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Juvenile neuronal ceroid lipofuscinosis (JNCL) is a childhood neurodegenerative disease with early-onset,
severe central vision loss. Affected children develop seizures and CNS degeneration accompanied by
severe motor and cognitive deficits. There is no cure for JNCL, and patients usually die during the second
or third decade of life. In this study, independent lines of induced pluripotent stem cells (iPSCs) were
generated from two patients with molecularly confirmed mutations in CLN3, the gene mutated in JNCL.
Clinical-grade adeno-associated adenovirus serotype 2 (AAV2) carrying the full-length coding sequence of
human CLN3 was generated in a U.S. Food and Drug Administration-registered cGMP facility. AAV2-
CLN3 was efficacious in restoring full-length CLN3 transcript and protein in patient-specific fibroblasts
and iPSC-derived retinal neurons. When injected into the subretinal space of wild-type mice, purified
AAV2-CLN3 did not show any evidence of retinal toxicity. This study provides proof-of-principle for
initiation of a clinical trial using AAV-mediated gene augmentation for the treatment of children with
CLN3-associated retinal degeneration.

INTRODUCTION
THE NEURONAL CEROID LIPOFUSCINOSES (NCLs) are a
group of progressive neurodegenerative disorders
that affect children and young adults.1 To date,
14 different genetic subtypes of NCL, with ages of
onset varying from infantile to adult, have been
described.2 The autosomal recessive juvenile form
(JNCL), commonly known as Batten disease, is the
most prevalent, presenting in roughly 1 in every
100,000 live births worldwide.3 Although 59 dif-
ferent mutations in the gene Ceroid Lipofuscinosis,
Neuronal 3 (CLN3) have been reported to cause
JNCL,3 approximately 85% of patients harbor a 1-
kb genomic deletion, which induces a frameshift
and insertion of a premature stop codon, in at least
one allele.4 CLN3 encodes a 438-amino acid hydro-
phobic protein of the same name, which is trafficked
to, and expressed on, lysosomal membranes.5,6 As
mutations in CLN3 lead to a buildup of autofluo-
rescent lipofuscin-like deposits within the lysosomes

of affected neuronal cells,7 JNCL is often referred to
as a ‘‘lysosomal storage’’ disorder.

CLN3-associated JNCL presents with rapidly
progressive retinal degeneration that typically
manifests between 4 and 7 years of age. Ophthal-
moscopic findings include bull’s eye maculopathy,
optic nerve pallor, attenuated arterioles and pe-
ripheral retinal granularity. Within 2–5 years of
diagnosis, patients usually experience profound
vision loss that is due primarily to death of the
light-sensing photoreceptor cells of the outer neu-
ral retina. In the ensuing decade, extensive death
of CNS neurons leads to the onset of seizures, dif-
ficulty communicating, problems in walking, and
ultimately death during the second or third decade
of life. No U.S. Food and Drug Administration
(FDA)-approved treatments currently exist for this
fatal disease, but the fact that JNCL is a recessive
disease, caused by variations in a gene expressed in
the retina, raises the possibility of (1) lessening the
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risk of recurrence of the disease in affected families
through a combination of genetic counseling and
preimplantation genetic testing, and (2) prevent-
ing neural cell death and disease progression via
gene addition.

Adeno-associated virus (AAV)-based gene aug-
mentation for the treatment of the retinal degen-
erative disorder RPE65-associated Leber congenital
amaurosis has been highly successful.8–10 A single
subretinal injection of AAV2 (serotype 2) was shown
to be well tolerated and sufficient to induce pro-
longed protein expression in humans.11 Likewise,
improvement in visual acuity, pupillary light reflex,
visual fields, and ambulatory vision was detected as
early as 2 weeks postinjection and was closely cor-
related with the area of the retina that received
treatment.11 No adverse immune responses or ex-
traocular spread of AAV2-RPE65 was detected.11

These encouraging results, combined with the fact
that AAV2 vectors have been shown to transduce
both cone photoreceptor cells and inner retinal
neurons,12 suggests that this vector could be ideal
for delivery of full-length CLN3 as a means to mit-
igate disease progression and loss of vision in JNCL.

Advances in induced pluripotent stem cell (iPSC)
technologyhave made it possible to generate patient-
specific retinal photoreceptor cells in vitro.13–19

These cells can be used both to evaluate the patho-
physiology of newly identified genetic variants and
to determine the efficacy of novel gene-based ther-
apeutics.20–22 In the case of rare diseases such as
CLN3-associated JNCL, for which good animal
models of retinal degeneration are lacking, the
ability to generate patient-specific photoreceptor
cells allows us to test whether AAV-based gene
augmentation is capable of restoring wild-type
transcript and protein without inducing over-
expression toxicity in the patient for whom the
treatment is intended. By combining this approach
with in vivo toxicity studies in wild-type animals,
one could significantly reduce the time between gene
discovery and the first therapeutic trial in humans.

In this study, we generated independent iPSC
lines from two patients with molecularly confirmed
CLN3-associated JNCL: patient B775 (1.02-kb del/
Leu101del3CTC) and patient B981 (1.02-kb del/c.1135_
1138del). Clinical-grade AAV2 virus carrying full-
length CLN3 was generated in an FDA-registered
facility using current good manufacturing practices
(cGMP). Delivery of full-length CLN3 via adeno-
associated viral vector restored full-length CLN3
transcript and protein to patient-specific fibro-
blasts and iPSC-derived retinal cells in vitro. On
injection into wild-type mice, this purified virus
demonstrated a complete lack of retinal toxicity.

This study provides proof-of-principle for a single-
eye gene augmentation trial in children with JNCL.

