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Demonsiration of safe and stable reversal of blindness after a single unilateral subretinal injection of a recombinant
adeno-associated virus {AAV) carrying the RPESS gene (AAVZ-hRPEGSVY) prompiad us to determine whether it
was possible to obtain additional benefit through a second administration of the AAV vector to the contralateral
eye. Readministration of vector to the second eye was carried out in three adults with Leber congenital amaurosis
due to mutations in the RPESS gene 1.7 to 3.3 years after they had received their initial subretinal injection of
AAVZ-hRPEGSY2. Results {through 6 months) incduding evaluations of immune response, retinal and visual function
tasting, and functional magnetic resonance imaging indicate that readministration is both safe and efficadious

after previous exposure to AAVZ-hRPEGSVZ.

Leber congenital amaurosis {LCA) is a group of hereditary retinal
dystrophies characterized by profound impairment in retinal and vi-
sual function in infancy and early childhood followed by progressive
deterioration and loss of retinal cells in the first few decades of life
{I-3). LCA i3 usually inberited as an autosomal recessive {rait, and
mutations in 15 different genes have been reported so far (4, 5). One
of the more common forms of LCA, LCA2, is due to mutations in the
RPES5 gene {6, 7). This gene encodes an all-trans-retinyl ester isom-
erase, an enzyme critical to the function of the retinoid cyde (8, 9.
Without RPE65, very little 11-cis-retinal, the vitamin A derivative that
is the chromophore of rod and cone photoreceptor opsins, is made
{8 9. Without 11-cis-retinal, opsins cannot captare light and relay this
into ekc’mcal responses to initiate vision (8, 10). Successful proof-of-
principle studies in LCA2 murine and canine animal models usi i 2
replication-defective adeno-associated viral vector (tAAV) (11-14)
demonstrated that the biochemical blockade of the visual cy Li(. due
to RPE65 deficiency could be overcome through gene augmentation.
Safety and dosing studies in large animals then provided the pre-
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clinical safety and efficacy data that formed the impetus to test this
approach in human dinical trials (15-17}.

We reported safe and stable amelioration in retinal and visual
function in all 12 patients treated in a phase 1/2 study at The Children’s
Hospital of Philadelphia (CHOP) (16, 18-20). Thesc individuals had
been injected subretinally in the eye with worse vision n a dose-escalation
study with doses ranging from 1.5 x 10" to 1.5 x 10" vector genomes
(vg) of the AAV2 vector carrying the RPESS gene (AAV2hRPES5v2)
(76, 18). Each one of the subjects showed improvement in multiple mea-
sures of retinal and visual function in the injected eye. Most of the
subjects showed iraprovement in foll-field Light sensitivity and pupit-
lary light reflex (PLR). About half of the subjects showed significant
mnprovement in visual acuity, and all showed a trend toward improve-
ment in visual fields. Five of the 12 patients {including alt pediatric sub-
jects age 8 to 11 years) developed the ability to navigate a standardized
obstacle course (76, 18). The improvements were observed as early as
I month after treatment and persisted through the latest time point
(now 4 years for the initial subjects} {76, 18, 20}. Functional magnetic
resonance imaging (MR studics carried out in subjects after they had
received the Injection also showed that the visual cortex became re-
sponsive to retinal input after this unilateral gene therapy, even after
prolonged visual deprivation (20). Both the retina and the mauJ cortex
became far more sensitive fo dim light and lower-contrast stimuli.

The success of the unifateral injections begged the question of whether
additional visual function could be further gained 1o the contralateral
eye of these patients. Because the immune consequences of subretinal
readrninistration of rAAV2 were unknown, we carried out contralateral
eye readministration studies in two different large-animal models. Re-
administration resulted in efficacy in both eyes in the affected dogs and
appeared safe in both affected dogs and unaffected nonhuoroan primates
(21). However, there is little precedent for the ability to safely re-
adroinister rAAV in hwrnans and obtain a therapeutic effect. There
was also a concern that immnne responses after readministration would

m: e diminish the benefits that the subjects had obtained in their previously
FPresent injected eye. We therefore proceeded cantiously to test safety and effi-
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cacy of administration to the contralateral eye in three adult subjects

insorg 8 February 2012 Vol 4 Issue 120 120ra1s 3

WIOH PAPBOIUMS(

?};
X
i
Ry,
&
Z
o}
[
o
M
2}
X
=
o
Q
&
3
&
=
BN
o
&3
2
in]



who had already underg gone uni Hlateral subretinal injection in our phase
1/2 dose-escalation s tudy (16, ’83

Through comparison of pre- and postsurgical testing, we demon-
strate that dehvery of AAV2-hRPESSVZ to the contralateral eye is safe
even if years have passed since the initial treatment. Further, before and
after comparisons of psychophysical data gnd fMVIRT results provide ad-
ditional evidence for the effectiveness of gene therapy re dministration
in LCAZ patients and also reveal the n"agn iudc and pattern of im-
proveme ent. Results in two patients u,e,ewzng different doses in each eye
suggest a possible dose-response effect of the gene therapy vector.

Follow-on enroliment and study design
The readministration study was carried out as a “follow-on” (FO)
study to the original phase 1/2 protocol (NCT$1208389). The original
protooo] entailed injection into each subject’s more impaired eye (76, 18).
The Institutional Review Board (IRB) had given approval for fhe contra-
lateral eye administration as long as the first three subjects were adults.
The first three adults enrolied in the PO study were CH12, CHIL, and
NPO1, all of whom have missense mutations in RPE65S {Table 1), and
these individuals self-selected on the basis of availability. The disease
was advanced in each one of these subjects, the degree of which
correlated with their age due to the degenerative nature of LCAZ2. These
individuals had received their initial injection 1.7 to 3.4 years cardier and
were enrolled sequentially (with an 8-week interval between each enroll-
rent). After providing informed consent, the subjects underwent “FO
baseline” immunological and retinal/visual testing before the readmin-
istration. The schedule of tests in the FO study was similar to but not
identical to the schedule in the initial study (table 51). Some tests that
had been used in the initial study were dropped (for example, electro-
retinograms}. Other analyses had been added during the course of the
initial study, and these were nwintained in the FO study including the
full-field light sensitivity threshold (FST) test. Subjects also consented
separately to participate in an fMRI study.

As with the initial injection, the area targeted in the readministra-
tion was selected on the basis of the results of clinical evaluations and
retinal imaging studies indicating that the tissue in that region had

sufficient numbers of viable retinal cells. Although the subjects had
received different doses and volumes of AAV2-hRPE65v2 in their ini-

Tabie 1. Subject enroliment characteristics and injection details.
Subjects are listed in the order that they were envolled in the FO
study. Eye #1, retina that was initially injected; Eye #2, retina that
received the FO injection. All subjects were followed through FOd180.

tial administration, they all received 1.5 « 10t vg in 300 pl for the
readruinistration study in their previously uninjected (second} eye
(Fig. 1A and Table 1). This was the same do:.e/vulmne that 46-year-old
patient CH12 had received initially. The other two subjects (NPOT and
CHI1, 29 and 27 years, respectively) had previously received lower
doses (1.5 x 10™ and 4.8 x 10 vy, respectively) in a volure of 150 i
(Table 1). Post-injection safety, retinal/visual function, and MR imag-
ing studies were carried out serially at presc ibed FO time p(;i'lts through
the Iatest evaluation time point, FO day 180 (FOd180} (table S1).

Safety of subretinal readministration

There were no surgical complications resulting from vector readminis-
tration. Vector was delivered to the superotemporal refina, including
the macular region superior to the fovea, in all three individuals (Table
1, Fig. 1, and Supplementary Methods). Although the regions of the
retina that were targeted in the initially injected eye and the FO eve were
similar, they were not entirely syn‘vm;ﬂcal xcept for patient CHI12.
The central retinag of CH12 was scarred, and thus, the supedor portions
of the macula and retina were targeted. CH11's second eye injection was
stightly superior to the fovea, whereas the first injection encompassed
the foves; NPOL's second eye injection occupied the superior pomor. of
the macula, whereas her first | m-ecmn was superoteriporal to the nxac
ula (16, 18). AAV teadmxmstr;ﬂmn was well tolerated, and there was no
inflammation in either eye of the subjects observed by clinical exam at
any of the post-readministration time points (Fig. 1).

There were no serious adverse events related to vector readminis-
tration in any of the subjects. Adverse events included surface irritation
of the eye between FOd30 and FO60 (CH12), a sprained ankde in week
4 {CH11), and a headache on FOd2Z (NPG1). All were deemed minor.

Sirnifar to previcas resufts (18), blood and tear samples were posi-
tive at low levels for vector D[\A sequences at early post-injection time
points (table 82). Some of the polymerase chain reaction (PCR) results
were nonquantitative. Al samples were negative after FOd3. There was
no dear relationship between leakage of vector into the blood and im-
raune responses (Tables 2 and 3). There were no aibni'"xcam "eiectabie
T cell responses to either vector or transgene product (Table 2). Two
sab}eds in this study had a transient positive emyme tinked immuno-

spot (ELISpot) result at a single tlma, pmﬂ {CH11, week 6, for AAV?2
dnd RPES5S; NP0, week 5, for RPE6S). In bo*h instances, the finding
was isolated and was not confir I‘\]a,d in any other peripheral blood
mononudear cell (PBMC) samples collected subsequently from these

Visual acuity is expressed in LogMAR (log of the minimum angle of res-
olution). Higher values indicate poorer vision (see Supplementary
Methods). Hand motion vision was assigned a conservative LogMAR
of 2.6.

AAY2-hRPEGSY2 dose

Visual acuity

Follow-up
/)
Patient D Agez at . Sex after initial tvglivolume (ul) {pre/post) RPESS mutation
readministeation injection (years)
d 4 Eye #1 Eye #2 Eye #1 Eye #2
CH12 45 F 21 5 % 10'1/300 1.5 x 1077300 2.6/2.16 2.6/20 K303X/W431C
thigh/high) thigh/high)
CH11 27 F 2.3 4.8 x 10'%/150 15 % 10"7/300 0.76/077  0.64/058 V473D 473D
{medium/dow) {high/high)
NPO1 29 F 3.7 1.5 x 10'%/150 1.5 % 107'/300 1.5/16 18316 E102K/ET02K
{low/low) {high/high)
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Fig. 1. (&) Images of fundus photos compare
the baseline ("Pre") and d60 {“Post”) appearance
and the predicted pre- and postreadministration
visual field. There is extensive disease at base-
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tient CH12. Arrowheads indicate the lower border
of the subretinal injection site, which was supra-
‘\\ termpaoral and included the superior aspect of
the macula in all three subjects. The lower border
‘ of the bieb was closer to the superior vascular
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which vision is absent or decreased) that were altered in location at each different FO exam (only baseline scotomas are shown). (B) Full-field sensitivity
threshold testing shows an increase in retinal light sensitivity {y axis shows sensitivity thresholds) in the left eves of NP1 and CH11 by d30 persisting
through the latest time point (d180), but no changs in sensitivity of the previously injected eye for the three patients. There was no change in FST test
results for either eye of patient CH12. (€) Improved PLR in the second aye to receive an injection of AAV2-hRPEG5Sv2. Average pre-readministration PLR
amplitudes of constriction are compared with those of post-readministration amplitudes (FOJ30 to FOd180). PLR amplitudes were measurad after ifiu-
mination with light at 10 lux (CH12) or 04 ux ({CH11 and NPO1). *P = 0.08; **F = 0.009; **P = 001,

subjects. Additionally, higher than normal background [>50 spot-
forming units (SEUs) per 10° PBMCs plated in the assay] may have
influenced the readout of the ELISpot, making the relevance of these
findings unclear. Neutralizing antibody {NAb) responses to AAV2 and
RPE6S protein remained at or close to baseline in the postoperative pe-
riod in each subject {Table 2). The minor variations were most likely
due to the variability of the assay used to measure NAb. By comparison,
NAb after the systemic administration of an AAVZ vector in humans
increased by several logs (). In sumumary, readministration of AAV?2-
hRPE65v2 to the contralateral eye appeared safe based on both clinical
exarnination and mrouoological response.

Readministration and retinal/visual function
Each subject reporied improvements in vision in the secoud (FO} eye
extending over the entire period of observation beginning as early as

FOd14. Testing revealed a trend toward improvement in visual acuity
of the second eye in all three subjects, with the highest level of improve-

v Sl

ment in CHI2. This patient also showed a trend toward improvernent
ins the initially injected eye (Table 1). There was no change in the visual
acuity of the previously injected eye of patients CH11 and NPOL. There
was a trend in iraprovement of the visual field correlating with the area
of retina injected (Fig. 1A), although there was a high degree of intra-
subject and intervisit variability in these subjects with Jow vision and
nystagmus (involuntary, oscillating movements of the eyes). For CHIZ,
the pre- and postvisual fields were limited to a very small central island.
For CH11, the outer border of the FOd90 post-readministration visual
fields was expanded compared to the FO baseline and FOd30 visual
fields. For NPOT, the visual fields showed expansion at FOd45 and
FOd90 compared to baseline (Fig. 1A). There was also a trend regarding
a decrease in the amplitude of nystagmus in the initially injected eye of
all three subjects and in the newly injected eye of CHI1 and NPOI (table
55). Two of the subjects (CH12 and NPO1) showed reduced frequency
of nystagrus, whereas CH11 showed increased frequency of nystagimus
in both eyes after readministration (table S5).
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Table 2. Analysis of anti-AAV2 and anti-RPE65 Nab and responses over
time after initial injection {bold} and after readministration. The exact time
points evaluated differed for the initial and the FO study {table 51). There
were no detectable anti-RPESS Nabs detected after the initial injection (78).
However, these data are not included in Table 2 because the assay was
modified for the FO study measurements. Results are indicated as re-
cigrocal dilutions of serum samples {see Supplementary Methods), Anti-
AAV2 titers after the first injection were previously reported (78} and are

shown here for comparison with the FO titers. The titers remained low
throughout the course of the study, with a minor increase at week 8 for
CH12 (italicized) followed by a return to baseline. High FO baseline NADs
diracted against RPESS protein were detectable in subjects CH12 and
CH11. The positivity may have been due to cross-reaction with another
RPE65-like: protein or that the subject may produce a dysfunctional but im-
munologicaily detectable protein. The positive responses detected early on
decreased slightly over time. NA, samiple not available.

Subject ID A‘;‘;ﬁfj" Bf:i:;;’im FOd7 d28/F0d28 FOA0 90 Fgﬁ;'g d365

CH12 AAV?2 Meat-1:3.16/1:1 11 Neat-1:3.16/1:1 1:3.16-1:10 Neat-1:3.16 1:1 MNeat-1:2.16
RPESS 1000 10060 1000 1000 100

CH11 AAV2 1:3.16-1:10/1:3.16-1:10 11 1:3.16-1:10/1:3.16-1:10 1:3.16-1:10 1:3.16-1:10 1:1 1:3.16-1:10
RPESS 1000 10060 100 100 100

NPQO1 AAV?2 <1:3.,16/1:3.16-1:10 11 <1:3.16/11 11 <1:3.16 1.1-1:3.16 1:3.16-1:10
RPESS 100 <100 <100 <100 NA

Table 3. Analysis of T celi responses parformed by {FiN+y ELISpot after ini-
tial injection (wold) and after readrministration. The time points for study are
described in table S1. Most of the samples tested for T cell responses to the
AAV capsid or the RPESS transgene product were negative throughout the
initial {78} and FO studies. A few samples tested positive in the assay (for
example, CH12, FO week 6); however, these samples were negative the
following week, suggesting either that the positive readings were false pos-

itives or that there was weak or transient T cell activation. Thus, there were
no cell-mediated T cell responses detectable in peripheral bload, a result in
agreement with the lack of local inflammation. Pos, positive (>50 SFis per
milfion cells plated} and at least threefoid the medium-only control: Neg,
negative (<50 SFUs per million cells plated) or less than threefold the
medium-only control; Bkg, high background/not interpretable {(medium
control >100 SFUs per million celis plated).

FO Week 2/FO FG

Week 4/F0 FO FO FO FO

Subject  Antigen  d0/FOd0 week 1 week 2 week 3 week 4 week 5 week & week 7 week 8 d90/F 0490
CH12 ARV Meg/Neg Neg Neg/Neg Neg Meg/Neg Neg Neg Neg Neg Meg*/Neg
RPEG5 Meg/Neg Neg Neg/Neg Neg Meg/Neg Neg Neg Neg Neg Meg*/Neg
CHI ARV Meg/Bkg  Bkg Neg/Bkg Bkg Meg' /Bkg Beg Fos' Neg Neg Meg/Neg
RPE65 Meg/Bkg  Bkg Neg/Bkg Bkg Meg' /Bkg Beg Fos' Neg Neg Meg/Neg
NPO1 ARV Meg/Neg Neg Neg/Bkg Neg Meg/Bkg Neg Neg Bkg Neg Neg/Bkg
RPESS Meg/Neg Neg Neg/Bkg Neg Meg/Bkg Fos' Neg Bkg Neg Neg/Bkg

*Poor viability of celis. +Pesitive result fikely due to high background reactivity.

The most significant improvernents pertained to light sensitivity.
Full-field light sensitivity, a subjective test of light perception, revealed
sustained improvement in both white and chromatic (blue) light sen-
sitivity in two of the three subjects (CH11 and NPO1; Fig. 1B). One of
these subjects (NPO1) also showed increased sensitivity to red stiruli.
The initially injected eyes retained their baseline white and blue light
sensitivity with the exception of CH11, in whose initially injected eye
there was diminished blue (but not white) light sensitivity after in-
jection. The significance of this isolated finding is unknown. Similady,
there were fluctuations in sensitivity in the initially injected eves of

CHIT and NPOL between baseline and FO430, but levels eventually
returned to baseline.

Increases in Hght sensitivity for the newly injected eves were also
detected with pupillometry. The PLR test provides objective data refat-
ing to retinal function and the integrity of a major component of the
refinal/central nervous system circuitry. We previously demonsirated
that after unilateral injection of AAV2-hRPE65v2, the injected eye

www SeienceTransiationaiMadicing.ol

showed an iraproved PLR, whereas the noninjected eye remained de-
fective (16, 18, 19). Here, we show that there is an increased amplitude
of constriction after readministration in each of the three FO eyes (Fig.
1C). There were minimal changes in the amplitade of constriction of
the initially injected eye after readministration at this same level of
Huminance. Using pupillometry, we also show that 1o all three sub-
jecis after readministration, the second eye gains responses (fig. S1).
Farther, in at least two of the subjects, CH12 and CHI1, the initially
injected eye retains its FLRs at the previous threshold sensitivity. The
net result was that with threshold or subthreshold tlumination, the
PLR waveform changed from one suggesting a refative afferent pupillary
defect (rAPD; where the initially injected eye had a robust response,
whereas the uninjected eye did not) to one that was more symmetrical
for the left and right eyes (fig. 51). Although amelioration of the rAPD
was apparent as early as FOd14, it can take months for patterns to
stabilize and for symmetry to develop between the left and the right
eyes. Additional follow-up testing will be necessary in these and other
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subjects to determine the long-term effects of the intervention on the
pupillary responses of both eyes.

The ability of the subjects to accurately navigate a standardized
course was also evaluated {16, 18). At and before the FO baseline,
none of the subjects had been able to successiully negotiate an obstacle
comrse using eit het eye. After readmiaistration, both NPO1 aad CHIL
avoided coffisions with ob;ects using their left, FO-injected eyes even
in dim (10 hex) light for CH11 (P = 0.002 and 0.015, respectively;
movies 51 to 84) and down to 5 tux for NPO1 (P = 0.005). Improve-
ments in navigation were noted within 1 month after injection and
peusisted throughout the course of the study. There were no improve-
ments in navigation using the initially injected eye.

Readministration and cortical responses

IMRI analyses were performed with the general linear model and the
contrast of active blocks (checkerboard stimuli) minus the rest blocks
{(black screen) (fig. S2) using the BrainVoyager QX software (22). To
account for variability in the disease stage arong subjects, we analyzed
MRI individually for each participant (20} (and not grouped as in most
fMRT analyses). A single-subject dnajy@s approach was especially suit-
able based on the fact that the three subjects differed by age and disease
progression and thus differed in the area of the retina in which there was
evidence of sufficient (albeit unhealthy) retinal cells. This approach also
nuakes the correlation of fMRI results and dinical outcomes possible for
each individual. All analyses were carried out to obtain significant resulis
at high statistical thresholds that were corrected for false detection of any
activation due to multiple-cornparison type T errars (23); the thresholds
were lowered if no activation was detected. At a lower statistical thresh-
old, there was frontal activation responsible for eye movement {frontal
eye fields), anterior cingulate (decision-making for button press), and
premotor and sensory motor cortex {for button press).

fMRI resuits for newly treated eyes

ARI after gene therapy readministration showed significant cortical
activation in and aronnd the visual cortex for all three LCA2 subjects
for fuli-field contrast-reversing (8 Hz) checkerboard stimuli at high
and roedivrn contrasts {Figs. 2 to 4). Presentation of the sare stimual
at baseline, before readministration, did not result in significant cor-
tical activation for either the high- or the medium-contrast stimulus.
The results for each subject are as follows.

CH12’s untreated eye before readminisiration was unresponsive to
the high- and medium-contrast stimuli (Fig. 2, A and B) even at liberal
statistical threshold levels. Significant bilateral cortical responses to the
high—conéxast stimulus were observed: false discovery rate (fdr) was
<5% with a corrected P vaiu\ (P} of <0.002 and continuously connected
area {cca} of = IGU mny’; no response to medium contrast was recorded
at BOd30 (Fig. 2, C and D, respectively). Even though her FO baseline
and postireatment visual fields were Hmited to a very small central area
{Fig. 1), CH12's cortical responses to the high-conirast stimulus mark-
edly increased at FOd90 (Fig. 2, E and B}, espec;aﬂv for the high-contrast
:;[mmlm (fdr < 5%, P, < 0.005, cca = 1000 mny?). The me\,mﬁ'—fommst
stirnulus showed unilateral but significant {fdr < 5%, P, < 0.0002, cca =
25 mm®) cortical activation.

CH11 showed no cortical activation, regardless of visual stimulus
presented to her unireated (feft) eye at FO baseline (Fig. 3, A and B).
However, widespread bilateral activation was observed for the fMRI
obtained on FOA30 in response to the high- and medhum-contrast stimu-
1i {(fdr < 5%, P. < 0.003, cca > 1000 mm°) (Fig. 3, C and D), and the areas

v Sl

Fig. 2.

Subject CH12 fMRI result:
Subject CH12 showed no cortical activatien at basel

baseling, FOJ30, and FOd20. (& and B)
fine for high- and rnedium-
contrast stimull, (€ and D) At FOdRA, significant bilateral contical activations
weve observed in response to the high-contrast stimulus (C), whereas no
response was recorded for the medium-contrast stimulus (D). (€ and F) At
FOd90, CH12's cortical responses to the same stimuli markedly increased
aspecially for the high-contrast stimulus. Smaller clusters of activations are
observed in response to medium-~contrast stimulus at FOd90 {F).

of activation iocreased by FOd90 (Fig. 3, E and F). At FOd90 (Fig. 3E),
there was greater bilateral cortical qctivaﬁor' for the high-contrast stim-
uhus (fdr < 5%, P, < 0.003, cca 2 1000 mm®). Marked activation was also
present in response to the 1 e(‘-mm-«,omraﬁ stimudus (fdr < 5%, P. <
0.003, cca > 1000 mmy’) (Fig. 3F). As depicted in Fig. 3, CHIUs FO
visual aclivations were symmetrically distributed in both hemispheres
as well as in the upper and fower banks of the calcarine fissure, compa-
rable {0 a pattern predicted from her visual field distribution and the
focation of the subtetmai imjection (Fig. 1), given that the cells in the
injected region were viable.

