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Purposk. To study safety and efficacy of subretinal adeno-associated virus (AAV) vector AAV-
Bbs1 injection for treatment of a mouse model of Bardet-Biedl syndrome type 1 (BBS1).

Metnops. Constructs containing a wild-type (WT) Bbs1 gene with and without a FLAG tag in
AAV2/5 vectors were generated. Viral genomes were delivered by subretinal injection to right
eyes and sham injections to left eyes at postnatal day 30 (P30) to P60. Transgene expression
and BBSome reconstitution were evaluated by immunohistochemistry and Western blotting
following sucrose gradient ultracentrifugation. Retinal function was analyzed by electroret-
inogram (ERG) and structure by optical coherence tomography (OCT). Histology and
immunohistochemistry were performed on selected eyes.

Resurts. Expression of FLAG-tagged Bbsl was demonstrated in photoreceptor cells using
antibody directed against the FLAG tag. Coinjection of AAV-GFP demonstrated transduction of
24% to 32% of the retina. Western blotting demonstrated BBS1 protein expression and
reconstitution of the BBSome. ERG dark-adapted bright flash b-wave amplitudes were higher
in AAV-BbsI-injected eyes than in sham-injected fellow eyes in more than 50% of 19 animals.
Anti-thodopsin staining demonstrated improved localization of rhodopsin in AAV-BbsI-
treated eyes. WT retinas injected with AAV-Bbs1 with or without a FLAG tag showed outer
retinal degeneration on ERG, OCT, and histology.

Concrusions. In a knock-in model of BBS1, subretinal delivery of AAV-Bbs1 rescues BBSome
formation and rhodopsin localization, and shows a trend toward improved ERG. BBS is
challenging to treat with gene therapy due to the stoichiometry of the BBSome protein
complex and overexpression toxicity.
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Bardet—Biedl syndrome (BBS) refers to a group of disorders
characterized by obesity, early-onset severe retinal degen-
eration, polydactyly, renal and gonadal anomalies, anosmia, and
cognitive disabilities.! The protein products of at least 17
different genes associated with BBS interact to affect the
structure and/or function of cilia.2 Many of these gene products
interact in multisubunit complexes. For example, seven BBS
proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, and BBS9),
along with another protein called BBIP10, form a complex
called the BBSome.?> The BBSome is believed to mediate protein
trafficking to the primary cilium and the photoreceptor outer
segment. Another complex, the BBS/CCT chaperonin complex,
facilitates the BBSome assembly and is composed of three BBS
proteins (BBS6, BBS10, and BBS12) and six CCT chaperonin
proteins.® Because the protein products of BBS genes physically
interact to perform a common function, mutations of many
different genes cause the same unusual combination of
phenotypic findings.

The retinal degeneration in BBS is rapidly progressive and
devastating to vision, usually causing legal blindness by the age
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of 20 years. BBS can also present as night blindness and
nystagmus in very young children, overlapping the presenta-
tion of Leber congenital amaurosis (LCA), the most common
retinal degeneration of childhood. In fact, a homozygous
nonsense mutation in the gene responsible for the largest
fraction of LCA, CEP290, has been reported in a BBS patient,
highlighting the interconnectedness of the cilia-related
genes.>°

Recessive, loss-of-function diseases of the retina are
potentially treatable with gene replacement therapy. For
example, RPEG5-associated LCA has been shown to be highly
amenable to treatment with subretinal gene therapy in mice,
dogs, and humans.”"!! The most common form of BBS in
humans is caused by homozygous M390R mutations in BBS1,
and knock-in mice homozygous for this mutation closely
recapitulate the human retinal disease as well as other
associated BBS phenotypes.!?> We hypothesized that subret-
inal delivery of normal copies of the BbsI gene might rescue
the retinal phenotype in these mice. One potential challenge
of gene replacement therapy for a gene whose product is a
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member of a large multiprotein complex is that if the
abundance of one member is altered significantly, the
stoichiometry of the complex may be disrupted. Therefore
we also entertained the alternative hypothesis that overex-
pression of wild-type (WT) BBS1 protein might be toxic or
might not restore normal function.

MATERIALS AND METHODS

AAV Vectors

Recombinant AAV-Bbs1 and AAV-GFP vectors were prepared at
the University of Iowa Gene Transfer Vector Core using an
AAV2-based proviral plasmid (Fig. 1). Chicken B-actin promot-
er, N-terminal 3X FLAG tag, mouse Bbs1 open reading frame
(ORF), and bovine growth hormone (BGH) poly A signal
sequences were inserted between the two AAV2 inverted
terminal repeats (ITRs) using standard molecular biology
techniques (Fig. 1).

The recombinant vector was cross-packaged into AAV
serotype-5 capsids in S$f9 insect cells. Viruses were initially
purified using an iodixanol gradient (15%-60% w/v) and
subjected to additional purification via ion exchange using
MustangQ Acrodisc membranes (Pall Corporation, East Hills,
NY). The viral titers (viral genomes per milliliter) were
determined by quantitative polymerase chain reaction (QPCR;
see Supplementary Data). The procedures for this vector
system have been described in detail elsewhere.!314

Animals and Subretinal Injections

All animal procedures were approved by the Institutional
Animal Care and Use Committee of the University of Iowa and
conducted in accordance with the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research. All animals
were maintained in 12-hour light-dark cycles and fed standard
mouse chow ad libitum.

