A-D respectively.
E. Close up of PBS-injected mice showing no detectable TPP-I staining; F,G. Close up of AAVrh.10hCLN2 mice injected at 7 wk and 3 wk respectively showing a distribution gradient in
detection of TPP-I between strong staining in the region of injection (asterisk) and reduced staining further from the region of injection. H. Close up of mice injected at 2 days showing
uniform distribution of TPP-I staining across the equivalent region. Specific structures outside the region of injection were examined at higher magnification including: I-L. striatum;
M-P. hippocampus; Q-T. cerebellum and U-X. midbrain. I. Striatum of mice receiving PBS in which no TPP-I positive cells were seen; JK. striatum of mice injected with
AAVrh.10hCLN2 at 7 wk or 3 wk producing punctate cellular staining in some cells; L. striatum of mice injected with AAVrh.10hCLN2 at 2 days with no obvious region of injection and
equivalent regions of the striatum containing numerous cells with strong cytoplasmic staining extending into cell processes. M. Hippocampus of PBS-injected mice containing no
detectable TPP-I staining; N,O. hippocampus of mice injected with AAVrh.10hCLN2 at 7 or 3 wk, showing few TPP-I-positive cells with punctate staining; P. hippocampus in mice
injected at 2 days containing robust TPP-I staining filling cell bodies and processes in all parts. Q. Cerebellum of PBS-injected mice containing no detectable TPP-I staining; R,S.
cerebellum outside of the region of injection in mice injected with AAVrh.10hCLN2 at 7 wk or 3 wk with TPP-I staining only in blood vessels or few TPP-I-positive cells with punctate
staining; T. cerebellum of mice injected at 2 days with AAVrh.10hCLN2 showing all parts of the cerebellum with robust TPP-I staining filling cell bodies and processes. U. Midbrain of
PBS-injected mice containing no TPP-I staining; V. midbrain of mice injected with AAVrh.10hCLN2 at 7 wk with only a few TPP-I positive blood vessels; W. midbrain of mice injected
with AAVrh.10hCLN2 at 3 wk showing some TPP-I positive cells with uneven filling of their cytoplasm; X. Midbrain of mice injected with AAVrh.10hCLN2 at 2 days with frequent,
strongly-stained cells distributed across the midbrain. Calibration bars are: A-D, 2 mm; E-H, 1 mm; and I-X, 50 pm.
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Results
CNS TPP-I levels

All CLN2-/- mice treated with AAVrh.10hCLN2 exhibited higher
levels of TPP-I activity (FU/min-mg) in the brain, compared to
uninjected CLN2-/- mice and uninjected CLN2+/+ mice (Fig. 1). Mice
treated at postnatal day 2, 3 wk and 7 wk all showed a nearly 100-fold
increase in activity above wild-type levels. In addition, the 2 day-
treated mice possessed a wider rostral-caudal distribution compared
to 7 and 3 wk-treated mice, with significantly higher levels of TPP-I
activity in the frontal lobe (p<0.01).

Distribution of TPP-I expression

In agreement with the measure of enzymatic activity, no TPP-I-
positive staining was detected in the brains of untreated CLN2-/- mice
(not shown) or those that received the PBS vehicle injection (Figs. 2A, E).
In all groups receiving the AAVrh.10hCLN2 administration, regions of
injection could be identified by robust cellular expression of TPP-I
(Figs. 2B-D and F-H). Multiple immunofluorescence staining showed
that TPP-1 expression was detected within cells colocalized with
expression of NeuN, confirming their neuronal identity (not shown).
Outside of regions of injection, the extent and staining patterns of TPP-I-
positive cells varied as a function of the age of administration of the
AAVrh.10hCLN2 (Fig. 2). Assessment of mice treated at 7 wk resulted in
sparse punctate staining within scattered neurons in most regions
examined that were adjacent to the site of delivery. Assessment of mice
treated at 3 wk resulted in stronger labeling within neurons, so that
enough of the cell soma was filled to produce a recognizable cellular
profile, and TPP-I-positive neurons were observed at greater frequency.

-4-PBS g

50 pm

Strikingly, evaluation following administration at 2 days postnatal
showed strong intracellular TPP-I expression. Most neurons were TPP-I-
positive in all regions examined, including regions such as the midbrain.

Consistent with the observation that administration at 2 days
produced higher levels at the most rostral brain segments when mea-
sured by enzymatic assay, the frontal cortex showed extensive TPP-I
expression despite being distant from the sites of injection (Fig. 3).
With 7 and 3 wk administration times, nearly all TPP-I-positivity was
detected in tubular and circular vascular profiles indicative of
endothelial cell-staining in small blood vessels and capillaries, likely
as a result of mechanical disruption and seepage of vector into vascular
system and transport to distant loci during surgical delivery. In contrast,
TPP-I staining was well defined in neurons of the frontal cortex in the
2 day administration group. To further evaluate the phenotype of cells
expressing TPP-I, immunofluorescence staining was performed to
colocalize TPP-I protein (red) with microglia (green) or astrocytes
(blue; Fig. 3). The multiple labeling revealed that TPP-I expression was
not in astrocytes or microglia regardless of the age of the mice at vector
administration. There was no apparent difference in microglial density
or morphology between conditions suggesting that microglia were not
activated in either the untreated CLN2-/- or the animals receiving gene
delivery.

Impact on gait

Gait analysis of mice was conducted bimonthly on a subset of n=3
mice per group. The representative data shown here is gait analysis
done in mice with advanced disease that are close to the mean age of
death for that group (Fig. 4). In wild-type mice (assessed at age 18 wk,
the typical age of death for untreated CLN2-/- mice), front and
hind paw prints were largely superimposed and there was no limb