MATERIALS AND METHODS
Patients

This study was approved by the Institutional
Review Board of the University of Iowa (project
approval #199904167) and adhered to the tenets
set forth in the Declaration of Helsinki. Patient
reference numbers and corresponding molecularly
confirmed CLN3 mutations are as follows: patient
B775 (1.02-kb del/Leu101del3CTC) and patient
B967 (1.02-kb del/1.02-kb del).

Isolation of fibroblasts from patient
dermal biopsies

Skin biopsies (3 mm) were obtained from either
the non–sun-exposed upper arm or lower abdomen
and minced in Iowa xeno-free (i.e., free of animal-
derived products) biopsy medium, IxMedia. IxMedia
consists of 395 ml of minimal essential medium
(MEM)-a (Cat. No. 12571-063; Gibco/Thermo Fisher
Scientific, Grand Island, NY), 50 ml of KnockOut se-
rum replacement (Cat. No. 10828-028; Gibco/Thermo
Fisher Scientific), 50 ml of heat-inactivated human
serum (Cat. No. IPLA-SERAB-HI; Innovative Re-
search, Novi, MI), 5 ml of GlutaMAX supplement
(Cat. No. 35050-061; Gibco/Thermo Fisher Scien-
tific), 1 ml of Primocin (Cat. No. ant-pm-2; Invivo-
Gen, San Diego, CA), and recombinant human
fibroblast growth factor-2 (rhFGF2) cGMP grade
(10 ng/ml) (Cat. No. rhFGF; Waisman Biomanufac-
turing, Madison, WI). After mincing, tissue frag-
ments were allowed to adhere to 6-well tissue
culture-treated plates via air drying, and then
cultured in IxMedia with 5% CO2, 20% O2 at 37�C.
These cultures were fed every other day with 2 ml
of fresh IxMedia per well. For the first two feed-
ings, 1% extracellular matrix (ECM) mixture (human
type 1 and type 3 collagen–vitronectin–fibronectin
[Advanced BioMatrix, Carlsbad, CA]: collagen type 1
[Cat. No. 5007-20ML], collagen type 3 [Cat. No.
5021-MG], vitronectin [Cat. No. 5051-0.1MG], and
fibronectin [Cat. No. 5050-1MG]) was added to the
medium. Once cells reached confluence, they were
passaged with xeno-free TrypLE Express (Cat. No.
12604-013; Life Technologies/Thermo Fisher Sci-
entific, Grand Island, NY) and used to generate
patient-specific iPSCs.

Patient-specific iPSC generation
Patient-specific dermal fibroblasts (250,000) were

plated in 1 well of a 6-well culture dish with IxMedia.
Twenty-four hours before transduction, medium was
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switched to xeno-free, serum-free IxMedia. The
next day, cells were transduced with nonintegrat-
ing Sendai viral vectors16,17,19,23 driving expres-
sion of OCT4, SOX2, KLF4, and c-MYC at a
multiplicity of infection (MOI) of 3 (CytoTune-iPS
reprogramming kit, Cat. No. A16517; Invitrogen/
Thermo Fisher Scientific, Waltham, MA) in viral
transduction medium (serum-free IxMedia plus
50 lM Y-27632 ROCK inhibitor [Cat. No. 688000;
EMD Millipore, Billerica, MA]). Transduction me-
dium was removed 18 hr later and replaced daily
with serum-free IxMedia. Five days after trans-
duction, fibroblasts were passaged onto fresh xeno-
free rLaminin-521 (human) (LN521)-coated 10-cm
culture dishes (Cat. No. 354222; Corning Life Sci-
ences, Tewksbury, MA) and fed with fresh serum-
free IxMedia plus RevitaCell (Cat. No. A26445-01;
Life Technologies/Thermo Fisher Scientific). On day
6, the medium was transitioned to xeno-free human
Essential 6 (Cat. No. A1516401; Life Technologies/
Thermo Fisher Scientific), using equal parts Es-
sential 6 and serum-free IxMedia. From day 7 to
day 21 cultures were fed daily with fresh Essential
6. On day 21, cultures were transitioned to human
Essential 8 iPSC maintenance medium (Cat. No.
A1517001; Life Technologies/Thermo Fisher Sci-
entific) and fed daily. When iPSC colonies reached
1–2 mm in diameter they were manually isolated
and passaged on fresh 12-well LN521-coated cul-
ture plates and clonally expanded in human Essen-
tial 8 medium. After expansion, cells were analyzed
for pluripotency (i.e., expression of endogenous
pluripotency factors) via rt-PCR and loss of trans-
gene expression (i.e., lack of detectable expression
of OCT4, SOX2, KLF4, or c-MYC), using a qPCR-
based Scorecard assay.24,25

rt-PCR
Total RNA was isolated with an RNeasy mini kit

(Cat. No. 74106; Qiagen, Germantown, MD) accord-
ing to the manufacturer’s instructions. One hundred
nanograms of RNA template was amplified in one-
step rt-PCRs, using the SuperScript III one-step RT-
PCR system (Cat. No. 12574018; Life Technologies/
Thermo Fisher Scientific) with primers hybridizing
to human transcripts (listed in Table 1).

TaqMan human pluripotent stem
cell Scorecard panel

Pluripotency of patient-derived iPSCs was as-
sessed with the TaqMan human pluripotent stem
cell Scorecard panel (Cat. Nos. A15870 and A15872;
Life Technologies/Thermo Fisher Scientific).24,25

Total RNA was isolated with an RNeasy mini kit
(Qiagen) according to the manufacturer’s instruc-

tions. One microgram of RNA was reverse tran-
scribed with a SuperScript VILO cDNA synthesis
kit (Cat. No. 11754050; Life Technologies/Thermo
Fisher Scientific). cDNA was added to a human
pluripotent stem cell (hPSC) Scorecard plate (Cat.
No. A15870; Life Technologies/Thermo Fisher Sci-
entific) and amplified with a QuantStudio 6 flex
real-time PCR system with 384-well capability
(Life Technologies/Thermo Fisher Scientific). Gene
expression data were uploaded to the web-based
hPSC Scorecard analysis software (Life Technolo-
gies/Thermo Fisher Scientific) for interpretation.