Homozygous BbsM390R/M390R mice on a 129SVEV
background were generated by homologous recombination
as described previously!? and were selected by genotyping
litters from heterozygous crosses. These mice exhibit
abnormal outer segments by P21, and the b-wave amplitudes
of the dark-adapted bright flash ERG (standard combined
response, or SCR) are reduced by approximately 40% at P60
compared to those in WT or heterozygous mice of the same
background.!? By 6 to 8 months of age the ERG is essentially
nonrecordable.

Transscleral subretinal injections were performed by
anesthetizing the mice with a ketamine/xylazine mix (0.1
mL/20 g weight at a concentration of 17.5 mg/mL ketamine
and 2.5 mg/mL xylazine), then applying topical povidone
iodine 10% solution, tropicamide 1%, and proparacaine 1%
(one drop each). A limbal conjunctival peritomy was made
superotemporally using 0.12 forceps and Vannas scissors
(Bausch and Lomb/Storz Ophthalmics, Rochester, NY). A
sclerotomy was made just posterior to the limbus using a 30-
gauge half-inch needle viewed through the operating
microscope. The injection was then given through the
scleral opening by inserting a 33-gauge blunt needle on a
Hamilton syringe (Hamilton Company, Reno, Nevada) under
the retina and slowly depressing the plunger. The needle
was left in place for several seconds after the fluid was
delivered. The resulting retinal bleb could be visualized
through the operating microscope. If no bleb formed, or if
extensive hemorrhage was seen, the eye was excluded.

Vectors delivered to the subretinal space included AAV-
Bbs1 with a FLAG tag, AAV-Bbs! without a FLAG tag, empty
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AAV capsids, or AAV-GFP as sham injections, all using AAV2/5,
at varying dilutions starting with 1 X 10!° viral genomes (VG).
Sterile saline or empty AAV capsids were used as a sham
injection in some cases, as noted in the figure legends.

Retinal Histology

Mice were euthanized at predetermined time points by CO,
asphyxiation followed by cervical dislocation. The eyes were
immersed in cold fixative (4% paraformaldehyde) for >4 hours
or one-half strength Karnovsky fixative overnight'> while
maintaining orientation, and then stored in PBS for later
processing. The eyes were dissected, and the anterior segment
and the lens were removed. Samples were embedded in
acrylamide solution'® and frozen in optimal cutting tempera-
ture (OCT) compound. Posterior poles were oriented in order
to obtain superior-to-inferior cross sections of the eye cup.
Tissue was sectioned at 10 pm on a cryostat (MICROM GmbH,
Walldorf, Germany). Sections were processed for hematoxylin
and eosin (H&E) histochemistry and were analyzed using light
microscopy (Olympus BX41; Olympus, Center Valley, PA).

Overlapping images of the entire section were acquired
using a 20X objective lens. Commercial software (Photoshop;
Adobe Systems, San Jose, CA) was used to make montages of
the eye cups. Measurements of outer nuclear layer (ONL)
thickness were performed adjacent to the needle entry site and
equidistant from the ciliary body on the opposite side of the
eye cup from the injection site. Five measurements were made
on each side of the eye 100 pm apart.

For treated and control eyes, two histologic sections per eye
from the same retinal locations were photographed. Beginning
0.5 mm on either side of the optic nerve (ON), five
measurements of photoreceptor ONL thickness were made
across nonoverlapping 0.5-mm lengths using the caliper on
Image] (available in the public domain at http://rsbweb.nih.
gov/ij/), and averaged as the representative value for that area
as described previously.!”

Flat mounts of treated and control eyes were prepared by
fixing selected eyes in 4% paraformaldehyde for 2 hours, then
removing the lens and cornea. Four radial cuts equidistant from
the ON were made through the eye cup with scissors. A well
was prepared on a glass slide using 2% agarose gel; the eye was
suspended in PBS in this well and photographed under 4X
magnification (Olympus BX41).

In some eyes after treatment with AAV-BbsI injection,
histologic sections were prepared as above, followed by
labeling with anti-FLAG antibody (Sigma) and an Alexa Fluor
488-conjugated secondary antibody (Invitrogen, Carlsbad,
CA), or with anti-rhodopsin antibody (clone RETP1; Santa
Cruz Biotechnology, Santa Cruz, CA) and a secondary goat
anti-mouse Alexa Fluor 568 antibody (Invitrogen). Immuno-
histochemistry was performed as described previously.'®

Sucrose Gradient Ultracentrifugation and
Western Blotting

Sucrose gradient ultracentrifugation and Western blotting were
conducted as previously described!® with minor modifications.
Briefly, AAV vector-injected eyes were enucleated using
forceps and homogenized in ice-cold lysis buffer (PBS with
0.6% Triton X-100). After clearance by centrifugation, the
protein extract was concentrated with a Microcon centrifugal
filter device (30,000 MWCO; Millipore), loaded on a 4-mL 10%
to 40% sucrose linear gradient in PBS with 0.04% Triton X-100,
and spun at 166,400g,,, for 15 hours. A Gel Filtration HMW
Calibration Kit (GE Healthcare) and bovine catalase (Sigma)
were used as sedimentation coefficient standards and were run
simultaneously on an identical gradient. Fractions (~210 pL)
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FiGure 1.