<~ J-CLN27wk C

Fig. 3. Widespread expression of TPP-I in brain regions outside the area of vector administration is achieved by early (2 day) postnatal delivery of AAVrh.10hCLN2. The frontal cortex
was examined as a region distant from the sites of injection to assess the effect of age at vector administration with the extent of transgene expression. Panel A-H represent
immunoperoxidase staining for TPP-I while panels I-L represent immunofluorescent staining. A, E. Low magnification and high magnification images from PBS-administered
animals, where immunoperoxidase staining revealed no detectable TPP-I staining. B, F. Tubular and circular vascular endothelial staining of blood vessels (arrows) for TPP-I was
observed in animals injected at 7 wk as evident from both the low and the high magnification images; and C, G. In addition to vascular staining (arrows), occasional punctate staining
of TPP-I was seen within a few, dispersed cells in both the low and high magnification images of animals injected at 3 wk. D, H. Injection at 2 days produced widespread cellular
staining within the frontal cortex as seen in both the low and high magnification views. To evaluate the phenotype of cells expressing TPP-I, immunofluorescence staining was
performed to colocalize TPP-I protein (red) with microglia (green) or astrocytes (blue). Detection of TPP-I was the same as seen with the immunoperoxidase staining. I. No TPP-I
staining in PBS-injected animals, ]. TPP-I-positive blood vessels in 7 wk (arrows); and K. blood vessel staining in 3 wk injected animals (arrows). L. Widespread, robust TPP-I staining
was observed in 2 day injected animals. Neither microglia nor astrocytes coexpressed TPP-1. A-D., bar=250 pm; E-L., bar=50 pum.
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Fig. 4. Impact of age of AAVrh.10hCLN2 administration on gait. Hindpaws were covered in blue ink and frontpaws in red ink. Deficits in gait are revealed as mouse ran along a sheet of
paper. The data shown here is representative of the gait analysis carried out in mice with advanced disease close to the mean age of death for that group. A. Wild-type; B. Untreated
CLN2-/-; C. CLN2-/- treated at 7 wk; D. CLN2-/- treated at 3 wk; and E. CLN2-/- treated at 2 days.

dragging evident (Fig. 4A). In contrast, untreated CLN2-/- mice also
assessed at 18 wk age displayed dragging of feet, poor coordination of
front and hind paws, and overall disordered gait (Fig. 4B). CLN2-/-
mice treated with AAVrh.10hCLN2 showed marked improvement in
gait associated with earlier age of administration (Figs. 4C-E). The
mice treated at 7 wk age assessed at 22 wk age showed some dragging
and no overlap of hind and front paws. In mice treated at 3 wk
assessed at 36 wk age, there was minimal dragging but still poor
coordination of front and hind paws. In contrast, in the mice treated as
newborns and assessed at 52 wk age, the coordination of front and
hind paws was excellent, approaching that of wild-type mice.
Quantitative analysis by measuring separation of foot prints was
impossible due to the inability to separate the front paws from the
hind paws due to excessive dragging in the untreated CLN2-/-
controls. Another approach was to assess the total ink (red or blue)
deposited as a measure of foot dragging, but this was also not possible
due to the inconsistencies between experimental subjects depending
on how much ink was initially applied to the feet.

Impact on tremors and coat appearance

The tremors of CLN2-/- mice treated with AAVrh.10hCLN2 at
2 days, 3 wk, and 7 wk of age and controls were characterized weekly.
For all groups, the data was analyzed from 15 to 18 wk, a period chosen
based on the knowledge that untreated CLN2-/- mice perform

normally until about 14 wk and are moribund by 18 wk (Sleat et al.,
2004). There is typically a sharp decline in abilities about this time.
The therapeutic effect of gene therapy on tremors depended on the
age of treatment with the severity of tremors decreasing with earlier
treatment (Fig. 5A). Untreated CLN2-/- mice exhibited moderate
tremors and received significantly worse tremor ratings than wild-
type controls, which did not exhibit any signs of tremor activity
(p<0.0001). The two negative control groups exhibited a tremor
rating that was not significantly different from the untreated CLN2-/-
mice (PBS, p>0.4, and AAVrh.10GFP, p>0.4, not shown). In comparison
all CLN2-/- mice treated with AAVrh.10hCLN2 experienced signifi-
cantly milder tremor activity (p<0.0001). The 2 day and 3 wk
treatment groups received significantly better tremor ratings than
mice treated at 7 wk of age (p<0.0001) and the 2 day-treated were
better than the 3 wk-treated (p<0.005), although not at the level of
the wild-type mice (p<0.0001).

The impact of AAVrh.10hCLN2 treatment on coat appearance of
CLN2-/-mice depended on the age of treatment (Fig. 5B). CLN2-/- mice
treated the earliest received the best ratings for coat appearance.
Untreated CLN2-/- had difficulty grooming their coats as the disease
progresses and therefore received significantly lower coat appearance
ratings than wild-type controls (p<0.0001). The two negative control
groups also had difficulty grooming to the extent that they were not
significantly different from the untreated CLN2-/- mice (PBS, p>0.1,
and AAVrh.10GFP, p>0.2, not shown). By contrast, CLN2-/- mice treated
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with AAVrh.10hCLN2 at all ages received significantly higher coat
appearance ratings (p<0.005). The 2 day treatment group received
higher ratings for coat appearances than both the 7 wk and 3 wk (both
p<0.0001) groups and was improved to the extent that their
appearance was equivalent to wild-type controls (p>0.05).

Performance on behavioral tasks

Assessment of CLN2-/- mice by performance on the balance beam
indicated that the time the mouse could remain on the beam depended
on the age of treatment (Fig. 5C). Untreated CLN2-/- mice remained on
the balance beam for significantly less time than wild-type controls
(p<0.0001). The two negative control groups were not significantly
different from the untreated CLN2-/- mice in the ability to remain on
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the beam (PBS, p>0.05, and AAVrh.10GFP, p>0.1, not shown). By
contrast, all CLN2-/- mice with AAVrh.10hCLN2 administered to the
CNS, regardless of their age of treatment, showed significantly better
performance than untreated CLN2-/- mice, but the earlier the age of
treatment, the greater the improvement in balance beam test
performance. The 2 day and 3 wk treatment groups, while not different
from each other (p>0.05), both performed better than mice treated at
7 wks of age (p<0.001), with the performance of the 2 day and 3 wk-
treated animals was equivalent to wild-type controls (p>0.05).
Assessment of CLN2-/- mice by performance on grip strength also
showed that grip strength depends on the age of treatment (Fig. 5D).
The grip strength of untreated CLN2-/- mice was significantly less than
that of wild-type controls (p<0.0001). The two negative control groups
were not significantly different from the untreated CLN2-/- mice in
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Fig. 5. Impact of age of AAVrh.10hCLN2 administration on phenotype and behavioral task performance. All groups were assessed weekly for rated phenotypes (0 to 5 scale, see
Methods) and performance in behavioral assays. Means were calculated over a 4 wk period (15 to 18 wk) immediately preceding the death of the uninjected CLN2-/- control group.
A. Effect of the age of treatment on ratings of tremors; B. Effect of the age of treatment on ratings of coat appearance; C. Effect of the age of treatment on performance in balance beam
test; and D. Effect of the age of treatment on performance in grip strength test. The numbers of mice for each group are as follows: Uninjected controls (n=14, CLN2-/-); wild-type

controls (n=16, CLN2+/+); 7 wk AAVrh.10 injected (n=17, CLN2-/-); 3 wk AAVrh.10 injected (n=15, CLN2-/-)