Two-dimensional differentiation
of iPSC-derived photoreceptor precursor cells

Patient-derived iPSCs were cultured on ultralow-
binding plates (Corning Life Sciences) in embryoid
body formation medium (Dulbecco’s modified Ea-
gle’s medium [DMEM] F-12 [Gibco/Thermo Fisher
Scientific], 10% KnockOut serum replacement [Gibco/
Thermo Fisher Scientific], 2% B27 supplement [Cat.
No. 17504044; Gibco/Thermo Fisher Scientific], 1%
N2 supplement [Cell Therapy Systems/Thermo
Fisher Scientific], 1% L-glutamine [Cat. No. 25030081;
Life Technologies/Thermo Fisher Scientific], 1· non-
essential amino acids [NEAA; Life Technologies], 0.2%
Primocin [InvivoGen], 1-ng/ml Dkk-1 [Cat. No.
5439-DK-010; R&D Systems, Minneapolis, MN], 1-
ng/ml insulin-like growth factor [IGF]-I [Cat. No.
291-G1-200; R&D Systems], 1-ng/ml Noggin [Cat.
No. 6057-NG-100; R&D Systems], and 0.5-ng/ml
basic fibroblast growth factor [bFGF] [Cat. No. 233-
FB-01M; R&D Systems]) for 4–5 days. Embryoid
bodies (200–300 per well) were plated on 6-well
plates (Corning Life Sciences) coated with 25-lg/ml
collagen (Cat. No. 354265; BD Biosciences, San
Jose, CA), 50-lg/ml laminin (Life Technologies/
Thermo Fisher Scientific), and 100-lg/ml fibronectin
(Sigma-Aldrich, St. Louis, MO) and cultured in dif-

Table 1. Primer sequences

Human primer Sequence

c-MYC-For gctgcttagacgctggattt
c-MYC-Rev agcagctcgaatttcttcca
KLF4-For agaaggatctcggccaattt
KLF4-Rev aagtcgcttcatgtgggaga
NANOG-For ttcttccaccagtcccaaag
NANOG-Rev ttgctccacattggaaggtt
OCT4-For cgggttcaagtgattctcct
OCT4-Rev agcttcctccacccacttct
SOX2-For catcacccacagcaaatgac
SOX2-Rev gcaaacttcctgcaaagctc
CLN3ex5-For acatcctccccacactcgtcatc
CLN3ex11-Rev acaatgtaccacagcagaccc
POLR2A-For taacctgctgcggatgatctggaa
POLR2A-Rev gatgttgaagagcagcgtggcatt
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ferentiation medium 1 (DMEM F-12 [Life Technol-
ogies], 2% B27 supplement [Gibco/Thermo Fisher
Scientific], 1% N2 supplement [Life Technologies],
1% L-glutamine [Life Technologies/Thermo Fisher
Scientific], 1 · NEAA [Life Technologies], 0.2%
Primocin [InvivoGen], 10-ng/ml Dkk-1 [R&D Sys-
tems], 10-ng/ml IGF-I [R&D Systems], 10-ng/ml
Noggin [R&D Systems], and 5-ng/ml bFGF [R&D
Systems]). Embryoid bodies were differentiated for
10 days followed by 6 days in differentiation me-
dium 2 (differentiation medium 1 plus 10lM N-[N-
(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine
t-butyl ester [DAPT; EMD Millipore]) and for an
additional 12 days of culture in differentiation me-
dium 3 (differentiation medium 2 plus 2-ng/ml acidic
fibroblast growth factor [aFGF] [Cat. No. 232-FA-025;
R&D Systems]). Human photoreceptor precursors
were cultured for an additional 60 days in differenti-
ation medium 4 (DMEM F-12 [Life Technologies],
2% B27 supplement [Life Technologies], 1% N2 sup-
plement [Life Technologies], 1% L-glutamine [Life
Technologies/Thermo Fisher Scientific], 1 · NEAA
[Life Technologies], 0.2% Primocin [InvivoGen]).

Cloning of the transgene cassette
plasmid carrying CLN3

AAV2, a member of the parvovirus family, is a
nonpathogenic, helper-dependent single-stranded
DNA virus. The expression cassette contains the
minimal cytomegalovirus (CMV) promoter, the
CMV immediate-early enhancer, and normal
human full-length CLN3 coding sequence. CLN3
cDNA containing the coding sequence for human
CLN3 (NM_001042432; IDT-DNA Technologies,
Coralville, IA) was cloned into the pFBAAVmcsBgHpA
AAV2 plasmid backbone (provided by the Uni-
versity of Iowa Viral Vector Core Facility).26 This
plasmid backbone has the following characteris-
tics: (1) it contains ampicillin and gentamicin re-
sistance genes for selection and growth; (2) it
contains a bacterial origin of replication (pUC); and
(3) it contains inverted terminal repeats from AAV2.
The final plasmid was sequence confirmed via bidi-
rectional Sanger sequencing before packaging.