Structure of the FLAG-tagged and non-FLAG-tagged Bbs1 inserts. The 4.45-kb insert, composed of the chicken B-actin promoter, 3X

FLAG sequences in reading frame with the mouse Bbs gene, and a poly A tail sequence, is flanked by two inverted terminal repeat sequences (ITR).

In the second construct, the insert is 4.35 kb and lacks the FLAG tag.

were collected from the bottom of the tube using a 26-gauge
needle. Equal volumes of each fraction were mixed with LDS
sample loading buffer (Invitrogen) and loaded onto an SDS-
PAGE gel. SDS-PAGE and Western blotting were performed
following standard protocols. All BBS antibodies have been
previously characterized and described.>!° IFT88 antibody was
obtained from ProteinTech Group.

Electroretinogram (ERG) Recordings

Full-field ERG was obtained using the Espion V5 Diagnosys
system (Diagnosys LLC, Lowell, MA). After overnight dark
adaptation, mice were anesthetized with an intraperitoneal
injection of ketamine (87.5 mg/kg) and xylazine (2.5 mg/
kg). ERGs were recorded simultaneously from the corneal
surface of each eye after pupil dilation (1% tropicamide)
using gold ring electrodes (Diagnosys) referenced to a

needle electrode (Roland Consult, Brandenburg an der
Havel, Germany; LKC Technologies Inc., Gaithersburg, MD)
placed on the back of the head. Another needle electrode
placed in the tail served as the ground. A drop of
methylcellulose (2.5%) was placed on the corneal surface
to ensure electrical contact and to maintain corneal integrity.
Body temperature was maintained at a constant temperature
of 38°C using a regulated heating pad. All stimuli were
presented in a ColorDome (Diagnosys) ganzfeld bowl, and
the mouse head and electrode positions were monitored on
the camera attached to the system. Dim red light was used
for room illumination until dark adapted testing was
completed. A modified International Society for Clinical
Electrophysiology of Vision (ISCEV) protocol'7:2° was used,
including a dark-adapted dim flash of 0.01 cd.s/m?, maximal
combined response (standard combined response or SCR) to

Figure 2.  Whole mount of a retina that received 1/10 AAV-GFP mixed with the AAV-FLAG-Bbs1 as a subretinal injection. Subretinal injection was
performed in a 1-month-old WT animal. The animal was killed and the whole mount prepared 2 weeks after injection. Note the substantial degree of

retinal transduction.
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Ficure 3. Expression of FLAG-BBS1 in photoreceptor cells. (A) Wild-
type retina was transduced with the AAV-FLAG-Bbs! (without AAV-
GFP) and labeled with anti-FLAG antibody. Animals received subretinal
injection of AAV-FLAG-Bbs 1 vector at 1 month of age and were killed 2
weeks after injection. Left: Anti-FLAG immunofluorescence is seen in
the retina which was over the injection site. Note the extensive
labeling of the FLAG fusion protein in the outer plexiform layer, the
inner segments, and to a lesser extent the outer nuclear layer. Right: A
field from the same retina remote from the injection site. Scale bar: 50
pm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer; IS/OS, inner and outer segments. (B) Localization of
native BBS1 protein. Left: An area of retina from a 6-week-old WT
mouse that had received a subretinal injection of AAV-FLAG-Bbsl 2
weeks before. This section was stained with anti-BBS1 antibody (not
anti-FLAG antibody). Right: A different section of the same retina
remote from the injection site (i.e., not exposed to the vector) labeled
with anti-BBS1 antibody. The anti-BBS1 antibody is labeled with Alexa
Fluor 488. The amount of immunoreactive BBS1 protein in the injected
area is much greater than in the uninjected area. BBS1 protein can be
detected without the anti-FLAG stain; however, this antibody does not
bind as avidly as the anti-FLAG antibody.

bright flash of 3 cd.s/m?, light-adapted bright flash of 3 cd.s/
m?, and 5-Hz flicker stimuli at 3 cd.s/m?2.

The a-wave was measured from the baseline to the trough
of the first negative wave. The b-wave was measured from the
trough of the a-wave to the peak of the first positive wave, or
from the baseline to the peak of the first positive wave if no a-
wave was present.

Optical Coherence Tomography (OCT)

OCT (Bioptigen, Morrisville, NC) was performed after placing
the animals under ketamine/xylazine anesthesia as described
above. Tropicamide 1% was used to dilate the pupils, and the
retinas were scanned one eye at a time. Methylcellulose
lubricant was placed on the corneas, and the noncontact probe
was positioned near the cornea until the retinal image could be
seen on the screen. This was then focused and oriented with
the ON in the middle of the scan as a landmark. Retinal OCT
was performed using rectangular volume scan (volumetric
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acquisition made up of a series of B-Scans) with a length of 1.40
mm at a width of 1.40 mm at a rate of 1000 A-Scan/B-Scan. An
average of three repeated B-Scans (of the same region)
centered on the ON was used for analysis of retinal thickness.
The probe was then rotated to obtain images of the retinal
periphery. The total retinal thickness was measured on the
OCT image at two locations, each 0.3 mm from the edge of the
ON, on either side using the measuring tool provided
(Bioptigen). Eyes were excluded from further analysis if retinal
disruption more than four times the area of a typical injection
site due to hemorrhage or chronic retinal detachment (greater
than 1 week after injection) was noted on OCT.