); 2 day AAVrh.10 injected (n=8, CLN2-/-).
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Fig. 6. Impact of age of AAVrh.10hCLN2 administration on survival of CLN2-/- mice. Mice were administered AAVrh.10hCLN2 (1.05 to 1.6x10'" genome copies) by direct CNS
administration at 7 wk, 3 wk, or 2 days of age. Uninjected controls (n=14, CLN2-/-), wild-type controls (n=16, CLN2+/+), 7 wk AAVrh.10 injected (n=17, CLN2-/-), 3 wk AAVrh.10
injected (n=11, CLN2-/-), and 2 day AAVrh.10 injected (n=5, CLN2-/-) mice were assessed 3 times per wk for signs of terminal decline. Mice that appeared moribund were sacrificed

and age recorded.

their ability to maintain grip (PBS, p>0.05, and AAVrh.10GFP, p>0.05,
data not shown). By contrast, CLN2-/- mice with AAVrh.10hCLN2
administered to the CNS at all ages showed significantly stronger grip
strength than untreated CLN2-/- mice, which was greatest for mice
treated at the earliest age. Mice treated at either 2 days or 3 wk of age,
while not different from each other (p>0.05), both performed better
than mice treated at 7 wk of age (p<0.01) and as well as wild-type
controls (p>0.05).

Impact on survival

The most striking result was the correlation between earlier age of
administration and extended lifespan of CLN2-/- mice (Fig. 6). The
median age of survival for untreated CLN2-/- mice was 121 days.
Similarly the two negative control groups had a low median age of
survival (PBS 117 days and AAVrh.10 GFP 120 days, not shown). By
contrast, the lifespans of 2 day- and 3 wk-treated CLN2-/- mice were
more than double that of the untreated CLN2-/- mice. The median ages
of survival for CLN2-/- mice treated at 7 wk, 3 wk, and 2 days of age
were 168 days, 277 days, and 373 days, respectively. Kaplan-Meier
analysis of the survival data revealed a significant survival advantage for
the 3 wk-treated mice over 7 wk-treated mice (p<0.001). Importantly,
the lifespan of 2 day-treated mice was significantly longer than both the
7 wk-treated mice (p<0.0001) and 3 wk-treated mice (p<0.01).

Discussion

The biggest challenge for gene therapy for the treatment of the CNS
manifestations of lysosomal storage diseases is to provide therapy that
will have an impact throughout the brain. In this study, the impact of
the age of treatment by an AAV serotype rh.10 vector on ameliorating
the symptoms of LINCL was studied in the LINCL knockout mouse
model. The data demonstrate the benefit of neonatal treatment with a
3-fold increase in life expectancy compared to untreated controls, a
higher level and wider distribution of TPP-I protein within the brain
than treatment at older ages, and a corresponding improvement in
behavioral performance as a function of age. Together, these data
suggest that neonatal treatment offers many unique advantages, and
that both early detection and treatment are essential for effective
genetic therapy with this type of disease. Also, in the context that
LINCL is not included in routine newborn genetic screens (Fletcher,
2006; Meikle et al., 2006; NNSGRC, 2008), together with observations
from other investigators of the success of neonatal gene transfer

(Bostick et al., 2007; Broekman et al., 2007; Daly et al., 1999; Griffey
et al., 2006; Li and Daly, 2002; Passini et al., 2003; Passini and Wolfe,
2001; Rafi et al., 2005; Shen et al., 2001; Waddington et al., 2004), the
studies presented here have social implications in that they suggest
that to achieve maximal therapeutic impact of currently available gene
transfer vectors, newborn screening with early identification and
therapy of this disorder will achieve better results than waiting until
the disease manifests clinically.

Time of therapy

The benefit of treatment as neonates may arise from a combination
of factors, including, but not limited to: (1) therapeutically relevant
levels of the deficient TPP-I enzyme can be achieved early in life,
which may prevent the development of disease as opposed to
reversing the established disease; and (2) earlier administration
leads to a higher density and more widespread distribution of vector
within the much smaller, and immature neonatal brain (Kohn and
Parkman, 1997; Waddington et al., 2004).

The value of the neonatal window for treatment has been shown
previously in an animal model of Krabbe's disease where animals
treated at birth with an adenovirus vector coding for galactocerebro-
sidase showed an improvement compared to those treated 2 wk after
birth (Shen et al., 2001). Passini et al. (Passini et al., 2003; Passini and
Wolfe, 2001) have shown in the mucopolysaccharidosis-VII (MPS-VII)
animal model that intraparenchymal or intraventricular injection of
an AAV2 vector encoding the beta-glucuronidase (GUSB) gene into
neonatal mice led to widespread and prolonged GUSB activity. They
hypothesized that the wider distribution of the GUSB transgene
throughout the brain following intraventricular injection was due to
more efficient transduction of the deeper neuronal structures (Passini
etal,, 2003). These reports, along with the data described in this paper,
have important implications for supporting newborn screening
programs and the timing of experimental therapies.

Disease progression in lysosomal storage diseases

Several lines of evidence suggest that earlier administration offers
several unique advantages to treating lysosomal storage disorders (Kohn
and Parkman, 1997; Waddington et al., 2004). Foremost among these is
that, treating individuals before disease onset prevents the occurrence
of irreversible damage. In the case of LINCL, there is widespread
neurodegeneration (Haltia, 2003; Lane et al., 1996; Williams et al., 1999).
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As with other neurodegenerative diseases, the spatially limited
endogenous neurogenesis in the postnatal brain is insufficient to restore
function, thus it is important to halt the pathology of LINCL before
irreparable damage occurs (Ming and Song, 2005). The onset of LINCL in
the mouse knockout model has been estimated to be at 5 wk of age, with
the earliest observed point of autofluorescent accumulation 2 wk prior
to visible symptoms (Sleat et al., 2004). Studies testing the age of
administration on the treatment of LINCL have operated under this
assumption, testing therapy before and after this age of onset. For
example, Cabrera-Salazar et al. (Cabrera-Salazar et al., 2007) have shown
that treatment of LINCL knockout mice at 4 wk of age has greatly
increased therapeutic benefits as compared to 11 wk-treated mice. In
that study 80% survival was observed at 330 days when CLN2 knockout
mice were injected with AAV1 vector expressing CLN2 gene at 4 wk of
age. In the present study, the enhanced survival observed for 2 day-
treated mice compared to 3 wk mice suggests an important pathological
process may occur even further upstream of the presumed age of onset.
The newborn mice survived 100% to >330 days, better than the mice
treated at 4 wk of age by AAV1 vector (Cabrera-Salazar et al., 2007) as
well as better than the mice treated with AAVrh.10 vector at 3 wk of age
in this study.