Si :miar to CH1T and CH12, NP0 did not preseat with any activa-
tion in response to the high- or medium-contrast stimuli for her un-
treated eye at PO baseline {Fig. 4, A and B}. At POd45, there was 2
respouse fo the high-contrast stimulus (Fig. 4C; fdr < 5%, P, < 0.001,
cca = 50 mm?), but not to the medium-contrast stirmulus { {Fig. 413). The
clusters of activation were biflaterally distributed and mam‘iv located in
the lateral and basal areas of the visual cortex, generally reflective of a
paitern predicted by the FO visual fields (Fig. 1). At FOd90, NPOL
showed increased bilateral activation in response to both the high-
contrast (fdr < 5%, P, < (0.0003, cca = 100 mmz‘; and the medium-
contrast (fdr < 5%, P. < 0.001, cca = 25 mm”) stimmuli as depicted in
Fig. 4, E and F, respectively.

Qualitative IMRI teraporal changes for the FO studies of all three
subjects are summarized in table S3. Results show that cortical re-
sponses increased in all subjects from baseline to FOd3¢ and coatinued
to FOA90, Quantification of the MR results (areas of activation, mm?)
for each hemisphere and total visual cortex for the FO studies are
presented in table $4. Results show that the areas of visual cortex ac-
tivation after visual stimulation increased in all three subjects through
FOAO0 (P < 0.0001, table 54). Steady lncreases in fotal cortical activa-
tion areas through FOJ90 for all three subjects agreed with the increased
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High conttrast

Medium contrast

Fig. 3. Subject CH11 fMRI results at baseline, FOd30, and FOJZ0. (A and
8) Subject CH11 showed no baseline cortical activation to the high- or
medium-contrast checkerboard stimull. (€ and B) Highly significant and
widespread hilateral activation at FOd30 in response to both high- and
medium-contrast stimull, respectively. (E and F) A more marked increase
in cortical activation was present at FOd90 for high-contrast {E) and medium-
contrast (F) stimuli.

Light sensitivity measored with PLR testing and, for two of the sub-
jects, with FST testing, in the same time frame (fig. 51 and Fig. 1C). This
may reflect increasing expression of the RPESS ransgene over this time
period. The largest refative gains were observed in CHI2 and NPO1, the
oldest of the three subjects. All subjects presented with greater bilateral
activation at FOd90. This is not surprising because the subretinal in-
jections spanned the midline of the posterior pole of the eye and thus
should affect both hernispheres. There was good correlation between
the fMRI findings and the results of retinal and visual function testing.
In particalar, the incrernental increase in total cortical activation areas
through FOd90 correlated with average postsurgical pupdl constriction
amplitudes (P < 0.049).

In summary, results from fMRI showed an increase in cortical ac-
tivation after readministration of gene therapy, and the pattern of vi-
sual cortex activation roughly correlated with the location of injection
and visual field distribution. Temporal increases in cortical activation
also generally correlated in time and magnitude with those that were
measured using psychophysical testing.

MBI resuits for previously treated eve

In addition to the newly treated eye, {MRI was also performed on the
eye that had been initially injected at least 1.7 years earlier (see Table 1).
This experiment was carried out to evaluate the functionality of the
contralateral eye and to evaluate any potential toxicity associated with
readministration of gene therapy. IMRI for the contralateral eye was
carried out at FO baseline and FOA%0.

As shown in Fig. 5, IMRI results at FO baseline for CHI12 showed
bilateral activation, distributed more extensively in the lateral aspects
of the visual cortex, in response to high-contrast stirnuli (fdr < 5%, P, <
001, cca > 25 mm®) and at an uncorrected statistical level (P < 001,
cca > 25 mm”) for medium-contrast stimuli. CH11 showed bilateral

v Sl

Hagaling

High sontrast

Madivm cadrast

Fig. 4. Subject NPO1 MR results at baseline, FOd45, and FOd90. (A and
8) Subject NPO1 showed no visual activation at baseline. {C and D) At
FOAd45, although significant cortical responses for the high-contrast stim-
ulus were recorded {C), no response was chserved for the medium-contrast
stimulus (D). (€ and F) At FOd90, NPO1 showed significant activation for
high-contrast (£) and medium-contrast {F) stimuli. Areas of activation at
FOAB0 were distributed in closer proximity to the primary visual cortex
compared to FOd45 TMRI results [compare () and ().

activation for high-contrast stimuli (fde < 5%, P, < 001, cca > 100 ram’)

and no activation for medium-contrast stimuli. The fMRI results for
NPO1 were observed at an uncorrected fdr statistical level for high-
contrast st (P < 001, cea > 25 mis), with to activation detected
for medinm-contrast stimuli.

The fMRI results for the initially injected eyes at FOd0 are presented
in Fig. 6. All three subjects demonstrated bilateral activation in re-
sponse to the high- and mediom-contrast stirvuli in and arcund the
isual cortex. The MR results for CH12 demonstrated bilateral acti-
vation in response to high-contrast (fdr < 5%, P, < (.003, cca > 160 mm’)
and medinm-contrast (fdr < 5%, P, < 0604, cca > 100 myn?) stimuli
CHI11 also showed widespread activation for high-contrast (fdr < 5%,
P, < 0004, cca > 100 mm®) and ruedinm-contrast (fdr < 5%, P, < 0.003,
cea > 100 mm®) stinuli. NPOI showed activation at significant but fdr
uncorrected statistical levels for high-contrast (P < 0.008, cca > 25 mm®)
and medinm-contrast (P < 0.008, cca > 25 mm?) stimuli. NPO1 presented
with lower cortical activation compared to CHI2 and CHIL

Overall, the subjects demonstrated roore extensive cortical activation
for their initially treated eye after readministration of gene therapy to
the second eye. Thus, the first injected eye retains and even shows ame-
Horated visual cortex activity after readministration. These results dem-
onstrate that not only did each of the subjects retain retinal and visual
function after injection of the first eye, but may have possibly gained
retinal and visnal function in both eyes.

Here, three adults who had each previously received a single, uni-

lateral, subretinal injection of AAVZ-hRPESSY2 underwent a repeat
subretinal administration in their contralateral (previously uninjected)
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Medium cardrast

Fig. 5. fMRI results for initially injected eyes in response to high- and
medium-~contrast stimuli at FO basefing, before injection of the contralateral
ayes. (& and B) CH1 2’5 iMRI results for the high- and medium-contrast stimuli
showed hilateral activation. (€ and D) CH11 showed activation to the high-
contrast stimuli {C) but did not respond to medium-contrast stimuli (0.
{E and F) Similar to CH11, NPO1 responded to the high-contrast but not
to the medium-contrast stimulus. The fower cortical activation for NPOT may
be due to the fact that subject received the lowast dose of AAVZ-hRPESSV2
for her initial subretinal injection and that subject is a chronic smoker
{smoking is known to abate cortical blood flow and thus the fMRI signal).

eye. After injection, each of these “second” eyes became far more
sensitive to dim light as shown by full-field sensitivity testing, pupil-
lometry, and fMRI even though they had been severely impaired for
more than 2.5 decades (and more than 4.5 decades in one individual).
Two of these individuals also developed greatly improved navigational
abilities using the newly injected eve. The results may reflect an age
effect whereby the individuals who were younger {and thus whose
retinas had not undergone as much degeneration) showed larger gains
than the older individual. The gains were stable through at least the
FOd180 time point, and the treatment appeared safe in all subjects. Ef-
ficacy was due to AAV-mediated delivery of wild-type RPEGS into the
retinal pigment epithelinm (RPE) and subsequent restoration of the ret-
inoid cycdle.

The improvements in retinal and cortical responses after subretinal
delivery of AAV2-hRPE65v2 are not instantaneous because the trans-
gene delivered by the single-stranded AAV2 vector must becorne double-
stranded to be competent for transcription. Similar to earlier results in
large animals and also to resalts after injection of the first eve in hu-
mans, there is a gradual ramp-up period that plateaus between 1.5 and
3 months after subretinal delivery (14, I6, 18, 24). Similar ternporal
gains in subjective and objective roeasares of retinal and viswal fune-
tion and in the activation of the visual cortex are found over this same
fime {rame after readministration in humans. Here, we have also eval-
uated the spatial pattern of activation of the visual cortex after read-
ministration and have found that the activation patterns mirror the
improvements identified through subjective and objective clinical test-
ing of retinal and visual function. Until now, no one has measured the
temiporal-spatial patterns of improvernent in retinal and visual fonc-
tion after gene therapy using fMRL

]

v Sl

LHIZ2 CHi

High contrast

Fig. 6. MRl results for initially injected eyes 90 days after readministra-
tion of the contralateral eyes. (A and B} CH12’s fMRI resuits to high- and
medium-contrast stimull demonstrated significant bilateral cortical activa-
tion. (€ and D) CTH11 also showed widespread activation for high- and
medium-contrast stimull. (€ and F) Although NPO1 also showed activa-
tion in response to the high- and mediurm-contrast stimuli, they were at
an uncorected statistical threshold. Lower activation in NPOT may be
due to a lower dose of AAVZ-hRPEGSYZ for the initial subretinal injection
and the fact that this subject is a chronic smoker.

Given the gains in retinal and visual function that these and nine
other individuals have enjoyed since injection of their first eye, one
may have predicted the same level and time course of improvement
after injection of the second eye. However, there are several variables
that might have interfered with successful additional transduction
events. These ndividuals were exposed, during the first injection, to an-
tigens on the AAV capsid as well as RPE65 protein encoded by the
AAV cargo. The concern with readministration was that previous ex-
posure could “vaccinate” the individual and result in an inflammatory
response upon repeat exposure. Although harmful immune responses
were not observed in affected dogs and unaffected nonbuman pri-
mates in predinical readministration studies (21), efficacy after re-
administration of AAV in humans has oaly been descibed 1o one
study (25). This was a study where AAV was used to produce an im-
mune response to vaccinate against HIV (25). A modest number of the

HIV patients indeed developed (the desired) immune responses after
injection and readministration. Our study in LCA2 subjects describes

response that was not accompanied by a significant (and potentially
damaging) immune response. In addition, test results showed that the
gains in retinal and visual function that had resulted from the initial
injection: were maintained after the second eye was injected.

Most of the results of the preclinical studies were predictive of re-
sults of the human readministration studies. However, there was one

result that we had not observed in earlier studies. This was that one of

the subjects showed improved light sensitivity responses to red stimuli
in the second eve after readministration. Red stimuli selectively stim-
ulate cone photoreceptors. This vesult suggests that the chromophore
generated with the help of RPESS can activate cone photoreceptors.
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Previously, we had only observed improvements in rod photoreceptor
responses {which were also stimulated by blue light) (16, 18). In general,
there is a strong bias toward improverent in the short-wavelength
{bhue) spectrum, demonstrating greatest improvernent in rod photorecep-
tors. This is analogous to the “Purkinje phenomenon,” which occurs
during dark adaptation wherein the peak sensitivity of the refioa shifts
from the red (cone) to the blue {rod) photoreceptor population (26}.

There were also some unexpected findings. The first relates to fMRI
resuits in the initially injected eye. A concern before the study was that
immuane responses to readministration would dampen the gains in
retinal and visual function of the initially injected eye. Surprisingly, the
function of the initially injected eye was improved after readministra-
tion. Psychophysical testing did not reveal any change in function of
the first injected eve. The improverent in cortical fmction may reflect
plasticity of the neuronal connections in the brain. An increase in cor-
tical activation at FOd90 for the initially injected eve may also be due
to reduced nystagmus in the newly injected eye (improved eye move-
rent synchrony) and a better ability to fixate the gare dudng IMRL
Further study is necessary to unravel the role of nystagmus in the
improvernent of visual function. However, in support of this hypothesis,
afl three subjects showed a reduced amplitude of nystagmus in the eye
receiving readministration after injection.

A second unexpected finding pertained to dose effects. In our studies
of effects of unilateral “first eye” tnjection in subjects with LCAZ, a dose
response was not identified. Here, an interocular comparison of dif-
ferent doses was carried out because two of the subjects had previcusly
received a lower dose than was administered in the readministration
{Table 1). The responses in the second eye were significantly greater
than those in the first injected eye in the two subjects who had previously
received lower doses. This strongly argues for a dose/volume response.
Such a response is difficalt to elicit between subjects with different mu-
tations, stages of disease, amblyopia (a condition wherein visual input is
not recognized by the brain due to interference with retinal-cortical
communication during development), and other complicating varia-
bles. Increases in both the dose and the vohume Bkely contributed to
the extent of improvement in the readministered eye of these two indi-
viduals. A third set of unexpected findings were variations in the time-
line for improvement. As in our previous studies using psychophysical
measures, IMRI showed improvements in cortical activation by the first
maenth after injection, and there was a general ramp-up of raprove-
ment through FOd90. In CHI11, the area of cortical activation was more
extensive at d30 compared to the level of activation i the other two
subjects. Another timeline anomaly was that there appeared to be im-
provement in light sensitivity in the previously injected eve at the
F(d30 time point as shown through FST testing in two of the subjects
{Fig. 1). This finding, which may have been a nonspecific effect of
corticosteroids taken during the perioperative period, was transient,
however, and the levels of light sensitivity returned to their FO base-
line levels thereafter.

Finally, an unexpected finding that is more difficult to explain is
the dichotomy between fMRI and the psychophysical results for

CH12. With CH12, the BMRI responses were larger than would have
been predicted on the basis of her improvements in visual acuity and
light sensitivity {as jundged by the PLR test). CH12 reported (through
button press) seeing the stimuli during the period when responses
were detected, and so, these responses were not an artifact. We can
only speculate at this point why the fMRI responses in this subject ap-
pear to be more sensitive than the other outcome measures, at least

v Sl

with this individual. Cortical activation in this individual may reflect
additional aspects of vision (such as motion detection or depth per-
ception) that would not be recognized in the other test results, or these
responses may reflect a heightened level of attention. Alternatively, in
this individual who had received the sarne dose in each eve and had
also received those doses in a symmetrical fashion, there may have
been a binocular summation, where the previously treated eye
becomes a better driver of the visnal cortex when it i3 better correlated
with signals from the other eye.

In sammary, this study provides the first demonstration of im-
proved retinal and visual function after gene therapy readministration
in a genetic disease and also the first demonstration of efficacy after
readministration to the contralateral eye. Two of the three subjects can
now navigate in dim light, arguably a dinically meaningful result. The
MRI data also provide the first evaluation of cortical responses to vi-
sual stimuli before and after gene therapy and is the first deruonstra-
tion of the temporal-spatial changes in retinal and cortical activation in
huornans, as reflected by response of the visual cortex The strong safety
profile in this readministration study is likely to be due, at least in part,

to the immune-privileged nature of the target tissue, the low dose of

vector used, and the use of a vector preparation from which empty cap-
sidd had been removed, resulting in a lower antigen load. Although fon-
ger periods of follow-up and evaluation in these and additional subjects
will be required to determine with certainty that readministration is safe
it humans, the current data confirm the results of prechinical laboratory
studies (21, which demonstrated that subretinal administration to the
contralateral eve in animals previously exposed to intraccular AAVZ-
hRPES5V2 is both safe and efficacious. The curent data provide evi-
dence for the safety of vector readministration in humans of up to 1.5 x
10" vg buat cannot be extrapolated to higher doses or to vector with
higher antigen load.

Surgery and retinal/visual function testing

All recombinant DNA and human studies were carried out in com-
pliance with local and federal guidelines. The transgene cassetfe in the
AAV2-hRPE65v2 vector carries a chicken f-actin promoter driving
expression of the hurnan RPEES complementary DNA with an opti-
mized Kozak sequence (14}. The vector was manufactured by The
Center for Cellular and Molecular Therapeutics at CHOP with current
good manufacturing practices {16, 18). Surgery was performed as pre-
viously described (16, 18) with a standard three-port pars plana vitrec-
tomy with removal of the posterior cortical vitreous (Supplernentary
Methods).

As per request by the IRB, the first three subjects were adults and
the selection/order of these subjects was based on their availability.
Subjects were evaluated before and at designated time points after sur-
gery as was described (76, 18, 19). Efficacy for each subject was mon-
itored with objective and subjective measures of vision (16, 18, 19).
Statistical significance of raobility test results was evaluated with Fisher's
exact test. P values of <0.05 were considered significant.

MAb assay and anti-AAV2 antibedy ELISA

Anti-AAV NAD titer, anti-RPE65 antibody titer, and interferon-y (IFN-y)
ELISpot assay results were deterrained as previously described (Sup-
plementary Methods) (15, 18).
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Materials and Methods
Resuits

Discussion

5 done at baseline before injection of the

Tsbie ST, Summary of the visual tes

2ye, baseline

before injection of the second eye {foliow-on (FO), baseline], as well as after treatment of the

t and than the second eye.
Tabie S2.
after injection in the first eye with those after readministration to the
Table §3. Qualitative Lempcral changes in fivRl
Tsbie $4. Quantification of fMRL

Table ystagmus parameters over time.
Fig. ST. Pupitiary light reflex (PLR) testing shows an improved left eve response after rea

Biodistribution data for subjects CH12 (A}, CH11 (B}, and NPO1 (O comparing resuits
onrralarera: eye.
activation.

stration
in ail three subjects.

Fig. S2. fMRI stimuii and design.

Movie S1. NPCT, follow-on baseline.

Movie S2. NPG1, post-readministration.

Movie 53, CHTT, follow-on basel

Movie S4. CH11, post-readministration.
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AAV2 Gene Therapy Readministration in Three Adults with Congenital Blindness

Jean Bennett, Manzar Ashtani, Jennifer Weliman, Kathleen A, Marshall, Laura L. Oyckowski, Daniel C. Chung, Sarah
McCague, Eric A. Plerce, Yifeng Chen, Jeannetie L. Bennicelli, Xiacsong Zhu, Gui-shuang Ysr‘.g, Junwei Sun, J. Fraser
Wiright, Alberio Auricchio, Francesca Simonelli, Kenneth S. Shindler, Federico Mingozzi, Katherine A, High and Albert
M. Maguire

Sci Transi Med &, 120ra15120ral5.
DCE 10,11 26/scilranshmed 3002885

Shining a Light with Gene Therapy

Gene therapy has great potential for treating cerlain diseases by providing therapeutic genes to target celis.
Administration of a gene therapy veclor canying the RPESS gene in 12 patients with congenilad blindness due to
RPESH mutations led to improvements in retinal and visual function and provedtobe a safe and stable procedure.
in a foliow-up study, the same group of researchers led by Jean Bennett set out to discover whether it would be
possibie to safely administer the veotor and the therapeutic transgene to the contraiateral eye of the patients. A big
concem was whether the first gene therapy injection might have primed the patients’ immune system {o respond fo
the adeno-assodiated virus {AAV) veclor or the product of the therapeutic transgene that i had delivered.

To tesi the safety and efficacy of a second adminisiration of gene therapy o the second eye, the authors
demonstrated that readministration was both safe and effective in animal models. Then, they selected 3 of the
original 12 patients and readministered the AAV vector and ifs RPESS transgene to the contralateral eye. They
assessed safety by evaluating inflammatory responses, immune reactions, and exiraocular exposure o the AAV
vector. Efficacy was assessed through gualitative and guantitative measures of retinal and visual function including
the ability to read letters, the extent of side vision, light sensitivity, the pupiliary fight reflex, the ability to navigate in
dim fight, and evidence from neurcimaging studies of cortical activation {(which demonstrated that signals from the
retina were recognized by the brain). The researchers did not discover any safety concerns and did not identify
harmful immune responses to the vecter or the transgene product. Before and after comparisons of
psychophysical dala and cortical responses provided the authors with evidence that gene therapy readministration
was effective and mediated improvements in retinal and visual function in the three patients. The researchers
report that the {ack of immune response and the robust safety profile in this readministration gene therapy siudy
may be due in part {o the inmune-privileged nature of the eye, and the low dose and very pure preparation of the
AAV vecior
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Dosage Thresholds for AAV2 and AAVS Photoreceptor

Gene Therapy in Monkey

Luk H. Yandenberghse,'* Peter Bell,' Albart M. Mgguire,m Cassia N. Cear_iey,"'s Ru Xiao,’
Roberto Calcedo,’ Lili Wang,” Michael J. Castle,*” Alexandra €. Maguire,”"
Rebecca Grant,' John H. Wolfe,*” James M. Wilson,' Jean Bennett?3?

Published 22 fune 2011; revised 7 December 2011

Gene therapy is emerging as a therapeutic modality for treating disorders of the retina. Photoreceptor cells are the
primary cell type affected in many inherited diseases of retinal degeneration. Successfully treating these diseases
with gene therapy requires the identification of effident and safe targeting vectors that can transduce photo-
recepior cefls. One serotype of adeno-associated virus, AAV2, has been used successfully in dinical trials 1o treat
a form of congenital blindness that requires transduction of the supporting cells of the reting in the retinal pigment
epithelium (RPE). Here, we determined the dose required to achieve targeting of AAV2 and AAVS vectors to photo-
receptors in nonhuman primates. Transgene expression in animals injected subretinally with various doses of AAY2
or AAVS vectors canrying a green fluorescent protein transgene was correlated with surgical, dinical, and immuno-
iogical observations. Both AAV2 and AAVS demonstrated effidient transduction of RPE, but AAVS was markedly
better at targeting photoreceptor cells. These predinical results provide guidance for optimal vector and dose se-
lection in future human gene therapy trials o treat retinal diseases caused by loss of photoreceptors.

There is an unmet dinical need for approaches to treat both inherited
monogenetic and complex retinal degenerative disorders in which the dis-
ease originates in photoreceptor cells of the retina. The eye is an attractive
target organ for gene therapy because of its accessibility, small size, com-
partmentalized stracture, well-defined blood-retina barrier, and its
characteristic of being an imymumne-privileged site. Because of these features,
a gene delivery agent can be administered in low doses and has fimited
systemic distibution. In recent successful Phase T and 1T clinical trials
for a childhood-onset blindness called Leber congenital amaurosis,
a recombinani adeno-associated virus sevotype 2 (AAV2) targeting vector
was used to deliver a therapeutic transgene to cells of the retinal pigment
epithelinrn (RPE). In this form of Leber congenital amanrosis, muta-
tions in the RPEGS gene result in lack of production of a key enzyme
in the vitarnin A cycle, the side effects of which include the inability of
rod photorecepiors to initiate the process leadiog to vision as well as
toxicity to the RFE cells secondary to buildup of retiny esters. EPE cell
atrophy leads to secondary toxicity fo photoreceptor cells, which are lo-
cated above the RPE layer (1-3). Gene therapy could also be applied to
diseases of retinal degeneration that are due to primary loss of photo-
receptor cefls such as most forms of refinitis pigmentosa (RP), a heteroge-
rieous group of diseases with a wide spectram of genotypes and phenotypes
that affect up to 100,000 people in the United States. RP incdludes dis-
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ease subsets such as congenital blindness (Leber congenital amaurosis),
syndromes in which RP is & component (Usher syndrome, RP and deaf-
ness; Bardet-Bied! syndrome, polydactyly, mental retardation, and RP),
and ivherited racular degeneration (Stargardt disease} (4, 5). The feasi-
bility of therapeutic gene delivery to treat these discases will depend on
the nature and degree of degeneration of the diseased retina as well as the
capabilities and properties of the gene delivery vector. Tropism for the
therapeutic target, appropriate amounts of transgene product, and restric-
tion of therapeutic gene expression fo the refevant cell types are factors
that affect the safety and efficacy profife of any gene delivery tool (5).
The first AAV serotype considered as a vehidle for gene transfer was
AAV2, which was developed from a cdloned wild-type virus in the 1980s
(6). One of the eardy applications of AAVZ was in seftings of in vivo
gene transfer in the eye. In the retina, outer retinal cells {photoreceptors
and RPE cells) were transduced most efficiently after a subretinal route
of injection (7-9}, whereas inner retinal cells were transduced after
injection into the vitreous humor {10, 11). These encouraging findings
led to the exploration of other AAV serotypes for in vive gene transfer
(1Z). Many AAV serotypes have been described, and studies in the
retina have demonstrated that tropism, onset of transgene expression,
and specificity of transduction can vary according to serotype and host
species {13-15). Here, we compare AAV2 and AAVS across a wide
dose range in the cynomolgas macaque, an animal that, like lnans,
has a macula. This large-aninmal model also allowed the use of surgical
maneuvers that are similar to those used in hurnans. Parther, most
large-animal studies describe the effects of exposure to doses higher
than 1.5 x 10" genome copies per eye, which o date is the maximum
subretinal dose used in any of the AAV2 relinal gene therapy clinical
trials {16). Stadies in large animals with various AAV serotypes dem-
onstrate consistent targeting of the RPE and, for most serotypes except
AAVY, transduction of rod photoreceptor cells. Beltran er al. have
highlighted the importance of the relationship of dose, gene transfer
efficiency, and celfular specificity (17), which is not known for many
AAV serotypes (18-21). There are conflicting reports on the ability of
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Table 1. Experimental design and surgical and ophthalmoscopic findings.
GFP expression intensities graded ophthaimoscopically correlate with
AAVZ and AAVB dose. Injection of AAVE resuits in greater GFP expression
than injection of AAVZ2 dose per dose. Gray shaded areas indicate exclusion
from quantitative postmortem analysis because of injection anomalies or
complications, including leakage into the vitreous humor {cf. notes). Per-
cent of subretinal (SR} and intravitreal (V) spaces reflect estimates of vector

deposits in these areas. GFP expression scores range from 0 (no visible expres-
sion} to 4 {broad, intense staining). They reflect a subjective composite of both
intensity and area of transduction as observed by indirect ophthalmoscopy.
F, foveal; V, 135 volume injected instead of 150 pl; B, blood (intraretinal or
subretinall; 1D, animal identification number; IR, intraretinal; |, injector defect
required a second successful retinal application; GFP, green flucrescent pro-
tein; GG, genome copies.

