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Figure 3. H&E Staining of Tsc1-Floxed Brains

(A-F) Coronal section of the fourth (4™ V) (A-C) and third ventricles (3 V) (D-F). (A and D) Coronal sections of normal non-injected Tsc-floxed brains at P37 showed normal-
sized ventricles (A) and the subependymal layer (D). (B and E) Tsc7-floxed mice injected i.c.v. with AAV1-Cre on PO exhibited enlarged ventricle, indicating incipient hy-
drocephalus (B) and cell clumping, indicating overgrowth of subependymal cells lining the ventricle (E, inset: arrowheads showing the higher magnification of clumping of
subependymal cells). (C and F) Tsc7-floxed mice injected i.c.v. with AAV1-Cre on PO, then retro-orbitally injected with AAV9-hamartin at P21 showed normal ventricular size
(C) and a single subependymal layer of cells surrounding the ventricles (F). Original magnification, x10. Scale bars, 200 pm.

The average increase in neuronal cell size in the brain resulting from
i.c.v. AAVI1-Cre injection (Figure 5B) was restored to normal size
(Figure 5A) after i.v. injection of AAV9-hamartin at P21, as assessed
on P37 (Figure 5C). This histological observation was further sup-
ported by data quantified blindly by measuring neuronal cell area
and perimeter (Figure 5D), with H&E-stained neurons identified in
cortical sections as having a prominent nucleolus within a pale stain-
ing nucleus and cytoplasm."” Phosphorylation of S6 is upregulated in
TSC-deficient cells as a result of loss of hamartin and increase in
mTORCI activity.” In the present study, elevated pS6 immunostain-
ing was evaluated in the cerebral cortex of AAV1-Cre injected Tscl-
floxed pups (Figure S2B), as compared with AAV9-hamartin-injected
mice (Figure S2C) and normal controls (Figure S2A). Quantitative
analysis of pS6 staining was carried out by blinded scoring of staining
intensity. Although there was a trend for lower staining intensity in
non-injected and AAV-Cre/AAV9-hamartin mice as compared
with AAV-Cre-only-injected mice, the difference among groups
was not significant (Figure S2D).

In order to assess the extent and types of cells in the brain in which
the AAVI1-mediated delivery of Cre-recombinase might lead
to loss of hamartin, we used the floxed reporter mouse
[Gt(ROSA)26Sor™(CAG-tdTomato)Hze] " hi hy wag injected with 2 puL
containing 1.8 x 10" g.c. (total of 3.6 x 10'" g.c.) AAV1-CBA-Cre
i.cv. into each ventricle of P1 pup. At P21, the animals were eutha-
nized, and red fluorescent cells were evaluated by fluorescent micro-
scopy (Figure S3A). Extensive delivery was noted throughout the
brain, including cells with the morphology of neurons (yellow arrow-
head, Figure S3A’) and astrocytes (white arrowhead, Figure S3A’) in
the cerebral cortex (Figure S3A’), cells in the hippocampus (Fig-

ure S3A"), as well as cells adjacent to the ventricular region (Fig-
ure S3A”). In order to investigate the efficiency of iv. delivery of
AAV9, AAV9-CBA-GFP (1.8 x 10" g.c. in 60 uL) was administered
into the retro-orbital vein of P21 pups. Two weeks later, the animals
were sacrificed, and GFP-positive cells were studied. We observed
efficient delivery of virus vector in which GFP-positive cells were
found throughout the brain including those appearing to be neurons
(yellow arrowhead, Figure S3B’) and astrocytes (white arrowhead,
Figure S3B'), hippocampal cells (Figure S3B”), as well as cells in prox-
imity to the ventricular region (Figure S3B").

DISCUSSION

This study demonstrates the remarkable ability of a single i.v. injec-
tion of an AAV-hamartin vector to substantially extend the lifespan
of homozygous TscI-floxed mice that have lost hamartin in a subset
of neural cells throughout the brain starting from birth due to an
i.c.v. injection of AAV1-Cre. This stochastic loss of hamartin in the
mouse brain leads to enlarged neurons, cortical heterotopias, SEN-
like overgrowths of the subependymal layer of the ventricles, enlarged
ventricles, and hydrocephalus, with hydrocephalus thought to
contribute to early death.'' Using two different serotypes of AAV,
rh8 and 9, both of which can enter the brain following i.v. administra-
tion,'*'? an i.v. injection of AAV-hamartin at P21 extended the life-
span of most of these mice an average of 156 and over 429 days,
respectively, with a normal lifespan of these mice being about
650 days. Extended lifespan was accompanied by resolution of sub-
ventricular overgrowths and reduction in size of ventricles, return
of most neuronal cells in the brain to a normal size, and apparent
normalization of levels of S6 phosphorylation in the brain. One of
the advantages of this gene therapy approach is that the cDNA for
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Figure 4. Ki67 Immunostaining of Tsc7-Floxed Brains