A similar phenomenon has been observed in previous studies with
the CLN1 deficient knockout mice, which models another member of
the lysosomal storage disorders family (Griffey et al., 2006). In this
case, morphologic abnormalities were detected in 7-month old mice,
including autofluorescence-associated neuronal loss prior to the mice
exhibiting the moribund phenotype (Griffey et al., 2006). Together,
these studies argue strongly for the development of better detection
methods in the lysosomal disorders, such as improved magnetic
resonance imaging or more sensitive behavioral parameters. Earlier
detection will therefore be a critical preventative measure to insure
the disease does not progress into a destructive stage.

Unique properties of the neonatal brain

In addition to preventing disease onset, therapeutic administration
immediately following birth may also capitalize on unique features of
the neonatal brain. The increased spread of the TPP-I transgene ob-
served in 2 day-treated mice, as visualized by histology and enzymatic
assays, correlates with improved neuromotor function and extended
life-span. Only in the 2 day administration group were most neurons
throughout the brain found to express TPP-I (neuronal identity
confirmed by co-expression of TPP-I with a mature neuronal marker,
NeuN). In animals injected at later ages some TPP-I was detected at a
distance from region of injection but only in the vasculature suggesting
access through blood brain barrier disruption at the time of injection.

There may be a few explanations for this wider distribution. First,
earlier administration may lead to a higher density of vector particle to
brain volume in the much smaller neonatal brain. Secondly, the
reduced barriers to diffusion in the still developing neonatal brain may
facilitate widespread distribution of delivered vector (Passini et al.,
2003; Watson et al., 2005). Similar widespread distribution in neonatal
brains compared to adult brain has been reported in cell grafting
studies (Englund et al., 2002; Gates et al., 1998; Olsson et al., 1997;
Sidman et al, 2007; Zhao et al, 2007; Zhou and Lund, 1993).
Interestingly, even though TPP-I levels in the CLN2-/- mice injected
with AAVrh.10CLN2 as newborns were over 100 times higher than in
wild-type mice, the injected mice did not survive as long as wild-type
mice. Therefore, even if the distribution of TPP-I is wider when mice
are injected as newborns, some critical areas of the brain may still not
be receiving enough TPP-I for normal activity.

Significance for human studies

Given the data and the considerations described above, the im-
plications for human studies are significant, as these data strongly

support the concept that therapy will be most effective in neonates.
Although the ethical issues regarding novel therapies are complex in
neonates, the potential benefit is clearly much greater. For example,
infantile Krabbe's disease was treated by transplanting umbilical-cord
blood, rich in stem cells, in newborns and infants ranging from 12 to
352 days of age (Escolar et al., 2005). Compared to individuals treated
post-symptomatically, these individuals showed improved motor and
cognitive function, without the central demyelination that accom-
panies Krabbe's (Escolar et al., 2005).

In the case of LINCL, the diagnosis is typically not made until the age
of >3 yr, at which point significant damage has already occurred
(Steinfeld et al., 2002; Williams et al., 1999; Worgall et al., 2007).
Diagnosis in newborns only occurs when an older sibling has already
presented with the disease, leaving at risk newborns from parents who
are unaware that they are carriers. The ease of newborn genetic
screening argues for including the common mutations for the
neurological lysosomal storage disorders in newborn genetic screening
programs (Hayes et al., 2007; Kemper et al., 2007; Wilcken, 2007). For
example, in 2006, New York became the first state to include Krabbe's
disease in its Newborn Screening Program (2008; Therrell and Adams,
2007), setting the precedent for other infantile neuronal disorders. This
study supports the inclusion of LINCL in similar programs, and for a
broader spectrum of genetic tests for rare childhood monogenic
disorders in general.
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Object. The authors conducted a phase I study of late infantile neuronal ceroid lipofuscinosis using an adeno-
associated virus serotype 2 (AAV2) vector containing the deficient CLN2 gene (AAV2.,hCLN2). The operative
technique, radiographic changes, and surgical complications are presented.

Methods. Ten patients with late infantile neuronal ceroid lipofuscinosis disease each underwent infusion of

AAV2.;hCLN2 (3 x 10'? particle units) into 12 distinct cerebral locations (2 depths/bur hole, 75 minutes/infusion,
and 2 pl/minute). Innovative surgical techniques were developed to overcome several obstacles for which little or no
established techniques were available. Successful infusion relied on preoperative stereotactic planning to optimize
a parenchymal target and diffuse administration. Six entry sites, each having 2 depths of injections, were used to re-
duce operative time and enhance distribution. A low-profile rigid fixation system with 6 integrated holding arms was
utilized to perform simultaneous infusions within a practical time frame. Dural sealant with generous irrigation was
used to avoid CSF egress with possible subdural hemorrhage or altered stereotactic registration.

Results. Radiographically demonstrated changes were seen in 39 (65%) of 60 injection sites, confirming local-
ization and infusion. There were no radiographically or clinically defined complications.

Conclusions. The neurosurgical considerations and results of this study are presented to offer guidance and a
basis for the design of future gene therapy or other clinical trials in children that utilize direct therapeutic delivery.

(DOI: 10.3171/2010.4.PEDS09507)

Key Worps ¢ storage disease

provide novel treatment options for neurological

diseases. While the initial promise of this general
field was tempered by slow progress, in recent years there
has been a resurgence in the enthusiasm for gene therapy.
This revival has been led by several new human clinical
trials for a variety of neurodegenerative disorders includ-
ing Parkinson, Alzheimer, and Canavan disease.>??:14:15:28
One of the unique limitations of CNS gene therapy is the

GENE therapy has long held the great potential to

Abbreviations used in this paper: AAV?2 = adeno-associated virus
2; ASPA = aspartoacylase; LINCL = late infantile neuronal ceroid
lipofuscinosis.
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lipofuscinosis ¢ gene therapy ¢ local delivery

blood-brain barrier, which prevents current-generation
genetic vectors from entering the brain from the blood-
stream. Therefore, a feature common to all CNS gene
therapy clinical trials to date is the need to neurosurgi-
cally infuse viral vectors harboring the potential thera-
peutic gene directly into 1 or more planned brain targets.
Direct parenchymal injections in some childhood brain
tumors are also being explored and simulate some of the
technical considerations in gene therapy.'? Because no
commercial system is currently optimized for direct infu-
sions into brain parenchyma, each trial has incorporated
different infusion equipment and methods developed by
the individual investigators. Although some of the neuro-
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surgical methodology has been briefly described in past
reports, detailed discussions of the specific neurosurgi-
cal problems addressed in any study have been lacking.
Since these issues can be limiting to the success of even
very promising new gene therapies, a detailed analysis
could significantly affect the future development and
widespread use of this technology in the human brain.