Right Left
GFP score GFP score
Animal Weight Duration  Dose SR IV 1 % 4 Dose SR iV 3 % 4
D kgl Sex ({days) {I10°GC} (%} (%) Motes week month months {10°GC) (9%} (%) Notes week meonth months

BAAYE 18216 5.60 ) 155 10 100 0 f 0 4 4 8 100 ¢ ¢ ¥] 1
18173 2.80 Q 153 15 88 g 35 3 00 0 V] 3

18204 5.60 3 153 100 F 2 4 3 00 0 0.5 2

18234 4.35 &) 155 G D Y g 35 4 00 0 B (iR} 05 0

18238 3.50 &) 155 €4 1 4 4 100 0 ] 0

18217 4.85 &) 162 11 106 0 g 4F 4F ] 87 13 2 2

18155 3.50 9 160 8720013 0.5 4 & 100 O ] 2 3

1818C 3.25 9 160 4G 1500 THHSRY & 4 4F 100 O ] 2 2

18199 5.80 3 162 106G 10 i 0.5 45 4k 100 0 0 2 4

18208 5.20 g 162 W06 0 B (SR ¢ 4F 4F 100 0 0 2 2

AAVZ 18144 4.50 2 139 1 106 0 ¢ 4 4F 10 100 0 0 3 0
18168 2.80 ¢ 139 100 ¢ ] 3 4 100 O 9] 2 4

18226 575 8 140 100 ¢ B(SREF o 3F 4F 13 187 £ a 4 26

18221 4.85 8 140 100 ¢ F ] 1 3 100 O 9] 1 0

AAV2 to transduce cone photoreceptors (20, 22), but recent studies
suggest that AAVS at elevated doses can target cone photoreceptor cells
(17, 23). The availability of vectors that can transduce rod and cone
photoreceptors efficiently will expand the opportunities for treating
or preventing blindness due to degeneration of these cefls. AAVS has
emerged as 2 highly effective vector with broad tropism for many tissues
and a favorable immunological profile (24-26).

Here, we selected AAV2 and AAVS for qualitative and guantitative
comparison of transgene expression in the monkey retina. In addition,
the relationship of dose and variables refated to subretinal delivery of
AAV was studied using clinical exarnination, systemic indicators of
inflammation, and extraocular neuronal expression. The use of a non-
human primate model was important because cellular teansduction
details can differ depending on the species. Given that the eye of non-
hurnan primates is similar anatornically to the human eve and that
these animals physiologically resemble humans in other characteristics
such as immune response, this animal model is likely to be more pre-
dictive of the utility of these targeting vectors in humans.

Reporter gene expression after subretinal injection

of AAV2 and AAVE at different doses

Both eyes of 14 cynomolgus macaques were injected with either AAV?2
or AAVS expressing the enbanced green fuorescent protein (GFP) under
controf of the early cytomegaloviras promoter. The study design, specifics

WWW, RN

ABYG

Fig. 1. GFP expression in monkey retina. Montages of photographs ta-
ken in vivo of monkey retinas 1 month after subretinal injection of AAV2 or
AAVE at 10'° or 10" genome copy {GC) doses. Blue light was used for GFP
excitatiory, GFP expression, green areas. Clockwise from top left: animal
18204, right eye; 18155, left eye; 18227, right eye; 18226, left aya.
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of injection, and clinical observations are summarized in Table 1.
Briefly, both eves were injected with the same virus serotype but at
different doses: 10%, 10°, 10'%, and 10" genome copies per eye for
AAVS, and 10" and 10" genome copies per eye for AAV2. Other
animal models have suggested that AAVE has higher efficiency (13},
and 30 to reduce animal use, we performed the AAV2 study after the

GFP intensity in the fovea at days 23 and 28 (Fig. 1). However, from
the second month after injection, expression was restricted to the fovea
exclusively and disappeared entirely 4 months after injection (Table 1).
GEP expression in the left eve of animal 18144 injected with 10™ genorne
copies of AAV2 was maximal after 1 month with a diffuse but broad
pattern of transdaction, but waned to 2 sroall GFP-positive area at month

AAVS study in a dose de-escalating manner, and we terminated it at
a dose of 10" genome copies per eye because this dose vielded expres-
sion levels quantitatively comparable to that of AAVE. The subretinal
injectiont was always in a similar site located on the superior temporal
quadrant of the retina. In some cases, the AAV injection area extended

through the fovea, the central point of
the macula within the retina that con-
tains exclusively cone photoreceptor
cells (Table 1).

All anirnals tolerated the surgical de-
livery of AAV well, regardless of whether
most of the material was retained under
the retina or whether it leaked into the
vitreal space. Leakage of blood into the
subretinal space was observed during
the intraoperative procedure in three
of the eves, and intraretinal blood was
observed postoperatively in an addition-
al eye (Table 1). Ocular media (fluid in
the anterior and posterior segments
within the eye) remained dlear throngh-
out the study, and no sigaificant in-
flammatory reaction was observed at
any time. Visual behavior testing after
surgery confirmed that afl of the ani-
mals had good visnal acuity {videos S1
to $4 and Supplementary Resunlts) even
after administration of vector directly
to the fovea (videos 51 and 52). How-
ever, the visual acuity of an animal that
did not receive a foveal injection (animal
18180) was slightly less than that of the
other animals. In four eyes (18144 right
and left; 18199 right and 18208 right),
retinal thinning in the center of the area
correlating with the injection site was ob-
served by ophthalmoscopy starting at
28 days after injection and was later
confirmed by histology (see below).

After 7 days, the highest doses of
AAVSE led to the eariest evidence of
transgene expression by ophthalmoscopy
{Table 1). Al eyes injected with AAV?2
at both doses showed GFP expression
21 days after injection, with increasing
intensities through day 28 (Fig. 1). Two
of the eyes showed reduced GFP expres-
sion thereatter (Table 1). The right eye of
animal 18221 had received 10" genome
copies of AAV2 and showed moderate
and broad expression in the superior
ternporal reting with increased focal

3 with no visible GFP expression 4 mouths after injection (Table 1). Four
months after injection, GFP expression from the 10° genome copy dost
of AAVS was detectable in three of five eves, whereas all other AAVE-
injected eyes had detectable GFP expression before the end of the first

raonth (Table 1 and Fig. 1}

[¢3

Fig. 2. Retinal pathology after highest-dose vector injection in monkey retina. (A} Correlating histology and live
retinal imaging identifies heterogeneous GFP expression in the vector-exposed part of the ratina. A halo-ike GFP
pattern (green rim} was ohserved by imaging of the retina (center inset) after a 10" genome copy dose
injection of the AAV2 vector subretinally {animal 18226, right eye). Histology along an axis {center inset, dotted
fines) that traverses the blel, the optic disc, and the halo pattern { and I} shows that the rims of the GFP halo
{see inset |} are definad by GFP-positive RPE {green}, whereas adjacent RPE does not express GFP (inset ) (GFP,
green; DAP! staining of nuclei, blue). (B} DAPI staining (biue} of a section from a monkey eve injected subretinally
with AAV2 {animal 18144, right eye) showing normal outer and Inner nuclear layers with only minimal GFP
fluorescence {green; left). This section is adjacent to a region where the nuclear layers are disturbed {(abnormal;
right). () Retina from the right ey of monkey 18199 after subretinal injection of AAVS showing DAPstained
nuclel {biue} and GFP expression {green} illustrates loss of retinal architecture and GFP on the left while retaining
some GFP exprassion but abnormal retinal structure on the right. {(8) Retinal section from animal 18144 (vight
eye) showing the abnormal portion i (B) stained with H&E. (B} H&E-stained section comesponding to the vight
part of the retina shown in (Q) {animal 18199, right eye). Scale bars, 500 um [{(A) to (O and 100 um {D) and (B)].
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After administration of 16" and 10" genome copies of AAV2 or

AAVE, GEP expression was widespread but not always homogeneous.
At 10" and 10" genome copy doses of either serotype, a circular rim
of bright GFP expression endosing an area of dim or hardly visible
GFP signal (“halo”™) was observed in a few eyes (Figs. 1 and 2A). Thus,
comparison studies revealed a stightly earlier onset of GFP expression
after delivery of AAVS compared to AAVZ and similar patterns of
GFP distribution, although GFP concentrations appeared higher dose
for dose with AAVS than with AAVZ.

Retinal cell tropism and AAV serotype

At the Jower doses of both targeting vectors {10'" genome copies for
AAV?Z and 10% and 10° genome copies for AAVS), the primary target
was the RPE. Higher doses targeted greater numbers and a wider va-
riety of cells in the neuronal retina, particularly photoreceptor cells
(Fig. 3, A and B). As illustrated in Fig. 34, 10" genome copies of

A A AAVA

AAV2 and 10" and 10" genome copies of AAVS resulted in wide-
spread and bright GFP expression in photoreceptor cells and the RPE.
Notably, at these doses, several regions of GFP-positive photoreceptor
cells were identified that lacked GFP in the adjacent RPE. In these
areas, regardless of GFP positivity, the RPE and photoreceptors appeared
healthy and viable as determined by 4',6-diamidine-2-phenylindole
(DAPD staining.

Transduction of photoreceptor cells with AAV2 and AAVS was
essentially relegated to rod photoreceptors as judged by the well-
defined shape and retinal locations of those cells. In the periphery of
the reting, peanut agglotinio and cone arrestin immunofiuorescence,
used to stain cone photoreceptors, identified only limited GFP expres-
sion inn this cell type, in terms of both the number of positive cells and
the intensity of expression (fig. S1). The one notable exception was
foveal photoreceptors, which consist entirely of cones. In the fovea,
transduction was observed for AAVS at 10" genome copies but not

Fig. 3. GFP wansgene expression in the monkey retina. (&) Comparison of
GFP expression from histological analysis of monkey retinas after subretinal
infection with AAV2 or AAVB with the designated number of genome copies.
Clockwise from top left: animal 18168, left eye; animal 18238, right eye; animal
18155, right eye; animal 18226, right eye. (B) GFP expression after subretinal
injection of AAVR as a function of dose from 10° to 10" genome copies (GO
Pictures are taken with equal exposure. Due to the intensity of GFP at the high
dose, photoreceptor transduction in lower doses is less obvious. Clockwise
from top left animal 18204, left eye; animal 18217, left eye; animal 18208, right
aye: animal 18238, right eye. () Cellular ransduction characteristics after sub-
retinal injection exposing the foves to 107 genome copies of AAV2 versus
10 genome copies of AAVE. Both eves show strong GFP exprassion in the
RPE, but cone photorecepiors in the foveal pit of the AAV&-injected reting also
are GFP-positive, as is the outer plexiform layer (OPL) in the AAV2-exposed
retina {indicated by white arrowhead). (3) Transduction of Miller glial celis

fwith nuclel in the inner nuclear layer (INL)] after injection of AAV2 or AAVR, DAPI stain {blue) shows nudlear layers. Animal 18226, right eve (AAV2); animal
18204, right eye (AAVS). Scale bars, 100 um. RPE, retinal pigment epithelium; ONL, outer nuclear layer; GCL, ganglion cell laver.
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for AAV2 (Fig. 3C). In monkey retinas where the fovea was exposed
to vector, AAVS transduced up to 30% of foveal cones at the 10! ge-
nome copy dose; AAV2 achieved similar targeting but only at the 101
genorie copy dose. Neither vector demonstrated prominent cone irans-
duction in the perifoveal regions, highlighting the overall low per-
missiveness of cones compared to rods for vector transdoction even
at this elevated dose {fig. 51} Miiller cells, glial cells embedded in and
critical for the sustenance of the neuronal retina, were also frequent
targets of AAV2 and AAVE transduction (Fig. 2D), with qualitatively
more of those cells transduced with AAVS than with AAV2 at the
same doses.

Through correlative analysis of retinal imaging and histological data,
we reconstructed the entire cross section of the transduced areas of each
reting, including the regional differences noted by ophthalmoscopic ob-
servation (such as the halo patierns of transduction described above).
These analyses Hustrate GFP-positive photoreceptor cells throughout
the vector-exposed area and that the halo patterns correspond to sall
portions of the BPE expressing GFP as shown in Fig. 2A for an eye in-
jected with 10" genome copies of AAVZ (animal 18226, right eye). In
areas that showed histopathology (see below), there was reduced GFP
expression noted both ophthalmoscopically and by microscopy. Within
monkey retinas in which subretinal blood had been noted during the
injection procedure, we identified areas that totally lacked GFP expression
but were exposed to vector (Fig. 2, Band C).

e

Those areas were also evaluated histo-
pathologically in more detail (see below).
Thus, both AAVZ and AAVS transduce
RPE efficiently at lower doses. At higher
doses, AAVS is more efficient than AAV?2
at transducing photoreceptor cells. Target-
ing is Jargely restricted to rod photorecep-
tors; however, less efficient transduction of
cone photoreceptors does occur particu-
larly in the fovea at the highest doses.

Next, transduction intensity (Fig. 4C) and efficiency (Fig. 4D} in
photoreceptors and BFE within the vector-exposed area of the retina
were quantified per vector dose and serotype by morphometry of the
fluorescent signal 10 the micrographs. Analyses were restricted to eyes
that had received the entire vector dose subretinally in the absence of
injection problems as noted in Table 1. Only 167 and 10" genome copy
dose groups were analyzed quantitatively because of the marginal sig-
nal at the lowest dose and the incidence of toxicity at the highest dose,
which complicated quantification. AAVS transduction in both photo-
receptor and RPE cells is equally intense at the 16" genome copy
dose, whereas at 10° genome copies the GFP signal in photoreceptors
is markedly reduced. The AAV?2 transduction profile at 10" genome
copies is similar to that of AAVS at a 10-fold lower dose.

Within the vector-exposed subretinal space, the 10'° genome copy
dose of AAV2 and AAVS targeis 30 and 70%, respectively, of RPE
and photoreceptor cefls (Fig 4D). AAV?Z transduces photoreceptors
at this dose, albeit at a much lower relative intensity compared to
AAVS (Fig. 4, Cand . Fifty percent of the RPE cells and 26% of photo-

receptor cells are transduced with a 10° genome copy dose of AAVS.
In the RPE, the relationship of AAVE dose to transduction efficiency
is nonlinear; a 10-fold higher dose realizes only a limited increase in
GFP expression (Fig. 4, C and D). In contrast, a dose-related increase
in photoreceptor transduction is apparent.

Quantitative assessment

of transduction

To quantitatively assess the relationship
between vector dose and serotype and
retinal transdaction efficiency, we rmea-
sured total retinal fluorescence and per-
formed detailed morphometric analyses
on histological sections. Eyes with noted
injection problems such as intravitreal
leakage or retinal bleed were excluded
from these analyses {Table 1). Using post-
mortern whole retinal imaging, we de-
tected GFP expression for all eyes injected
with AAVS at the two highest doses but not
for the two lowest AAVE doses. GFP expres-
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sion was detected in onfy one of the 10™
genome copy and two of the 10" genome
copy AAV2-dosed eyes (Fig. 4, A and B).
For the 10" genome copy dose, AAVS re-
sulted consistently in higher GFP expression
than did AAVZ. AAV2 can deliver similar
transgene expression levels as AAVS, but it
requires a 10-fold higher dose to do so.

Fig. 4. Quantitative analysis of retinal transduction with AAV2 and AAVS. (A and B) Whole-mount
retinal fluorescence after necropsy. Eyeballs were fixed, and the cornea, lens, and vitreous humor were
removed to expose the posterior eye cup. Relative fluorescence was measured in a Xenogen Lumina VIS
imager and normalized to the fluorescence signal from an uninjected control eye. Eves injected with
150 wl of 10" genome copies (A} and 10" genome copies (B) of AAVZ or AAVS vector are shown. (€ and
£} Morphometric analysis of RPE and photoreceptor (PR} transduction by AAV2 and AAVS. Relative inten-
sity (C) and refative area (D) of the GFP expression signal in RPE and PR were established at doses of 107
and 10" genorme coples based on morphometic histological analysis within the vector-exposed ar2a.
Numbers shown identify the animal used. L, left eye; R, right eye.
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In summary, both AAV2 and AAVS target the RPE efficiently at
low doses. Substantial photoreceptor transduction is achieved at higher
doses starting at 10° genome copies for AAVS and at a 10-fold higher
dose for AAV2.

immune responses o GFP and the AAY capsid

Humoral and cellular immune responses to the capsid of the viral
vector may affect the success of gene transfer. We therefore monitored
several parameters of the host immune response to subretinal admin-
istration of AAVZ and AAVS delivering GFP. Neutralizing antibody
responses to the vector capsid were evahuated in anterior charaber fluid
as well as in peripheral blood at time points before and after vector
adrninistration and at the time of necropsy. All animals in the study
were negative for AAV-neutralizing antibodies at envoliment to mini-
mize the impact of preexisting imraunity on gene transfer. The host im-
mune data are summarized in Table 2 and demonstrate a dose-refated
increase in neutralizing antibodies that is more pronounced in the serum
than in the anterior chamber of the eye. With the exception of one eye
dosed with 10" genome copies of AAV?2, only eyes injected with the
highest dose of the vector had detectable levels of nentralizing anti-
bodies in the anterior chamber fhid. In serum, at a dose of 10 genome

Table 2. Host immune responses and toxicology. Neutralizing antibodies
{NABs} directed at the AAV capsid trend upward with higher dosing in both
intraccular fluid and serum. A T cell response {detacted by ELISPOT assay)
divected at GFP devalpged in two animals exposed to the highest dose of
either AAV2 or AAVS. Histopathological analyses showed retinal infiltrates
{(observad in H&E-stainad sections) in the retinas of those animals as well as
in the retina of one animal that had experienced a retinal hemorrhage during
the injection procedure {"hemorrhage”). Analyses of NAB responses com-

copies, two of five animals had a titer of 1:80, whereas seven of nine
animals that received 10" genome copies had fiters of 1:80 fo 1:640.
There was no obvious correfation between eyes that developed anti-
AAV-peutralizing antibodies in the antedor chamber fuid and in-
creased intravitreal exposure to AAV {Table 1) or the presence of blood
in the eye. Similarly, there was o obvious correlation between animals
that showed increased anti-AAV-neutralizing antibodies in serum and
ncreased intravitreal exposure to AAV. One anirnal (18226) that devel-
oped high anti-AAV-neutralizing antibodies did have blood expo-
sure in one eye (Table 1}, but two others (18180 and 18208} did not.
Cellolar inmune responses to both the GFP transgene product and
the vector capsid were assessed by the enzyme-linked immunospot
(ELISPOT) assay and intracellular cytokine staining for interferon-y
in peripheral blood mononuclear cells at day 14 after injection and
in leukocytes from bload, liver, and spleen at the time of necropsy.
Before AAV injection, 9 of 14 animals demonstrated detectable T celt
activation in response to the AAV capsid upon amplification in the cul-
tared ELISPOT assay, an indication of mmernory T cell responses. How-
ever, all animals were negative in the ex vivo assay (Table 2}. Before this
stady, animals had not been exposed to GFP antigen. After vector ad-
ministration, ex vivo ELISPOT data from peripheral blood mono-

pared basaline levals of anterior chamber (AC) fluid and serum with sam-
ples at the termination of the experiment. The T cell-mediated immune
response to GFP compared baseline measurements (“Pre-ex. capsid T%)
with measuraments taken 2 waeks after injection of AAV (*Capsid T 2w™)
and at the termination of the study at 20 weeks (“GFP T 20w"). There was
no corelation between axpression of GFP in the optic nerve or optic chiasm
and an immune response. Animals are identified by number. L, left eve;
R, right eye; GFP, green fluorescent protein.

Yector serotype AAVE BAYZ

Dose 16°® genome copies 16° genome copies 10'° genome copies

] 18238L 18234L 18173L 182161 18204L 1819%9L 18155L 18217L 182081 18180L 18144L 18168L 18221L 18236L
Retinal degeneration - - - - - - - - - - + - -
Retina infiltrates - - - - - - - - - - + - - -
Optic nerve GFP - - - - - - - - - - - - - -
AC NAB <1:20 <1:20 <1:20 <1:20 <1:20 <1:20 <120 <1:20 <1:20 <120 <1:20 1:20 <1:20 <1.20
Hemorrhage -+
Dose 10" genome copies 10" genome copies 16" genome copies

12 182388 18234R 18173R 18216R 18204R 18199R 181558 18217R 18208R 18180R 18144R 181688 18221R 18226R
Retinal degeneration - - - - - + - - + - + - -
Retina infiltrates - - - - - + - - + - + - - -
Optic nerve GFP + - - - - + + + + + + + + +
AC NAB <1:20 <1:20 <1:20 <1:20 <1:20 <1:20 1:160 <1:20 1:86 <120 1:80 1:20 <1:20 1:4G
Hemorrhage + +

ChiasmiGER = = + 4 + £ * & 4 i £
Precex: cansidid + + + = 4 + + = = - i £
Capnd T 2v = = . . . w . . L
GER:T: 20w o & 4 & 4
SeruniiNAD <190 <120 180 R0 180 <120 11320 Taen 180 180 1:640 15160 <20 1320

www, S
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nuclear cefls demonstrated no evidence of T cell activation in response to

vector capsid either at 2 weeks after vecior administraﬁon of at Necropsy.
Animal 18144 that received 10" and 10" genome copies per eye of
AAV2 presented with T cell teacm.i,y to GFP at necropsy in the spleen
and peripheral blood mononuclear cells. T cell activation in response to
the GFP transgene product was also detected in the blood, liver, and
spleen of an animal (18199} given a high dose of AAVS vector. Thus,
retinal delivery of high doses of AAVZ or AAVS carrying GFP canlead to
increases in anti-AAV-neutralizing antibodies Jocally and systemically
and can also lead to a systemic T cell response to GFP.

Histopathology after subretinal injection of
AAV2 and AAVS
Serial sections were taken throughout the area of the original retinal
detachment where the AAV vectors were delivered. All sections were
analyzed by DAPI staining of nudei to evahuate retinal architecture.
Hematoxylu, and ecosin (H&E) staining and immunohistochemistry
were performed in areas where architechure was disrupted. Table 2
summarizes the results. Both retinas in the AAVZ-injected animal
18144 showed retinal thinning in large portions of the exposed retina
{Fig. 2B) due to loss of photoreceptor cefls. Histopathology also showed
foci of inflammatory cells within the retina and choroid (Fig. 2D).
Pathological changes were also observed in animals 18199 and 18208
but were msmmted to the right eye ( (Fig. 2, C and E), which received
the highest dose ( 1M genome copies) of vector. Here, too, foci of in-
flamimatory cells, retinal thinning, and loss of the layered retinal struc-
ture in AAV-exposed regions were observed. Toxicity correlated with
T cells in response to GFP in the periphery for

increased nuwubers of T
animals 18144 and 18199, whereas no systemic inflammation was de-
tected in anirnal 18208 (Ta ble 2). Thus, exposure of the xetna to high
doses of AAV2 or AAVS and/or high levels of GFP can lead to in-
flammatory changes that damage -he retina.