Statistical Analysis

The paired #test and Wilcoxon signed rank test were used to
compare results of the ERG amplitudes between pairs of eyes
where the right eye was treated and left eye was sham treated.
The paired #test was used to compare ONL thickness (on OCT
or by histology) between treated and control groups.

RESULTS

Expression of AAV-Bbs1 in the Retina

Fluorescence of GFP was evaluated using whole mounts of
four eyes in which AAV-GFP had been coinjected with AAV-
FLAG-Bbs1. At least 24% of the area of the retina was
transduced in each eye (Fig. 2). A similar percentage of retina
was transduced whether one or two injections through the
same incision in different directions were given per eye.
Sections of AAV-FLAG-BbsI-injected eyes from WT mice were
collected and labeled with anti-FLAG antibody or anti-Bbsl
antibody (Fig. 3). Intense anti-FLAG labeling was observed in
the outer retina, the ONL, and inner/outer segments as well as
the outer plexiform layer.

Reconstitution of the BBSome With Recombinant
BBS1

To determine whether the virally delivered FLAG-Bbsl!
produces recombinant protein and supports BBSome forma-
tion, we transduced HEK293T cells with AAV-FLAG-Bbs1 and
conducted immunoprecipitation using anti-FLAG antibodies. In
this experiment, FLAG-BBS1 pulled down all BBSome compo-
nents tested (BBS2, BBS4, BBS7, and BBS9), indicating that
FLAG-BBS1 does form the BBSome with endogenous BBS
proteins (Fig. 4A).

We next compared the status of the BBSome in normal and
Bbs 1M390R/M390R mutant mouse eyes using 10% to 40% sucrose
density gradient ultracentrifugation (Fig. 4B). Consistent with
previous results on formation of the BBSome,>1? all BBSome
components from WT mouse eyes were fractionated together
with a sedimentation coefficient of ~14S. In contrast, the
elution profiles of BBSome subunits (BBS2, BBS5, BBS7, and
BBS9) were shifted toward lower molecular weight fractions in
Bbs 1M390R/M390R mouse eyes, indicating that at least some of
the BBSome subunits were missing. Indeed, BBS1 (M390R
mutant protein), BBS4, and BBS8 were hardly detectable in this
experiment, suggesting that these BBS proteins may be
unstable in the absence of normal BBS1. IFT88, a component
of the IFT-B complex, was not associated with the BBSome and
did not show changes in its migration rate, serving as a
fractionation control.

We examined whether the introduction of FLAG-BbsI can
restore the BBSome assembly in Bbs[M390R/M390R eyes (Fig.
4C). In AAV-FLAG-BbsI-injected WT eyes, FLAG-BBS1 was
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FIGURE 4. AAV-BbsI and AAV-FLAG-Bbs1 partly restore the BBSome assembly. (A) FLAG-BBS1 forms the BBSome. HEK293T cells were transduced
with AAV-FLAG-Bbs1, and cell lysate was subjected to immunoprecipitation (IP) using anti-FLAG antibody and Western blotting against indicated
BBS proteins. Normal HEK293T cells were used as a control. (B) Disruption of the BBSome in Bbs IM390R/M390R mutant eyes. Protein extracts from
WT and Bbs [M390R/M390R mutant eyes were fractionated on a 10% to 40% sucrose linear gradient. Collected fractions were subjected to SDS-PAGE
and Western blotting using the appropriate antibodies. Fraction numbers are shown at the zop. Black and red arrowbeads indicate the migration of
sedimentation coefficient standards and the BBSome, respectively. In the WT gel, BBS1, -2, -4, -5, -7, and -9 migrate together, indicating a complex. In
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the Bbsl gel, only BBBS2, -7, and -9 migrate together at a slightly lower fraction, indicating that the abnormal Bbs[M390R/M390R proteinis not
incorporated into the BBSome and disrupts the complex. (C) Virally delivered FLAG-Bbs 1 partly rescues the BBSome assembly. Protein extracts from
treated animals were analyzed by sucrose gradient ultracentrifugation as in (B). (D) Virally delivered WT Bbs1 (without the FLAG) partly rescued the
BBSome assembly just as the FLAG-tagged version did. Note the reappearance of BBS4 in fractions 11 and 12 of the treated eye.
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Ficure 5. Electroretinogram amplitudes of wild-type (WT) and Bbs IM390R/M390R mice injected with therapeutic and control AAV vectors. The x-
axes show right and left eye b-wave and a-wave amplitudes for the dark-adapted bright flash standard combined response (SCR) ERG and the light-
adapted 5-Hz flicker ERG. The y-axis is the amplitude of the ERG responses in microvolts. (A) Comparison of ERG amplitudes in 11 WT mice whose
right eyes (OD) were injected with 1 X 10!° viral genomes (VG) AAV-FLAG-Bbs I in 2 pL versus left eyes (OS) injected with 1 X 10'° VG AAV-GFP in 2
HL. Note that the WT right eyes injected with therapeutic vector had significantly worse b-wave amplitudes than control left eyes. (B) Comparison
of ERG amplitudes in seven WT mice whose right eyes (OD) were injected with 1 X 10'° VG AAV-Bbs1 without a FLAG tag in 2 pL versus left eyes
(0S) injected with 1 X 10'° VG AAV-GFP in 2 L. Note that the right eyes injected with therapeutic vector had significantly worse b-wave amplitudes
than control left eyes, just as seen in the FLAG-tagged vector-injected eyes. (C) Comparison of ERG amplitudes in five Bbs [M390R/M390R mijce whose
right eyes were injected with 1 X 10!'© VG AAV-FLAG-Bbs1 in a volume of 2 pL versus left eyes (OS) injected with sterile saline solution 2 pL. The
right eyes injected with therapeutic vector did not have improved ERG compared to control, but neither did they have a worse ERG as in the WT
eyes. (D) Comparison of ERG amplitudes in five WT mice whose eyes were injected with a 1/1000 dilution of 1 X 10'° VG AAV-FLAG-Bbs1 in 2 pL,
right eyes (OD), versus left eyes (OS) injected with 1/1000 dilution of empty AAV viral capsids in 2 pL. Diluting the therapeutic vector mitigated its
toxicity in WT eyes. (E) Comparison of ERG amplitudes in six Bbs [M390R/M390R mijce whose right eyes were injected with a 1/1000 dilution of 1 X
10'° VG AAV-FLAG-Bbs1 in a volume of 2 pL, right eyes (OD), versus left eyes (OS) injected with 1/1000 dilution of empty AAV capsids in 2 pL.
Diluting the therapeutic vector showed a trend toward less effect in the Bbs! eyes. Data shown are mean * standard error of the mean.
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Ficure 6. Representative ERG SCR waveforms in the experimental groups shown graphically in Figure 5. The y-axis is SCR ERG b-wave amplitude in
microvolts. The x-axis is in milliseconds. OD, right eye; OS, left eye. In all experiments, animals received subretinal injection at 4 to 6 weeks of age with
therapeutic AAV vector in right eyes and control AAV-GFP in the left eyes. 1 X 10'° VG per 2 pL was the stock vector solution. (A) WT mouse; right eye
2 uL AAV-FLAG-Bbs1, left eye 2 pL. AAV-GFP. (B) WT mouse; right eye 2 uL AAV-Bbs 1 without FLAG, left eye 2 uL AAV-GFP. (C) Bbs [M399R/M390R mouse;
right eye 2 pL AAV-FLAG-Bbs 1, left eye 2 nL AAV-GFP. (D) WT mouse; right eye 2 pL 1/1000 dilution of AAV-FLAG-Bbs 1, left eye 2 pL 1/1000 dilution of