Treatment of patient fibroblasts and 2D
iPSC-derived retinal precursor cells
with AAV2-CMV-CLN3

Patient-specific iPSCs and imr90 control iPSCs
were 2D differentiated17,23 for 30 days. Retinal
precursor cells were infected for 16 hr with AAV2-
CMV-CLN3 (viral titer, 1.63 · 1013) at an MOI of
10,000. Sixteen hours postinfection, the cells were
washed with fresh differentiation medium and fed
every other day for 10 days. Ten days postinfection,

cells were harvested for Western blot analysis. This
same procedure was also performed on patient-
specific fibroblasts.

Immunoblotting for CLN3
Western blots were performed as described pre-

viously.16,17,20 Briefly, cells were treated with 0.25%
trypsin–EDTA (Life Technologies), homogenized
in lysis buffer (50 mM Tris-HCl [pH 7.6], 150 mM
NaCl, 10 mM CaCl2, 1% Triton X-100, 0.02% NaN3

[Sigma-Aldrich]), and centrifuged. Supernatant
protein concentrations were determined via bicin-
choninic acid (BCA) assay according to the manu-
facturer’s instructions (Pierce, Rockford, IL). Forty
micrograms each was subjected to SDS–PAGE (4–
20% Tris–glycine), transferred to polyvinylidene
difluoride (PVDF), and probed with anti-CLN3
(diluted 1:1000) (Cat. No. ab75959; Abcam, Cam-
bridge, UK). Alexa Fluor-conjugated secondary
antibodies (Life Technologies) were used and blots
were visualized fluorescently on a VersaDoc imag-
ing system (Bio-Rad, Hercules, CA). Anti-GAPDH
(glyceraldehyde-3-phosphate dehydrogenase, di-
luted 1:2000) (Cat. No. ab9483; Abcam) antibody
was used as an internal loading control.

Clinical-grade, cGMP AAV production
AAV2-CLN3 was manufactured under current

Good Manufacturing Practices (cGMP) in the Ste-
ven W. Dezii Translational Vision Research Facil-
ity (DTVRF) within the Stephen A. Wynn Institute
for Vision Research at the University of Iowa. This
facility contains an independent high-efficiency
particulate air (HEPA)-filtered equipment room,
an ISO (International Organization for Standar-
dization) class 7 (class 10,000) material storage and
handling room, two ISO class 7 (class 10,000)
gowning areas, two ISO class 6 (class 1000) pro-
cessing rooms, and an unclassified service chase
with dedicated access for equipment and facility
maintenance. Each of the two processing rooms is
equipped with custom BioSpherix Xvivo closed in-
cubation systems, which are designed to exceed
ISO class 5 (class 100) cleanliness requirements
to ensure minimal biological contamination through-
out standard operating procedures, while providing
absolute optimal conditions for the long-term cultur-
ing of cells under defined atmospheric conditions.

AAV2-CLN3 was manufactured using a charac-
terized human HEK293T master cell line. To pack-
age the CLN3 vector in AAV2 particles, HEK293T
cells were transfected with a set of constructs
encoding (1) normal human CLN3 (pAAV2-CMV-
CLN3, which contains the expression cassette
flanked by AAV2 ITRs) and (2) AAV (pXX2-R2C2,
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AAV2 packaging plasmid containing AAV2 rep and
cap sequences) and helper virus-derived sequences
(pHelper, containing E2A and E4 genes from ade-
novirus serotype 2), which are required for packag-
ing. Each of these plasmids was sequence confirmed
via bidirectional sequencing before packaging in
the DTVRF. HEK293T cells taken from a qualified
Master Cell Bank (DTVRF HEK293T) were plated
and expanded in T600 multilayer tissue culture
flasks (production batch scale of 20 flasks). On re-
aching confluence, cells were simultaneously
transfected with pAAV2-CMV-CLN3, pXX2-R2C2,
and pHelper. To purify AAV2-CLN3, the following
steps were performed: (1) HEK293T cultures were
passaged and centrifuged to remove cell culture
reagents and low molecular weight impurities; (2)
HEK293T cells were lysed to release the intracel-
lular vector, and nuclease digestion was performed
to remove nucleic acid impurities; (3) cell debris
was removed from the lysate via filtration, using
0.45- and 0.2-lm filters; (4) density gradient ultra-
centrifugation was performed to separate empty
capsids (a major impurity) from the vector product;
(5) affinity chromatography was performed using
an ÄKTA Pure 25 chromatography system (GE
Healthcare Life Sciences, Pittsburgh, PA) to purify
vector; (6) viral particles were subsequently con-
centrated via buffer exchange; and (7) working
concentrations of AAV2-CLN3 were formulated in
injection buffer (180 mM NaCl plus 10 mM Na3PO4

[trisodium phosphate] in water for injection at pH
7.2), filtered through a 0.2-lm filter, and vialed
and labeled.

rt-PCR panel for virus contamination
Purified AAV2-CLN3 was assessed by rt-PCR for

viral contaminants of human, simian, bovine, and
porcine origin. Briefly, total RNA was isolated with
an RNeasy mini kit (Qiagen) according to the
manufacturer’s instructions. One microgram of
RNA was reverse transcribed, using a SuperScript
VILO cDNA synthesis kit (Cat. No. 11754050; Life
Technologies/Thermo Fisher Scientific). Standard
rt-PCR was performed with primers targeting the
following viruses or contaminants: Human panel—
AAV (adeno-associated virus), EBV (Epstein-Barr
virus), CMV (cytomegalovirus), HBV (hepatitis B
virus), HHV8 (human herpesvirus 8), HHV6
(human herpesvirus 6), HHV7 (human herpesvirus
7), HTLV1 (human T-lymphotropic virus 1), HTLV2
(human T-lymphotropic virus 2), parvovirus B19,
HAV (hepatitis A virus), HCV (hepatitis C virus),
and HIV (human immunodeficiency virus)27–33;
simian panel—SFV (simian foamy virus), STLV
(simian T-cell leukemia virus), SV40 (simian vacuo-

