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Abstract

We examined the potential benefit of gene therapy in a mouse model of tuberous sclerosis
complex (TSC) in which there is embryonic loss of Tscl (hamartin) in brain neurons. An adeno-
associated virus (AAV) vector (serotype rh8) expressing a tagged form of hamartin was injected
into the cerebral ventricles of newborn pups with the genotype Tsc1°¢ (homozygous for a
conditional floxed Tsc1 allele) Synl-cre+, in which Tscl is lost selectively in neurons starting at
embryonic day 12. Vector-treated 7sc1¢“Synicre* mice showed a marked improvement in survival
from a mean of 22 days in non-injected mice to 52 days in AAV hamartin vector-injected mice,
with improved weight gain and motor behavior in the latter. Pathologic studies showed
normalization of neuron size and a decrease in markers of mTOR activation in treated as compared
to untreated mutant littermates. Hence, we show that gene replacement in the brain is an effective
therapeutic approach in this mouse model of TSC1. Our strategy for gene therapy has the
advantages that therapy can be achieved from a single application, as compared to repeated
treatment with drugs, and that AAV vectors have been found to have minimal to no toxicity in
clinical trials for other neurologic conditions. Although there are many additional issues to be
addressed, our studies support gene therapy as a useful approach in TSC patients.
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Introduction

Tuberous sclerosis complex (TSC) is an autosomal dominant disease caused by mutations in
T7SCI1or TSCZ, genes which encode hamartin and tuberin, respectively (Crino, 2013;
Kwiatkowski et al., 2010). These proteins are critical in modulating the activity of mTOR
which, in turn, regulates development and growth of many tissues (Laplante and Sabatini,
2012). Benign tumors develop in the heart, brain, kidneys, skin, and lungs in TSC patients,
and typically follow the classic Knudsen model in which there is a subsequent mutation in
the corresponding normal allele (*second hit’) occurring in somatic cells resulting in
complete loss of either TSC1 or TSC2 expression in cells throughout the body. Neurologic
symptoms are seen in over 90% of TSC patients, and include epilepsy, autism spectrum
disorders, intellectual disability, attention deficit-hyperactivity, anxiety and sleep disorders
(Jalich and Sahin, 2013). Central nervous system (CNS) pathology in TSC includes cortical
tubers (focal cortical lesions with giant cells), disorganized architecture with loss of layers in
cortical migration tracts, enlarged neurons, reduced myelination and impaired neuronal
connectivity (Crino, 2013; Julich and Sahin, 2013). In addition, subependymal giant cell
astrocytomas (SEGAS) can develop from subependymal nodules, leading to hydrocephalus.
Drugs that inhibit mMTORC1, e.g. rapamycin and everolimus, have been shown to provide
substantial clinical benefit for treatment of SEGAs (Franz et al., 2006; Franz et al., 2013),
and may have benefit for seizure control (Krueger et al., 2013).

Insights into the pathophysiology and potential drug treatments for TSC have been achieved
using a variety of rat and mouse models. Models include the Eker rat with a germ line
mutation in 7s5¢2 (Yeung, 2004), conditional floxed 7scZand 7sc2mouse alleles which can
be crossed with transgenic mice bearing (non-inducible or inducible) Cre recombinase under
different cell-specific promoters, which are active, for example, in astrocytes (Uhlmann et
al., 2002), neural progenitor cells (Carson et al., 2012; Anderl et al., 2011), and early
neurons (Meikle et al., 2007). Other stochastic models have been achieved by
electroporation of a Cre expression cassette into floxed neonatal mouse brains (Feliciano et
al., 2013) or intracerebral ventricular (ICV) injection of an adeno-associated virus (AAV)
vector encoding Cre into newborn floxed mice (Prabhakar et al., 2013). In these models
many of the neurologic features of TSC are recapitulated including enlarged, dysplastic
neurons, clusters of cells expressing both neuronal and glial markers, subependymal
nodules, activation of the mTOR pathway, and decreased myelination. Neuropathological
abnormalities in the mouse model used in this study in which transgenic animals expression
Cre under the synapsin | promoter are crossed with mice bearing a floxed Tsc1 allele
(Tsc1¢Synicre™) include enlarged, dysplastic neurons and decreased myelination, and these
mice die early apparently due to acute respiratory failure caused by seizures (Meikle et al.,
2007). Most of these TSC mouse brain models have reduced body weight, tremor, hunched
posture, seizures and motor abnormalities, with median survival varying from 0 to 180 days.
Continuous treatment with rapamycin and analogues that block mTOR activity have been
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shown to lead to dramatic survival benefit in several models, with a decrease in neural cell
size, increased myelination, decreased seizures and improved behavior (Anderl et al., 2011;
Meikle et al., 2008; Carson et al., 2012; Zeng et al., 2008). This drug benefit persists for a
short while after treatment is ended, but then severe symptoms reappear followed by death.