AAV-GFP. (E) Bbs IM390R/M390R mouse; right eye 2 pL 1/1000 dilution of AAV-FLAG-Bbs 1, left eye 2 pL 1/1000 dilution AAV-GFP,

found in the same fractions as the endogenous BBS proteins,
indicating that FLAG-BBS1 is integrated into the BBSome in the
eye. However, FLAG-BBS1 was also found in multiple additional
fractions where endogenous BBS proteins are not found. This
result suggests that overexpressed FLAG-Bbs1 forms multiple,
heterogeneous protein complexes. In BbsM399RM390R eyes
FLAG-BBS1 slightly shifted the elution profiles of BBS7 and
BBS9 toward that of the normal BBSome (or “holo-BBSome™).
In addition, injection of AAV-FLAG-BbsI partly restored the
expression of BBS4, which is barely detectable in sham or

uninjected Bbs [M390RM390R eyes BBS4 in these animals was
found in the same fraction as that of holo-BBSome, suggesting
that these BBS4-containing BBSomes are fully assembled. As in
WT eyes, FLAG-BBS1 was also found in additional fractions
with various migration rates. Since the viral transduction
efficiency ranged from 24% to 32% of the entire retina,
endogenous BBSome subunits found in lower molecular
weight fractions are presumably from nontransduced cells.
When the experiment was repeated using a non-FLAG-tagged
vector, as shown in Figure 4D, the partial reconstitution of the



Investigative Ophthalmology & Visual Science

Subretinal Gene Therapy of Mice With BBS1

B Wave
oD 0S

5 Htz
oD 0S8

A Wave

oD 0S8

+0D

50D Avg.

+ 08

=08 Ave,

+ 0D

« 08

= 0D Ave,

" 08 Avg,
0D

+ 08

= 0D Avg.

108 Avg.

e lm w ¢
+4 e w

]

SI[OAQIDIW U IATM-(

o om
k= TS

* P
] ]

Ficure 7. SCR ERG b-wave amplitudes in BbsIM390R/M390R mice
treated with 1-pL injections. V= 15 eyes. Right eyes were treated with
1-uL injections containing 1 X 10! AAV-FLAG-Bbs1 versus left eyes
treated with the same volumes of AAV-GFP. Eyes were injected when
mice were 5 weeks old, and ERG was performed 3 weeks later. The b-
wave amplitudes are statistically significantly different (P = 0.02,
Wilcoxon).