We recently conducted a phase I study for the treat-
ment of LINCL using an AAV2 vector containing the
deficient CLN2 gene (AAV2-;hCLN2).2#? Ten children
underwent an innovative and hitherto undefined neuro-
surgical procedure aimed at administering AAV2.h-
CLN2 in a safe and potentially effective manner. In the
design of a neurosurgical approach for these children, we
used our experience with human CNS gene therapy but
also accounted for several unique features of this specific
disorder, including the demand for a large-scale target,
the presence of global cerebral atrophy, the need for si-
multaneous infusions at multiple sites, and the potential
for large-volume CSF egress. We describe our approach
and the implementation of the neurosurgical techniques
in this trial. Our results highlight the importance of early
involvement and close collaboration of neurosurgeons
with other physicians and scientists not only in the execu-
tion but also in the design of new therapeutic approaches
and their translation into human clinical trials.

Methods

Ten children were selected to participate in an open-
label phase I study of gene therapy for the treatment of
LINCL. The study background, selection criteria, AAV
vector production methods, and results have been report-
ed in detail.!341722242 The study was completed at the
New York Presbyterian Hospital, Weill Cornell Medical
College, Cornell University. The research protocol was
reviewed and approved by the Weill Cornell Institutional
Review Board, Institutional Biosafety Committee, NIH/
General Clinical Research Center Pediatric Scientific Ad-
visory Committee, and Data Safety Monitoring Board.
The protocol was also reviewed by the NIH/Recombi-
nant DNA Advisory Committee and an Investigational
New Drug application was approved by the Center for
Biologics Evaluation and Research, US FDA (BBIND
11481). The parents of all participating children provided
informed consent.

Preoperative Imaging and Target Planning

General anesthesia was induced in each child, and
preoperative MR imaging of the brain was performed for
stereotactic planning. Regardless of age, all patients re-
quired anesthesia for imaging given their developmental
regression. Entry site and trajectory planning was empha-
sized given the exaggerated degree of cerebral atrophy in
this patient population. From the preoperative MR im-
aging studies, entry sites were selected on a BrainLAB
workstation (BrainLAB USA) with 2 principal goals. The
first major objective was to achieve a diffuse distribution
of the injected virus over the supratentorial compartment.
In an effort to realize such spatial orientation, 3 entry
sites over each cerebral hemisphere were selected. Bur
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Fic. 1. Left: Intraoperative image of entry sites selected with pre-
operative stereotactic planning.  Right: Axial T2-weighted MR image
demonstrating the typical brain of a patient with Batten disease. High-
lighted circles represent the 6 proposed target areas for CLN2 AAV2
vector infusion.

holes were spaced with the goal of 1 bur hole each at the
frontal pole, the midfrontal region, and the parietal-oc-
cipital region (Fig. 1). The second major goal in selecting
entry sites was to avoid routes into or through a sulcus,
thus minimizing vascular injury and subarachnoid instil-
lation of vector (Fig. 2). Given the degree of atrophy in
these patients, this second goal was generally limiting in
determining bur hole sites and catheter trajectories, par-
ticularly when the desire to avoid traversing eloquent cor-
tex was also considered.

Frameless Navigation and Entry Site Localization

From the MR imaging suite, the child was transport-
ed to the operating room, and rigid fixation was applied
using a Sugita head frame (Mitzuho Medical, Inc.)—a
head frame that provides a secure mount, maintains a low

Fic. 2. Simulated planning for bur hole position (yellow highlight) and
cannula trajectory (orange arrow). Planning is conducted with the in-
tent to avoid sulci, whose dimensions are exaggerated in patients with
LINCL.
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profile over the cranial convexities, and provides access
to most of the cranial vault. In anticipating the sites of
the bur holes, fixation of the frame was low, based on the
inferior temporal-occipital regions, and was angled to be
particularly low posteriorly to facilitate placement of the
parietal-occipital bur hole (Fig. 3). A single dose of a pro-
phylactic antibiotic was administered: cefazolin 25 mg/
kg, maximum of 1 g. Steroids, hyperosmolar agents, and
hypocarbia were avoided in attempt to minimize cerebral
relaxation, which would likely exacerbate CSF loss in the
setting of severe atrophy.

The patient was registered to the preoperative MR
image using a minimum of 5 fiducial markers. Preplanned
entry sites were marked on the scalp, and surgical prepa-
rations were made. A local anesthetic (0.25% bupivacaine
with 1/100,000 parts epinephrine) was administered at
each planned entry site. After skin incisions for each bur
hole, Alm self-retaining retractors (Miltex, Inc.) were
used to maximize access while minimizing obstruction
to the workspace. Bur holes were created using an 11-mm
perforator (Codman). A bur hole was used instead of a
twist drill given the preference for visual verification of
a gyrus without a major intervening vascular structure
during cannula placement. Dural opening was performed
only at the time of cannula placement and was sequenced
so that the posterior locations were accessed last in an
effort to decrease gravity-dependent CSF loss. A cruciate
dural incision and subsequent bipolar coagulation were
used for intradural access. The operating microscope was
used for greater precision during dural opening to mini-
mize the likelihood of premature violation of the arach-
noid and attendant CSF loss.

Catheter Insertion and AAV Infusion

For each site, a 20-gauge spinal needle was used as a
rigid guide for insertion of a flexible, fused silica polyim-

Fic. 3. Photograph featuring the position of the head frame, secured
with 4 points of fixation. The frame is positioned inferiorly on the tempo-
ral and occipital bones to allow access to the cranial vault overlying the
sites of planned injection.
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Fic. 4. Photograph of a 20-gauge spinal needle with the fused silica
catheter prior to stereotactic insertion. The spinal needle serves as a
linear guide and a protective sheath for rigid fixation.

ide-coated catheter (inner diameter approximately 150 um
and outer diameter 362 pm, Polymicro Technologies; Fig.
4). Each catheter was connected to a separate syringe, thus
maintaining an independent system for each infusion. Be-
fore insertion of the spinal needle, the catheter was inserted
until its tip was flush with the needle tip. The catheter was
then marked with a marking pen at the top of the needle as
a measure of the point of interface between the catheter and
the brain prior to deeper insertion. Using the operating mi-
croscope, the pial surface overlying a gyrus was coagulat-
ed. The spinal needle was affixed to a flexible retractor arm
of the head frame and oriented to match the predetermined
stereotactic trajectory based on the preoperative plan. The
guide needle itself was not tracked given the small size and
number of infusion sites; rather, the trajectories in nearly
all cases were chosen to be orthogonal to the cortical sur-
face. Where an orthogonal tract could not be generated—
that is, one that would not traverse a subarachnoid space
and would conform to the predetermined safety and effi-
cacy criteria—an angled trajectory was used, and the angle
of guide needle insertion was visually determined to match
the presurgical plan. Retractor arms and needles were all
initially set to the planned orientation prior to skin opening
but after fiducial registration to ensure that the orientation
of the head frame relative to the planned entry sites would
permit proper localization and locking of the arm without
excessive torque or tension. The needle was then inserted
just below the pial surface, and the retractor arm was se-
cured with rigid fixation. The infusion system was run to
flush out the dead space and confirm flow of the vector
solution, until a drop of vector solution was seen at the tip
of the glass catheter. The droplet was removed with sterile
gauze to ensure that gene therapy vector did not flow onto
the cortical surface. The guide needle stylet was removed,
and a borosilicate catheter was advanced to the initial target
depth, which was chosen to be just deep to adjacent sulci
in the white matter to facilitate spread to distant structures.
Generally, this distance was 2 cm from the cortical surface,
with a range of 1.7-2.5 cm. This target depth was based on
the zero reference being defined by the visualized corti-
cal surface rather than the preoperative MR image given
some expectation of brain shift with dural opening. Each
catheter for each site was marked with a folded Steri-strip
at the distance from the initial zero mark that would place
the tip at the desired depth from the cortical surface. The
Steri-strip also served as a stop to hold the glass catheter in
place during the infusion.