Gene therapy for neurologic diseases is showing great promise (for review see Simonato et
al., 2013; Nagabhushan Kalburgi et al., 2013; Maguire et al., 2014). In particular, AAV
vectors have proven non-toxic in the context of the nervous system in mouse models, non-
human primates and human clinical trials for a number of diseases. AAV vectors can be
generated with capsids of different serotypes, with many showing widespread gene delivery
to the brain after ICV (Gholizadeh et al., 2013; Broekman et al., 2006) or intravascular (V)
delivery (Yang et al., 20144a; Samaranch et al., 2012; Schuster et al., 2014), especially in
neonatal and juvenile mice, with transgene expression persisting for years in non-dividing
cells, such as neurons.

In this study we evaluated the therapeutic potential of gene replacement using neonatal ICV
delivery of an AAV vector in a conditional 7sc floxed model in which most neurons are
depleted of hamartin from embryonic day 12 (Meikle et al., 2007). We demonstrate
functional activity of the vector-encoded hamartin in cultured cells, expression throughout
the brain following a single ICV injection of the AAV vector at PO, and marked increase in
weight gain, normalization of motor behavior and prolonged survival in the AAV-hamartin-
treated 7scZ floxed mice, comparable to that reported for ongoing rapamycin treatment in
this model (Meikle et al., 2008). This recovery was accompanied by normalization of neural
cell size and reduced levels of phospho-S6 (pS6) in the brains of vector-treated mutant mice.
Advantages of a gene replacement approach using AAV include the possible effectiveness of
only a single injection of vector and the low toxicity and extensive biodistribution of this
vector. Since TSC1/hamartin is thought to function largely, if not exclusively, in a complex
with TSC2/tuberin and TBC1D7 (Dibble et al., 2012), some overexpression of hamartin
should have no adverse effects.

AAV vector design and packaging

An AAV vector plasmid, AAV-CMV-hamartin-cmyc (Fig. 1) was derived from the plasmid
AAV-CBA-BGHpA (M.S-E.; Broekman et al., 2006). This plasmid carries two AAV2 ITR
elements, one wild-type and one in which the terminal resolution site has been deleted,
generating a vector that is packaged as a double-stranded (self-complementary) molecule.
The AAV-CMV-hamartin-cmyc plasmid was generated by replacing the chicken beta actin
(CBA\) promoter in the parent plasmid with a PCR-amplified cytomegalovirus (CMV)
promoter using a lentivirus vector construct (CSCW-1G; Sena-Esteves et al., 2004) as a
template and the following primers: CMV-1:
AAAGGTACCGATTAATAGTAATCAATTACGGGGT and CMV-2:
AGCGCTAGCGGATCTGACGGTTCACT. This PCR product was inserted between Kpnl
and Nhel sites in the plasmid. Human hamartin cDNA was PCR amplified using the original
human hamartin plasmid TSC1-FLAGpcDNA (12-16; V.R.) as a template and the following
primers: hamartin-1: AAAGCTAGCGCCACCATGGCCCAACAAGCAAATGTCGGGGA
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and hamartin-2: AAAAGCGGCCGCTTAGCTGTGTTCATGATGAGTCTCATTG. The
cmyc epitope was added onto hamartin by using the following primer: hamartin-cmyc:
AAGCGGCCGCTCACAGGTCCTCCTCGCTGATCAGCTTCTGCTCGCTGTGTTCATG
AT GAGTCTCATTG. This PCR product was inserted between Notl and Sacl sites to
generate the AAV-CMV-hamartin-cmyc plasmid. The AAV-CBA-GFP plasmid (Broekman
et al., 2006) was provided by Dr. Bakhos Tannous (Mass. General Hospital). Both AAV
vectors carried the bovine growth hormone polyadenylation signal at the 3" end of the
coding sequence. The fidelity of all PCR amplified sequences within the plasmids was
confirmed by sequencing.

AAVrh8 serotype vectors were produced by transient co-transfection of 293T cells with
calcium phosphate precipitation of vector plasmid (AAV-CMV-hamartin-cmyc or AAV-
CBA-GFP), adenoviral helper plasmid pFA6, and a plasmid encoding the AAVrh8 capsid
(pAR-rh8), as previously described (Broekman et al., 2006). Briefly, AAV vectors were
purified by iodixanol gradient centrifugation followed by column chromatography using
HiTrapQ anion exchange columns (GE Healthcare Life Sciences, Piscataway, NJ). The
virus-containing fractions were concentrated using Centricon 100 kDa MWCO centrifugal
devices (EMD Millipore, Billerica, MA) and the titer [genome copies (g.c.)/ml] was
determined by real-time PCR amplification with primers and probe specific for the bovine
growth hormone polyadenylation signal.