(A-C) Tsc1-floxed mice injected with AAV1-Cre vectors only show more proliferating cells adjacent to the lateral ventricular area (B) as compared with the naive group (A) and
the Tsc1-floxed mice rescued by AAV9-hamartin vectors (C). Yellow arrows indicate the proliferating Ki67+ve cells some distance away from the ventricular layer. The
corresponding brain sections were counterstained with DAPI (D-F). Original magnification, x20. Scale bar, 100 um. CC, corpus callosum; LV, lateral ventricle.

full-length hamartin is 3.5 kb, and thus fits easily into the 4.6-kb ca-
pacity of an AAV vector as a self-complementary vector that provides
robust transgene expression.'® In addition, a single injection, some-
time after the disease course has been set, suffices for a remarkable
extension of lifespan. AAV9 vectors in clinical trials for neurological
diseases in humans are showing long-term benefits with low-to-no
adverse effects.'” Because TSCl/hamartin is thought to function
largely, if not exclusively, in a complex with TSC2/tuberin and
TBC1D7,'® and levels of tuberin are normal in these mice, overex-
pression of hamartin was predicted to have no adverse effects, and
none were noted.

Current treatment for symptoms of TSC is based on rapamycin ana-
logs that inhibit mTORCI activity. Although these analogs are effec-
tive for some symptoms, they require continuous treatment, have
reduced access to the brain from the periphery,’” compromise
function,”***  and may with
development.*>** AAV vectors have recently become a clinical prod-
uct for treatment of eye disease (Luxturna; Spark Therapeutics) and
spinal muscular atrophy (Zolgensma; Novartis), and they hold great
promise for single application benefit in patients with hereditary
diseases caused by loss of protein function. In the case of gene replace-
ment of hamartin, there appears to be no toxic effect on cells express-
ing normal levels of hamartin, probably because hamartin needs to
complex with tuberin to be active and is therefore titrated by the
normal levels of tuberin present in TscI-floxed cells.

immune interfere neuronal

Clinical trials with the AAV-hamartin vector may be facilitated by
the fact that reduction in size of SENs should be relatively rapid
and can be monitored by MRL>>*° Subependymal nodule can
expand into SEGAs and occur in 10%-15% of TSC children, usually
appearing after birth.”>*° These can enlarge over the first decade of

life, causing obstruction of cerebrospinal fluid flow, leading to life-
threatening hydrocephalus, as well as endocrinopathy and visual
impairment. Under optimal care, TSC infants and children are moni-
tored for subependymal lesions by MRI every 6-12 months. The two
current standard of care procedures are neurosurgical removal of the
SEGA through craniotomy, which is associated with significant
morbidity,”® or treatment with the rapamycin analog, everolimus,
which has concerns, especially in children for whom arguably it
may interfere with normal brain development. In development, the
hamartin and tuberin complex serves to regulate the mTORCI1
pathway, which is critical to neuronal growth, axon guidance, syn-
apse formation, and myelination.””** Increased mTOR activity has
also been associated with ectopic neuronal differentiation, enlarged
neurons with increased dendritic complexity, defects in neuronal
migration and cortical malfomations.”*” On the other hand, inhibi-
tion of mTOR by rapamycin appears to contribute to the observed
memory dysfunction in the prenatal and post-natal drug treatment
in Tsc mouse models* and the behavioral abnormalities in wild-
type mice treated prenatally with rapamycin.® Further, rapamycin
treatment for TSC lesions must be continuous or lesions will resume
growth. Alternately, because AAV9 and AAVrh8 vectors cross the
BBB, the AAV-hamartin vector could be administered i.v., as has
been done to rescue motor neurons in spinal muscular atrophy pa-
tients.”® This could have the added advantage of providing extra
levels of hamartin in heterozygous TSC1 cells, which might, in
turn, reduce the effects of a subsequent somatic mutation in the
normal TSC1 gene, leading to growth of lesions in the brain and in
other parts of the body. It is hoped that gene replacement therapy
may reduce use of current problematic standard of care procedures
in young children with TSC1 and provide long-lasting benefit. This
AAV-mediated gene therapy could also be combined with rapamycin
therapy for lesions arising later in life.
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Figure 5. H&E Staining of Brain Sections and Measurement of Diameter of the Neurons