ABVY2 and AAVSE transduction of the optic pathway
Histological analysis for positive staining for GFP along the visual
pathway leading from the ganglion cells in the retina to the central
nervous systern {optic nerve, optic chiasm, and the lateral geniculate
nuclet) was evaluated directly by fluorescence microscopy. Transduc-
tion: of the optic disc was apparent in all eyes injected with 10" genome
copies, irrespective of vector serotype or the extent to which the vitre-
ous humor was exposed to vector, and in one eye injected with 1%
genorne copies uf AA‘\/ 8 {Table 2). GFP was also dettded in the optic
chiasm and both the ipsilateral and the contratateral lateral gmicuiz‘ie
nuclens for all animals in the highest-dose cohort, irrespective of vec-
tor serotype. Exceptions were arumak 18144 and 18199, which showed
a T cell response to GFF (Table 2). Overall, there appeared to be more
GFP-positive axons in anvimals | inj tL',t.u with the higher doses of AAVS
compared to animals injected with the same doses of AAV2. No neu-
ronal cell bodies in the lateral geniculate nuclel appeared to be positive
for GFP, and there was no GF :’ detectable in the visnal cortex {(which is
postsynaptic to the lateral geniculate nudlei). For each serotype, sections
of the fateral geniculate nudlel frorn the animals with the greatest GFP
expression in the lateral geniculate nudei were stained with neutral red
to visnalize the layered structure of this region. Overlays of GFP stain-
ing and staining of cell organelles with neutral red stain are shown in
fig. 52. The location of GFP-positive axons within the lateral geniculat
nuclet divectly correfated with known retinal projections and the rcunal
topography of the injection site in that the regions of the lateral genic-

WWW,A

wlate nuclet with the most GFP expression in axons were the regions
receiving refinal projections from the eye injected with the highest titer
of AAVS or AAVZ. The greatest number of GFP-positive axons was
found in layer 2 of the rght lateral geniculate nuclet and layer 1 of the
left fateral gcmmlate nuclei. These layers receive inputs from the right
eye, which received the highest titer of AAVS or AAV2. GFP-positive
axons were not observed in layers 3, 4, 5, or & of the lateral geniculate
nuclet. Thas, retinal agpmure to high doses of AAV2 or AAVS can lead
to transduction of a specific dass of retinal ganglion cefls.

Recent results from three concurrent Phase I clinical tdals for the treal-
ment of Leber congenital amaurosis type II showed the potential for
gene therapies based on subretinally delivered AAV for treating other
retinal degeneration disorders (27). Broader clinical application of
AAYV technology will require an expanded vector toolkit along with a
deeper understanding of the pharmacological, immunological, and
toxicological effects of vectors and other safety aspects. For Leber con-
genital amaurosis, reconstitution of the RPESS protein in the RPE was
necessary and sufficient to restore retinal function. Other therapeutic
approaches will require more efficient gene transfer inte other cell types,
particularly photoreceptor cells. There is also a2 need for new technol-
ogies to be investigated in animal models that more closely resemble
bamans with respect to anatomy, size, and host immmune response. To
this end, nonhuman primates are a unique and necessary resource be-
cause oaly primates (induding humans) have both a macals and a fovea.
Host immune responses to the viral vector and transgene are thought to
be similar in nonhuman primates and humans because both popula-
tions are genetically heterogeneous and AAV is endemic in both (25).
Here, AAV2 and AAVS viral vectors expressing a GFP reporter trans-
gene under contral of the cytomegaloviras proraoter were injected sub-
retinafly in nonhuman primates. Vector transduction of photox eceptor
cells and the host imroune response were evahated as a function of
vector type and dose.

The data show that the RPE is exceptionally permissive for mel\e
of both AAV?2 and AAVS vectors. Although it is unclear how AAV
performs at iﬂwer doses, the relative efficiency of RPE transduction by
AAVS at 107 genome copies is similar to that of AAVZ at a 10-fold
higher dose. RPE transduction does not increase lineardy at higher doses,
and heterogeneous patterns of GFP expression are seen in the fundus,
indicating a loss of GFP transgene expression in an otherwise healthy
RPE. Although these findings remain unexplained and have not been
described previously in the reting, they could be atixibutable to RPE-
specific epigenetic fhmges affecting the cytomegalovirus promoter
lead‘ng to sifencing of transgene expression (28).

fany retinal degeneration disorders affect cell types other than the
RPE. Photoreceptor cells, the primary cell type involved in most ret-
inal diseases, are a difficult cellular target for gene therapy, although
progress has been made in mouse (13-15, 29), dog (17, 19, 21), and
primate {20, 21} using improved vectors. Here, the relative efficiency
of phmorﬂcepfor cell transduction by AAVZ and AAVS was evalnated

a function of dose. AAV?2 is less efficient compared to AAVS at tar-
ge{mg photoreceptors with an ~10-fold dose differential. AAVS, at a
dose of 10" genome copies, transduces most rod photoreceptors but
not cone photoreceptors within the vector-exposed area. Cones are poor-

y transduced, particalarly in extrafoveal areas. In the fovea, targeting
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of cones is more efficient with AAVS but can be achieved with AAV?2
by increasing the vector dose. Previously, AAV5-mediated transduction
was shown by Mancuso ef al. to enhance color perception in a primate
rodel of red-green color blindness (23, 30), which was presursed to
result from cone-specific expression of the transgene. Lotery ef al. (31)
did not observe AAV5-mediated cone transduction in nonduwman pri-
ruates, whereas Beftran e al. {(17) did see this in dogs. The different con-
clusions of these studies may be attributable to differences in vector dose
and promoter. An alternative explanation for the Mancuso ef al. results
is that rod photoreceptors were induced to behave like cones (because
of transfer of L-opsin); such a possibility conld be evaluated using an
immunohistochemical label that is independent of the transgene. An
AAVS5 dosing study in nonhuman primates would also be helpfal for
evaluating the relative cone targeting efficiency of AAVS compared to
AAV2 or AAVS.

One vector-refated concern is the extraccular distribution of the vec-
tor and transgene. The lateral geniculate nudlei carry visual informa-
tion to the cerebral cortex and are the sites of the first synapse for 90%
of axons coming from retinal ganglion cells. We and others have de-
scribed transduction of retinal ganglion cells after intraocular admin-
istration of AAV (16, 11). Thus, it was not surprising in our new study
to find GFP-positive axons that synapse with the lateral geniculate
nuclet after delivery of the highest vector dose. However, unexpectedly,
all of the synapses were in the lateral geniculate nudled layers 1 and 2.
These layers contain projections from M-type retinal ganglion cells,
which are a minority (5 to 10%) of the ganglion cells in the retina
(32). AAV2 and AAVE may have a specific tropism for M-type retinal
ganghon cells. Alternatively, M-type ganglion cells may be more acces-
sible to vector leaking into the vitreous humor because they cover a
large area of the retina owing to their extensively branched denddtes.
It is less likely that vector diffuses from the subretinal space through
the neuronal retina given the tight junctions between the cells. A third
point of access maay be the injection sife in the peripheral macul, an area
with denser M-type cells. Regardless of the route, it is clear that trans-
duction of M-cells is favored and occurs efficiently at higher doses of
AAV vectors. We did not observe transduction after the first synapse,
which is similar to results reported in mice and dogs injected with AAY
{10, 11} but different from studies in dogs using AAV8 (18). Never-
theless, these data support the use of cell-specific promoters for restrict-
ing transgene expression to primary outer retinal cellular targets.

Another safety aspect for AAV gene therapy targeting tissues in-
cluding the eye is the immunclogical response to the AAV capsid
and the transgene product. Several ocular compartments are immune-
privileged based on their ability to accept foreign tissue grafts (33).
But immune privilege could be breached through delivery of AAV and
a foreign transgene. Immune responses and inherent toxicity to GEP
conld potentially contribute to the host immune response, although
GFP was tolerated in previous studies in the nonhuman primate eye
(20, 21). Here, intraocular administration of AAV? and AAVS led to
increases in neutralizing antibodies to the vector capsid in a dose-refated
fashion. Potentially destructive T cell responses to the AAV capsid
were not identified. However, evidence for responses 1o the GFP trans-
gene product was found in two animals that had received the highest
AAV dose. These particular animals demonstrated focal spots of ret-
inal inflammation, retinal thinning, and disrupted retinal architecture
{Table 2 and Fig. 2, B to E). For a few eyes, retinal bleeding was ob-
served during the surgical delivery of vector. In one eye, which received
the highest vector dose, inflammation was associated with leakage of

blood under the retina. Retinal degeneration is a well-known conse-
quence of exposure of photoreceptors to blood components (34, 35).
Fortunately, toxicity has not been observed in AAV-treated Leber con-
genital amaurosis patients, even though similar vector doses were
injected into these patients. Several factors may contribute to the dis-
similar findings including differences between the animal model and
clinical settings in terms of vector quality and surgical procedures. The
use of a reporter transgene product, GFP, which is foreign to the host,
is different from the dinical setting. For example, in the AAV-Leber
congenital arnaurosis clinical trials, patients were injected with an AAV
vector carrying a human RPESS complementary DNA &DNA). The
studies in this report may reflect a worst-case scenario in which a trans-
gene product is foreign to the host, as would be the case in gene addi-
tion strategies to correct nufl mutations.

Our studies describe the dose relationship between AAV2 and
AAV8 vectors and immunotoxicity in the nonhuman primate retina.
Although the monkeys in this study weigh only 5 to 10% of an av-
erage human, the axial length of the eye is comparable (~70% of the
axial length of the buman eye). This, together with the high degree
of anatomical similarity, makes nonhuman primates a relevant modef
for evaluating vector dosing for clinical translation of retinal gene
therapies. Our data indicate the existence of dosage thresholds that
need to be met to safely and efidendy target cells in the cuter retina
such as RPE cells and rod and cone photoreceptors. Whereas AAV?2
and AAVS efficiently transduce RPE at moderate to low doses, AAV-

rwediated expression of a foreign transgene in rod and cone photo-
receptors was reached only at higher dosages. Substantial transduction
of rods was obtained with moderate doses of AAVS (doses that are
similar to those currently used in experimental clinical protocols;
btip/fwww. dinicaltriale.gov). Targeting cones with AAV2 or AAVS
is less efficient than rod transduction but can be achieved at higher
doses. However, at higher doses, some animals in both vector groups
showed histopathological evidence of inflammatory foci and retinal
degeneration. This pathology is likely attributable to fransgene-specific
irnronae responses and a transient breach of the retina-blood barter,
resulting in exposure of vector and retina to blood products. Qur data
suggest that AAVS, becanse of its ability to efficiently and safely target
both BPFE and photoreceptors at moderate doses, is an atiractive gene
transfer vehicle for gene therapy targeting the retina in patients with
retinal degenerative diseases.

www.sciencetransiaticnaimedicine.org/cgi/content/full/3/88/88ra54/DC1

Materials and Methods

Results

Fig. St. Cone and rod foveal and extrafoveal tropism of AAVZ and AAVS.

Fig. $2. Colocalization of GFP and neutral red in the lsteral geniculate nucleus.

Video S1 io 54. Visual behavior 4 months after subretinal injection of AAV2 versus AAVE.
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Dosage Thresholds for AAVZ and AAVE Photlorecepior Gene Therapy in Monkey

{uE\H \!ana'snbar-,he Feter Bell, Albert M. Maguire, Cassia N. Cearley, Ru Xiao, Roberte Calcedo, Lili Wang, Michael
Jd. Castie, Alexandra O > Maguire, Rebecca Grant, John H. Wolfe, James M. Wilson and Jean Bennett

Sof Trans! Med 3, B8ra5488r254.
DO 10,11 26/scitransimed. 3002103

Gene Therapy Shines Light on Darkness

Using gene therapy 1o reat diseases of retinal degeneration is feasible because the human eye is compact,
easy to access, and is an immune-privileged site, Phase | and H clinical trials using an adenoc-associated virus
serctype 2 {(AAV2) viral vecior o deliver a gene encoding RPESS to retinal pigment epithelium (RPE) in children
with congenital biindness due {o Leber congenitad amaurosis disease have shown the feasibility of using gene
therapy o restore retinal funclion and pama! vision. Other diseases of retinal degeneration are caused primarily by
Inss of the rod and cone photoreceptor cells rather than degeneration of RPE. Photoreceptor cells are more
difficult 10 target with 2 veclor canying a therapeutic gene. As a first step toward using gene th 1erapy to treat
diseases caused by degeneration of photoreceplors, Vandenberghe ef al. experiment with the dose of two AAY
veciors (AAVZ and AAVE) in a nonhuman primate model.

The researchers i ag; ected, ither AAN2 or AAVE veclors subretinally in oynomolgus macaguess anross a
range of doses {(from 10 ¥ to 1() genome copies). The vectors carried a transgene encoding green flucrescent
profein {GFP), and the researchers used this marker to discern at which dose both RPE and photoreceptor celis
could be ransduced with the vector and express OFF. After injection, the monkeys were examined for any retinal
damage due to surgery and for any immune response to the vector or to GFP. Both vector serctypes were efficient
at transducing RPE, but AAVE was also able {0 transduce photoreceptor cells (primarily rods but also seme ones);
AAVZ could only transduce photoreceptor celis at the highest dose, With respect o an immune response, anti -
vector-neutralizing antibodies and a T cell response directed at GFP were detecied at the highest doses of AAVZ
and AAVS feading to retinal inflammation and thinning. Thus, the authors conclude that using AAVS at intermediaie
doses will be the best approach for using gene therapy 1o transduce pholorecepior cells with 2 therapeuiic gene.
These preclinical studies pave the way toward using gene therapy to treat a variety of retinal degeneration
diseases caused by loss of photorecepior celis.
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The normal human retina contains two main clas
sensing neurons: rod photoreceptors (PR), which are itive to
dim light, and cone PR, which respond to brnght light stmauli
Gene mutations hinder the function of either or both of these sets
of cells, and lead to their degeneration and subsequent loss of
vision, Over 200 different genes/loct are mmphicated in these types
of hhndmg  disorders (s tp 7 Fwww sphouthume edu/ retnet/
disease hiim), Retinitis pigrnentosa (RP\ primarily affects rod PR
but can result in secondary abnormalities of cones {1}, Cone and
cone-rod dystrophies such as Stargardt’s disease are ‘,1 aracterized
by a primary cone involvernent, with possibly concomitant loss of
rods [2]. Achromatopsia s associated with reduced or minimal
cone function, and the complete form of this disorder is antosomal
recessive in mberitance [3]. Age-related macalar degeneration
affects rods and cones centrally in the retina due to atrophy of the
retinal pigrnent epithelium (RPE).

s of light-

o7
S
ary

PLOS ONE | www.plosone.org

The normal arrangement and ratios of cone and rod
phomr(u stors across the retina are hmpaortant variables aflecting
i€ . Only primates have a cone-rich macuola ‘mfi
cone-only f"o vea; this region provides humans {and other prim Atvq\
with fine visual resolution and color duscrimination. Hesides
mvolvement in retinal degenerative disease, the macula s
damage from other genetic and environments
age-related macular degeneration and  diabetic
s have regions of
none reflect the

vulnerable to
msults (e.g.,
retinopathy). While some non-primate retinas

increased cone density (*‘ g., canine area centralis),

organization, set of color pigments, or high cone density as in
re particuia zi s sparse in rodent models of human

ctinal degener-
anirmal

Mulnple gene therapy strategies for inberited r
ation are 1(tively consicder tested 1
taodels, including

s ed and have been
) g ene augmentation, in which a correct cIDINA

s introdaced 1o the native cell type; b ocular
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Figure 1. Quantitative analysis of tropism and transgene exprassion levels in the NHP eye. Cynomolgus macagues were injected with
AAVs expressing 10° or 10°7 GC per eya, Following necropsy at 4-5 month post injection, refinas were sectioned and analyzed for direct fluorescence,
Data from a morphometric analysis in the RPE (A) and PR (B} layers is presentad with the relative area of transduction on the left and an intensity
scaring on the right. AAVZ and AAVE data are historical data from an analogous, previously reported study (6] [ i 10° GC injection was not performed
for AAVZ (n/a)l. Eyes for which the injection failed as noted in Table 1 were excluded from this analysis. Data is presented as average and standard
deviation.

doi10.137 V/journal.pone 0053463.g001

expression of a trophic factor g‘carcd to stall disease progression; ¢ primariy targets the RPE following subretinal injection. AAV2-
gene knock-down of a roxic gene product in combination with mediated transduction of RPE has achieved partial reconstitunon
gene asgmentation; and d) re-sensitization of the remaming retinal of function in three different chnical trials for a severe, early onset
cells to light [41. In one promising method of re-sensitization of the form of RP termed Leber congeniral amanurosis caused by a defect
retina, tic reactivation of atrophic cones can be achieved by m RPEGS, Whereas these trials rely on gene augmentation in the
cone-targeted e\pre«,(m of halorhodopsin, a light-activated RPE, the majority of the other gene defects that can lead to
chloride pump solated from drcaaen |5 blindness will require targeting of PR including rods and/or cones
Vectors hased orr AAV have shown distinet promise for m wie [10]. PR transduction 1s feastble with bigh-dose AAVZ vectors m
applications of retinal gene therapy for PR degencrative disease. canine, feline and primate animal models where 3t targets rods

Vectors coated with different AAV capsid stvuctures such as those more efficiently than cones [5,11,12}. AAVS targets PR mor
derived from natur allv occurring serotypes demonstrate dose- reacdily, but analogous to AAVZ also preferentially targets md>
retinal injection [6]. Al huwman {13}, though some level of cone and rod transduction was ohserved

etina, and most other with the use of the human rhodopsin kinase promoter {14]
organs, have uulmgc vectors based on serotype 2 (AAVY) Indeed, siudies using AAVS with conc-specific promaters and at

Small and large animal studies demonstrate that AAV2 hiph dose did achieve fancoional rescue of achromatopsia (rod

PLOS ONE | www.plosone.org 3 January 2013 | Volume 8 | issue 1 | &53463



Parafovea Perifovea

Figure 2. AAV cell targsting in the fovea, parafovea and
perifovea, Histological sections were stained with DAP| (blue) and
peanut agglutinin {red}, a lectin specific for terminal galactose residues
prevalent on cone PR, and finally visualized for GFP {green} by diract
fluorescence. The foveal, parafoveal and perifoveal regions were
identified based on topology and cone density. Perifoveal areas were
chosen in a region between 1.3 and 1.9 mm from the fovaa. Within the
subretinal injection area, cone transduction in the peripheral retina was
simifar in efficiency to that in the perifovea.
dob10.137 1/journal pone 0053463.g002

¥

manochromacy) in a dog {15
blindness) in an NHP modet |
effective than AAVYS m PIL targeting i

s}

similar findings with some but limited
Data from our previous NHY study demon
markedly more efficient at targeting rod PR than AAV? at all

PLOS ONE

‘\/VW\I‘\I,:L‘,EOSOHE‘OFQ

4

AAVQ Targets Cone Photoreceptors

transduction was achieved but only at

What determines the tropism and pharmacology of AAV

mn other therapeutic target organs noted that serotypes interact
ditferentially with entry and post-entry cellular determmants of
transduction. AAVY was recently found to use termmal galactose
an cell-sarface bound glycans as its receptor m vitre and & oivo [21].
AAV?2 §s known to utilze heparin sulfate proteoglycans as s
primary receptor fo 2], Viral entry of
AAVL, 45, and 6 15 imitiated by sualylated glycoproteins [23,24].
perties of AAV serotypes 1o terms of tropism
and dosage thresholds in the retina and other organs motivated
to explore other natural AAV vanants derved from novel viral
clades dentified in a hlomining effort in our laboratory from
human and NHP dssues [25,261 In this study, six pr
capsids representing different clades were selected for evaluation in
NHP including AAV2, AAVT, AAVS, AAVY, th.8R and rh.64R1

mn order to quanttatvely assess RPE, rod and cone transduction.

r cellular recognition [2

nising

Rasults

Cynomolgus  macagues, vears of age, were injected
subretinally with 10 or 10*" GO of AAV.OMV eGEP packaged
with the respective capsids. A total of 44 eyes from 20 animals
were inj tor and subjected to experimental analys
Informative doses to evaluate vector tropism were established o

ted with veo is.

previous

are sunmarized in Table 1. In some eyes, the subretinal exposure
area extended over the fovea. Most injections were uneventful,
however in eight eves, surgical complications were noted
{Fable 1). The most significant complications
injections 1 the vicinity of the fovea. In two e
developed through the fovea and vector leaked through the
macutar hole. {n addition to the retinal complications, hyphema
{anterior chamber bisod) developed prior to njection at the time
of paracentesis in another two eyes, although these did not obscure
the retina during the injection procedure. The other complications
mvolved unintentional deposition of vector in areas outside the
subretinal space. O note, the surgical procedure i the animal
studies described bere % not the same used n humans, where
standard 3 port pars plana vitrectomy (without paracentesis) B
performed. The NHP injection procedure 3z modified to take into
account the unique s anatormy of these smaller animals and
the destre to reduce anesthesia time.

Animals were followed for general well-being and retinal health
throughout the study, The breadth, mtensity and onset of the
retinal GIP expression were monitored by indirect ophthalmos-
copy {Table 1). Clinicopathologic correlates were evaluated for 4

131)

¥

5 months following mjection after which animals were euthanized
barvested for extensive and detailed histological

and tissue was
analysis.
Indirect ophthalmoscopy assessed intensity and distnbation of

retinal GIF expression during the in-life phase of the study. The
camposite score, which Incorporated
transduction, ranged from a low o

intensity and area of
oh of 4. Expression
peaked at { month and was stable for the duration of the study.
More than 50% of eyes had detectable GEF in the optic dise at the
uph dose. Rernarkably, only two eyes in the low dose presentec
hiph d B kably, only ¢ Y the 1 ted
in the optic disc and both were rh.8R-mansduced {Table 1),
G¥Pin t d botl SR-ur 1 Table 1)
stolopical sections from several relevant retinal regions of each
Histological sect fi 1rel ¢ ret ¢ { eacl
eye were analyzed including the mjection area, the {ovea and optic
The retina 3 organized into reg cireumterential to the
Tt o 1 int £ i to th

53463
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Figure 3. Quantitative assessment of cone photoreceptor transduction across the nonhuman primate retina. For each eye and for each

of the foveal, parafoveal, perifoveal and peripheral retina regions, GFF positive cones were counted on his
of the average number of GFP-positive cones refative to the average total cone number for each eye and region. &
were available was includad in this analysis, including those for which the injection was suboptimal or pr

extended across the fovea/parafovea.
doi10.137 1/journal.pone 0053463.g003

foveala/fovea including the parafovea, perifovea, and the periph-
ery (Figmre 81). To quantitatively assess vector targeting,
norphometric analysis for GFP m PR {without rod/cone
ony and RPE was performed o the most distal regions
and periphery. Figure

\'L

,.,

differentsa
from the fovea including the perifove
suromarizes these data for the 4 candidate capsids and includes
thase from similarly designed studies with AAVY and AAVE [6] i
terms of the relative area of transduction and GI'P intensity m
s. RPE transduction was found to be variable yet
urh il experinental serotypes at either dose suggesting

sduction of RFE by AAV at these doses 1s not deteriuined
W d'\,se or capsid Figure EA‘, At the high dose, PRs were broadly
rransduc vith most AAV types, though some
serotype-dependency was nf:tul Dae 1o the ak smd;mc‘e of rods in
the regio 18 evaluated here, data in Figure 1B largely captures rod
wtion with cones contributing only marginally. Substan-
awer transcduction was Obb erved at the 107 GO dase, with a
type-dependent p sivity of PRs. Whereas AAVS,
64R1 and rh.BR achieve very hmited rod PR transduction at
167 GO, AAV7 or AAVE result in GFP expression in 5% and 99%
of rod PR within the region exposed o vector, respectively,
levels of expression similar to AAVYZ at a2 10-fold higher dose
Figure 1B).