Cell culture, transfection and immunoblotting

293T human embryonic kidney (HEK) fibroblasts (obtained from Dr. David Baltimore,
MIT) were maintained in high glucose DMEM (Cellgro, Manassas, VVA) containing 10%
fetal bovine serum (Sigma-Aldrich, St. Louis, MO) and 1% penicillin/streptomycin
(Cellgro). Mouse neuronal cultures (obtained from Dr. Daniel Joyner, Department of
Neurology, Alzheimer’s Disease Research Unit, MGH, Charlestown, MA) were cultured as
described (Stoothoff et al., 2009). Cells were maintained at 37°C in a humidified atmosphere
of 5% CO, and 95% air. 293T cells were transfected with AAV-CMV-hamartin-cmyc, AAV-
CBA-GFP, or TSC1 FLAG pcDNA3 (Murthy et al., 2000) plasmids using Lipofectamine
2000, following the manufacturer’s protocol (Invitrogen, Carlsbad, CA). Seventy-two h later
the transfected cells were scraped and cell lysates were prepared using radio-
immunoprecipitation assay (RIPA) lysis buffer containing protease inhibitors (complete,
Mini, Roche Diagnostics, Indianapolis, IN), followed by immunoblot analysis. Proteins were
separated by electrophoresis in 10% Bis-Tris gels (Invitrogen) and transferred onto trans-
Blot nitrocellulose membranes (Fisher Scientific, Lafayette, CO). Coomassie staining of gels
was carried out to confirm that the samples were loaded equally. The membranes were
blocked in 5% nonfat dry milk in PBS, pH 7.4, with 0.1% Tween 20 (PBS-Tween) for 1 h at
room temperature. Primary antibodies, anti-C-Myc Peroxidase Conjugate (Sigma) or anti-
hamartin polyclonal antibody (alphaHF3) (Haddad et al., 2002) were diluted in blocking
solution and membranes were incubated overnight at 4°C or 1 h at room temperature,
respectively. The blots were washed in PBS-Tween and then incubated for 1 h at room
temperature in horseradish peroxidase (HRP)-conjugated secondary antibodies (Invitrogen).
Reactive proteins were visualized using SuperSignal West Pico chemiluminescence reagent
(Pierce, Rockford, IL) and exposure to X-ray film (BioMax MR, Kodak, St. Louis, MO]).
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All immunoblots shown in one row of a figure are from the same gel-blot-exposure (Han et

al., 2012).

S6K reporter assay

Animals

To evaluate the functional activity of hamartin-cmyc expressed by the AAV vector construct
(AAV-CMV-hamartin-cmyc), we co-expressed HA-S6 kinase (HA-S6K), which is one of the
direct substrates of mMTORC1, in 293T cells (Han et al., 2012). The flag-tagged TSC1 in
mammalian expression vector pcDNA3 (TSC1-FLAG) was used as a positive control.
Briefly, at 20 h post-transfection, 293T cells were harvested and lysed in 0.5% NP-40 lysis
buffer containing 150 mM NaCl, 50 mM Tris (pH 7.4), 50 mM NaF, 1 mM Na
orthovanadate, 2 mM EDTA, and 1X Complete protease inhibitor cocktail (Roche). Cell
lysates (500 pg) were then subjected to immunoprecipitation (IP) using anti-HA antibody
(Covance, Berkeley, CA). Anti-HA immunoprecipitates or cell lysates were separated by 4—
15% gradient SDS-PAGE (Bio-Rad, Hercules, CA) and probed with various antibodies,
including anti-HA, anti-pS6K (T389) (Cell Signaling, Danvers, MA), anti-C-Myc (9E10,
Developmental Studies Hybridoma Bank lowa), or anti-FLAG (Sigma) antibodies.

Experimental research protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) for the Massachusetts General Hospital (MGH) following the
guidelines of the National Institutes of Health for the Care and Use of Laboratory Animals.
Experiments were performed on litters of mice with genotypes 7sc1¢Synlcre* (mutant) and
Tsc1?Synlcre* (normal) derived from matings of 7scISynlcre** mice with Tsc1¢ mice
(Meikle et al., 2007). In addition, these mice carried the Cre-inducible ROSA26 /acZ marker
allele (Mao et al., 1999; Meikle et al., 2007).

DNA analyses

DNA was prepared from mouse toes/tails by standard procedures for genotyping.
Genotyping at the 7scZ gene was performed using a 4 primer system that allows
simultaneous analysis of the ¢, w; and — alleles, followed by agarose gel electrophoresis
(Meikle et al., 2005). Primers that amplify a 500 bp portion of the Cre recombinase gene
were used to assess the presence of the Syn/Creallele (Meikle et al., 2005).

ICV injections

For vector injections, on the day of birth (P0), neonates were cryo-anesthetized and injected
with 2 ul viral vector into each cerebral lateral ventricle with a glass micropipette (70-100
um diameter at the tip) using a Narishige IM-300 microinjector at a rate of 2.4 psi/s
(Narishige International, East Meadow, NY). The viral vector solution consisted of 2 x 1010
g.c. in 2 ul. Mice were then placed on a warming pad and returned to their mothers after
regaining normal color and full activity typical of newborn mice. Mice were euthanized
when they showed a weight loss of >15%, greatly reduced movement or other signs of
distress.
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Behavioral tests for mice

Behavioral tests were performed twice weekly by an observer blinded to genotype and
treatment status of the mice. This included assessment of hind leg clasping behavior when
suspended by the tail, scored as absent (0) or present (1); whole body tremor assessed by
placing the palm of the hand on the back of the mouse, scored on a scale from absent (0) to
severe and persistent (5); kyphosis (exaggerated rounding of the back), scored as absent (0)
or present (1); and tail position observed during a 3 minute interval during which the animal
was allowed to walk freely in a confined space, scored as normal (0), held horizontal (1),
held above horizontal (2), or Straub position (elevated highly, 3) (Meikle et al., 2008).