lating virus 40), and SRV (simian retrovirus)34–38;
9CFR panel—BVDV (bovine viral diarrhea virus),
MRV1 (mammalian reovirus 1), MRV2 (mammalian
reovirus 2), MRV3 (mammalian reovirus 3), and
rabies virus39–41; bovine panel—BMaAd (bovine
mastadenovirus), BAtAd (bovine atadenovirus),
BPV (bovine parvovirus), BTV (bluetongue virus),
and BRSV (bovine respiratory syncytial virus)42–44;
porcine panel—PAd (porcine adenovirus), PPV
(porcine parvovirus), PHE-CoV (porcine hemagglu-
tinating encephalomyelitis coronavirus), and TGEV
(transmissible gastroenteritis virus).45–48 gBlocks
gene fragments (Integrated DNA Technologies,
Coralville, IA) specific to each viral amplicon were
designed to serve as positive controls.

Subretinal injection of AAV-CMV-CLN3
All animal procedures were approved by the

University of Iowa’s Animal Care and Use Com-
mittee. Ten C57BL/6J mice (Jackson Laboratory,
Bar Harbor, ME) were anesthetized with ketamine–
xylazine mixture and injected via the subretinal
space as described previously49 at 2 months of
age. Right eyes received purified and concentrated
clinical-grade cGMP AAV2-CLN3 (109 vector ge-
nomes [VG]) in a volume of 1 ll and left eyes re-
ceived the same dose of AAV2-GFP to serve as a
contralateral control. Mice were sacrificed for his-
tology 4 weeks after injection.

rt-PCR of vehicle- and AAV-CMV-
CLN3-injected eyes

Ten C57BL/6J mice (Jackson Laboratory) were
anesthetized with ketamine–xylazine mixture and
injected via the subretinal space as described pre-
viously49 at 2 months of age. Right eyes received
purified and concentrated clinical-grade cGMP AAV2-
CLN3 (109 VG) in a volume of 1 ll and left eyes
received sterile injection buffer (180 mM NaCl plus
10 mM Na3PO4 in water for injection at pH 7.2) to
serve as a contralateral vehicle control. Mice were
sacrificed for rt-PCR for human CLN3 expression
3 weeks postinjection. Briefly, eyes were enucle-
ated and posterior eyecups dissected from the an-
terior chamber. Whole retinas were then harvested
for RNA isolation. Total RNA was isolated with an
RNeasy mini kit (Cat. No. 74106; Qiagen) accord-
ing to the manufacturer’s instructions. One hun-
dred nanograms of RNA template was used to
generate cDNA, using a SuperScript VILO cDNA
synthesis kit (Cat. No. 11754050; Thermo Fisher
Scientific). Two hundred nanograms of cDNA was
then amplified with primers hybridizing to human
CLN3 and POLR2A (listed in Table 1).
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Histology of AAV2-CLN3-injected eyes
Mouse eyes were enucleated and fixed in 4%

paraformaldehyde (PFA) for 2 hr and then embedded
in paraffin. Paraffin-embedded eyes were sectioned,
deparaffinized and counterstained with hematoxylin
and eosin according to standard procedures.16,17,20

Slides were masked as to whether they were from an
AAV2-CLN3- or AAV2-GFP-injected eye. Slides
were imaged with an EVOS XL Core microscope
(Cat. No. AMEX1000; Life Technologies/Thermo
Fisher Scientific) to assess retinas for AAV2-CLN3-
mediated retinal toxicity. Retinal toxicity was as-
sessed by measurement of the thickness of the outer
nuclear layer, using ImageJ64 software (National
Institutes of Health, Bethesda, MA). Ten random
images (one from each of 10 different sections) were
obtained by a person masked to the treatment groups
in each of 10 AAV2-CLN3- or AAV2-GFP-injected
eyes, for a total of 100 images per group. Outer

nuclear layer thickness was measured in three dif-
ferent areas of each image and averaged for each
treatment group. To assess uninjected wild-type
retinas, outer nuclear layer thickness was measured
in a section from the center of the globe from each of
10 eyes from 10 different C57BL/6J mice. A paired,
two-tailed Student t test was performed to determine
significance, using Prism 6 (Graphpad Software,
La Jolla, CA). p < 0.05 was considered statistically
significant.

RESULTS
Generation of patient-specific
CLN3-associated JNCL iPSCs

To test the efficacy of virus-mediated correction
of CLN3 disease in vitro, we first generated patient-
derived iPSCs and iPSC-derived neuronal retinal
precursor cells. Skin biopsies were acquired from