To study i greater detail the relative rargeting of rods and

cones, we expanded the analyses ro include the cone-only foveoia,
and the concentric ring arcund the foveola named the parafovea,

.

as well as the surrounding cone-enriched perifovea, and the retinal

PLOS ONE | www.plosone.org

ological sections. Shown is the percentage
Fach eye for which viable sections

roblematic and the bleb may not have

periphery Figure 81). Histolo g1 Fanalysis provided in Figure 2,
lustrates that across serotypes, foveal cones are more readily
transduced as compared o ext xf eal canes. High dose of AAVY
(0™ GO however appeared to achieve }ngher levels of cone
transduction 1o the tovea and the pertfovea Figure 2} than other
vectors, including AAVY and 8 at the even higher dose of 107 GC
6], A surprising ohservation with all AAVs tested, including
AAVY, was that only Iruited cone transduction was observed in
the parafoveal region, even in the presence of RPE and rod PR
fransduction Figure 2).

A quantitative assessiment of cone transduction of all vectors at a
moderate dose o iﬁ 19 GO cornpared to AAVY at a 10-fold higher
dose lustrated sirmilar levels of transduction in the fovea for all

erotypes ranging from 20% for AAVS and approximately 40%
foz AAVY and h SR (Figure 3. In some eyes, no foveal cone
ound, ndicating that vector was likely not able
wn. Conversely, some

transducton was
to reach this retinal region following mnj
ijections were uot noted to include the fovea however transduc-
tion in this area was noted, due to ether diffusion bevond the bleb
or, wore lkely, expansion of the bleb following surgery and
monitoring  after the anmmal became mobile after anesthesa
{Table L). As evidenced from the histological data in Figure 2,
parafoveal transduction s minhual with AAV9 however still
superior to all other AAVSs tested. In the perifoveal wacular rcgion
and  heyon 1 in the 0“‘\}‘)}1“‘ al retd
ot

ac‘rjieved stly by AAV9,
rh B4R AAVT is fairly we 3.1\ i i

arget cone PR T but
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sitfl outperforms AAVE and AAVE in this respect. In ideal
conditions of vector delivery to the subretinal space, AAVY was
able to target over 80% of cones in the perifov
(Figare 3).

eal macula

Discussion

In summary, we show that AAVY uniquely targets cone PRs at
high efficiency. This property may he due to the abundance of
terrmnal galactose, the cognate receptor for AAVY {2127}, on
cone PR in vertebrates including humans [28], as we confirmed by
the spectfic and high level of the lectin peanut agglunnin (PNA)
[28} staining of cone PR in our studies (Figure 2). The findings
here in which a dose-related, quantitative assessment of vector

targeting is made for all cells limng the subretinal space provide a
first step toward understanding the pharmacodynamics of AAV m

h's setting. It s apparent from our data and others that most
AAVs efficiently transduce the RPE at low to moderate doses.
However, where rod PR ransduction 1z highly cficient with
AAVT and particulatly AAVE at Jower doses, AAVY, rh.8R zmd
rh.64R 1 do not perform quite as well Figure 1B} (A;nve v,
cone targeting with AAVY, rh 8R and b 6411 i superior to that
of AAVT and particularly AAVS Figure 2 and 3). W,
that these findings are due to an iniricate combination of
differential receptor usage, saturaton of vector binding sites on
the surface of the cell type of mterest and particle trapping in the
g}yczn‘- matrix within the subretinal space. Our observation that
ansducing paraioveal cones s challenging, even with a highly
e:hmcm cone targeting vector such as AAY \) may be a function of
some of these factors. Future studies will have to be
tion procedure and/or dos
e this burdle. Ulimately these data will ¢

speculate

"

jes‘Jgncd to
e may be able
0 *\mba-e o a
of AAY in the

<
IR |
i
it

or inherited and

cther injec

<
e}
<
g
f"w

c}eener plm ‘macological understanding of the use
emerging clinical field of gene therapy treatments
acguired forms of hlindness.

Cur comprehensive analysis of a number of AAV vgdm‘ hased
on difterent capsid structures in NHP retnas provides directly
seftd information for treating a large npe‘ rum of inherited
refinopathies following subretinal injectio

. Virtually any AAV
capsid including that from serotype 2 ﬁu,xr‘ndv targets RPE which
w(--ﬂd be sufficient m a limited number of diseases, the most
rated being LOA due to KPEGS. A majorsty of the remaining
disorders reqmre high level transduction of rod PR su ; X-
finked RF due to RPGR mutations; RP due to PDEGE mutations
or rhodopsin mutations; and LOA due to lebercibn mutatons
Qur studies suggest that AAVE is b(s
based on efficiency of rod transduction 1
AAVY  be best suited for
endocrin vival f;l(‘ tors, fanoetl

optogenetic restoration of vision i3 cones
o

tion for inherited Y°tmupith’es which

Experimental Procedures

Animals, Injection and Foiiow—up
Cynomolgus macaques were treated and carved for at the
Nonhuman Primate Resea Program fq(.ixry of the Gene

Therapy Frogram of the U' rsity of Pennsylvania (Philadelphia

-:' iy 3

I‘ 3 during the tudv Anterior chanher fluid was tapped prior 1o
*/ r

ection to relieve intrac E pressure.  the studies were

ols approved by the

injec ¥
performed I accordance with sm]y pPro{oc

Environmental Health and Radiation Safety Office, the Institn-
tional Biosafety Committee, and the institutional Animal Care and

PLOS ONE | www.plosone.org
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p=

ce of the University of Pennsylvania. At the time o
roliment, all animals in the study bad serum neutralizing
ibody titer to AAV of less than 1/20. Injections were

compl ted by byphemas caused by the anterior segment tap in

a few eyes (Yahble 1). The study length was between 119 and 156

days at w}m,h time the eyes were collected and fixed for histology

{Table 1) Injection procedure, chinical and ophthalmoscopic

follow-up are as p“cvi(msly described {6}, Fundus photos were

taken with a hand-held Kowa fundus ¢

amera,

Yectors

AAV vectors were manufacrured and purified from ¢
hy PennVector httpr//www.ned upenn.edu/gip/ ve
triple transtection in HEXKI293 cells as prevmhslv described
The transgene plasmid encoded an early cytomegalov
promoter (CMY), the enbanced green fﬁ jorescent protein and a
woadchuck hepatitis virus post-tra al regudatory element,
and the bovine growth hormone poly-adenylation (bGH) signal.
Vector preparations were assayed for quality by mnltiple assays
including TagMan quantiative PCR w,Jx pn-nzm and probes
directed towards bGH for genome (GO} dranon {which 15
repested independently 3 times for NHP amd-f‘a,, whole protein
analysis by SDS-PJ—,GZ for pur V, and endotoxin determination
with <20 EU/ml as a ot release eriterion.

Histology and Morphometry

Histologieal sectioning was performed analogously as described
for the previously published AAVZ and AAVE study [6]. GFP
morphometry in RPE and ONL was performed with Imagef
software (Hasband 1997-2006; Nati Insatutes of Health,
Bethesda, MD, http://rsh.infonih gov/ on only those ‘*JHP
eyes injected with the entire dose and without concerns related to
the mjectio vTabie 1). For 3 representative sections of each
iqjt\tu} eve, two s m} ate measuring Hnes were drawn through the
RPU and the outer (Ec ar layer, | :mages‘ and the brightness in the
een channel were « u”-ntiﬁed per pixel as a value between 0 and
‘.55. Background lev els were established per pixel from a section
from an unimjected retina. Percent of transduced area was
ermined as an average per eve and per group hy determining
the relative number of pixels above background as compared o
the wotal number of pixels within the injected area. Ir texs ity was
cstablished by averaging pe
of the R¥E and ONL per section, .*\tcmjw scoring per positive
erformed in the ]\HI to represent level
expression of positively transduced areas and calculated per eye by
averaging intensity values only when GFP s
hackgr

Determination  of percentage of GFP-positive cones was
performed by GYFP-positive cone counts per retina
{fovesia/fovea, pa pemavea. periphery). Images were taken
from sections corresponding to the plane shown in Figure 51 at
wdentical exposure time but variable gain setting to alize both
strong and weak GFP expression. Ty[nm&y rwo and sometimes
three images were recorded per region, for the foveola only one
picture could be taken due to the small size of this swucture. The
1MAages w the retina was in a horizontal
position within the image and s iengrh equivalent to 235 um,
{lones were considered positive for GYP expression 3f they were
visnally clearly recognizable as both GFP-positive and as cone PR
and if they had a minimum mtensity vadue at least 3-fold aver the
background as measured m an untransduced area {usually within
the choroidea) within the same image. The mtensitics
determined with Image] software. For every se Wofypc and region
the average nurnber of GFP-positive cones per 235 pirn sectton was

,rq

o

N

area was pe

nd level.

region
fa)

ere recorded so that

were
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eyes eva}uated were injected at a dose of 14°
except for AAV? with 18"! genome copies
si'm fevels to be comparable with other

366 JH)‘ was excluded due to lack of
gxpmssmr the fact that the injecnion area was not
mcluded m the 1 m;()( non. In some eves (18173 ODE, 18204 ODE,
18144 ODE, 18168 ODR, C21360 ODR) the section containing
2 coudd not be exactly determmed, m this
tra di wction in the fovea and pamiiow’« : not evaluated but a
ion paralie] to the fovea section was used to count transduced
in the per]fowa and periphery. Total cone numbers per

=5

o> 2
el

vj=3

x

=

case cone

on for each region were determined hy counts from sections
sta\ ed with rhodamin Eaid d peanut agglutinin (PNA), a cone-
1. To t}m end mna gcs were taken for every region from

n five to eleven eyes and the
I cones was count(—“*' ;*‘1 "5 pn section and averaged
The per GEP-positive cones was then
determis ]cd by calculating thﬂ ratio of GFP+ cones to total cone
connts per ¢

oy

tion for eacl
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parafovea, at a distance of 3530-300 um hom the foveal center, is

located on the foveal 1ym, re., the circular rim surrounding the
fovea where the r due to a thicker retinal

etina is thickest, largely

ganglion cell layer. The p(mf(wm was located i."r——i 9 mm from

the f(wvca, and finally the peripheral retina, at 3.3-4.3 ram, which

is part of the extrafoveal macula. }) optic disc; ¥, foveola/fovea; 1,
njection site. Trnages show cones in red (FNA stain) and nuclei n

bhle (APT.
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What Is Next for Retinal Gene Therapy?
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The field of gene therapy for retinal blinding disorders is experiencing incredible momentum,
justified by he ,‘g seful results in early stage clinical trials for inherited retinal degenerations. The
premise of the use of the gere as a drug has come a long way, and may have fo ,und its niche in
the treatrnent of retinal disease. Indead, with only limited treatment options available for
retinal indications, gene therapy has been proven teaﬂibie safe, and effective and may lead to
durable effects follov Mng asingle injection. Here, we aim at puiting into context the promise
and potential, the technical, clinical, and economic boundaries limiting its application and
development, and speculate on a futwre in which gene therapy is an integral component of

Cold Spring Harbor Perspectives in Med

CSH

PERSPECTIVES

ophthalmic clinical care.

PROMISE DELIVERED

approach to be successful: target, intervention,
and delivery. The target requires the identifica-
tion of a cell type, tissue, or process relevant to
the pathophysiology of the disease. The infor-

tou of mudtiple intervention modalities, and

& the validation of a host of delivery systems.

z ¢ critical o nents have to be defines e fst incarnation of this approach was
hree critical compounents have to be defined The first incarsation of this approach wa

© and brought together for any therapeutic  targeting a form of Leber congenital amauro-

sts (LCA), an early onset form of autosomal re-

cessive retinal degeneration leading to progres-
sive visson loss and nystagius, RPAG5, a gene
encoding an enzyme pivotal in the recycling of

5 mation ou these targets can then be used to the visual pigment chromophore 11-cis-retinal,
T devise an intervention through which a disease  was identified as one of the genesleading to LCA
E process can be inhibited, circomvented, or e when routated on both alleles (Marlbens et al.
terfered with. The bundling of this interven- 199 ) The addition of a correct copy of the

tHon with an approach to deliver it to the taxget RPE65 gene led to the restoration of gene expres-

within a therapeutic window in a manner that
is feasible, safe, and efficient constitutes an at-
tractive treatment paradxgm Over the past two
or three decades, efforts of the vision and neo-
roscience research community have converged
with those of the genetics and geoe delivery feld

to lead to the definition of targets, the evalua-

sion in tb}s loss-of-function, single gene disor-
der (Acland etal. 2001}, In parallel, the field ofin
vivo gene transfer was embarking on evaluating
techuclogles for therapeutic applications, out of
which the adeno-associated viral vector (AAV)
emerged as a2 mindmally immunogenic vector
capable of stably transducing nondividing cells
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{All et al. 1996). An uncouventional surgical
route of delivery that layered the gene therapy
vector below the retina, adjacent to the thera-
peutic target cell type, that is5, the retinal pig-
meunt epithelium (RPE), v
tial for allowing AAV to come to tis full potential

ng
ney, specificity,

vas proveg to be essexn-

i terros of gene transfer efficies
and safety {Bennett et al. 1994; Ali et al, 1996).
Bundled, these pivotal findings led to a demon-
stration, in a canine model of the disease, that
subretinal injection of A&V encoding a promoter
driven <[INA of RPESS restored objective and
behavioral rocasures of vision (Acland et al
2001). Validated by three independent groups,
dl iical trials along this premise vielded prom-
ising results with moderate improvements in
visnal function of patients (Baiobridge et al
2008; Cidecivan et al. 2008, 2009; Maguoire
et al. 2008). A successful phase 2 trial (Bennett
et al. 2012) justified initiation of a currently ac-
tive phase 3 study which is alimed at licensure
of the first effective gene therapy drug in the
United States.
The comulative research 1o this avea that Jed

to this sequence of events in less than two de-
translational med-
creased interest in

i
X}
-
£
X

cadesisa model inthiserao
icing, and has generated an in
gene therapy a phca ions to target ophthalmic
disease, particularly for indications in which
no treatment options are available or current
therapeutic paradigms are inadequate or sub-
optimal. Moreover, these studies disrupted a
prevalent school of thought that experimental
treatrnents such as gene therapy could only be
applied in fatal disorders for which no therapies
were available,

CARBON COPYY

fn 2012, The National Institutes of Health Office
of Biotechoological Activities convened several
stakeholders in gene therapy. At this meeting, it
was suggested that future retinal degeneration
therapies could be developed in a streamlined
fashion by building on a delivery platform es-
tablished in the RPESS studies (O'Beilly ot al
28313). The idea is to use an identical vector type,
surgical procedure, and
deliver therapeutic genes

ransgene cassefte to

for other retinal indi-

]

Cite this article as €

cations. Tndeed, the example that these studies
have set, provides a guide for the design and
development of gene therapies for other forms
of retinal blindness.

The need for streamiining the development
of these innovative therapies is high. Treatrpent
options for many retinal blinding disorders are
limited to nonexisting yet numerous therapeu-
tic approaches and targets are being pursued
preclinically. This requires a multitude of thera-
piestobedeveloped, forexample, there are more

hran 200 genes causative of inberited cetinal dis-
orders when mmatated (see hitps://sphouth.edn/
RetNet/sumn-dis.htm#A-genes). Moreover, a va-
riety of different interventions are considered,
ranging from gene addition, neuroprotection,
and optogenetics. This, added to the targets and
intervening modalities 1o more complex retipal
di&easa sud as age-related macular degenera-
(AMD), amounts to a large translational
need (Sahe!l and Roska 2013; Simonato et al.
2013}, The time and cost of trauslating a pre-
clivical proof-of-concept that brings together
target, intervention, and delivery s extremely

tion

high, and any cost-saving or streamlining of
this process would bring transformative thrsm-
pies to the patient faster.

Since the publication, in 2608, of the results
of the carly phase studies on the RPEES gene
therapy trials, extensive efforts have been vo-
derway to build on this momentuo, and to de-
liver a second success built on this same mold.
In 2014, promising data from a phase 1/2 clin-
ical trial for gene augmentation therapy for cho-
roideremia, an X-loked form of retinal degen-
eration caused by defects in the REP-1 proteiu,
was presented (Maclaren et al. 2014). These
studies used the same vector (AAV2), delivery
route (subretinal injection), and promaoter {cy-
tomegalovirus [CMV] enbanced chicken $-ac-
tin} as two of the RPESS studies, evidently
huilding on, and adding to, the platform poten-
ral of this approach. It {s important to high-
light also the point of divergence in design of
the gene therapy, and its translational path to
clinical studies. First, certain design elements
of the transgene were added, most potably the
woodchuck hepatitis virus postiranscriptional
respoase element (WPRE) koown to increase

Ot P
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mRMNA half-life and thereby lead to enhanced
transgene expression. Second, the targeted area
for treatiment extended, myuich more than in the
RPESS studies into the macula, the area of the
retina where in these patients’ most target cells
reraained viable sobsteates for gene therapy. In
supporting the
clinical translation for this second gene target,
it appeared less exhaustive animal data was suf-
ficient {Tolmachova et al. 2013}, This is an im-

termos of the body of eviden

portant cvolution as animal models of the ret
inal dystrophies are often lacking, not reflecting

human disease, or only demsonstrating a slow
progressing or mild phenotype within the ani-
mal’s lifespan {Chang et al. 2002). Also, to take
advantage of the clinical validation AAVZ re-

cetved in the prior studies, improved AAV sero-
types that are thought to lead to & wore robust
expression in photoreceptor cells, next to RPE
targets for the gene transfer (Bove et al. 2012,
Vandenberghe and Auricchio 2012; Vanden-
berghe et al. 2011), were not pursued here, pos-
sibly limitiog the efficacy potential of the Si‘udy,
This highlights au roportant decision point in
the pursuit of developing a novel retinal gene
therapy: Does one take advantage of a platform
such as AAV2, risking subtherapeutic levels of
expression in important target cells, or does one
diverge froo the validated platform at the risk
of complicating the trapslational path of deal-
ing with more voknowns and higher regulatory
hurdles?

A PIPELINE OF PROGRESS

A cadre of clinical studies is currently ongoing,
pending, or actively being developed at a pre-
clinical stage (Boye et al, 2013). Many of these
studies build on AAVZ, but often also chose for
a different vector including alternative AAV se-
rotypes or lentiviral systerns, either for im-
proved targeting, or to overcome the lmited
transgene size capacity of AAV. Once resulis
emerge from the clinic, these alternative vector
systems may become novel platforms that can be
built on. Specifically, trials are ongoing using a
{enttviral vector encoding ABCA4 and MY(O7A
for the treatment of Stargardt disease {Binley
et al. 2013} and Usher Type 1B (Zallocchi et al.

Cite this article as Cold Spring Harb Ferspect Med 2015;5
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20143, respectively. These ¢cDNAs are too large
to be packaged in AAY, yet can be accommodat-
ed by a lentiviral vector. A concern with this
vector systern has been the low tran
ficiency

sduction ef-
for photoreceptor cells, a primary thee-
apeutic target for both these diseases (Auricchio
et al. 2001; Bainbeadge et al. 2001, Bioley et al.
2013}, Two clinical studies are underway with a
gene therapy approach for durable expression
of an antiangiogenic molecule in the treatment
of cxuddtwa AMD {(Maclachlan et al. 2011 Lai
etal. 2012). luterestingly; the two teials use sim-
ilar metdpeutu, molecules (sFltl) and AAV2 asa
vector, however differ in the surgical delivery of
the gene therapy; a group out of Lions Eye In-
stitute in Australia in collaboration
lanche Biosciences

with Ava-
injects subretinally (Lai et
al. 2012}, whereas Gengyme/Saxofl is pursuing
intravitreal injection (Maclachlan et al. 2011},
The outcome of these approaches will inform
us on another gene therapy modality: gene
transfer for sustained delive
apeutic protein drug. Several gene augmernia-
tious approaches are underway clirdeally: ali
are AAVZ-based, one building on the RPESS re-
sults but directed at MERTK {(NCT01482195), a
discase~causing gene in retinitis pigmentosa,
and auother set of studies for Leber hereditary
optic neuropathy (LHON) caused by mutations
in the rottochondrial gene NDM (NCTOZ161380
and NCT02064569), which is
retinal ganglion cells that make up the optic
nerve. Dozens of other preclinical programs

ery of a secreted ther-

s expressed 1o the

are at various stages of development, for exam-
ple, AAYS mediated expression of GUCY2D for
treatmuent of another form of LCA, which s
sooq expected to head to the clinic (Boye et al.
2013)

In short, following a pioneering era of fivst-
in-human, a
yield results, some buillding and solidifying
the subreting AAVZ approach, whereas others

number of studies are bound to

bopefully will expand the toolset and therapeu-
tic reach for retinal degeneration gene therapies.

IMPROVING ON EFFICACY

T more than a dozeo gene therapy clinical trials

of several hundreds of subjects, safety endpoints

:ali17442 3
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have been met 10 the absence of sigoificant,
drug-related adverse events (Simonato et al
2013). No phase 3 s udxc‘: have been completed,
and efficacy in arandomized controlled trial has
yet to be established for any of the ongoing ap-
proaches, although these results are anticipated
i the near fumu for a phase 3 study for one
of the RPEAS gene thd‘é‘tplﬁs Reports on efficacy
in retinal gene therapy, thevefore, have been Hm-
ited to the phase 1/2 E\PLQS and choroiderenia
{CHM) studies. Data presented there has been
promising and dewmousteatiog iocreased light
sensitivity by a variety of maeasures, and in
some subjects improved navigation of amobility

course, indicating not only biological effect of

the treatment, but alse the potential for clini-
cal benefit. However, based on the remarkable
disease rescue observed in dog modals following
AAVZ.RPESS gene therapy, which appears notas
robust as in humans, several hypotheses have
been suggested to explain the apparent differ-
ences in treatment effect.

Cideciyan and colleagues {2013a) followed
treated subjects and con pared those to the nat-
ural disease progression in dogs and burnans as
well as the therapeutic effects seen in dogs over
fime. Usin g spectral domain optical coherence

i method-
ology to modd the decay of retinal structure,
the jnvestigators concloded that {in humans, as

% and a nove

;

tomography (SD-0C

opposed to canines, retinal degeneration starts
carlier, and the optimal intervention for a gene
therapy in this form of LCA is likely before
birth (Cidecivan et al. 20133}, Their data sug-
gests treated subjects show stable visual function
i the context of ongoing retinal
tion. To bmprove both visual function and struc-

degenera-

tural preservation, the investigators propose a
combination therapy in which neuroprotective
treatment is combined with the gene addition.
These results have extensively beea argued, over
its unorthodox modeling, the Hmited fongitu-
dinal data frorn patients {as opposed to dogs)
following treatmnent, the small data set with sev-
ecral Varmbles that are unaccounted for in the
analysis, and its suggested solution to overcome
this concern (Cepko and Vaondenberghe 2613,
Cidectyan et al. 2013h; Town 65-A11(Lm(3n/ 1135
). Morac

Woino et al. 2013 wer, only data from

=N

Cite this article

one of the clinical studies was included, making
it difficult to assess if ﬂ‘e observations can be
extended to the o-ther trial designs.

Alternative hypotheses argue that the lmi-
tations of the current gene therapy formulations
and surgical approaches cao be improved on by
targeting a larger area of the retina thag a sub-
retinal injection can reach, the level oftransgene
expression is Hmiting for full treatment effect,
or the specificity of expression and stoichiom-
etry of RPES5 1o the coutext of the visual cyde
is niot in halance, arguing for more specific and
regulated expression. These interventions may
not have been required in the murine or canine
models because of species~-specific parameter
such as the size of the globe, the procedural
difference in terros of surgery, molecular kinet-
1cs of vector uptzﬁke, transduction, or promoter
activity that are
sus human retina.