Histology and immunohistochemistry (IHC)

For standard histology mouse brains were prepared after euthanasia with CO, by immediate
removal of brains and 2-4 days of fixation in Bouin’s solution (VWR International, Radnor,
PA). Following paraffin embedding, 5 um sections were cut and stained with either
haematoxylin and eosin (H&E) or were used for IHC. IHC was performed using antigen
retrieval in citrate buffer (pH 6) followed by staining with the EnVision System (Dako,
Carpinteria, CA) or HistoMouse-Plus kit (Invitrogen), as per manufacturer’s instruction.
pS6-S235/236 antibody (#2211) was from Cell Signaling.

Immunostaining with c-Myc, GFAP and Neu N antibodies

Mice were sacrificed at age 17 days with euthanasia with CO5 followed by immediate
removal of brains and fixation in 2-methylbutane/dry ice bath. Brains were then embedded
in tissue freezing medium and stored at —80°C (Tissue-Tek O.C.T. compound, Sakura
Finetek Inc., Torrance, CA). Coronal sections were cut at a thickness of 10 um and directly
mounted on glass slides. Sections were stained with 1:1000 dilution of rabbit polyclonal
anti-C-Myc peroxidase conjugate (# A5598, Sigma, St. Louis, MO), or double stained with
1:100 dilution of mouse monoclonal anti-C-Myc antibody (# 1667149, Roche Diagnostics),
which recognizes the c-Myc tag sequence, and 1: 100 dilution of rabbit monoclonal antibody
to neuronal marker (Neu N) (#ab177487, Abcam, Cambridge, MA) or 1:500 dilution of
rabbit monoclonal antibody to glial fibrillary acidic protein (GFAP) (Clone G-A-5 cy3
conjugate, Sigma) in 0.1% Tween-20 in PBS overnight at 4°C, washed in PBS 3 x 10 min,
and incubated for 1 h at room temperature with 1:1000 Alexa 488-conjugated goat anti-
rabbit secondary antibody for single staining, or 1:1000 Alexa 647-conjugated goat anti-
mouse and 1:1000 Alexa 555-conjugated goat anti-rabbit secondary antibodies (Life
Technologies, Grand Island, NY) in 0.1% Tween-20 in PBS for double staining. After
another 3 x 10 min washes in PBS, the slides were coverslipped using a frozen mounting
media - ProLong® Gold Antifade Mountant with DAPI (# P36935, Life Technologies).

Neuronal cell measurements

H&E stained brain sections were imaged on a Zeiss Axiophot microscope, and images were
captured from the retrosplenial granular and dysgranular cortex, primary and secondary
motor cortex, and hindlimb and shoulder of prim somatosens regions in the left hemisphere
of the cortex just above the lateral ventricles, the co-ordinates being the dorsal ventral 1.0
mm, lateral medial + 1.0 mm and anterior posterior —1.06 mm, as suggested by the
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pathologist (A. S-R.), as these regions appeared to have the most notable differences in size
of the neurons as compared among these sets of mice. Images were examined using Spot
software, and the maximum diameter of all cells in the designated regions of cortex was
measured in pixels using Photoshop (Adobe CS5) on the following number of cells for each
group (3 animals per group): 26 mutant non-injected, 15 mutant injected with AAV-GFP
vector, 19 mutant injected with AAV-hamartin vector, 19 normal- non-injected, 21 normal
injected with AAV-GFP vector and 22 normal injected with AAV-hamartin vector.

Quantification and statistical analysis

Results

Immunostaining density was quantitatively analyzed using Image J software (Fig 7).
Survival curves were analyzed by the logrank (Mantel-Cox) test using GraphPad Prism
software (GraphPad Software, Inc., La Jolla, CA). statistical significance was determined
with p < 0.05 considered to be statistically significant (Fig. 5A) and Student T test was used
for the analysis of weights of mice (Fig. 5B)

Generation and characterization of the AAV-hamartin vector

The cDNA for human hamartin (TSC1-FLAGpcDNA; Murthy et al., 2000) was modified by
replacing the FLAG tag with an in-frame c-Myc tag (10 amino acids) in the carboxy
terminal and cloned into an AAV2 vector backbone under the CMV promoter (pAAV-CMV-
hamartin-cmyc; Fig. 1). This plasmid, a parallel plasmid encoding GFP, and the original
TSC1-FLAGpcDNA plasmid were transfected into 293T cells and cell lysates were resolved
by SDS-PAGE and western blotting. Anti-human hamartin staining showed an appropriate
135 kDa band of the appropriate size expressed in the pAAV-hamartin-cmyc and TSC1-
FLAGpcDNA transfected cells, with a faint band in AAV-GFP transfected and non-
transfected cells (Fig. 2A) corresponding to low endogenous expression of hamartin in 293T
cells. The packaged AAVrh8-hamartin-cmyc vector was also tested following infection of
mouse neurons in culture. Western blot analysis showed expression of a c-Myc positive 135
kDa protein only in AAVrh8-hamartin-cmyc vector-infected neurons (Fig. 2B).