Figure 1. Generation and characterization of induced pluripotent stem cells (iPSCs) from patients with CLN3-associated juvenile neuronal ceroid lipo-
fuscinosis ( JNCL). (A–C) Representative light micrographs of iPSC colonies and rt-PCR for standard pluripotency markers from control iPSC line imr90 (A) and
two CLN3 patient lines, B775 (B) and B967 (C). (D and E) Pair-wise comparison of all Ct values for genes tested in each line. Scatter plots are shown
comparing each line with one another, with corresponding correlation coefficients and p values: imr90 versus B775 (D; r2 = 0.7847; p < 0.0001), imr90 versus
B967 (E; r2 = 0.6493; p < 0.0001), and B775 versus B967 (F; r2 = 0.7048; p < 0.0001). Scale bars: 400 lm.
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two patients with molecularly confirmed mutations
in CLN3: patient B775 (compound heterozygote;
1.02-kb del/Leu101del3CTC) and patient B967
(homozygote; 1.02-kb del/1.02-kb del). The imr90
(WiCell Research Institute, Madison, WI) human
iPSC line was used as a nondisease control.
Fibroblasts were isolated, cultured, and repro-
grammed as induced pluripotent stem cells (iPSCs)
via viral transduction of the transcription factors
OCT4, SOX2, KLF4, and c-MYC as previously
described.16,17,19,23 Approximately 3 weeks after
transduction, densely packed colonies of cells with
a high nucleus-to-cytoplasm ratio (Fig. 1A–C) were
isolated and clonally expanded. After 10 passages
expression of the pluripotency transcripts c-MYC,
KLF4, NANOG, OCT4, and SOX2 was confirmed
via rt-PCR (Fig. 1A–C). Pluripotency was further
assessed with the newly available TaqMan human
pluripotent stem cell Scorecard panel.24,25 This
assay uses real-time PCR to compare transcript
expression levels required for self-renewal, ecto-
derm, mesoderm, or endoderm formation in lines
of interest to an undifferentiated iPSC reference
gene set. Pair-wise comparison of all Ct values
for genes tested showed that imr90, B775, and
B967 were pluripotent and transcriptionally simi-
lar to one another as demonstrated by scatter plots
and correlation coefficients (Fig. 1D–F; imr90 vs.
B775 = 0.7847, p < 0.0001; imr90 vs. B967 = 0.6493,
p < 0.0001; B775 vs. B967 = 0.7048, p < 0.0001).
Taken together, these data show that we had suc-
cessfully generated two independent, iPSC lines
from patients with CLN3 mutations and a human
control iPSC line.

AAV2-CLN3 restores full-length CLN3 protein
in patient-specific iPSC-derived retinal cells

After successfully generating patient-specific
iPSCs, we differentiated these lines to develop
iPSC-derived retinal cells to test the ability of
adeno-associated viral particles carrying wild-
type, full-length CLN3 (Table 1) to restore expres-
sion of CLN3 protein. For these experiments, we
used a two-dimensional differentiation protocol
that we have previously demonstrated for the de-
velopment of patient-specific retinal cells (Fig. 2C,
inset).16,17 The AAV we chose for these studies was
the serotype 2 AAV vector designed with a CMV
promoter driving CLN3 gene expression (Fig. 2A).
This AAV vector is the same serotype that has been
successfully used in clinical human gene augmen-
tation trials to treat RPE65-associated Leber con-
genital amaurosis.8,11,50 Initially, to test the ability
of this vector to drive CLN3 transcript, we trans-
duced CLN3 patient fibroblasts and performed rt-

PCR using primers specific to human CLN3. Little
(B775) or no (B967) CLN3 transcript was detected
in fibroblasts derived from either patient with
JNCL before transduction (Fig. 2B). AAV2-CLN3
was able to drive and restore robust expression
of CLN3 transcript in the cells of both patients
(Fig. 2B). To test the efficacy of AAV2-CLN3 in
restoring full-length CLN3 protein in patient-
specific retinal neurons, we differentiated patient
iPSCs for 30 days, the time point at which neuronal
rosettes are clearly visible in differentiating cul-
tures (Fig. 2C, inset). To assess CLN3 protein lev-
els we produced an immunoblot, using a human
anti-CLN3 antibody. CLN3 was robustly expressed
in whole retinal protein lysate isolated from a
human donor eye, as expected (Fig. 2C, H. Ret).

Figure 2. Transduction of patient-specific fibroblasts and two-dimensional
(2D) iPSC-derived retinal neurons restores expression of CLN3. (A) Vector
diagram of AAV2-CLN3 used to transduce patient fibroblasts and iPSC-
derived retinal neurons. (B) rt-PCR panel comparing transcripts from human
retina (Retina), unaffected human foreskin-derived fibroblasts (Unaffected
FBs), and skin fibroblasts from two patients with CLN3-associated disease,
B775 (B775 FBs) and B967 (B967 FBs). Results are shown for CLN3 (primers
flanking exons 5–12) and the housekeeping gene, POLR2A. Transduction of
patient fibroblasts with AAV2-CMV-CLN3 restores CLN3 transcript compared
with untransduced fibroblasts. (C) Western blot comparing unaffected human
donor retinal lysate (H. Ret), undifferentiated imr90 iPSCs, imr90 cells differ-
entiated for 30 days (imr90 D30), and B775 and B967 patient cells differenti-
ated for 30 days with and without addition of AAV2-CLN3. Transduction of
iPSC-derived retinal neurons with AAV2-CLN3 rescued full-length CLN3 pro-
tein (blue) in both patient lines. Anti-GAPDH (green) was used as an internal
loading control. Inset: A typical neural retina-like structure with retinal pig-
ment epithelium (RPE) pigmentation and numerous neural rosettes. Scale bar:
400 lm. ORI, origin of replication; AmpR, ampicillin resistance cassette; ITR,
inverted terminal repeats; CMV, cytomegalovirus promoter; CLN3, full-length
CLN3 cDNA; PolyA, polyadenylation signal.
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Neurons from an unaffected control patient, imr90,
at 30 days postdifferentiation expressed CLN3,
whereas undifferentiated iPSCs did not (Fig. 2C,
imr90 iPSCs vs. imr90 D30). AAV2-CLN3 restored
full-length CLN3 protein to retinal neurons de-
rived from both CLN3 patients, B775 and B967,
compared with uninfected differentiated neurons
(Fig. 2C). These data demonstrate that we suc-
cessfully cloned and packaged an AAV vector
driving CLN3 and that this vector is efficacious in
restoring full-length CLN3 transcript and protein
to patient-specific neural progenitor cells.