These discussions highlight, in our view, the
need to continue to define the therapeutic win-

passibly distinct in canine ver-

dow for cach approach and indication, and to
seek to improve the techuology and biology of
the treatraent. Clinical, ethical, and pragmatic
boundaries limit us in considering prenatal or
peonatal (and before some of these studies, pe-
diatric) gene therapy in ophthalmology, which,
at least for now, determoines the stact of the po-
tential therapeutic window for intervention.
The field is 10 agreernent that there {s also a clear
the therapeutic
target cell (often RPE and/or photoreceptors)
are atrophied. What is also agreed o, however

closing of the window when

less defined, is the threshold at which for roany
of these progressively degenerative diseases, de-
generation cannot be stemmed {n a cell auton-
omous fashion. Flucidation and diagnosis of
that transition poiot is essential for identify-

ing the appropriate therapeutic approach for
each patient. Technological fmproversent o
gene therapy that can restore gene function in
a more physiological manner is Hkely also to
prove important. The prospect of genome edit-
ing therapy in this respect is a fascinating one,
because this technology may permit the adop-
tion of endogenous regulation of gene expres-
sion. Albeit early, and faced with critical hurdles

still, the recent advances i this field make this

Cold Spring Harb Perspect Med 2015;5:5017442
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approach compeliing (Cong ¢
et al. 2013},

While this debate and detailed level of anal-~
vsis 1s essential to progress, we canuot lose

L2013 Mali

-
o
jl

track of the fact that the note(i clinical studies
have conchuded a biological effect 1o the absence
of harm, with the potential of remarkable, clin-
ically relevant, improvements of visual func-
tion. Absent of other treatment options for
these patients, this first generation gene therapy
{s a milestone that can be used as a benchmark
for futare improvernents. It s also mportant
to note that these improvements often can
yet pivotal,
The caretul translation

only be validated in cautious,
man clinical studies.
of this experimental paradigm that has led to
the first derponsteation of efficacy in the con-
text of safety for o vivo gene therapy is there-
fore a salute to the need for experimental clin-
ical research to move these important questions
forward.

WIDENING THE SPECTRUM

The compeliing data froro the early clinical tri-
alc, and the pipeline of preclinical studies mov-
ing to translation, has illustrated, for many,
the transformative potential of gene therapy in
ophthabmic care. It needs to be noted, however,
that the corrent studies oaly address very small
patient populations, and, at least in the short
to mid-term, the prospect of gene therapy alle-
viating blinding disorders on a wider scale is
limited. Several parameters determine this cur-
rent Hoddtation: (1) LCA, owing to routations
in RPES5 and CHM, only affect few, and many
other forms of jnherited retinal degeneration
will require a different treatment; {2} more
common disorders, such as AMD, are currently
only in clinical trials in populations at the very
late stage of the disease, and even when proven
safe and effective in curcent trials it remains to

i

be seen how these r

esults can be extended to a
wider wet AMD povuhtmn, {3) the therapeutic
window for most of the approaches currently in
trials is limited to those with remaining target
cells and some lev
tubitive cost of

el of vision; and {4) the pro-
clinical trauslation aad trial costs
for experiioental biological therapies.

Cite this article as Cold Spring Harb Ferspect Med 2015;5
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To broaden the potential of gene therapy for
wider patient populations in ophthdhnolog

progress is made on several fronts. Not unlike
the development of this first generation of ther-
apies, the convergence of several fields including
genefi s, gene delivery, retinal biology

L NEUFo-
scien ani ceil tharapv, is leading t% charge
t. New targets are continuously be-
Ld through gene discovery and stud-
the pathophysiology of retinal disease;
pew disease genes (n inherited retinal degener-
ations are being discovered, as axe new targets in
coraplex retinal dis-
orders. Novel and improved paradigms to inter-
vene are now also more actively considered for
vision restoration, in part, because of the trac-
tion and excitem

ing ic-c‘ it
ies into

AMD and other cormmon-

ent spurred by the retinal gene
therapy telal success. Specifically, the restoration
of vision through gene trausfer of an optoge-
netic switch that is accurately embedded within
the neural circuitry of the retina is pursued by
several groups and may lead to some level of
visual perception in the blind, even in the ab-
sence of (endogenous) pbotoreceptors (Bus-
skamp et al. 2012). Advances in neuroprotec-
tion tmouv'} survival factors, ant npop*ong, or
antioxidant agents will be beneficial to other
ente therapy strategies, or 1 'ﬁmy be delivered in
a sustcum(. fashion via gene transfer (Sahel and
Roska 2013). The intersect ()fgene transfer and
genome editing with cell-based trausplantation
approaches is highly promising to enable visual
restoration even when retinal degeneration is
extensive, and more traditional approaches of
gene therapy are outside 0!‘ consideration. -
paily, progress in the field of gene delivery can
'-.n"ther undock further ;1pph(,aUU 1s. The imita-
tion on the size of the transgene imposed by
the clinically used vector systems currently is
not only preventing gene addition in the most
coramon formas of LCA and RP (CEP290 and
USHZA, respectively), it also often prevents
rausgene casseties to 1)6 designed with tran-
scriptional or translational elements (e.g., cell-
specific promoters or introns) that would be
beneficial, or multiple genes to be transferred
in a single vector {e.g., gene mphacemﬂm cou-
bined with & neuroprotective gene}, Novel vec-

tor techunologies ke nanoparticle approaches
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{Conley and Naash 2010}, or methods like ge-
nome editing to restore endogenous gene reg-
vlation, are expected to have an important
impact. To further expand on the paradigm pur-
sued by the peanding AMD trials delivering
an antisugiogenic profein by gepe thervapy to
achieve long-lived and stable drug delivery 1o
overcome repeat injections in a chronic disease,
novel and improved methods to modulate trans-
gene expression will become essential. Some-
what surprisingly, although several methods
are available (Zoltick and Wilson 2001), few of
them are actively pursued clinically in a gene
therapy context, in part due to vector size lmi-
tations and the complexity related to translating
these systems to human use. Last, efficient and
safe targeting froma the vitreous would overcome
several shortcomings of the subreting {njection
route and, certainly, make gene therapy a more
routine clinical procedure {Dalkara et al. 2013;
Kay et al. 2013).

MEASURING QUTCOME

Shared with other experimental therapentic
strategies in ophthalmology, the ability to mea-
sure outcome is pivotal for gene therapy to be-
come a clinical modality in the care of patients.
This is primarily of importance

establish the level of efficacy these therapies

e to convincingly

bring. Equally important is the quest for early
endpoints to assess therapeutic effect to shorten
the “bench to bedside and back” life~cycle of the
gene therapy development of these cost-heavy
trials in often slowly progressing diseases. Be-
cause of the advantages that the visual systero
has in terms of access, diagnosis, and Umaging,
the measures to establish a biological effect of
a treatiment are available, and several of those
have been used by the different groups pursuing
ophthalric gene therapy clinically. Moving for-
ward, to the extent possible, a standardization

of these rpeasures will be beneficial to accurately
compare outcomes from different trials and the
amab:es between those. mvhe‘f bar 1o meet
s the demonstration of clinical benefit, in part,
ecause of the fact that a sensttive yoeasure of
1ojogical effect may not equate to axn Improve-

by
o
by
¥

ment in quality of life or clinical status. Another

6 Cite this article as €

aspect, lowever, is the regulatory definition of
clinical benefitin ophthalmology that tradition-
ally has been quite narrow. Because of the
onslaught of novel therapeutic approaches for
indications for which no treatiments options
are incurrent clinical wse, disease organizations
and clinical rescarchers countinue a dialogue with
regulators to establish new endpoint measures
for clinical rescarch, and ultimately market
approval {Cellular, Tissue and Gene iherapies
Advisory Compittee 2011,
gov/dowanloads /advisor.

see http://www.ida
/-A(Jan)‘)a)S?’.pdf),
While traditionally, visual acuity, and in limited
cases visual field, has been acceptable, the RPEARS
phase 3 study currently in progress uses a vali-
dated mobility assay as an endpoint (NCT
00999609}, Validated surrogate measures such
as those obtained via SB-OCT will Hkely also
prove to be extrernely valuable (Birch et al.
2013}, The availability of a functionally validat-
ed biomarker to assess visual function, the stage
of a discase process, or the activity of a therapeu-
tic target is generally considered a “Hc&]y Grail”
for expediting and quantitation of therapeatic
effect {n burpans. A key requirement for all end-
points, particularly in Hght of the fact that pla-
cebo controlled studies will remain ditficult to
design in gene therapy, is the availability of nat-
ural history studies to outline the disease course
by that measure for that pzarticu]ar indication.

COMNOMED FACTORS

With clinical proof-of-concept established, a
delivery platforra proposed, and a range of ther-
apeutic targets and joterveation of promise
in the scientific Hterature, it may seerg surpris-
ing and disappointing, particidarly to patients
and their families, that not move retinal gene
therapies reached the clinic
several scientific, biological, and dhinical Hmi-
tations are at cause here. However, economic

. As outlined above,

factors arguably play a priviary role. The de-
velopment of a single gene therapy is a time-
and resource-demanding effort. Few centers
have all the components under one roof to carry
these efforts, and traditionally these have been
pursued 10 academia with, vatil recextly Bmit-

-+

ed, interest from industry. The infastraciure

old Spring Harb Perspect Med 2015;5:3017442
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cost to establish a preciinical and particularly
a translational gene therapy center is extremely
high, and in a declining funding environment,
difficult to justify by academic institutions.
In the past two years, by the excitement that
the fiest clinical vesults have geoerated, fortu-
nately, sxgm*-uant-nwa”{' investi
the arena (see hitp://www.forbes.com/sites/
matthewherper /2()14-/ (‘3 /26 /once-seen-as-too-
scary-editing-peoples-genes-with-viruses-nakes-
a-618-milion-comeback/}). To sustain this mo-
menturs, novel regulatory and economic frarne-

tent hias endered

works are being developed that are tailored
to this novel thexapeutlc domain, One impor-
tant aspect here is the pricing of a gene thera-
py drug once on the market, which is expected
to determine the incentive for industry to pur
sue developroent of these therapies (Brennan
and Wilson 2014). Pat't}culariy, for gene-specific
therapies in rare disorders, these aspects will be-
come vital for continued development as thera-
pies withalarger marketare likely more desirable
to investors, Thisis ivonic asthis fiekd was found-
ed and catapulted to success by demonstrating
its potential for very rare disorders. To alleviate
this tension, policy and regulatory changes have
made orphan drug development moreattractive,
including extended patent protection, and dis-
tiret regulatory paths. The idea to work toward
a platform that through choical experience gains
a higher regulatory comiort level is an attractive
one, as it is expected to lead to a reduced cost
and time of development. To meet thisambition,
standardization has to be sought for in vector
manufacturing and quality control, ciinical trial
design, endpoint measures, and clinical follow
up. While this s a challenge in an jocreasingly

[}

competitive arena, we argue it is beneficial for
»oth academic and private pursuits in terms of

-

ost-savings and the rate at which therapies can
be brow

ght to the patients.

A BRIGHT FUTURE

Gene addition therapy in two forms of inherited
to improve
visual function, in some subjects with regxark-
able success, in the context of a welatively safe

retinal degenerations has proven

procedure and forroulation. These results bave

Cite this article as Cold Spring Harb Ferspect Med 2015;5
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validated an approach and a technology i a
manner that it has the potential to alter the
reatinent of retinal disorders in the future. Al-
though many aspects in this endeavor remain
the subject of research, debate, policy and reg-
wlatory adjustments, a light at the end of the
urinel Is a driving force for many in the field
to pursue, mature, and create novel therapies
for vision loss based on this paradigm. The ex-
therapy can broaden its
irnpact beyond its current niche applications
binges on scientthc and chinical advaoces, con-
tinued funding and Jovestin

effort between competition and standardization
of this promising ficld.

tent to which gene

erit, and balanced
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5-Year Quicomes with Anti-VEGF Treatment of Neovascular Age-
related Macular Degeneration {AMD): The Comparison of AMD
Treatments Trials

Comparison of Age-related Macular Degensration Treatments Trials {CATT) Research
Groupt

Abstract

Purpose~To describe outcomes 5 years after indfiation of treatment with bevacizumab or
ranbizumab for neovascular age-related macular degeneration (AMD).

Design——{ohortt study..
Participants—Paticots enrolled in the Comparison of AMD Treatments Trials (CATT).

Methods—Paticnts were randonmiy assigned {0 ranibizumab or bevaciznowb and to 1 of 3
desing regimens. After 2 vears, patients were released from the chmcal tral protocel. At
approximately 5 years, patients were recalied for examination,

Main Outcome Measures—Visual acuity (VA) and morphologic retinal features.

Results—VA was obtained for 647 (71%) of 914 living paticnts with average follow-up time
5.5 vears. The mean mumber of examinations for AMD care after the clinical trial ended was 25.3,
and the mean number of treatments in the stady eve was 15.4. Most {60%) patients were treated > 1
times with a diug other than their randomly assigoed drug. At the S-vear vistt, 30% of study cyes
had VA 20/40 or better and 20% had VA 20/200 or worse. Mean change in VA was —3 letters from
baschoe and 11 letters from 2 vears. Among 467 eves with fhiorescein angiography, mean total
fesion area was 12.9 mm?, a mean of 4.8 mm? larger than at 2 vears. (Geographic atrophy was
present 18 213 (41%) of 515 gradable eves and was subfoveal in 85 (17%). Among 355 ¢yes with
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spectral domain optical coberence tomography, 83% had fhuid (6 1% intraretinal, 38% subrctinal,
and 36% sub-retinal pigment epitheliom). Mean foveal total thickness was 278 pm; a decrease of
182 pm from baseline and 20 pm from 2 years. An abnormally thin retina at the foveal center
(<120 pm) was present 10 36%. Between 2 and 5 vears, the group originally assigoed to
ranibizizmab for 2 years lost more VA than the bevacizumab group (—4 letiers; p=0.008).
Othenwise, there were no statistically significant differences in VA or morpbological outcores
between drug or regimen groups.

Conclusion—Vision gains dogng the first 2 vears of the tual were not reaintained at § vears,
However, 30% of eves had VA 20/40 or better, confirming anti-VEGF therapy as 4 major long-
term therapeutic advance for neovascular AMD.

Anti- vascular endothelial growth factor (VEGE) therapy has revolutionized the treatment of
neovascular age-related macular degencration (AMD). Currently, nearly all paticnts
diagnosed with neovascular AME are treated with indraviireal administration of drugs that
target VEGE. In 2005 and 2006, results from Phase HI randomized climcal trials showed
dramatic improvements in visual acuity when eves with neovascular AMD were treated with
ranibizumab (Lucentisy compared to sham freatment or photodynanc therapy. b2 During the
1-year period between first presentation of results and approval of ranibizmab by the Food
and Drug Administration, ophthalmologists began treating neovascular AMI) patients with
off-label bevacizurmab {Avastiny. Despite the absence of evidence of efficacy and safety from
any randomized clinical trials, use of bevaciznmab moved quickly from rescue therapy 1o
first-line therapy.> Subsequently, large-scale, multicenter randomized clinical trials of
ranibizumab and bevacizumab were initiated 1n the United States and 5 other countries to
compare safety and effectiveness 5% Results from these trials showed that visual acuity
outcomes at 1 and 2 vears were similar between rambizumab and bevacizumab under several
different dosing strategics. A recent meta-analysis of all comparative trials yielded
essentially no difference between drugs in mean change in visual acuity atl 1 year
(bevacizamab-ranibizaraab, —0.5 letters, 95% confidence interval [~1.6, 0.6]).1° Results
from later Phase 1 clinical tnals showed that aflibercept (Bylea) injected every 8 weeks
provided gains in visual acuity equivalent 0 those of ranibizumab injected every 4
weeks, 16-17

Although climical ontcormes from the first 1 10 2 vears of anti-VEGF treatment fave been
well docurnented by large-scale clinical tnals, ielatively fow investigators have addressed

18-24 1 onger term outcomes that have been reported vary

outcomes after 4 or more years.
considerably across studics. In addition, the annual mumber of treatmients has been low in
som¢ reports and only patients who contioned regular follow-up and treatment have been
included in other reporis. In this paper, we report the clinical outcomes of patients enrolled
it the Comparison of AMD Treatments Trials (CATT) who returned at approximately 5
vears after initiation of treatinent with either rantbizimab or bevacizumab. The chinical trial
ended after 2 vears of follow-up when paticnts were released from the study protocol. All
CATT patients who were alive at the end of the clinical trial were targeted for participation
in the CATT Follow-up Study.

Opiiialmology. Anthor manuscript, available tn PMC 2017 August 01,



METHODS
Design of the CATT Clinical Trial

The design and methods for the clinical trial have been published; therefore, ounly the key
features with bearing on this paper are provided.>”2%26 Patients enrolled in CATT between
February 20. 2008 and December 9, 2009. Ehgible eyes (one stady eve per patient) had
active choroidal neovascularization secondary to AMD, no previous treatment, visual acuity
between 20/235 and 20/320, and neovascularization, fluid, or hemorrhage under the foveal
center. Paticnts were assigned randomiy to 1 of 4 treatinest groups defined by drug
{rantbizumab or bevacizumab) and by dosing regimen (monthly or as-needed {PRNY). At
one year, paticnts initially assigned to monthly treatment were re-assigned randomly (o
either monthly or PRN treatment (“switched regimen group”). A volume of 0.05 mul
containing cither 0.50 g ranibizamab or 1.25 mg bevacizumab was used for intravitreal
injection. Patients on the PRN dosing regimen were evaluated for treatment every 4 weeks
and treated when fluid on optical coherence tomography (OCT), new or persistent
hemorthage, decreased visual acuity welative to the previous visit, ot dye leakage on
fluorescein angiography was present. All patients were scheduled for follow-up visits every
4 weeks through 184 weceks. Patients were released from their assigned treatment groups
during the visit at 104 woeks: at that visit and thereafter, all treatments were adnunistered

according to best medical judgment. The study was registered (NCTO0593450) on hupyd

N
o
H

TUN D s
WAL 235N

wiad
Tia

W

Foliow-up Methods

All patients who enrolled in the clinical trial, except for those known to be dead at 2 years,
were targeted for participation in the Follow-up Study. Chinical coordinators atternpted fo
contact patients and schedule an appointment for them 10 be soon in a CATT clinical center
between March 14, 2014 and March 31, 2013, Patients completing a visit in a CATT clinical
center signed a consent staternent for the folow-up visit and signed a medical records
release form if they had received care for AMD from outside the CATT clinical center.
Patients were interviewed about treatment to ¢ither eve, visits to ophthalmologists, and
sericus medical events since their last visit in the chinical trial. Returning patients had a
dilated eye examination, refraction and visual acuity measurement, spectral domain OCT,
fupdus color stercophatography and fluorescein angiography. Al examinations were
perforned by study-certified personnel following the same protocols used during the clinical
trial. Some patients whe did not complete a visit in a CATT chical center were willing to
complete an inferview about past care, treatment, and serions medical events and/or signed a
medical records release form. Information on treatment, visual acuity, and imaging was
requested from the ouvtside opbthalmologists who provided AMD care for these patients. The
institutional review board associated with cach of the participating CATT centers reviewed
and approved the Follow-Up study protocol and consent forms. The study was performed in
compliance with the Health Insurance Portability and Accountabifity Act and adhered to the
tenets of the Declaration of Helsinks.

When patients were unable or refosed to participate, could not be contacted, or were
identified as deceased, clinical coordinators submitted pationt status fores o the CATT

Opiiialmology. Anthor manuscript, available tn PMC 2017 August 01,
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Coordinating Center. After the end of the recruitment period, woformation on patients whose
life status could not be verified and on patients reported as deccased, but without
confirmation of the cause of death, was submitted to the National Death Index. When a
match was identified (>99% chance of being correct), the date and cause of death were
returned to the CATT Coordinating Center for use in data analysis.

Ascertainment of History of Patient Care and Treatment

Medical records from the CATT chinical center were abstracted for the date of each visit for
AMI} care at the conter after the clinical trial coded, dates of treatment for cither eye, and
type of treatment administered (bevacizumab, ranibizivmab, aflibercept, pegaptanib
{Macugen), triamcinclone, photodynamic therapy, thermal laser, and any other treatiment).
When patients reported care from outside of the CATT center and signed a medical records
release form, the same information was requested from cach ophthalmelogist who provided
AMD care for the patient.

Data and Statistical Analysis

Only patients with a visual acuity measurement between 51 months (4.3 vears) and 85
months (7.1 years) after the date of treatment assignment in the clinical trial were inchided
in the data anatyses, tables, and graphs on outcomes presented in this paper. The limits of the
interval represent the mintmum and maximum times between the enrollment period for the
clindcal trial and the enwoliment penod for the Follow-up Study. Differences in outcomes
between drugs and among dosing regimens were assessed with analysis of variance for
continuous cutcorne measures and chi-scpare tests for categorical ootcome measuics.
Retinal thickoess was classified as above (>3212y) or below (<120w) 2 standard deviations
from the mean of normal eves.?” Serious medical events were coded according to the
Medical Dictionary for Regulatory Activities (MedDIRA) systern and further classified as
arteriothrombotic and as previously associated with drugs affecting the VEGF pathway
{artericthrombotic events, systemic bemorrhage, congestive heart failure, venous thrombotic
events, hypertension, vascular deathy. 2* Y Investigators from 3 of the 43 CATT clinical
centers chose not 1o participate in the Follow-up Study,; the 27 patients from these conters
were considered non-participants and excluded from the analyses on serions medical cvents.
Statistical computations were performed with SAS 9.4,

RESULTS

Patisnts

Among the 1117 patients alive at the end of the climical trial {end of Year 2), 203 (18.2%)
dicd before the end of the Follow-up Study. Of the remaining 914 patients, 647 {70.8%) had
a visual acuity measurement 1n the required time interval of 51T months (4.3 vears) to 83
months (7.1 years) after assignment of treatroent in the clinical trial. The mean (SD) time
interval between erroiiment in the clinical trial and the Follow-up Study visit was 66.5 (6.7)
months (5.5 years). The percentage of patients with a visual acuity measurcroent was similar
across the 6 drug-dosing regimen geoups, ranging from 68.3% to 75.0%. Most (85.5%) of
the visnal acuity information was obtained by examination at a CATT chinical center by a
certified examiner. Thiee CATT centers responsible for 27 (3.0%;) patients did not
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participate 1o the Follow-up Study. Forty-onc paticnts (4.5%) agreed to be interviewed but
had no visual acuity information available, 102 (11.19%6) declined participation, 93 (10.2%)
coudd not be contacted, and 4 (0.4%) could not provide informed consent because of
dementia or the absence of a consent statement 10 their native language.

The characteristics at bascline and at 2 years of the patients who participated in the Follow-
up Study are displaved in Table 1, along with characteristics of those who did not participate
and those who died after their 2-year visit. Non-participants had a raean age 2.3 years older
(p<0.001) and a mean bascline visnal acuity score 3.1 Ietiers worse than participants
{p=0.001). At 2 years, non-participants had a mean visaal acuity 3.4 letters worse (p<0.001)
than participants. Among patients assigned treatiment PRN for 2 years, non-paticipants had
amean 1.8 fewer injections (p=0.01}). Patients who died after 2 vears were on average 5.6
vears older than participants and had worse mean visual acoity both at baseling (—4.1 letlers)
and 2 vears (—7.9 letters). Bascline ocular characteristics were similar among these 3 groups
of patients.