To evaluate whether the hamartin-cmyc fusion protein encoded in the AAV vector was
functionally active, we evaluated the phosphorylation status of a human influenza
hemagglutinin (HA) tagged version of HA-S6K in 293T cells transfected with different
expression constructs, including the pAAV backbone (empty AAV vector), pAAV-CMV-
hamartin-cmyc, pTSC2-FLAG, and pTSC1-FLAG together with pTSC2-FLAG, as
previously described (Han et al., 2012). Protein lysates were immune precipitated using
antibodies to HA and protein A-Sepharose. Both immune precipitates and original cell
lysates were resolved by SDS-PAGE and western blotted using antibodies to pS6K
(phosphorylated on threonine residue 389), a mixture of TSC2 and TSC1, and c-Myc (Fig.
3A). Phosphorylation of HA-S6K (ratio of pS6K to S6K) was markedly inhibited by co-
expression of hamartin (TSC1) and tuberin (TSC2) when TSC1 was tagged with either
FLAG or c-Myc, indicating functionality of the vector construct (Fig. 3B). This is consistent
with the downstream inhibitory effects of the hamartin/tuberin complex on activity of
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mTORC1 and consequent inhibition of phosphorylation of S6 kinase (Goncharova et al.,
2002).

To assess whether the AAVrh8-hamartin vector could express hamartin /7 vivo, we injected
2 x 1010 g.c. vector into each ventricle in PO pups. Both 7sc1¢¢Synicre* (mutant) and
Tsc1°Synlcre* (normal) mice showed evidence of gene delivery to cells throughout the
brain 18 days later as revealed by immunostaining for the c-Myc epitope (Fig. 4). Staining
was seen in many cells in the cortex and striatum (Fig. 4A and B) and hippocampus (nhot
shown), of vector-injected mutant mice, as well as in the cortex of vector-injected normal
mice cua (Fig. 4C). The brains of non-injected mutant mice cc+ processed in parallel
showed no c-Myc staining anywhere in the brain, as shown in the cortical region (Fig. 4D).
Widespread staining for the transgene following ICV delivery of this AAV vector is
consistent with that reported for the AAVrh8-GFP vector injected ICV in neonatal mouse
brain (Broekman et al., 2006), as well as for other AAV serotypes (Gholizadeh et al., 2013).
The transgene was expressed in both astrocytes and neurons as revealed by co-staining for c-
Myc and GFAP or Neu N, respectively (Supplementary Fig. 1a and 1b).

effects of AAVrh8-hamartin vector in the Tsc1¢¢Synicre* model

Litters composed of both 7sc1¢Synicre* (mutant) and 7sc1¢VSynlcre* (normal) pups were
injected ICV with the AAVrh8-hamartin-cmyc at PO as above. Mice were then followed and
compared to control litters in which none of the pups were injected or injected with a control
GFP vector. AAVrh8-hamartin-cmyc-injected mutant mice lived over twice as long as
mutant mice that did not receive the vector injection (median survival of treated mice was 52
days vs. 22 days for non-injected mutants, p<0.0001, Fig. 5A, Table 1). All mouse groups,
except the mutant non-injected ones, had similar starting weights at 18 days. The average
weight of non-injected mutant animals compared to normal injected and non-injected was
significantly (p<0.01) lower by 31.5% already at P18 (Fig. 5B). After that time point the
non-injected mutant animals started dying and their weights were no longer determined.
AAVrh8-hamartin-cmyc-injected mutant mice gained weight at a rate comparable to control
mice up through postnatal day 46. In addition, the AAVrh8-hamartin-cmyc-treated mutant
mice showed remarkably normal motor behavior until just before death. They were
evaluated twice per week for tail position, tremors, hind limb clasping and hunched backs
(kyphosis) with hamartin vector-injected mutants appearing very similar to normal control
mice, while their non-treated mutant counterparts showed marked deterioration in all these
parameters prior to early death (Table 1). No spontaneous seizures or changes in motor
behavior were observed in the AAVrh8-hamartin-cmyc injected mutants (N=25) prior to
death. Death presumably resulted from a chimeric state in the brain in which not all the
7scI-null neurons were infected with AAVrh8-hamartin-cmyc vector and thus some aspects
of abnormal neuronal function remained uncorrected. The rapid death could be explained
acute respiratory failure caused by seizures, as hypothesized by Meikle et al. (2007),
although in the current studies with reduced handling of mice, seizures were not observed.