Production of clinical-grade
cGMP AAV2-CLN3

After demonstrating that AAV2-CLN3 success-
fully restores full-length transcript and protein to
patient-derived cells, we next sought to produce
this vector in a clinical-grade manner suitable for

use in clinical trials in children with CLN3 JNCL.
To achieve this, we produced AAV2-CLN3 under
cGMP conditions in an onsite, FDA-registered
cGMP facility. This facility exceeds ISO class 5
(class 100) cleanliness requirements to ensure min-
imal biological contamination throughout standard
operating procedures, while providing optimal
conditions for the long-term culturing of cells un-
der defined atmospheric conditions.

AAV2-CLN3 was manufactured with a char-
acterized human HEK293T master cell line.
HEK293T cells were transfected with a transgene
cassette plasmid AAV2-CMV-CLN3, an AAV2
packaging plasmid containing AAV2 rep and cap
sequences, and a plasmid carrying helper virus-
derived sequences (pHelper, containing E2A and
E4 genes from adenovirus serotype 2). To purify
AAV2-CLN3, HEK293T cultures were passaged
and centrifuged to remove cell culture reagents and

Figure 3. Purified AAV2-CLN3 displays a lack of retinal toxicity in wild-type mice. (A–E) rt-PCR for virus panels specific for human (A), simian (B), required
code of federal regulations (C), bovine (D), and porcine (E) viruses and contaminants in purified AAV2-CLN3. (F) rt-PCR for human CLN3 (top band) and
POLR2A (bottom band) in mouse eyes injected with sterile buffer only (-) or AAV2-CLN3 (+) at 3 weeks postinjection. (G–I) Representative hematoxylin- and
eosin-stained paraffin sections from uninjected (G), AAV2-GFP-injected (H), and AAV2-CLN3-injected (I) eyes. (J) Histogram comparing the mean thickness of
the outer nuclear layer (ONL) between uninjected (n = 10 eyes), AAV2-GFP-injected (n = 10 eyes), and AAV2-CLN3-injected (n = 10 eyes) mice (AAV2-GFP vs.
AAV2-CLN3, p = 0.72). Scale bars: 100 lm.
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low molecular weight impurities and lysed and di-
gested to release the intracellular vector and re-
move nucleic acid impurities. Cellular debris was
removed from the lysate via filtration followed by
density gradient ultracentrifugation to separate
empty capsids (a major impurity) from the vector
product. Finally, affinity chromatography was per-
formed to purify the vector and AAV2-CLN3 was
subsequently concentrated via buffer exchange. To
demonstrate the purity of AAV2-CLN3, we per-
formed a series of rt-PCRs to assess the presence of
viruses and vector contaminants. As demonstrated
in Fig. 3, AAV2-CLN3 was completely devoid of
viral DNA of human (Fig. 3A), simian (Fig. 3B),
bovine (Fig. 3D), and porcine origin (Fig. 3E). AAV2-
CLN3 also lacked expression of all viruses specified
by the code of federal regulations (Fig. 3C).

To demonstrate that subretinal injection of
AAV2-CLN3 transduced neural retina, we injected
wild-type C57BL/6J mice with either sterile injection
buffer (n = 10) or 109 VG of AAV2-CLN3 (n = 10). At 3
weeks postinjection rt-PCR, using primers specific for
human CLN3, showed robust expression of CLN3
transcript in AAV2-CLN3-injected retinas as com-
pared with vehicle-injected controls (Fig. 3F). With a
highly pure and concentrated AAV2-CLN3 vector in
hand, we next asked whether delivery of CLN3, at a
viral titer exceeding that which would likely be tested
in humans, would be toxic when injected into wild-
type murine retinas. We injected wild-type C57BL/
6J mice with either 109 VG of AAV2-GFP (n = 10
right eyes) or 109 VG of AAV2-CLN3 (n = 10 left
eyes) and assessed retinal histology 2 months post-
injection. Uninjected wild-type eyes were used as an
additional control to ensure there was no green
fluorescent protein (GFP)-induced retinal toxicity
(Fig. 3G). Vector-induced toxicity was assessed by
measuring and comparing the mean thickness of the
outer nuclear layer between treatment groups.
Mean outer nuclear layer thickness did not differ
between AAV2-GFP- and AAV2-CLN3-injected eyes
(Fig. 3J; p = 0.72). Likewise, hematoxylin- and eosin-
stained sections were morphologically identical be-
tween uninjected (Fig. 3G), AAV2-GFP-injected
(Fig. 3H), and AAV2-CLN3-injected eyes (Fig. 3I).
Together, these data demonstrate the production of
a highly pure, potent, and safe cGMP-compliant
clinical-grade AAV2-CLN3 vector.

DISCUSSION

In this study we describe the generation of clinical-
grade, cGMP-compliant patient-specific iPSCs from
two individuals with CLN3-associated retinal
degeneration. We demonstrate the usefulness of

these cells for testing the efficacy of a clinical-grade
AAV-mediated gene augmentation strategy. Fur-
thermore, we show that AAV2-CLN3 is nontoxic to
mouse retinas when delivered in vivo. We propose
that these data provide proof-of-concept for the
design and initiation of a clinical trial in children
with CLN3 JNCL disease.

Nonintegrating AAV2 has been successfully
used as a clinical gene transfer vehicle to treat
human retinal degenerative disease.10,11,50–53 It
has been established that AAV2 is safe, well tol-
erated, and restricted to the eye after subretinal
delivery.11,50,51,53–55 For example, AAV2 carrying
the RPE65 gene has been reproducibly demon-
strated to be safe and beneficial for the treatment
of RPE65-associated Leber congenital amauro-
sis.10,11,51–54 The safety and efficacy profile of
AAV2, coupled with the fact that this vector is ca-
pable of carrying full-length CLN3, and has been
shown to be capable of transducing both cone
photoreceptor and inner retinal neurons,12 makes
it a logical choice for the treatment of JNCL.