Care and Treatment after Relsase from the Clinical Trial Protocol

Muost (591 [91.3%)) of the 647 Follow-up Study patients continued care at a CATT center
after refease from the clinical trial; however, 51 (7.9%6) were scen also or seen exclusively by
non-siudy ophthalmologists, and 5 (0.8%) received no eve care. Records were obtained for
49 (96%) of the 51 patients seen by non-study ophthalmologists. The rean (SD) nomber of
visits for AMD care between the end of the chmcal tnal and the Follow-up Study visit was
2533{133 with8.0 4.0y inYear3, 7.2 (4.0) in Year 4, and 6.5 (4.0} in Year 3. The mean
(§D) number of {reatments was 154 (12.5) with 4.3 (4.0 in Year 3, 4.5 (3.8) in Year 4, and
4.0 (3.6) in Year 5. The most recent treatment 1o the stady eve before the Follow-up Study
visit was within 3 months for 360 (55.6%) patients. There were 96 (14.8%) paticnts who had
1o treatments between the end of the chimcal tnal and the Follow-up Study visit, with a
mean {(3D) of 12.3 (8.4) visits. Ameong these 96 patients, 21 (48.8%) of 43 patients treated
PRN 1n Year 2 of the clinical trial received no treatment doring Year 2.

After release from the clinical trial protocol, more than half of the patients received a
treatraent other than the drug assigned (o them in the clinical trial. Among the 328 patients
assigned to randbizumab, 46 (14.0%) had no treatments, 64 (19.5%) had treatments with
only ranibizvemab, and 218 (66.5%:) had at least | other type of treatment (Table 2). Among
the 319 paticnts assigoed bevacizumab, 50 (15.7%) had no treatoxents, 99 (31.0%) had

-

treatments with only bevacizumab, and 170 (53.3%) had at least 1 other type of treatment.

Visual Acuity

Approximately half (321 {49.6%}) of the 647 Follow-up Study patients had visual acuity
26/460 or better at approximately 5 years (Table 3). The percentage of ¢ves with visual acuity
20/200 or worse was 5% (o 6% at bascline through 2 years and increased to 20% by the
Foltow-up Study visit (Figure 1), The mean (SD) visual acuity score was 58,9 [20/63] (24 . 1)
letters (Figure 24 . The mean (SD) change from Year 2 was —10.8 (18.9) letters and the
mean change from baseline was 3.3 (22.3} letters. Mean visual acuity was sunilar among
eyes assigned to rardbizamab (37,7 letters) and eyes assigned to bevacizomab (60.2 letiers;

Opiiialmology. Anthor manuscript, available tn PMC 2017 August 01,
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p=0.19) theoughout the first 2 vears in the clinical tral. Relative to the mean visnal acuity at
2 years, cyes assigned to ranibizuraab had lost more letters at the Follow-up Study visit
{—12.7) than cyes assigned 1o bevacizumab (—8.8; p=0.008) (Figure 2A). There were no
statistically significant differences in these vision ouicomes amaong eyes assigned 1o the
different dosing regimens (Table 4 {available at i Fovwy wiong}; Figare 2B).

Morphologic Qutcomes from OCT

Spectral domain OCT scans were available for 555 (83.8%4%) of the Follow-up Study patients
{Table 3). The mean (SD) total thickness at the foveal conter was 278 (160} wm
corresponding 10 a mean change from 2 vears of —20 (132) pm (Table 3) and a mean change
of 182 (209} um fror basehine (Figure 3A). Newrosensory retinal thickness was less than
120w in 201 (36.2%) eves, an increascd percentage from 22% at 2 years (Figare 4).
Retinal thickness was greater than 212 pm in 62 (11.2%) eves, sinular to the percentage
(14%) at 2 vears. Intrarctinal, subretinal, or sub-retinal pigoent epithchum fluid was present
in 458 (83.0%) of 552 gradable eyes (Figure 3). Although the percentages with subretinal
fhid (37.7%) and sub-retinal pigment epithelivim fhuid (36.2%0) at § years were similar to the
percentages at Year 2, the percentage with intrarctinal fluid (61.0%) was groater than at Year
2 {50%;). There were no statistically significant differences in these spectral domain OCT
features between eyes assigned to ranibizumab and bevacizumab inthe clinical trial or
among eves assigned to the different dosing regimens (Table 3 and 4 {available at '
gl Figares 34 and 3B).

Morphologic Qutcomes from Fundus Photography and Angiography

Fundus photographs were available for 527 (81.4%;) of the Follow-up Study patients and
fluorescein angiograms were available for 467 (72.2%; Table 3). Fluorescein leakage was
detected in 111 {24.5%) eyes. The mean arca of the total neovasenlar lesion was 12.9 (11.4)

2 anincrease of 4.8 (8.8) mm? from 2 years. Geographic atrophy was present in 213

mm
eyes (41.4%6), and was subfoveal in 85 (16.5%:). Fibrotic scar was present in the foveal
center in 93 (19.6%;) of eyes and non-~fibrotic scar in an additional 26 (5.5%) among 474
gradable eves. The mean area of the total neovascalar lesion was 2 mm? greater in eves
assigned to tanibizamab in the clinical trial thao ineyes assigoed to bevacizamab (13.9 vs
11.9 mm?); however, the difference was not statistically significant (p=0.06). Percentages of
gyes with fluorescein leakage and with geographic atrophy were similar between eyes
assigned fo ranibizumab and eyes assigned to bevacizumab. There were no statistically

significant differences in these features on fundus photography and angiography among eves
assigned to the different dosing regimens (Table 4 [available at wigp wovirnad.orgl),

Safety Data

Deaths and serions medical events occurring after 2 years are displaved in Table 5. There
were 203 (18.6%) of 1090 patients who survived to 2 vears but died before a Follow-up
Study visit. Among 555 patients originally assigoed to rapibizumab, 42 (7.6%) had ag
arteriothrombotic event compared with 24 (4.3%%) of patients oniginally assigned to
bevacizuoab (p=0.04). Otherwise, there were no statistically significant differences in the
type of serious medical events between drug or dosing regimen groups (Table 6 {available at
! e

1
PRI
¢H
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DISCUSSION

The randomized clinical trials that established the efficacy of rambizumab, bevacizumab,
and aflibescept demonstrated that anti-VEGF therapy for necvascular AMI} improved visual
acuity on average by 1 to 2 tines through 2 vears 140141617 The CATT Follow-up Study
provides long-term follow-up {(mean 5.5 years) on 70.8% of survivors. Mean visual acuity
declined to 3 letters worse than at bascline and 11 letters worse than at the 2 vears. This
decrease in vision was accompaniced by expansion of the size of the total neovascular
complex composed of noovascularization, scarring, and atrophy and by persistence of fhaid
on OCT. Despite these morphologic changes, 50% of CATT Follow-up Study patients had a
visual acuity 20/40 ot betier, while only 20% had visual acuity 20/200 o7 worse. These
results emphasize both the tremendous advances over the past 15 vears in preserving vision
for a large proportion of patients as well as the bmitations of current treatrnent.

The characteristics of the CATT patients who returped for the Follow-up Study are
important o interpret the 3-year results. Overall, 71% of living patients from the original
chinmcal tnal population retomed. On average, these patients were 2 years yoonger, had
visual acuity that was 3 letters better at baseline, and had visual acuity that was 5 letters
better at 2 vears than patients who did not return. Study cves reccived an average of 154
injections after release froo the clinical trial protoco] and most received regulat care by thetr
CATT ophthalmologist, even if not receiving frequernt freatment. Among the group not
returning were patients who dropped out of the clinical trial, were too il to participate,
moved out of the area, or refused to return. Thaus, the Follow-up Study results are likely
better than would have been observed if 100% of CATT patients had returmed. In addition,
som¢ of the Follow-up Study participants did not have an OCT scan (14%0), color
photographs (19%), or a fluorescein angiogram (28%), eroding the generalizability of the
Follow-up Study resolts on morphological owdcomes.

Sirntlardy, the long-term outcomes of patients treated with anti-VEGE drugs reported from
other studies (discussed below) are likely betier than if all patients originally identified had
been observed. The magnitude of the overestirnation is related to the degree of selection of
patients for study and the percentage of patients lost to follow-up. Io the only other extended
follow-up study of paticnts enrolled in a key randomized clinical trial for an anti-VEGF
drog, padicipants were eligible for the HORLZON study only if their ophthalmolopist
believed that further treatment with ranibiznmab beyond the 2-year clinical trial period
would be beneficial.'? Comparison of participants to nor-participants in this cohort showed
that visual acuity and lesion characteristics were better for participants, and only 388 (63%)
of these selected 600 participants had 4-vear follow-up. Several large-scale retrospective or
registry studies bave reported 4- and 5-year cutcomes, but as demonstrated in a retrospective
review of patients in Australia, patients whe stop returning for care often do so soon after
fosing vision, so that patients with better vision are over-represented in these studies 152024
The CATT Follow-up Stady finding of 50% of patients with VA of 20/40 or better at 5 years
and nearly 10% with VA 20/20 or better is remarkable when one considers the visual acuity
outcomes in neovascular AMD prior to the to the development of anti-VEGF treatrnent. Two
vears after diagnosis, fower than 10% of pationds retained vision of 20/40 or better with no
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treatruent and fewer than 5% of patients treated with photodynamic therapy retained 20/40
a1 better.?¥33 Visual acuity decreased to 20/200 or worse at 2 vears in 45% o 75% of
patients with no treatment and in 30% to 40% with photodynamic therapy, compared to 20%
at 3 vears in the CATT Follow-up Study.

In CATT and all modomized clinical trials of argi-VEGF treatment for noovascular AMEY,
most of the tmprovement in mean visual acuity from baseline occurred within the fust3 10 6
months with Hitle erosion of the benefit theough 2 vears when a fixed schedule of monthly
(ranibizumab, bevacizumab, aflibercept) or bi-monthly (aflibercept) treatment was
maintained. b7 21734 In CATT, patients who switched at 1 vear from a monthly to 2 PRN
desiog regimuen received 5 {o 6 injections on average and expenenced a mean visual acuaity
decrease of 2 to 3 letters over the second vear” During the 3.5 year period after release from
the CATT protocol, patients received 4 to 5 injections per vear on average and the mean
visual acnity docreased an additional 11 lotters to 539 letters (20/63), Sinularly, in
HORIZON, mean visual acuity declined by 7 letters to 20/80 with total 4 1njections on
average during the 2 years following exit from the formal clinical trials.!” In the Australian
retrospective review, the mean number of injections over 5 years was 25 with mean visual
acuity decreasing to 20/63 .20 In contrast, the mean nunber of injections was 11 over 5 years
in the Pan-American Study and the mean visual acuity at 5 years was 20/2350.1 Thus, more
frequent treatment, both in the initial 2 years and in later vears appears associated with better
long~term outcomes, and many patients roquire treatment through 5 vears and bevond. This
observation 1s in distinct contrast to the experience of treating diabetic macular edema with
anti-VEGF therapy where the majority of patients do not require freatroent bevond 3 years.
in Diabetic Retinopathy Clinical Research Network Protocol I clinical tnal, a mean of 8 or 9
injections were given in Year 1, decreasingto 2 or3 in Year 2, to for 2 in Year 3, and to D or
1 in Year 4, depending on treatment assignment.?

The processes responsible for the decrease in vision in CAT'T and other studies are mudtiple
bt appear to be related to an increase in the proportion patients with an abnormally thin
retina (<120 microns), an increase in provalence of geographic atrophby, and a substantial
incredse in lesion size. We previously reported that retinal thinning to <120 microns was
associated with worse VA outcomes at | and 2 vears.’®37 The proportion of eves with an
abnormally thin reting increased from 22% at the end of Year 2 to 36% at 5 vears.®’ We also
previously reporied that the proportion of eyes with geographic atrophy was 209 at 2 years
and this proportion increased to 41% at 5 years, with an increase in subfoveal geographic
atrophy from 6% to 17%6.7%7 Worse VA outcomes have also been associated with increased
icsion size, and in the Follow-up Study, mean lesion size increased more than 50% over the
3.5 vear period (Table 3). Thesc data highlight the nced for agents that can prevent or
minimize geographic atrophy and expansion of the total neovascudar lesion.

The specific contribution of persistent fluid to long-term viston loss s unclear The
proportion of eyes with fhud decreased the most during the first year of treatment, but
remaiped telatively unchanged throughout the remaining 4 vears of follow ap. More than
70% of cyes demonstrated indrarctinal, subretinal, or sub-RPE fluid as determined by the
OCT Reading Center throughout the study (Figure 3). Since the climination of fhuid 1s the
pooary goal at most treatment visiis and almost po patients received treatment at every Visit,
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it 15 reasonable to assume that the amount of fluid was froquently small and not detected by
the ophthalmologist or was tolerated because of stable vision On a cross-sectional basis, the
presence of intraretinal fluid is associated with worse visual acuity dunng anti-VEGF
treatrnent while the presence of subretinal fluid is associated with better visual acnity.*03%
Further studies to quantify the amount and location of residual fluid and to assess their
unpact on visual acuity are warranted.

Draring CATT, both the use of ranibizomab and monthly treatment were associated with an

increased rate of development of geographic atrophy. At the end of Year 2, oyes treated with
ranibizumab had a higher incidence (21%) of geographic atrophy than eyes treated with
bevacizumab (17%; p=0.02).7 However, in the TVAN stody, the incidence was similar in eves
treated with ranibizumab (28%) and with bevacizumab (31%; p=0.40), decreasing the
tikelihood of a true effect of ranibizumab on development of geographic atrophy.? The
association of monthly treatment with an increased rate of development of geographic
ateophy was more consistent. At the end of Year 2 of CATT. eves that recetved monthly
treatment were mowe hikely to have developed geographic atrophy thap those treated with
PRN therapy {24% vs 15%, p=0.003).7 In the TVAN study, 34% of eves that received
coptinuous {moathly) teeatment developed geographic atrophy as compared with 26% 1o the
discontinuous (PRN} group (p=0.03).” Tn the HARBOR trial, eves that received monthly
ranibizumab bad a higher incidence of geographic atrophy when compared with FRN

treatment (HR, 1.3 95% CI, 1.0-1.7).2° Afier release from the clinical trial at 2 years, very
few patients continned monthly treatment and most were treated with at least 1 additional
anti-VEGF drug that was different from their original treatment assigniment. When
examining the S~year data for evidence of a residual dmig or dosing effect on the
developrent of geographic atrophy, there was still a higher proportion {44%) of eves
originally assigned to ranibizumab with geographic atrophy than eves assigned to
bevacizomab (38%), and a higher proportion (47%) of ¢yes assigned to monthly treatment
for 2 years with geographic atrophy than cyes assigned to PRN treatment (40%). However,
these differences were not statistically significant.

Although fow patients remained on their ongially assigned drug and dosing regimen
beyond the 2-vear period of the clinical trial, our study does allow assessment as to whether

or not the drugs and dosing regimens used during the first 2 years led to anv detectable
outcome differences at 5 years. At the end of 2 years of treatment in the clinical trial, mean
VA was 70 letiers (20/40) and there was no statistically sigrificant difference i mean visual
acuity between cves originally assigned to rambizamab and cyes onginally assigned to
bevacizumab. Over the next 3.5 vears of follow-up, patients originally assigned to
ranibizumab fost more vision {(—13 letters) than those originally assigned to bevacizumab (-9
letters; p=0.008; Figurc 2A). The reasons for the decline are unclear, but it 15 clear that 2
vears of initial therapy with bevacizumab and the accompanying lesser degree of reduction
1in fluid and retinal thickpess did not compromise long-term vispal acuity outcormes clative
to ranibizomab, as sorne had speculated. There were no obvious differences in visual acuity
outcomes at 5 years between pationts who were treated monthly for 2 vears versus those
treated PRN for 2 vears.
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With most patients changing dmgs over time, the ability to identify differential safety effects
of the 2 drogs is coraprormised. Duang the period between the end of the climical trial and
the Follow-up Study visit, mose paticnts originally assigned to rambizumab had
arteriothrombotic events than paticats assigned to bevacizumab (7.6% versus 4.5%; p=0.04).
However, during the 2 years of the clinical trial, the proportion of patient with these cvents
was nearly equal with 4.7% of rantbizumab-treated patients and 5.0% of bevacizumab-
treated patienis having an event (p=0.62). Because of the absence of any difference when the
history of drug exposure was certain we do not belicve that the difference in events observed
when a large portion of patients were not receiving ranbizumab are owaningfiul. Otherwise,
we did not identify any statstically significant differences between groups based on the
imitially assigned drogs with respect {0 death or serious medical events. Overall concerns
about the relative safety of bevacizamab and ranibizunab when treating patients with
neovascular AMEY bave largely been asspaged by the resolis of 2 Cochrane comprehensive
meta-analyses clinical trials comparing ranibizumab and bevacizumab, 540

Insumumary, the CATT Follow-up Stady provides the most coraplete follow up reporied to
date on the long~term outcomes for the treatment of neovascolar AMD with anti-VEGE
dmgs. The original trial was designed to assess differences between ranibizumab and
bevacizumab as well as differences between monthly and PRN dosing. Because very few
patients remaiped on their onginally assigned drag or dosing schedule between the end of
vear 2 and follow-up at approximately 5 years, the CATT Follow-up study results provide
information primarily on overall treatment outcomes with anti-VEGE drags and limited
information on effects of different drugs and dosing regimens, Mean visual acuity at 5 years
was 3 letters worse than bascline, highlighting an unmet need for further therapeutic
advances. Still, 50% of patients were 20/40 or better and almost 10% were 20/20. These
resuits would have been unimaginable in the era prior to the availability of anti-VEGF
therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1,

Distnbution of visual acuity over time for 647 patients in the Follow-up Study.
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Page 16

Mean visual acuity and 95% confidence interval for 647 patients in the Follow-up Study. A,
Overall and by drog assigned in the clinical trial, B. Overall and by dosing regimen assigned
in the chmcal trial.
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Tabie 1

Characteristics at Baseling and 2 Years by Participation in the Follow-up Study

Bied after Clinical

Characteristics at Baseline Participants (N=647)  Non-participants (N=267) P-value Trial (N=203)
Age (vis); mean (SD) T1.5(7.3) T5.8(7.8) <{.001 83.0¢0.1)
Female gender; no. (%) 419 (64.8%) 166 (52.2%) 0.45 112 (55 2%%)
White race; no. (Ya) 637 (98.3%) 261 (97.8%) 3.63 202 (99.5%)
Never cigarette smoking; no. {%) 274 (42.3%;) 136 (50.9%) .06 80 (39.4%)
Definite hvpettension; no. (%4 438 (67.7%) 187 (68.7%) 0.73 132 (74.9%
Visual acuity score, letters; mean {SD) 62.2(13.1) 59.1{(13.6) 0.002 3R.0(13.5)
Total area of neovascular lesion (mm?); 6.4 (6.6} 61(57) 0.60 5.3 (7.0)
Geegraphic atrophy: no. (Yo} 47 (7.3%) 17 (6.4%) 0.64 13 (6.4%)
Total retinal thickuess; mean (SD) 464 (185) 469 (212) 0,73 447 (168)

Characteristics at 2 Years

Completed Year 2 visit 643 221 170
Visual acuity scote, letters; mean {SD) 69,7 (16.6) 64.3¢19.5) <(.001 6519 (210
Total area of neovascular lesion (mm?) 2175 83(7.6) 4.80 8.9 (8.6}
Geographic atrophy: no. (Y} 127 (19.9%; 32 (24,99 0.13 37 (22.4%
Scatring; 1o. (%) 280 (44.2%;) TR (37.7%) .10 69 (41.8%)
Total retinal thickness; mesn (SD) 301 (145 292 (149 .43 280 (12%
Number of imjections -- eyes

assigned as-needed dosing vrs, mean (8D) for 2 133 (6.8} 115071 0.01 12767

M 326 134 a8

*
P-values are for the comparison of participants {6 non-pasticipants
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Tabie 2
Drugs Used to Treat the Study Eve after the End of the Clinical Trial

Drug Assigned in the Clinical Trial

Brugs Used Ranibizumab (N=328) Bevacicumab (N=31%)
None 46 (14.0%) 50 (35.7%)
Bevacizumab only 77 {23.5%) 29 (31.0%;)
Ranibizamab only 64 (19.5%) 37 (11.6%)
Aflibercept only 8(2.4%) 4 (1.3%;
Bevacizumab and ranibizumab 41 (12.5%; 31{(9.7%)
Bevacizumab and aflibercept 28 {8.5%) 35 (11.0%)
Ranibizumab and aflibercept 36 (11.0%) 28 (8.8%)
Bevacizumab, ranibiznmat and aflibercept 28 (8.5%) 33 (10.3%)
Other treatment 0 {0.0%) 2 (B.6%)
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1211212019 Study of AAGVPEDF. 11D in Neovascular Age-related Macular Degeneration (AMD) - Tabular View - ClinicalTrials. gov
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Trial record 1 of 1 for: NCT0010948%
Previous Study |  Relum to List | Next Study

Study of AdGVPEDF.11D in Neovascular Age-related Macular Degeneration (AMD)

The safety and scientific validity of this study is the responsibility of the study sponsor
A and investigators. Listing a study does not mean it has been evaluated by the U5
Federal Government. Read our disciaimer for details.

ClinicalTrials.gov identifier: NCT0O010940¢

EAAEERE IR A A A A NN

Recruitment Status € - Completed

Last Update Posted & : May 12, 2011

Sponsor:
GenVer

information provided by:
GenVsc

How to Read a Study Record

Last Update Posted Date

hitps://clinicalirials gov/ct2/show/record/NCTO0 109498 2term=NCT001094 80 &draw=2&rank=1#wrapper 176
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plete list of historical versions of study NCTOMEG

Descriptive |

Brief Title

- An Open-label, Phase |, Single Administration, Dose- Escalation Study of AdGVPEDF. 11D in Neovascular Age-
. related Macular Degeneration (AMD)

hitps://clinicalirials gov/ct2/show/record/NCTO0 109498 2term=NCT001094 80 &draw=2&rank=1#wrapper
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The primary purpose of this study is {0 assess the safety of AAGVPEDF. 11D when given to patients with
"wet" age-related macular degeneration (AMD). AAGVPEDF. 11D is a replication deficient (E1, E3 and £E4
deleted) adenovirus vector containing the gene for the PEDF (pigment epithelium-derived factor) protein.
FPEDF is a protein that naturally exists in the human eye, but whose levels are altered in diseases
characterized by ocular necvascularization like AMD. The PEDF protein is known 0 have anti-angiogenic
effects or, in other words, it has the ability to inhibit growth of new blood vessels.

AdJGVPEDF 11D will be delivered once via intravitreal injection into one eye. The injected eye will be the
 eye with the worst visual acuity.

Study Design "

Masking: None (Open Label)
Primary Purpose: Treatment

. Condition ©
. Macular Degeneration
intervention °

. Drug: AdGVPEDF.11D

*

includes publications given by the data provider as well as publications identified by ClinicaiTriais.gov
identifier (NCT Number) in Medline.

Recruitment Information

hitps://clinicalirials gov/ct2/show/record/NCTO0 109498 2term=NCT001094 80 &draw=2&rank=1#wrapper 36
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. Eligibifity Criteria W%

inclusion Criteria:
s Age greater than or equal {o 50 years;

e Severe neovascular AMD in at least one eye responsible for a best corrected vision of 20/200 or worse
in the study eye (if both eyes have neovascular AMD and equal visual acuity scores, the study eye will
be determined by the investigator);

= Best corrected visual acuity in the feliow eye must be equal to or better than the study eye;

e Fluorescein angiography of the study eye must show evidence of a leaking subfoveal choroidal
neovascular lesion. The subfoveal component must consist of CNV (choroidal neovascularization),
blood or fibrosis. The total size of the lesion must be <12 MPS disc areas. The presence of a leaking
subfoveal choroidal neovascular lesion will be evaluated by the investigaior at the clinical sile o
determine patients’ eligibility.