Neuropathologic examination of the brains of mutant (non-injected or ICV-injected with a
GFP vector), mutant injected with AAVrh8-hamartin-cmyc vector, and normal (non-injected
or injected with hamartin-cmyc or GFP vectors) mice was performed at P18 to assess
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expression and response to the hamartin or GFP vectors injected at PO. H&E staining of
brains showed that the cell bodies of non-injected mutant cortical neurons were almost twice
as wide in diameter in comparison to cortical neurons in non-injected control mice (Fig. 6),
as observed previously (Meikle et al., 2008). Abnormal, enlarged neurons were also
observed in the brain stem of mutant mice (Supplementary Fig. 2), which is a key center of
respiratory control. The injection of the hamartin vector into mutant brains at PO resulted in
normalization of neuronal size in cortical regions for most neurons, with a significant
difference in the neuronal mean diameter between the treated and non-injected mutant mice
(p < 0.00001) and with no significant difference in the neuronal mean diameter between the
treated mutant and the normal non-injected mice (p<0.1) (Fig. 6D). Importantly, injection of
the same amount of a similar AAV vector encoding GFP or hamartin-cmyc did not change
the size of neurons in the normal mice.

Second, immunostaining for pS6, which is elevated in the brains of mutant mice, was
measured in different brain regions and increased staining was noted in the cortex,
cerebellum and hippocampus in mutant non-injected mice as compared to AAVrh8-
hamartin-cmyc injected mutant mice and normal controls (Fig. 7). Quantitative analysis of
pS6 staining was carried out using Image J to evaluate differences in integrated pixel density
(mean +/- SEM) in representative regions of the brains, including the entire cortex,
cerebellum, hippocampus, olfactory lobes (not shown) and thalamus (not shown). Mutant
non-injected mouse brains had 5.5 x 107 + 1.1 x 107 pixels of pS6 staining (N=3); normal
non-injected mouse brains, 2.4 x 108 + 2.6 x 10° pixels (N=3); and AAVrh8-hamartin-cmyc
injected mutant mouse brains, 1.0 x 107 + 1.1 x 106 pixels (N=3). There was a statistically
significant difference between mutant non-injected as compared to mutant injected brains
(p<0.05), and no significant difference between AAVrh8-hamartin-cmyc injected mutant
mouse brains and normal non-injected mouse brains (p<0.1). These values in integrated
pixels are derived from the entire image shown in each panel and not the entire brain.

Discussion

Our studies indicate the remarkable therapeutic effectiveness on phenotype and survival of a
single injection of an AAV-hamartin replacement vector into the brains of a mouse model
with loss of Tscl in brain neurons starting during embryogenesis (Meikle et al., 2007 &
2008). Extensive therapeutic improvement was observed in normalization of brain
neuropathology and motor behavior, as well as a marked increase in median survival. To our
knowledge this is the first report of gene replacement therapy in a mouse model of TSC. It is
important to compare the current findings with our previous studies using drug treatment in
this same genetic model. We found that continuous treatment with either rapamycin or
everolimus (RADO001) led to markedly extended median survival, and normalization of the
behavioral phenotype and weight (Meikle et al., 2008). However, when drug treatment was
terminated, the mutant mice rapidly declined and died. Hence, this new gene therapy
approach of ICV AAV hamartin injection leads to a level of improvement in mutant mice
that is similar to treatment with rapamycin, but provides extended benefit following a single
vector injection. Of note, injection of the gene replacement vector in mouse brains at PO is
roughly equivalent to human brains at six months of fetal development (Clancy et al., 2007),
and as such which would be inappropriate for the current state of clinical trials. However, a
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single injection of AAV vector intravenous (i.v.) from birth to 9 month of age is part of an
ongoing clinical trial for gene replacement in spinal motor atrophy (SMN) (clinical
trials.gov). An upcoming clinical trial for AAV delivery into the intrathecal space of the
spinal cord [which shares cerebral spinal fluid (CSF) with the cerebral ventricles] is also
planned for SMN at early ages (Passini et al., 2014), so different time points and routes of
vector injection should also be assessed in 7s¢ mouse models.

Several TSC tumors or related diseases, including renal angiomyolipoma,
lymphangioleiomyomatosis, and subependymal giant-cell astrocytoma, have been shown to
be responsive to treatment with mTOR inhibitors (sirolimus and everolimus) in randomized
clinical trials (Bissler et al., 2013; Franz et al., 2013; McCormack et al., 2011). Furthermore,
there is preliminary evidence that these medications may improve epileptic seizure control
(Cardamone et al., 2014; Fukumura et al., 2014; Julich and Sahin, 2014). However, mTOR is
a critical and central regulator of anabolic processes throughout the body, and there is
considerable concern that long term effects of treatment with these agents are unknown and
may prove to be very significant. This issue is of particular concern in infants and young
children for whom growth and development is obviously a critical process. For example,
there is evidence that prenatal rapamycin treatment in mice can lead to significant toxicity in
Tsc mutants (Anderl et al., 2011), and cause developmental delay and motor dysfunction in
wild-type mice (Tsai et al., 2013). The potential side effects and necessity for long term
treatment with mTOR inhibitors serves as an impetus to explore other therapeutic
modalities.