The retina is a highly specialized extension of
the brain derived from the neural ectoderm.56 Like
the cerebral cortex, it is an organized, laminated
structure, consisting of a diverse mixture of neu-
rons and glia. Similarities between the neural
retina and the cerebral cortex suggest that success
of a gene augmentation-based approach in the
eye could serve as proof-of-principle for a similar
treatment in the brain. In vivo animal studies
assessing both the efficacy and safety of AAV-
mediated gene delivery to the brain have been
demonstrated for two forms of NCL: infantile NCL
(caused by mutations in the gene PPT1) and late
infantile NCL (caused by mutations in the gene
TPP1). AAV delivery of TPP1 to the brain has been
demonstrated in mice,57–59 rats,60 nonhuman pri-
mates,60 and canines.61 Likewise, one group has
demonstrated the efficacy of AAV-mediated deliv-
ery of PPT1 in murine eyes62 before showing that
CNS delivery ameliorated functional deficits in the
same Ppt1-/- mouse.63 Importantly, AAV2-mediated
treatment of 10 children with TPP1-associated late
infantile NCL, administered throughout the CNS,
slowed disease progression.64 These studies have
laid the groundwork for similar treatment of chil-
dren with CLN3 disease.

If AAV-mediated therapy is found to be safe and
effective in the eye, then delivery of AAV2-CLN3 to
the brain would be the next logical step. Although
observing efficacy in the eyes of these children
would be a great achievement, and would signifi-
cantly reduce the suffering from this disease,
blindness is only one of the problems faced by
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patients with JNCLs. Development of a treatment
that could be used to slow or prevent the cognitive
decline, onset of seizures, and loss of motor func-
tion associated with JNCL is the ultimate goal.
Unlike the genes TPP1 and PPT1, both of which
transcribe soluble enzymes,58,63,65–67 CLN3 en-
codes an intracellular protein that is localized to
the membrane of lysosomes. Unfortunately, this
means that compared with TPP1- or PPT1-associated
NCL, which can be effectively treated by trans-
ducing a relatively small number of cells and re-
lying on the secreted gene product to induce a
widespread rescue effect, for CLN3 gene augmen-
tation to be effective it is likely that extensive CNS
transduction will be necessary. Although AAV2-
based transduction of cone photoreceptor cells and
inner retinal neurons may be sufficient to prevent
vision loss, it is likely that a serotype such as AAV9,
which has been demonstrated to be significantly
better at transducing CNS neurons,68,69 will be
required. Even then, to treat the entire CNS, one
would need to deliver a large quantity of viral
vector by some means, perhaps by repeated intra-
thecal injection. Whether a patient could tolerate
such treatments, and whether they could amelio-
rate the condition sufficiently to make it worth-
while, are completely unknown at the present time.

An alternative approach would be to identify
systemically active compounds, perhaps even or-
ally deliverable, that would act to slow or halt dis-
ease progression. As JNCL has been demonstrated
to have an autoimmune component, several groups
have attempted to use various immunosuppressive
agents for this purpose.70 For instance, Seehafer
and colleagues demonstrated that the immuno-
modulatory compound mycophenolate mofetil
(trade name CellCept), when given to Cln3-/- mice,
decreased immunoglobulin G deposition, promoted
cell survival, and improved motor function.71 A
phase 2 clinical trial designed to evaluate the
usefulness of this compound in children with
CLN3 JNCL is currently underway (clinical trial
NCT01399047).70 As promising as these findings
are, immunosuppressive agents are less than ideal.
They decrease the patient’s ability to respond to
infections,72 increase the chance of developing
cancer,73 and can cause injury to vital organs.74

Although animal models of disease are valuable for
testing therapeutic efficacy, large-scale screening
for compounds that may be capable of altering
disease progression will require in vitro models
such as patient-specific iPSCs that recapitulate
key disease phenotypes such as autofluorescent
lysosomal storage granules.

Many patients with JNCL have retinal disease
that has progressed beyond the point at which
gene replacement therapy would be beneficial.
For these patients, transplantation of iPSC-
derived photoreceptor precursors may eventually
be able to restore some of their vision. For au-
tologous cell replacement therapy, one would
first need to correct the CLN3 mutations to pre-
vent the newly transplanted cells from suffering
the same fate as the original ones. This is par-
ticularly important for JNCL because of its early
onset and aggressive photoreceptor death. For-
tunately, advances in CRISPR/Cas9-mediated
genome editing now allow the highly specific
correction of disease-causing alleles in patient-
specific stem cells. As CLN3-associated JNCL is
inherited in an autosomal recessive fashion,
correction of either of a patient’s disease-causing
alleles should be sufficient. It is advantageous
that the most common mutation in CLN3, a 1-kb
genomic deletion, occurs in approximately 85% of
patients.4 For example, the two patients investi-
gated in this study each harbor this mutation:
one heterozygously and the other homozygously.
Designing a strategy to correct this variant
would allow for the production of healthy, im-
munologically matched photoreceptor precursor
cells for use in cell replacement therapy.

In conclusion, we have demonstrated the devel-
opment of a clinical-grade AAV2 vector that is ca-
pable of restoring full-length CLN3 transcript
and protein to retinal cells derived from two
patients with CLN3-associated JNCL. Further-
more, AAV2-CLN3 is safe in the eyes of wild-type
mice, displaying a complete lack of vector-induced
overexpression toxicity. This study provides pre-
clinical data for the use of AAV2-CLN3 to treat
retinal degenerative blindness caused by muta-
tions in the gene CLN3.
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