BBSome was the same. In particular, Bbs4 could be detected in
the same fraction as other BBSome components with a normal
BBSome sedimentation coefficient in the treated eyes. Elution
profiles of BBS5, BBS7, and BBS9 were also shifted closer to
those of WT. Taken together, our data indicate that virally
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delivered FLAG-BBS1 and nontagged BBS1 at least partly restore
BBSome assembly in Bbs [M390R/M390R eyes,

Partial ERG Rescue in Mice With BBS1 Gene
Therapy

Control eyes receiving subretinal injection of AAV-GFP, empty
AAV capsids, or saline had similar-amplitude, slightly reduced
ERG b-wave amplitudes compared to uninjected eyes (data not
shown). Although this was not statistically significant, we
chose to use a sham injection for the contralateral eyes to
control for the small diminution in ERG response that occurred
due to the injection alone. The ERG was markedly reduced in
WT eyes that received AAV-FLAG-BbsI or AAV-Bbsl vectors
compared to the contralateral eyes that received sham
injections (Figs. 5A, 5B). In 7 of 13 Bbs1M390R/M390R eyes the
ERG b-wave amplitudes were slightly higher in treated than
control eyes. However, the average amplitudes were not
higher, and the difference was not statistically significant
(Fig. 5C). When the 1 X 10'° VG solution was diluted by 1/100
or 1/1000 and the same 2- to 3-puL volumes were delivered, the
detrimental effect on ERG amplitude in the WT mice was less,
but the beneficial effect in the Bbsl mice was also reduced
(Figs. 5D, 5E). Representative ERG tracings of the SCR can be
seen in Figure 6.

Giving 1 X 10'° VG in a lower-volume injection (1 uL)
either as a single injection, or as two injections of 1 pL each
through the same sclerotomy in different directions, resulted
in better SCR ERG b-wave amplitudes at 4 weeks postinjec-
tion in the therapeutic vector-treated eyes than in the sham-
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Ficure 8. Rate of decline of SCR ERG b-wave amplitude over time in AAV-FLAG-Bbs I -treated versus AAV-GFP-treated Bbs [M390R/M390R mice. The
therapeutically treated right eyes (OD) showed better ERG amplitudes at all time points than the sham-treated left eyes (OS); however, the rate of

decline remained the same. N = 15 eyes.
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treated eyes (1 =15 eyes, P =0.02, Wilcoxon) (Fig. 7). These
eyes continued to have higher ERG values at three time points
out to 3 months postinjection, which were statistically
significant at 3 weeks and 3 months. Of note, the rate of
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at 4 to 8 weeks old.
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Ficure 9. Needle entry site demonstrated in the retinal periphery. Retinal section of a 3-month-old mouse retina 1 month after subretinal injection
on the /left; on the right, OCT of a living mouse at the same age after the same procedure. Note the normal retina on either side of the needle entry
site. In most cases, subretinal injection causes minimal or no damage to the retina detectable on OCT or histology.

decline of the ERG amplitude over time was the same for the
therapeutically treated and sham-treated eyes, although the
amplitude was higher in the AAV-BbsI-treated eyes at all time
points (Fig. 8).

Ficure 10. OCT demonstration of retinal toxicity due to subretinal injection of AAV-FLAG-Bbs1 in WT mice retinas versus Bbs1 retinas. (A, B) The
outer retinal layers to the right of the optic nerve in the photos of the right eyes (OD) from two different WT mice demonstrate disruption of the
ELM and IS/OS junction and ellipsoid region in the area where the subretinal injection was delivered (A). In corresponding areas of the left eyes (OS)
of the same two WT mice (B), which received subretinal AAV-GFP, the retinal lamination is retained and ONL appears normal. The right and left eye
pairs in (A) and (B) are from two different animals at the same age after the same treatment. (C) In Bbs IM390R/M390R eyes the AAV-FLAG-Bbs1-
injected right eye (OD) looks similar to the AAV-GFP-injected left eye (OS), shown in (D). All OCTs were performed 1 month after injections given
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A

Ficure 11. Histology of WT mouse retinas following subretinal injection of AAV-FLAG-Bbs1 (A) or AAV-GFP (B). The retina to the left of the optic
nerves was under the injection bleb. ONL measured 26.8 um in the right eye in the area of the therapeutic bleb, versus 49.6 um in the left eye in the
area of the control bleb. Histology was performed 1 month after injection of 4- to 8-week-old mice.
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Ficure 12. Histology of Bbs1 mice retinas following subretinal injection. (A) Histology of Bbs [M390R/M390R right eye, after injection of AAV-FLAG-
Bbs1, compared to (B) left eye injected with AAV-GFP. There is no sign of disruption of outer retina, but neither is there a dramatic improvement in
the AAV-Bbs I -injected eye, with the ONL thickness measuring 14.2 um in the right eye and 14.5 pm in the left eye. The retina to the Zeft of the optic
nerve was under the injection bleb. Histology was performed 1 month after injection of 4- to 8-week-old mice.
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Ficure 13.  Montage of eye cup of Bbs [M390R/M390R eyes treated with AAV-FLAG-Bbs 1. Histology was done at P90; injection was performed at age 5
weeks. Note the thicker retina around the needle site (arrow) compared to the contralateral side of the eye cup. The area around the needle entry
site is the site of the retinal bleb, under which transduction occurs. Two of three eyes examined in this way demonstrated the difference.

Overexpression Toxicity of BBS1 in Wild-Type
Retinas

With use of OCT at 1 week after injection, the needle entry
point could be detected in 71 of 177 eyes receiving either
therapeutic or sham subretinal injections in both WT and
Bbs [M390R/M390R eves (Fig. 9). Of 177 eyes, 33 were excluded
from further study due to extensive hemorrhage or chronic
retinal detachment on OCT. Without postinjection screening
using OCT, these eyes would likely have been included in the
study, which could have introduced bias since trauma affected
their outcomes.