Following catheter placement, the entry site was
sealed with a thrombin-soaked absorbable gelatin sponge
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Fic. 5. Photograph of an example of an entry site, highlighting the
low-profile retractor system, fixation of the spinal needle, and fibrin seal-
ant.

(Pfizer, Inc.) and fibrin sealant (Baxter) to minimize CSF
egress (Fig. 5). Five minutes after cannulation, 150 ul of
2 x 10° packaged AAV?2 units/ul was injected by a micro-
perfusion pump (Hamilton) at 2 ul/minute to each of the 6
sites in parallel (Fig. 6). Five minutes after completion of
the infusion, to minimize backflow along the tract, cath-
eters were retracted 1 cm, a new Steri-strip was used to
hold the catheter in place, and the injections were repeat-
ed. The goal of the second set of infusions was to maxi-
mize infusion within the gyrus just deep to the bur hole.
These 2 sets of infusions resulted in 2 infusions through
each of the 6 bur holes, for a total administration of 1800
ul (3.6 x 102 particle units). After an additional 5 minutes
to again prevent backflow, catheters were removed, the
subdural space was generously irrigated, fibrin sealant
was applied to the dural opening, and the wounds were
closed in a multilayered fashion.

Postoperative Imaging

Postoperative MR imaging with FLAIR and gradi-
ent relaxed echo sequences was performed within the first
24 hours after the surgical procedure (Fig. 7). Each child
was monitored in a pediatric intensive care unit for a min-
imum of 24 hours postoperatively and then transferred to

Fic. 6. Intraoperative images depicting simultaneous infusion
through 6 cannulas fixed in place with modified retractor arms of an in-
tegrated head holder (left) and the relative positions of the multisyringe
microinfusion pump and sterile operative field (right).
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Fic. 7. Representative postoperative axial FLAIR MR image demon-
strating areas of infusion as hyperintense signal change.

the Children’s Clinical Research Center unit of the Weill
Cornell Medical College. The children were discharged
from the hospital at the discretion of the clinical team,
typically within 7 days after vector administration.

Results

Ten patients underwent the vector infusion procedure
without perioperative complication. In total, there were
60 cannula insertions and 120 injections. All planned bur
hole sites in all patients were localized with adequate pre-
cision using BrainLAB frameless navigation. In 1 case,
initial orientation of the Sugita head frame had to be ad-
justed after initial testing given the potential for steric
hindrance of the posterior retractor arms, which created a
concerning level of torque and/or prevented locking of the
arm. After the frame was adjusted and the fiducial mark-
ers were reregistered in this case, the issue was resolved
prior to skin opening, the planned entry sites were local-
ized, and the retractor arms were able to lock comfort-
ably. All catheters remained at the desired depth with no
inadvertent migrations throughout each infusion.

Precise targeting and evidence of hemorrhage were
evaluated on postoperative MR imaging. Target site infu-
sion was measurably achieved in 65% of sites (39 of 60
sites), based on increased FLAIR signal in the region of the
planned target. Each of these “positive” sites demonstrated
a FLAIR change of at least 0.5 cm, which likely repre-
sented a concentrated fluid signal from the infusion rather
than a tissue reaction to a 150-um, biologically inert glass
catheter. Particular to the anatomical site, the lowest rate of
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TABLE 1: Postoperative radiographic evidence of successful
infusion

Infusion Site Postop Radiographic Success Rate
It anterior frontal 6/10
rt anterior frontal 510
It posterior frontal 9/10
rt posterior frontal 8/10
It parietal 5110
rt parietal 6/10

overall (%) 39/60 (65)

evident injection was 50.0%, whereas the highest rate was
90.0% (Table 1). There were no postoperative infections or
clinically relevant hemorrhages. There was no periopera-
tive morbidity or death related to the surgery.

Discussion

Gene therapy for diseases of the CNS has long repre-
sented a theoretical tool of the future, primarily existing
at the laboratory bench. Recent advances in understand-
ing gene expression and function in neurological diseases,
isolating and controlling viral vectors for gene delivery,
and developing neurosurgical techniques in navigational
guidance have provided a foundation for translating gene
therapy from the bench to the operating room. This con-
version has been led by several new human clinical tri-
als for a variety of neurodegenerative disorders including
Parkinson, Alzheimer, and Canavan disease.?>%141528 For
Parkinson disease, phase I clinical studies have demon-
strated the safety of the direct injection of AAV vectors
carrying glutamic acid decarboxylase into the subtha-
lamic nucleus and aromatic l-amino acid decarboxylase
into the putamen; further efficacy studies are underway.
For Canavan disease, phase I trial data showed the safety
of intraparenchymally injecting AAV carrying human
ASPA cDNA. These clinical experiences with AAV uti-
lization provide a foundation for its application in other
trials for genetic diseases.

Given the increasing translation to human studies
of gene delivery for a variety of diseases of the nervous
system, it is vital that neurosurgeons understand current
techniques and nuances to implement current research
and future innovation.?>%141528 Further, the evolving role
of the neurosurgeon in providing safe therapeutic deliv-
ery for oncological purposes in tumors such as the diffuse
pontine glioma necessitates similar technical consider-
ations for translation into the clinical arena.'"-'6-212627 | ate
infantile neuronal ceroid lipofuscinosis, a form of Batten
disease, represents a genetic disorder arising from auto-
somal recessive mutations in the CLN2 gene. These mu-
tations result in lysosomal protease tripeptidyl peptidase
I deficiency and manifest in patients 2—4 years of age
with seizures, developmental delay and regression, myo-
clonus, speech impairment, and ataxia. After extensive
animal studies, an AAV?2 vector carrying human CLN2
cDNA was developed, thus establishing the framework
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for therapeutic replacement of the deficient gene prod-
uct. 36101722225 T addition to the LINCL trial reported on
herein, phase I trials for Canavan disease, an autosomal
recessive mutation of ASPA causing fatal leukodystrophy,
mental retardation, hypotonia, macrocephaly, and sei-
zures are underway to determine the safety and efficacy
of the subcortical delivery of AAV carrying ASPA.10
As such, targeted delivery of gene therapy represents an
important developing application of functional neurosur-
gery in children.® The therapeutic replacement of genes
within the CNS requires important technical consider-
ations specific for each disease. With regard to LINCL,
several features of the disease warranted a unique techni-
cal approach toward gene replacement. Primary distinc-
tive features include the global distribution of diseased
neurons and considerable cerebral atrophy. A similar set
of practical issues has also been addressed with respect to
Canavan disease, a childhood leukodystrophy that shares
these anatomical features with LINCL.!