(A and C) Normal size of neurons (green arrows) was observed in the cerebral cortical region above the lateral ventricles on P37 in non-injected Tsc7-floxed mice (A) and in
AAV1-Cre (PO) and AAV9-hamartin (P21) vector-injected mice (C). (B) Large neurons (red arrows) were observed in the brains injected with AAV-Cre only. Original
magnification, x40. Scale bars, 20 um. (D) The perimeter (um) and area size (um?) of randomly selected neuronal cell bodies were measured in 540 neurons in the cortex from
several fields with three animals per group, and the observer was blinded to group status. Data are shown as mean + SEM (***p < 0.001; ****p < 0.0001).

Conclusions

In this preclinical study of gene replacement therapy in a mouse
model of TSC1, AAV vectors that cross the BBB, such as serotypes
rh8 and 9, encoding hamartin were able to increase survival time
by at least 3-to 13-fold. Increase in survival was accompanied by
normalization of sizes of ventricles and neural cell bodies in the brain.

MATERIALS AND METHODS

AAV Vector Design and Packaging

AAYV vector plasmid, AAV-CBA-Cre-BGHpA, was derived from the
plasmid AAV-CBA-EGFP-W'* by replacing EGFP and Woodchuck
hepatitis virus (WHP) posttranscriptional regulatory element
(WPRE) element with ¢DNA encoding Cre recombinase. The
AAV-CBA-GFP-W vector was used as a control. The CBA promoter
is composed of the CMV immediate or early gene enhancer fused to
the B-actin promoter.® The dsCMV-hamartin-c-Myc plasmid was
derived from the double-stranded AAV (dsAAV)-CBA-BGHpA.
This plasmid carries two AAV2 ITR elements, one wild-type and
one in which the terminal resolution site was deleted, as described
previously,'* generating a vector that is packaged as a double-
stranded molecule. This AAV-CMV-hamartin-c-Myc construct’
was generated by replacing the CBA promoter in the parent plasmid
with PCR-amplified CMV promoter using a lentivirus vector
construct” as a template and the following primers: CMV-1: 5'-AAA
GGTACCGATTAATAGTAATCAATTACGGGGT-3' and CMV-2:
5'-AGCGCTAGCGGATCTGACGGTTCACT-3' inserted in be-
tween Kpnl and Nhel sites. Human hamartin ¢cDNA was PCR
amplified using the original human hamartin plasmid TSCI-
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FLAGpcDNA™ as a template and the following primers: hamartin-1:
5'-AAAGCTAGCGCCACCATGGCCCAACAAGCAAATGTCGG
GGA-3' and hamartin-2: 5-AAAAGCGGCCGCTTAGCTGTGTT
CATGATGAGTCTCATTG-3' and inserted in between NotI and
Sacl sites. The c-Myc epitope was added in-frame at the C terminus
by using the following primer: 5-AAGCGGCCGCTCACAGG
TCCTCCTCGCTGATCAGCTTCTGCTCGCTGTGTTCATGATG
AGTCTCATTG-3'.

AAVrh8, AAVY, and AAV1 serotype vectors were produced by tran-
sient co-transfection of 293T cells by calcium phosphate precipitation
of vector plasmids (AAV-CMV-hamartin) or Cre,"* adenoviral helper
plasmid pFA6, and a plasmid encoding AAVrh8 (pAR-rh8), AAV9
(pXR9), or AAV1 (pXR1) capsid genes, as previously described.'* All
AAV vectors carried the bovine growth hormone polyadenylation
signal. The identity of all PCR-amplified sequences was confirmed by
sequencing. In brief, AAV vectors were purified by iodixanol gradient
centrifugation followed by column chromatography using HiTrapQ
anion exchange columns (GE Healthcare, Piscataway, NJ, USA). The vi-
rus-containing fractions were concentrated using Centricon 100-kDa
molecular weight cut-off (MWCO) centrifugal devices (EMD Millipore,
Billerica, MA, USA), and the titer (g.c./mL) was determined by real-time
PCR amplification with primers and a probe specific for the bovine
growth hormone polyadenylation (BGH polyA) sequences.

Animals and Injections

Experimental research protocols were approved by the Institutional An-
imal Care and Use Committee (IACUC) for the Massachusetts General
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