In 7 of 11 WT right eyes injected with AAV-FLAG-Bbs1, an
area of outer retinal toxicity could be seen on OCT
corresponding to the area of retina over the injection bleb
(Fig. 10A). The external limiting membrane and inner/outer
segment junction or ellipsoid line was no longer visible in the

treated areas, and the ONL was disorganized. Clumping and
irregular borders of the normal lamination developed. The
inner retina was preserved. This appearance was not seen in
any of the contralateral left eyes injected with the same volume
(2-3 pL) of AAV-GFP (Fig. 10B). Among Bbs [M390R/M390R eyeg
injected with 2 to 3 pL of the same vector, only 3 of 8 right eyes
showed mild outer retinal toxicity, with 5 of 8 appearing
identical to the AAV-GFP-injected left eyes (Figs. 10C, 10D).
When 1-uL injections were given in BbsI eyes, 0 of 9 eyes
receiving AAV-Bbs1 demonstrated the toxicity. No significant
differences in retinal thickness measurements on OCT could
be detected between treated and control groups.

H&E staining of WT retinas treated with AAV-FLAG-Bbs1
revealed destruction of the ONL in the retina, which had been
over the bleb. This observation corresponded to the findings
on OCT. Contralateral WT eyes treated with AAV-GFP did not
show this effect (Fig. 11). ONL thickness measured on a
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Ficure 14. Rhodopsin mislocalization is improved in Bbs1 mice treated with subretinal AAV-FLAG-Bbs1. (A) Anti-thodopsin stain (red) and DAPI
(blue) of Bbs [M399R/M390R right eye treated with subretinal AAV-FLAG-Bbs1. (B) Only the rhodopsin stain is shown. Note that there is very little
rhodopsin mislocalized to the outer nuclear layer in this treated eye. (C) 4',6-diamidino-2-phenylindole (DAPI) (blue) and anti-rthodopsin (red) stains
of retina of the left untreated eye of the same BbsM390R/M390R mouse. There are multiple cells in the outer nuclear layer with mislocalized

rhodopsin (arrows). (D) Only the anti-thodopsin stain in this untreated BbsM390R/M390R eye is shown.

representative section was 26.2 pm in the AAV-FLAG-BbsI-
injected eye versus 49.6 pm in the control.

ONL Thickness and Rho Localization in Bbs1
Mutant Mice

Selected eyes of the treated and control groups were sectioned
and stained with H&E. Among Bbs [M390R/M390R eyes as noted
above, only 3 of 17 eyes injected with the AAV-FLAG-BbsI
vector showed outer retina toxicity compared to sham-
injected eyes on OCT (Figs. 10C, 10D). H&E staining of
selected right and left eyes with similar OCT appearance
confirmed that there was no significant difference in the ONL
thickness (14.2 vs. 14.5 um) (Fig. 12).

With use of a montage of histologic images to examine the
eye cup in treated areas (adjacent to the needle entry site) and
remote areas (on the opposite side of the ON at an equal
distance from the ciliary body) in Bbs[M390R/M390R eyes it
could be seen that the transduced retina was thicker than
untransduced retina in two of three Bbs 1M390R/M390R eyes (Fig.
13).

Rhodopsin has been shown to be mislocalized in
Bbs 1M390R/M390R eyes 12 However, in Bbs [M390R/M390R eyeg
that received subretinal AAV-FLAG-Bbs 1, rhodopsin localization
was qualitatively corrected compared to sham-treated eyes
(Fig. 14).

DISCUSSION

Ciliated cells have complex internal mechanisms that have only
recently been intensively studied. The recognition that
disorders of cilia share overlapping phenotypes (including
polydactyly; retinal degeneration; hearing loss; anosmia;
gonadal, renal, and intellectual dysfunction; and in some cases
situs inversus) has helped to crystallize the importance of
understanding disease mechanisms with the aim of treating
these individually rare but collectively clinically important
entities.?!~23 BBS is a fairly common ciliopathy, and may be
even more common than we have believed. We now know that
incomplete forms of the disorder occur and may be misdiag-
nosed. For example, patients have been reported who have
only retinitis pigmentosa (RP), even in pedigrees in which
others with the same mutations have the entire BBS
phenotype.?* RP patients without family members exhibiting
signs of BBS would not usually be suspected of having
mutations in a BBS gene. Partial expression of syndromic
disease is not uncommon; it also occurs in Usher syndrome?>
and Senior-Loken syndrome.2°

Simons et al. reported rescue of photoreceptors with
subretinal gene delivery in another type of BBS, the BBS4 null
mouse.?” They were able to transduce approximately 4% of the
retina and to demonstrate rescue by showing that retinal
thickness and ONL were increased in the area of retina
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adjacent to the thinned injection entry site. In our hands, it was
difficult to identify the injection entry site in many eyes, even
with OCT, since the trauma is minimal. However, in two of
three eyes in which it could be detected, we found thicker
retina adjacent to the site of injection. This may be an area of
rescue similar to that described by Simons et al. Whether this
would translate to a clinical rescue is uncertain.

Administration of subretinal AAV-Bbs1 to WT mice, either
with or without a FLAG tag, is toxic to the outer retina, and is
only mildly therapeutic in affected BbsI mice based on full-
field ERG, OCT, and histologic examination. This is in
concordance with data observed in zebrafish suggesting that
overexpression of Bbsl causes a phenotype similar to that
produced by knockdown of the gene (Bay LM, Sheffield V,
Slusarksi DC, unpublished data, 2012). In Usher syndrome
mice, rescue of the Usher protein complex can be demon-
strated even though the ocular phenotype is unchanged.?® This
is relevant because Usher syndrome also involves disrupted
protein complexes that are formed from the products of
multiple genes.