Our use of frameless navigation to target areas of the
cortex and avoid large subarachnoid spaces combined our
experiences with gene therapy to address an issue unique to
global pediatric neurogenetic disorders. For adult neurode-
generative diseases that have particular pathophysiological
neural pathway deficiencies along with the involvement of
particular deep brain nuclei, such as Parkinson disease, ste-
reotaxis is crucial to optimize infusion to a specific target
and minimize the risk of off-target adverse effects. Batten
disease, Canavan disease, and similar disorders result in
widespread pathological changes throughout the cerebral
cortex. As such, no single target for CLN2 gene transfer
would adequately overcome the pathophysiological pro-
gression. A tactic of using multiple sites of administration
was relied on to achieve better spatial distribution balanced
by the practical considerations of surgery. For this reason,
6 pairs of injection sites were selected (3 in either hemi-
sphere), which mimicked a similar approach used in a prior
Canavan disease gene therapy study.'> However, authors in
that study did not use stereotaxis and instead chose 6 bur
holes based on a standard location in all patients relative to
scalp landmarks, which did not account for the underlying
brain anatomy. Since animal studies suggest that AAV vec-
tors do not penetrate deep into the brain from CSF spaces,
we believed it was important to maximize delivery directly
into brain parenchyma.

Another concern was the potential increased risk of
developing an immune reaction to the AAV vector by
inadvertent delivery of large amounts of virus into the
CSF, which could lead to both reduced gene delivery and
possible adverse effects. Recombinant AAV vectors con-
tain no viral genes and thus without foreign gene expres-
sion evoke a minimal inflammatory response, making it
an ideal viral delivery option. Examples in the literature
of induced anti-A AV capsid immune responses are likely
due to very high doses of the vector delivering relevant
quantities of capsid protein or the presence of contami-
nant viral genes. While there are no published data on
targeting success in the Canavan disease study," it is in-
teresting to note that the published immunological find-
ings from that trial demonstrated a substantially greater
number of patients developing anti-A AV neutralizing an-
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tibodies compared with patients in the present study even
though the same strain of AAV (AAV2) was used in both
studies.?® Although this immunological response could be
influenced by a variety of factors, including differences
in vector preparation techniques and disease-specific and
gene-specific influences, the avoidance of CSF infusion
would be expected to reduce the likelihood of developing
an anti-AAV immune response. This assertion is further
supported by an observation in our gene therapy study of
Parkinson disease; even with different patients, different
AAV production methods from a distinct facility, a dif-
ferent gene, and the same strain of AAV, no neutralizing
antibody response developed in any of those patients fol-
lowing deep infusion into a single parenchymal target.’
The chosen stereotactic approach itself was also the
basis for other problematic issues surrounding the operative
technique. In our gene therapy study of Parkinson disease,
a Leksell frame was used to target catheter insertion for in-
fusion into a single site.” When multiple targets are select-
ed for vector infusion, frame-based targeting can only be
performed serially. An infused volume of 300 wl delivered
at 2 ul/minute results in an infusion time of 150 minutes/
site (300 minutes total)—this would result in a medically
unacceptable operating room time, which would substan-
tially increase the risk of excessive CSF loss and infection.
Thus, simultaneous infusion represents not only a techni-
cal nuance but also an operative necessity. Successful and
accurate concurrent infusions at multiple targets require a
protocol devised to cannulate multiple targets with preci-
sion and a reliable multisyringe infusion system specifical-
ly designed to handle parallel infusions (Fig. 6); therefore,
frameless navigation was chosen. To achieve simultaneous
infusions at 6 different sites, however, low-profile instru-
ments are vital to ensure an open working space. Based
on our experience with frame-based stereotaxis, however,
we believed that it was important not simply to insert the
borosilicate catheter unguided into the brain, but to use
some form of larger guide tube that could be rigidly fixed
to increase the precision of catheter placement and to better
stabilize the catheter during a long infusion. However, with
6 bur holes and associated fixed cannulas, the 3D working
space, which includes the head frame, retractors, adjustable
retractor arms, and cannulas, is compromised. Maintain-
ing such an elaborate scheme while retaining stereotactic
precision requires an innovative and sequential method of
creating a functional operating system. With an organiza-
tion featured in Fig. 6 right, the step-wise procedure thus
followed an order from anterior to posterior and from left
to right, resulting in placement of the left frontal catheter
first and placement of the right occipital catheter last. Given
the variability in skull anatomy and in surgeon placement
of the head frame, testing the accuracy and stability of all
clamps before incision was critical to avoid brain injury or
the recognition of a problem after some of the catheters
were inserted and readjustment was no longer possible.
With such operative planning, infusion time was reduced
to achieve the desired vector distribution in a practical time
frame with precise targeting and no injury to the patient.
Lastly, given the degree of cerebral atrophy and the
potential for CSF egress, inherent risks, including sub-
dural hemorrhage and inaccurate stereotactic targeting,