In planning this gene therapy strategy, we have taken advantage of the observation that
TSC1 and TSC2 together exert major effects on cell growth and brain cell function by
regulating mTORCL through their assembly in a complex that also includes TBC1D7
(Dibble et al., 2012). All components of this TSC protein complex are required for its proper
function as a GTP-activating signaling protein to regulate the state of activation of RHEB,
which then regulates the activity of mTORCL1 (Garami et al., 2003; Zhang et al., 2003;
Laplante and Sabatini, 2012). Hence, exogenous expression of TSC1, as effected here by
infection with a gene therapy vector can serve to rescue normal levels of the TSC1-TSC2-
TBC1D7 complex. Moderate over-expression of TSC1 should outstrip the supply of these
other components, thus avoiding toxicity due to overactivity of the complex. This is
important both for cells which have complete loss of TSC1, and for other cells without
second allele loss which are undoubtedly also infected by the AAV virus and thus will
express both endogenous hamartin and exogenous hamartin delivered by the AAV vector.

Overall, gene delivery to the brain is most efficient when carried out in the neonatal period
and more efficient by direct ICV or intrathecal delivery than by IV delivery (for review see
Maguire et al., 2014). Although our study used ICV AAV vector delivery, which is very
efficient at transducing neurons and astrocytes throughout the brain (Broekman et al., 2006),
other studies support the potential of IV delivery using select serotypes of AAV, which in
addition to transduction of neurons and other cells in the brain also deliver the transgene to
peripheral tissues, e.g. liver, kidney, lung and muscle (Foust et al., 2009; Zhang et al., 2011).
Vascular delivery has the advantage of delivering the normal protein to peripheral tissues in
the body, many of which are affected in TSC by loss of hamartin or tuberin function, while
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also crossing the blood-brain barrier for delivery to the brain (McCown, 2010). Other
methods of gene therapy delivery may also be considered, including: direct injection of the
vector into epileptic foci in the brain to try to restore normal electrical activity; into tumor
nodules, e.g. renal angiomyolipoma, to decrease cell size and abnormal growth; and into the
cerebral ventricles to target subependymal nodules associated with hydrocephalus. Since
both neurodevelopmental symptoms and seizures commonly occur during infancy in TSC,
administration of an AAV TSC1 vector could be performed early for maximum benefit,
possibly even neonatally, as is currently being done with AAV vectors in clinical trials for
spinal muscular atrophy via both i.v. and intrathecal routes (Zanetta et al., 2014). It is also
possible that older individuals with TSC1 with progressive lesions in the kKidney or lung, for
example, could benefit from vascular delivery of this gene replacement vector which, like
rapamycin, should decrease cell size and growth, and hence volume of tumors resulting from
loss of function of hamartin,

To our knowledge, this study is one of the first gene therapy protocols to target a tumor
suppressor gene defect. TSC is inherited as an autosomal dominant disorder with germline
mutations in one allele of either the TSC1 or TSC2 “tumor suppressor” gene. Disease
phenotypes arise when different cell types take a “second hit” to the remaining normal allele
which can happen in a variety of tissues during development or later in life. The severity of
the disease relates in part to the frequency, timing and tissue type in which loss of TSC1 or
TSC2 expression occurs. This results in variable phenotypes among patients with respect to
different tissues being affected in different epochs, and with the full bodily extent of the
disease being hard to predict and monitor. In addition to CNS involvement, which can
include seizures, autism and intellectual disability, there are numerous dysfunctions in brain
and peripheral tissues. For example, a number of tissues form benign tumors, e.g.
subependymal giant cell astrocytomas in the brain (Lee et al., 2014), perivascular epithelioid
tumors in the uterus (Celik et al., 2014), and spinal cord chordomas (Lee-Jones et al., 2004),
as well as cellular overgrowths, e.g. angiomyolipomas of the smooth muscle in lung (Henske
and McCormack, 2012) or kidney (Katabathina et al., 2012), with an increased
predisposition to malignant renal cell carcinomas in the latter (Yang et al., 2014b). Thus, IV
delivery may serve to reduce the size of lesions in different tissues throughout the body, as
well as in the brain, and prevent potential conversion to malignancy.

Conclusion

These studies show that gene replacement of TSC1 (hamartin) to the brain in neonatal mice
with loss of 7scZ in neurons can be remarkably effective in restoring neuronal morphology
and motor behavior, as well as in improving lifespan, comparable to extended, ongoing
treatment with rapamycin. Thus, gene therapy may have a useful application in TSC patients
in several settings, including infancy for brain development and seizure improvement. AAV
vector could be injected into the cerebral ventricles or intrathecal space throughout life to
target brain lesions. In younger individuals IV injection might also transduce neurons in the
brain, but would be most effective for peripheral lesions, with the potential to select specific
AAV serotypes for tissue targeting. Vectors could also be injected directly into TSC related
tumors or IV during later life to curtail proliferation of benign hamartomas in peripheral
tissues, as well as to reduce their chances of becoming malignant. AAV vectors have been
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shown to have low-to-no risk for gene therapy in human brain and other tissues in Phase 1