Estrada-Cuzcano et al. summarized the known mechanisms
of retinal ciliopathies and discussed possible roadblocks to
treatment.> Our data support their conclusion that gene
replacement is more complex in this group of disorders. The
most striking finding in our studies is the toxicity of excess
BBS1 protein in the normal, WT murine retina. This toxicity
was apparent as early as 2 weeks after injection and persisted
for the lifetime of the mouse. The control eyes of the WT mice
did not show toxicity; these eyes were injected with an equal
volume of an AAV vector carrying a GFP construct; therefore
neither the trauma of injection, injection technique, AAV
vector, or expression of a transgene can be implicated in the
toxicity. The toxicity was seen with both FLAG and non-FLAG
versions of the vector. In mice lacking a normally functioning
Bbs1 gene, overexpression of WT BBS1 was not as toxic,
especially when delivered in lower volumes. The lack of robust
rescue of ERG may have been due to two opposing forces at
work: the therapeutic effect of reconstitution of the BBSome in
one population of cells, allowing for more normal rhodopsin
transport, while cells of a second population were over-
whelmed by an excess of BBS1, resulting in abnormal protein
complexes and damage to the cells.

ERG amplitudes were higher at every time point for the
therapeutically treated eyes when 1-uL volumes of vector were
delivered. The rate of decline of the ERG over time was the
same for AAV-FLAG-BbsI-treated eyes as it was for sham-
treated eyes. This may indicate that although providing WT
BBS1 protein makes living photoreceptors function better, it
does not stop cell death. Alternatively it may halt cell death in a
small population of transduced cells, but not in surrounding
cells, so the mass response detected by the full-field ERG is not
rescued. A similar finding was recently reported in adult
humans in an RPEG5 subretinal gene therapy trial.?® Taken
together, these data suggest that subretinal AAV-Bbs1 reconsti-
tutes the BBSome, improves rhodopsin trafficking, and slightly
improves ERG in Bbs [M390R/M390R mjce,

One of our AAV-BbsI vector constructs carries a FLAG
tag, which has the potential to influence our results.
However, FLAG tags have been used extensively in gene
therapy studies without showing toxicity3?; and if the FLAG
tag were causing the toxicity, we would expect it to occur
in the BbsIM390R/M390R eyes as well as the controls.
Numerous experiments in which a non-FLAG-tagged vector
was used yielded results identical to those with the FLAG
vector. Using smaller volumes of vector also correlated with
better therapeutic effect, but not larger volumes of more
dilute vector. Thus, the overexpression of Bbsl protein itself
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appears to be toxic to the retina. This may be because
excess protein cannot incorporate into the normal protein
complexes and is free in the cell, interacting with other
proteins and hindering their normal function or their normal
trafficking. Excess of one protein component may disrupt
normal BBSome assembly. It is of interest that transgenic
mice with extra copies of the WT rhodopsin gene also show
retinal degeneration.?! Rhodopsin requires transporter com-
plexes with Arf4 and ASAP1 in order to be moved into the
outer segment and has interactions with Rab8 and Rabll,
which interact with the BBSome through Rabin8.3:32

If gene therapy alone improves function but does not stop
death of photoreceptors, it could be combined with an
antiapoptotic therapy such as systemic Tauroursodeoxycholic
acid (TUDCA), which we have previously shown to slow
retinal degeneration in Bbs[M390R/M390R mice 17 1t is also
possible that gene therapy must be delivered at a very young
age to both improve function and slow degeneration. It is
important to note that effective gene therapy for all BBS genes
may not meet with the difficulties observed in this study of
BBS1. Subretinal gene therapy in a mouse model of BBS4
showed promise as reported by Simons et al.?’ In addition,
Chamling et al. recently developed transgenic mice expressing
various levels of BBS4. The transgene was able to rescue BBS
phenotypes, including the retinopathy, in Bbs4 7~ mice despite
the fact that the transgene was expressed at vastly different
levels in different tissues.>>

In conclusion, we report here our experience with
subretinal gene therapy in Bbsl mice. We generated AAV
vectors containing the Bbs1 gene, utilized this virus to treat
Bbs1 mutant mice by subretinal injection, and established
that the virus transduces the outer retina and that Bbsl
protein is expressed. We then characterized the response of
WT and Bbsl mutant mice to AAV transduction using
Western blots, ERG, histology, and OCT. We showed that the
BBSome is restored and the b-wave of the ERG slightly
improved in BbsI mutant mice receiving the therapeutic
Bbs1 vector (compared to sham-injected controls) and that
this improvement is statistically significant in mice receiving
the smallest volume (1 pL) under the retina. We also found
qualitative improvement of rhodopsin mislocalization in
Bbs1 mutant mice receiving the therapeutic vector. Most
of our experiments were performed with both FLAG-tagged
and untagged vectors, and we found no difference in
outcomes. However, since the FLAG tag may conceivably
affect some functions of the protein, it is possible that this
tag had an influence on our data. In summary, we showed
that in WT mice, delivery of the same viral vector load that
is tolerated in a mouse retina lacking normal BBS1 protein
results in degeneration of the photoreceptor cells, indicating
that gene therapy trials in humans will need to carefully
consider the impact of overexpression of BBS1 protein on
retinal health.
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