120

M. M. Souweidane et al.

are considerable. This risk of CSF egress with brain shift
was addressed in the surgical plan with a sequential or-
der for dural opening (gravity dependent; posterior entry
sites opened last) and diligence in isolating the subarach-
noid space from air (saline irrigation and fibrin sealant).
These measures appear to have been successful since no
patient experienced a perioperative subdural hemorrhage,
and radiographic evidence of the infusion did not seem
to be dependent on a specific bur hole location (anterior
vs posterior). It is important to point out that the current
method of MR imaging to assess evidence for infusion is
potentially misleading. The reported 65% “‘success” rate as
a measure of infusions/targeted site is an estimate. Using
postoperative MR imaging does not guarantee that gene
delivery occurred but instead documents areas of increased
fluid after infusion. But the latter assumes a concentration
of fluid that would be detectable, and the technique may
not be sensitive enough to detect small infusion volumes,
may not be done in an adequate time frame, and is depen-
dent on the acquisition technique. It is likely that some fluid
delivery occurred beyond the observed areas but had suf-
ficiently diluted so that it was below the threshold for de-
tection and that the absence of signal at some sites may not
reflect failed delivery but could indicate more widespread
delivery with a concomitant reduction in the focal concen-
tration necessary for a change in imaging signal. At pres-
ent, there is no mechanism to distinguish between these
very different possibilities in patients. Neither is there an in
vivo methodology for monitoring the distribution of thera-
peutic compounds following direct delivery. This issue has
been on the forefront of clinical applications in which con-
vection enhanced delivery is being used. Surrogate trac-
ers with MR imaging contrast agents or radioisotopes have
been successfully used but have as a major drawback the
potential to misrepresent the actual distribution of the ther-
apeutic compound.!!168-20 Alterations in MR signal, most
notably the FLAIR, T2-weighted, and diffusion weighted
sequences, have also been used but are problematic when
the underlying disease invokes a baseline alteration of that
signal prior to delivery.'** Furthermore, the use of report-
er genes or surrogate tracers may increase the chances of
immunological recognition of the therapeutic compound,
possibly leading to inflammation and vector clearance.

While neurosurgical gene therapy is in its clinical in-
fancy, it is important for neurosurgeons to embrace this field
and to develop appropriate operative techniques. From the
bench to bedside, the involvement of neurosurgeons is vital
to ensure that this field develops in a surgically safe and
efficient manner. Neurosurgical participation and design
of delivery schemes will become increasingly important to
avoid failure in an otherwise promising biological therapy
because of technical limitations not always appreciated by
nonneurosurgical investigators.

Conclusions

Gene therapy for global cerebral diseases presents a
number of anatomical and technical challenges regard-
ing therapeutic delivery. In the absence of a specifically
defined anatomical target, wide distribution can be en-
hanced using multiple sites of delivery, an approach that
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does have spatial and temporal constraints. The described
neurosurgical technique integrates a number of features
into an innovative procedure aimed at minimizing mor-
bidity, optimizing targeting, maximizing spatial distribu-
tion, and reducing operative time. The procedure used in
this limited clinical study was practical and safe. Reliable
methods for measuring the distribution of administered
viral particles or the expression of gene products are not
yet established but will become increasingly important in
assessing treatment efficacy.
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Late Infantile Neuronal Ceroid Lipofuscinosis
(LINCL, Batten Disease)

e Rare, autosomal recessive,
fatal lysosomal storage

disease with extensive CNS

neurodegeneration

e Caused by mutations in the
CLN2 gene resulting in a
deficiency of the lysosomal
protease tripeptidyl
peptidase | (TPP-I)

e Deficiency of TPP-I leads to
accumulation of undigested
proteins in lysosomes and
neuronal death

Neuron

Nucleus ﬁ

CLNZ2 gene

+

Tripeptidyl
peptidase-1
(TPP-1) enzyme

Lysosome
Cytoplasm

Waste
proteins

Lysosome



AAV-mediated Gene Therapy for LINCL

Adeno-associated
virus vector

\

4.5 kb genome

\

CAG CLN2
promoter cDNA

Poly A

e Clinical trial of direct CNS administration of an AAV2-based
vector coding for CLN2 to 10 children with LINCL showed a
slowing down of the progression of disease *

*Worgall S et al, Hum Gen Ther 2008



Question

e |s there an AAV vector
that is more effective
than AAV2 In
expressing the TPP-I
protein throughout the
CNS?

Strategy

e After testing multiple AAV
serotypes, the non-
human primate serotype
AAVrh.10 provided the
best gene transfer of the
CLN2 cDNA to the CNS*
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* Sondhi D et al, Mol Ther 2007; Sondhi D et al, Exp Neurol 2008



Moving AAVrh.10hCLN2 to Humans -
Toxicology and TPP-I Expression in
the Non-human Primate CNS

e Produce the
AAVrh.10hCLN2 vector
under GMP conditions

e Assess acute (7 days)
and chronic (90 days)
toxicology

e Assess expression of
TPP-1in the CNS

CAG CLN2
promoter cDNA Poly A

"

@ AAVrh.10hCLN2

' 4
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;7{ /7\“
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Administration of AAVrh.10hCLN2 to
the African Green Monkey CNS

e Direct CNS administration
to 12 sites based on MR
Imaging

e 2 depths/burr hole (grey
and white matter)

e 1 ul/min, 15 pl/site

e 1.5 x 10 genome
copies/site

e Total dose 1.8 x 10%?
genome copies



Anti-AAVrh.10 Neutralizing Antibodies
Evoked by CNS Administration of
AAVrh.10hCLN2 to Non-human Primates

AAVrh.10nCLN2
1.8 x 101> genome copies total dose
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Acute (7 Day) and Chronic (90 Day)
Toxicology of AAVrn.10nCLN2 Administration
to Non-human Primate CNS

Compared to controls
e No differences in routine blood studies

e No differences in clinical parameters, including
periodic videotape assessment of behavior using 15

different parameters

e No difference in CNS histology except for gliosis
observed at injection sites, likely due to physical
trauma



Distribution of TPP-I Activity in the CNS
of Non-human Primates Following CNS
Administration of AAVrh.10hCLN?2

NHP Y132 NHP 066 NHP 029
PBS AAVrh.10.,hCLN2 AAVrh.10.,hCLN2
T ] 7 days 7 days ) 90 days
Dorsal | % - % I %%
Ventral : % % % % i @@% % : ',ﬂ
' i
Medial \ T T T T T T T T 1 X T T T T T T T T 1 K |||||||||
1 23456 7809 1 23 4567 809 123456 7 89
Lateral X «— Anterior — Posterior
2 Standard 2SD
deviations



Distribution of TPP-I Activity in the CNS of
Non-human Primates Following CNS
Administration of AAVrh.10hCLN2

% of CNS with TPP-I activity >2
standard deviations from control

40 -
30

20 -

Ll

10

o

—— P<0.05 —

PBS AAVrh.10hCLN2 AAVrh.10hCLN2 AAV2hCLN2
7 day 7 day 90 day 90 day



Summary

e Administration of 1.8 x 1012 genome copies of a
serotype AAVrh.10-based vector coding for
CLN2 to 12 sites in the CNS of non-human
primates

- evoked systemic anti-AAVrh.10 neutralizing
antibodies

- compared to controls, assessment at 7 and 90 days
showed no acute or chronic toxicology parameters
attributable to the vector

- persistent CLN2 product (TPP-I enzyme activity) at
90 days, with 31% of the CNS showing TPP-I
activity >2 standard deviations over that of controls



Conclusion

e In the context that LINCL is a fatal, untreatable
disease, we are proceeding to a clinical trial
using AAVrn.10hCLNZ2 to treat the CNS
manifestations of this disorder
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