and 2 clinical trials (Maguire et al., 2014).
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Figure 1. AAV-CMV-hamartin-cmyc construct
AAV cassette in AVV2-LTR backbone in which human hamartin cDNA is under control of

the CMV promoter and tagged with a c-Myc peptide at the C-terminal. pA refers to
polyadenylation signal.
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A. pS6-K Assay B. Densitometric analysis
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T?]e HA?—tagged S6K (HA-S6K) was transfected into 293T cells along with the indicated
constructs including AAV-CMV-hamartin-cmyc. A. Anti-HA immunoprecipitates or cell
lysates from the transfected cells were resolved by SDS-PAGE and probed on western blots
with anti-HA, anti-pS6K (T389), anti-FLAG, or anti-Myc antibodies. B. Band intensities
from a representative western blot were quantitated using scanned images by densitometer
(Bio-Rad). The levels of pS6K(T389) were normalized against HA-S6K levels and graphed
as a fold of the control group (pAAV).
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Figure 4. Immunostaining with c-Myc antibody
Pups were injected at PO ICV in both ventricles (2 x 1010 g.c. in 2 pl in each ventricle with

an AAV vector encoding hamartin-cmyc or non-injected. On day 18, the brains of the
injected mutant and normal mice, as well as non-injected mutant mice were harvested and
stained for the c-Myc tag indicating the expression of the hamartin transgene in various
brain regions. C-Myc staining was evident in the (A) cortex and (B) striatum in hamartin
vector-injected mutant mouse brains, and in the (C) cortex of hamartin vector-injected
normal mice. (D) No staining was detected in the non-injected mutant mouse brains.
Magnification = 10X; scale bar = 100 pm.
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Figure 5. Gene therapy for mice which lack hamartin in neurons in the brain
Tsc1SynCre®W** mice were crossed with Tsc1°¢~ mice to obtain offspring which were either

null (mutants, Tsc1SynCre®®*) or heterozygous for wild-type (normals, Tsc1SynCre®W*)
hamartin in neurons in the brain. At PO, littermates were injected ICV in both ventricles (2 x
1010 g.c. in 2 pl into each ventricle) with an AAV vector encoding hamartin or were left non-
injected. Mice were monitored for (A) survival data, shown as Kaplan-Meier curves for non-
injected normal mice (N=11), hamartin vector-injected normals (N=11), non-injected
mutants (N=12) and hamartin vector-injected mutants (N=10). There was a highly
significant difference between non-injected and vector injected mutants, p<0.0001 (Mantal-
Cox test, graph pad prism). (B) Weight of mice was also tracked over a 3 month period, with
the weight of non-injected mutants at P18 being significantly lower than for the other mouse
groups at this time point (p<0.009; T-test) [after which non-injected mutant mice started
dying].
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Figure 6. H&E staining of brain sections and measurement of neuronal diameter
A-C: At P18, staining of brains with H&E shows that cell bodies of neurons in the cortical

region right above the lateral ventricles in the non-injected mutants (A) and GFP vector-
injected mutants (not shown) appeared considerably larger than those in hamartin vector-
injected mutants (B) or non-injected controls (C), with representative images shown from
the non-injected mutant mice, hamartin vector-injected and control non-injected.
Magnification = 40X; scale bar = 100 um. (D) Neural cells in the periventricular region of
the brains of hamartin and GFP vector-injected, as well as non-injected mice (P18) were
randomly selected and the widest diameter of stained cell bodies was measured from several
fields in 15-26 cells for each group with 3 animals per group. Neural cells in the GFP
vector-injected and non-injected brains of the mutants were 2-fold greater in diameter, as
compared to hamartin vector-injected mutants or controls, shown as mean + SEM (**p <
0.00001), with no statistically significant difference between mutant hamartin vector-
injected and the three controls (normal non-injected, normal GFP vector-injected and normal
hamartin vector-injected).
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Figure 7. pS6 staining in brains of hamartin vector-injected Tsc1SynCre®W* and Tsc1SynCre®*
mice

The pups of cross mating between Tsc1SynCre®W** and Tsc1Syn®c~ mice were injected ICV
at PO with either an AAVrh8-CMV-hamartin-cmyc (N=6) or AAVrh8-GFP (N=6) vector at a
concentration of 2 pl (1010 g.c/ul) per ventricle or non-injected (N=6). Injected and non-
injected mice (N=4) were sacrificed at P18 and evaluated for pS6 levels by
immunocytochemistry. Mutant non-injected and GFP vector-injected (latter not shown)
brains had more intense pS6 positivity in cortex, cerebellum, hippocampus, olfactory lobes
(not shown), thalamus (not shown) and basal ganglia (not shown) when compared with the
mutants injected with hamartin vector (intermediate staining) and normal mice non-injected
(low staining) or injected with hamartin or GFP vectors (not shown). Magnification = 20X;
scale bar = 100 pm.
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