¢ Must not be candidates for (including patients who have had treatment with either modality in the past
and are no longer candidates) or must have refused treatment with subfoveal laser photocoagulation or
PDOT (photodynamic therapy);

+ Informed consent;
o Able to comply with protocol reguirements including follow-up visits.
Exclusion Criteria:
| e Liver enzymes > 2 x ULN (ALT, AST, bilirubiny;

e Clinical evidence of active infection of any type, including adenovirus, hepatitis A, B, or C virus or HIV
virus;

. s Other treatment for AMD in the study eye within the last twelve weeks prior to Day 1,
hitps://clinicalirials gov/ct2/show/record/NCTO0 109498 2term=NCT001094 80 &draw=2&rank=1#wrapper 4/6
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« (ther experimental medications within the last four weeks prior to Day 1;

« Significant retinal disease other than neovascular AMD, such as diabetic retinopathy or retinal vascular
occlusion;

¢ Significant non-retinal disease such as ccular atrophy;

e Cataract or other significant media opacity that might compromise examination and photography of the
posterior segment;

e (ther causes of choroidal neovascularization such as pathologic myopia { > 8 diopters), ocuiar
histoplasmosis or angioid streaks,;

s Evidence of inflammation {grade 1 or higher) in the anterior and/for posterior chambers;
# Cataract surgery or submacular surgery within 3 months;
s Frior ocular treatment with radiation;

+ Known allergy to flucrescein,

e Abnormal prothrombin or partial thrombopiastin time { > 1.5 X ULN) or anficoaguiant therapy that cannot
be withheld for treatment.

hitps://clinicalirials gov/ct2/show/record/NCTO0 109498 2term=NCT001094 80 &draw=2&rank=1#wrapper 5/6
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NCT00109498
Other Study ID Numbers %8

GV-003.001

Has Data Moniloring Commitiee

Hhes

. Study Sponsor OME

SRR
MIE

EWE Data element required by the international Committee of Medical Journal Editors and the World Health

Organization ICTRP

hitps://clinicalirials gov/ct2/show/record/NCTO0 109498 2term=NCT001094 80 &draw=2&rank=1#wrapper 8/6
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Clinicallvials. gov

Trial record 1 of 1 for:  NCT01024998
Previous Study |  Relum to List | Next Study

Safety and Tolerability Study of AAV2-sFLT01 in Patients With Neovascular Age-
Related Macular Degeneration (AMD)

The safety and scientific validity of this study is the responsibility of the study sponsor
A and investigators. Listing a study does not mean it has been evaluated by the U5
Federal Government. Read our disciaimer for details.

ClinicalTrials.gov identifier, NCT01024998

AARA AR R AN

Recruitment Status € - Completed
First Posted €% - Decamber 3, 2008

Last Updale Posted €8 August 22, 2018

Sponsor:
Genzyme, a Sanofi Company

information provided by {Responsible Party):
Sancfi { Genzyms, a Sanofi Company )

Disclaimer How o Read a Study Record

. December 3, 2009

hitps:/clinicalirials govct2/show/record/NCT0O1 024898 2term=NCT31024988&draw=2&rank=1 178
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Last Update Posted Date

Current Primary Quicome Measures
{submitted: April 5, 2811)

e Maximum iolerated dose of a single uniocular intravitreal injection of AAVZ-sFLT01
: [ Time Frame: Time of freatment through Week 52 {referred to as the "core"” siudy) |

s Number of Treatment Emergent Adverse Events [ Time Frame: Time of freaiment through Week 52
{referred {0 as the "core” study) |

s Number of Treatment Emergent Adverse Events [ Time Frame: Up to 4 years after the "core” study

{referred 0 as the "Extended Follow-up” period) |

HORMUE

COriginal Primary Ouicome Measures
. {submitted: December 2, 2009}

Maximum folerated dose of a single uniocular intravitreal injection of AAV2-sFLT01 [ Time Frame: Time of treatment |

7

Current Secondary Quicome Measures
{submitted: April 5, 2811)

e Decreased retinal thickness [ Time Frame: Time of treatment through Week 52 (referred to as the
: “core” study) |

s Decreased retinal thickness [ Time Frame: Up {0 4 years after the "core” study (referred to as the
"Extended Follow-up” period) |

Criginal Secondary Ouicome Measures ™™
. (submitted: December 2, 2009)

hitps:/clinicalirials govct2/show/record/NCT0O1 024898 2term=NCT31024988&draw=2&rank=1 278



(AMD)

A Phase 1, Open-Label, Multi-Center, Dose-Escalating, Safety and Tolerability Study of a Single Intravitreal
Injection of AAVZ-sFLTO1 in Patients With Neovascular Age-Related Macular Degeneration

This Phase 1 clinical research study will examine the safety and tolerability of an experimental gene transfer agent,
AAVZ-sFLTO1, in patients with Neovascular Age-Related Macular Degeneration (AMD).

A new freatment for neovascular age-related macular degeneration (AMD) is being investigated.
Neovascuilar AMD is sometimes referred {0 as the "wet” form of AMD. The purpose of this Phase 1 clinical
research study is to examine the safety and ability of an experimental study drug fo treat a complication of
the disease which leads {o vision loss. The name of the study drug is "AAVZ-sFLTO1." This experimental
study drug uses a virus to transfer a gene (genetic code) into cells within the eye. The gene codesfora
protein that is intended to diminish the growth of abnormal blood vessels under the retina. The duration of

the gene's effect is currently unknown, but might last for years.

This clinical research study will look at the safety of a single administration of AAV2-sFLT01 injected directly
into the eye. There are Z parts o this siudy, but patients will take part in only one of them. In the first part of
the study, 4 different doses of the study drug will be studied in 4 separate groups of patients. Patients in the
first part of the study will not be randomized. In the second part of the study, the highest dose that was safe
and well tolerated will be studied in 10 more patients. Patients in this part of the study may have a .
ranibizumab (Lucentis®) injection 26 weeks after their AAVZ-sFLTO1 injection to verify their responsiveness
to anti-VEGF therapy, if they have not demonstrated a response {0 AAV2-sFLT0O1. The initial two parts of
this protocol are expected to be completed in July, 2013.

All patients injected with AAVZ-sFLTO1 will be asked to participate in an Extended Follow-Up (EFU)
program for up to an additional 4 years. Participation is voluntary but strongly encouraged as it aliows for
the long term collection of safety information as well as information about the potential long term effects of
the study drug. Study visits will take place at the site every 6 months.

hitps:/clinicalirials govct2/show/record/NCT0O1 024898 2term=NCT31024988&draw=2&rank=1 38



1211212019 Safety and Tolerability Study of AAVZ-sFLTO1 in Patients With Neovascular Age-Related Macular Degeneration (AMD) - Tabular View - ...

Up to thirty-four (34) patients at multiple centers will take part in this study in the United States.

Allocation: Non-Randomized
Intsrvention Model: Parallel Assignment
Masking: None {Open Label)
Primary Purpose: Treatment

e Macular Degeneration

¢ Age-Related Maculopathies
= Age-Related Maculopathy
¢ Maculopathies, Age-Related
s Maculopathy, Age-Related
¢ Retinal Degeneration

e Retinal Neovascularization
= (Gene Therapy

e Therapy, Gene

s Eye Diseases

| Intervention

= Biological: AAVZ-sFLTO1
| 2 x 1078 vector genomes {vg) AAVZ-sFLTO1. Single intravitreal injection 1o a single eye, using a fixed
. volume of 100 ul.
¢ Biological: AAVZ-sFLTO1
2 x 1078 vector genomes (vg) AAVZ-sFLTO1. Single intravitreal injection to a single eye, using a fixed
. volume of 100 pl.
s Biological: AAVZ-sFLTO1
6 x10°9 vector genomes (vg) AAVZ-sFLTO1. Single intravitreal injection {0 a single eye, using a fixed

- volume of 100 pb. :
hitps:/clinicalirials govct2/show/record/NCT0O1 024898 2term=NCT31024988&draw=2&rank=1 478
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s Riological: AAVZ-sFLTO1

2 x 100 vector genomes (vg) AAVZ-sFLTO1. Single infravitreal injection to a single eye, using a fixed

volume of 100 ul.

&

Experimental. 2 x 1078 vector genomes (vg) AAVZ-sFLT01

intervention: Biclogical: AAVZ-sFLTO1

s Experimental: 2 x 1078 vector genomes (vg) AAVZ-sFLTO1
intervention: Biclogical: AAVZ-sFLTO1

¢ Experimental: 6 x 1040 vector genomes (vg) AAVZ-sFHLTO1

intervention: Biological: AAVZ-sFLT01

e Experimental: 2 x 10M0 vector genomes (vg) AAVZ-sFLTO1
intervention: Biological: AAVZ-sFLT01

Publications *

Heiar IS, Kherani &, Desai 8, Dugel B, Kaushal

Cheng SH, Delacono ©, Purvis A, Richards § Le-Halpsre A
<

3,
Rs

Connelly J, Wadsworth 8C, Varona B, Buggage R, Scaria A, Campochiare PA. Intravitreous injection of AAVZ-

P gFLTO in patisnts with advanced neovascular age-related macular degenseration: a phass 1, open-label trial.
Lancet 2017 Jul L3S0(I00801:80-81. dob 10 1018/80140-6736(17)30878-0. Epub 2017 May 17, Eratum in;

- Lancel 2017 Jul 1,380{10088).28

* Includes publications given by the data provider as well as publications identified by ClinicaiTriais.gov
identifier (NCT Number) in Medline.

Actual Enroliment
{submitted: Ociocber 26, 2015)

Original Estimated Enrolliment
. (submitted: December 2, 2009)

hitps:/clinicalirials govct2/show/record/NCT0O1 024898 2term=NCT31024988&draw=2&rank=1 58
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. Actual Study Completion Date

- Inclusion Criteria:

®

&

2

Choroidal neovascular membrane (CNV) secondary to AMD, as confirmed by the patient's medical
history and a documented diagnosis of CNV.

Distance BCVA of 20/100 or worse in the study eye.
The fellow eye must have distance BCOVA of 20/400 or better.

The study evye, i.e., the eye that receives investigational product, has the worst CVA (As compared to
the fellow eye).

Subfoveal disciform scarring in the study eye for the first part of the study (the dose-escalation part).
Patients may or may nof have macular scarring in the study eve for the second part of the siudy (MTD
phase). In addition, patients enrolled in the second part of the study must have demonstrated
responsiveness to an anti-VEGF therapy within 12 months prior to screening and after the patient's
most recent treatment of anti-VEGF therapy.

Noted presence of intra- or sub-retinal fluid.
Adeqguate dilation of pupils to permit thorough ocular examination and testing.

Must be willing o have samples of anterior chamber fluid collected from the study eye.

~ Exclusion Criteria:

(]

8

CNV in the study eye due {0 any reason other than AMD.

History of conditions in the study eye during Screening which might alter visual acuity or interfere with
study testing.

Active uncontrolled glaucoma.

Had any intraccular surgeries in the study eve within 3 months of enroliment or are known or likely
candidates for intraocular surgery (including cataract surgery) in the study eye within 1 year of
treatment.

Acute or chronic infection in the study eye.
History of inflammation in the study eye or ongoing inflammation in either eye.
Any contraindication to intravitreal injection.

Received Photo Dynamic Therapy in the study eye within 60 days, or laser photocoagulation within 14
days prior to Screening.

hitps:/clinicalirials govct2/show/record/NCT0O1 024898 2term=NCT31024988&draw=2&rank=1 8/8
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« Currently using or have used ranibizumab (Lucentis®), bevacizumab {(Avastin™), or pegaptanib sodium
(Macugen®) within 1 month prior to Screening.

e Currently using or have used Aflibercept (Eylea®) within 4 months prior to Screening.

¢ Currently using any periocular (study eye), intravitreal (study eye), or systemic (oral or infravenous)
steroids within 3 months prior to Screening.

e Any active herpetic infection, in particular active lesions in the eye or on the face.
e Any significant poorly controlled iliness that would preciude study compliance and follow-up.
¢ Current or prior use of any medication known {o be toxic to the retina or optic nerve.

e Previous treatment with any ocular or systemic gene transfer product.

¢ Received any investigational product within 120 days prior to Screening.

All

Administrative Information

hitps:/clinicalirials govct2/show/record/NCT0O1 024898 2term=NCT31024988&draw=2&rank=1 78



sFLT01-AMD-00108
0810-948 { Other ldentifier: NIH Office of Biotechnology Aclivities )
MSC12870 ( Other Identifiar: Sanofi )

Study Director:
Medical Monitor
Genzyme, a Sanofi Company

. PRS Account

KRR Data element required by the International Committes of Medical Journal Editors and the World Health

Organization ICTRP

hitps:/clinicalirials govct2/show/record/NCT0O1 024898 2term=NCT31024988&draw=2&rank=1 8/8
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Clinicallvials. gov

Trial record 1 of 1 for:  NCT01494805
Previous Study |  Relum to List | Next Study

Safety and Efficacy Study of rAAV.sFIt-1 in Patients With Exudative Age-Related
Macular Degeneration (AMD)

The safety and scientific validity of this study is the responsibility of the study sponsor
A and investigators. Listing a study does not mean it has been evaluated by the U5
Federal Government. Read our disciaimer for details.

ClinicalTrials.gov identifier: NCT01484808

AARA AR R AN

Recruitment Status € - Completed
First Posted €8 - Decamber 19, 2011

Last Update Posted €8 : September 1, 2017

Sponsor:
Lions Eve Instituts, Perth, Western Australia

Collaborator:
Adverum Biotechnologies, Inc.

information provided by {Responsible Party):
Prof. P. Elizabeth Rakoczy, Lions Eye Institule, Perth, Western Ausiralia

Sty Details Tahular View No Results Posted | Dischalmer How 1o Read a Study Record

Tracking Information

hitps://clinicalirials gov/ct2/show/record/NCT014248052term=NCT31484805&draw=2&rank=1 177
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-
iR

. First Posted Date W

W

. Current Primary Outcome Measures ©
: {submitted: December 18, 2011}

No sign of unresolved ophthalmic complications, toxicily or systemic complications as measurad by laboratory tests
- from 1 month post injection | Time Frame: Primary endpoint at 1 month ]

1. Ocular examination:
o Qcular inflammation
o infraocular pressure
o Visual acuity

o Retinal blesding

2. Abnormat laboratory data

Original Primary Outcome Measures !

Same as current

Change History

e
i

Current Secondary Qutcome Measures
' {submitted: December 18, 2011}

. Maintenance or improvemeant of vision without the necessity of ranibizumab re-injections | Time Frame: Up to 3

- years |
1. Best-corrected visual acuity
2. CNV iesion

3. Foveal thickness

T
GME

. Original Secondary Qutcome Measures |

hitps://clinicalirials gov/ct2/show/record/NCT014248052term=NCT31484805&draw=2&rank=1 27



Descriptive Information

 Brief Title *

A Phase I/l Controlied Dose-escalating Trial to Establish the Baselineg Safely and Efficacy of a Single Subretinal
. Injection of rAAV.sFit-1 Into Eyes of Patients With Exudative Age-related Macular Degeneration (AMD)

The study will involve approximately 40 subjects aged 55 or above who have exudative age-related macular
degeneration (wet AMD). Patients will be randomized to receive one of two dosss of rAAV.sFii-1 or assigned {o the

control group.

A new treatment for exudative age-related macular degeneration (wet AMD) is being invesiigated. The
purpose of this Phase Vi clinical research study is to examine the baseline safety and efficacy of an
experimental study drug o treat a complication of the disease which leads to vision loss. The name of the
 study drug is FAAV.SFIt-1.

This experimental study uses a non-pathogenic virus 1o express a therapsutic protein within the eye. The
therapeutic diminishes the growth of abnormai blood vessels under the retina. The duration of effectis
thought to be long-term (years) following a single administration.

The clinical research study will look at the baseline safety and efficacy of a single injection of rAAV sFit-1
 injected directly into the eye.

Approximately forty (40} subjects will participate in Australia. The primary endpoint of the study is at one

month, with extended foliow up for 3 years.

hitps://clinicalirials gov/ct2/show/record/NCT014248052term=NCT31484805&draw=2&rank=1 377
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WRAR N

. Study Phase *

Phase 1
Phase 2

Allocation: Randomized

intervention Model: Paralle! Assignment
Masking: Single (Cuicomes Assessar)

Primary Purpose: Treatment

-]

Macular Degeneration

e Age-related Maculopathies
s Age-related Maculopathy
e Maculopathies Age-related
s Maculopathy Age-related
e Retinal Degeneration

~ « Retinal Neovascularization

¢ Eye Diseases

e Biological: rAAV sFit-1

1 x 10M0 vecior genomes (vg) rAAV.sFli-1, delivered by subretinal injection
e Biciogical: rAAV sFii-1

: 1 x 1071 vector genomes (vg) rAAV.sFit-1, delivered by subretinal injection
s (Other: Control {ranibizumab alone)

FPatients wili not receive rAAV sFit-1, but will be eligible for retreatment with ranibizumab (Lucentis).

e Experimental: Low Dose rAAV sFit-1

. Intervention: Biclogical: rAAV. sFIt-1
e Experimental: High Dose rAAV.sFit-1
' Infervention: Biclogical: rAAV.sFIt-1

= Active Comparator: Control - ranibizumab only

hitps://clinicalirials gov/ct2/show/record/NCT014248052term=NCT31484805&draw=2&rank=1 477
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intervention: Other: Control (ranibizumab alone)

Publications *

¢ Constable I, Plarce OM, Lai M, Magno AL Degli-Esposti MA Franch MA MoAllister 1L, Buller 5,

R

Barone 8B Schwartz SD. Blumenkranz MS, Rakoczy EF Phase Za Randomized Clinical Trial: Safety

and Post Hoo Analysis of Subretinal rAAV sFLT-1 for Wt Age-related Macular Degenegration.
EBicMadicine. 2018 Dec 14168175, doll 1010184 eblom. 2018 11 018, Epub 2018 Nov 10,

e Rakoozy EF Lal OM, Magno AL Wikstrom ME French MA Plarce OM, Sohwartz SU Blumenkranz
MS, Chalberg TW, Degli-Esposti MA, Consiable L Geng therapy with recombinant adenc-associatad

vaciors for neovascular age-related masular degenaration: 1 vaar foliow-up of a phase 1 randomised
clinical trial, Lancet. 2015 Deg 123880100111 2385-403 . doi: 10 1018/50140-8728{1500345-1. Epub

2018 Sep 30

* Inciudes publications given by the data provider as well as publications identified by ClinicalTrials.gov
identifier (NCT Number} in Medline.

Completed

A

Actual Envollment 9
. (submitted: March 17, 2014)

SRR

Original Estimated Enrollment W%
. {submitted: December 15, 2011)

. Actual Study Completion Date ™

. August 2017

Inclusion Criteria:

hitps://clinicalirials gov/ct2/show/record/NCT014248052term=NCT31484805&draw=2&rank=1 5i7
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e Age greater than or equal {0 55 years;

« Subfoveal CNV secondary to AMD and with best corrected visual acuity of 3/60 - 6/9 with 6/60 or beiter
in the other eye;

s Fluorescein angiogram of the siudy eye must show evidence of a leaking subfoveal chorcidal
necvascular lesion, or CNV currently under active management with anti-VEGF therapy;

« Must be a candidate for anti-VEGF intravitreal injections;
e No previous retinal treatment of pholodynamic therapy or laser;
s Abie to provide informed consent;
e Able to comply with protocol requirements, including follow-up visits.
Exclusion Criteria:
| s Liver enzymes > 2 X upper limif of normal;
e Any prior freatment for AMD in the study / control eye, excluding anti-VEGF injections;

s Extensive sub-foveal scarring, extensive geographic atrophy, or thick subretinal blood in the siudy eye
as determined by the investigator;

+ Significant retinal disease other than sub-foveal CNV AMD;

All
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. NCT Number ©¥%

Principal Investigator:

fan Constable, Professor
Lions Eve Institute

' PRS Account

Data element required by the International Commiites of Medical Journal Editors and the World Health
Drganization ICTRP
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Trial record 1 of 1 for:  NCT01301443
Previous Study |  Relum to List | Next Study

Phase | Dose Escalation Safety Study of RetinoSiat in Advanced Age-Related
Macular Degeneration (AMD) (GEM)

The safety and scientific validity of this study is the responsibility of the study sponsor
A and investigators. Listing a study does not mean it has been evaluated by the U5
Federal Government. Read our disciaimer for details.

ClinicalTrials.gov identifier: NCT01301443

AARA AR R AN

Recruitment Status € - Completed

Last Update Posted €8 Aprit 5, 2017

Sponsor:
Oxford BioMedica

information provided by {Responsible Party):
Oxford BioMedica

Disclaimer How o Read a Study Record
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Last Update Posted Date

April 5, 2017

September 2014 (Final data collection date for primary oulcome measure)

. Current Primary Cutcome Measures
{submitted: February 22, 2011}

The incidence of adverse events [ Time Frame: 24 weeks |

The number and percentage of patients with treatment emergent adverse events.

P

omplets list of historical versions of sludy NOTH 301443 on ClinicalTrals. gov Archive Sits

. Current Secondary Qutcome Measures ™
. {submitted; February 22, 2011}

- Change from baseline in subretinal and intraretinal fluid as measured by OCT [ Time Frame: 24 weeks |

The change from baseline in the amount of subretinal and intraretinal fluid measured by Optical Coherence
tomography

. Brief Title

. Phase | Dose Escalation Safety Study of RetinoStat in Advanced Age-Related Macular Degeneration (AMD)
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A Phase | Dose Escalation Safety Study of Subretinally Injecied RetinoStat, a Lentiviral Veclor Expressing
Endostatin and Angiostatin, in Patients With Advanced Neovascular Age-Related Macular Degeneration

The purpose of this first in man siudy is to examine the safely of an experimental gene fransfer agent, RetinoStat,
designed fo freat neovascular age-related macular degeneration.

There are two parts to the study. A doss-escalation phass looking at thres doses of RelinoStat starting with ths

lowest dose, three patienis will be recruited at each dose level. The escalation phase will be followed by a dose
confirmation phase where the highest dose that is safe and well {olerated will be examined in 9 patienis.

Intervention Model: Single Group Assignment
Masking: None (Gpen Labsl)
Primary Purpose: Treatment

§ Condition ™

Drug: Subretinally injeclied RetinoStat
Single subretinal injections, with increasing doses. 8 patients with 3 patients at each dose followed, by 12
patients at maximum tolerated dose.

. Other Name: OXB-201

Experimental: Subretinally Injected RetinoStat
Subretinally injected RetinoStat

intervention: Drug: Subretinally injected RetinoStat

. Publications *

hitps:/clinicalirials gowct2/show/record/NCT01 301443 2term=NC T3 1301443 &draw=2&rank=1 36



Campochiaro PA, Lauer AN Sehn BN, Mir TA, Navlor 8, Anderton MO, Kalleher M, MHarrop B, Ellis 5, Mitrophanous

KA Lentiviral Vactor Gene Transfer of Endostain/Angiosiatin for Macular Degeneration (GEM) Study, Hum Gans
Ther 2017 dan:28{1188-111. doi 10.108%hum. 2016, 117, Epub 2018 Sep 26,

*®

Inciudes publications given by the data provider as well as publications identified by ClinicalTrials.gov
identifier (NCT Number)} in Medline.

Actual Enroliment
' {submilted: Ociober 21, 2014}

Criginal Estimated Enrollment ©WE
: {submitted: February 22, 2011}

inclusion Criteria:
| e Clinical diagnosis of AMD with active CNV that shows evidence of leakage.
« BCVA less than or equal to 20/200 in the study eve for dose escalation phase.
e BCVA less than or equal to 20/80 in the study eye for maximum tolerated dose phase.
Exclusion Criteria:
| « Significant ocular abnormalities that prevent retinal assessment.
= Treatment with steroids within three months of screening.
« Treatment with anti-VEGF therapy to either eye within one month of screening.

« Clinically significant intercurrent ilinesses, laboratory, ECG or chest XRay abnormaiities.
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. Sex/Gender ©WE

All

Contactg WIS
Listed Location Countries |

. United States

Removed Location Countries

Administrative information

Studies a U.5. FDA-regulated Device Product:
No

. IPD Sharing Statement !

Plan to Share IPD:
Undecided

. Responsible Party
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Principal Investigator:
Peter A Campochiaro, MD
Johns Hopking University Hospital
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Age-related macular degeneration {AMD) is one of the leading
causes of blindness worldwide. By the year 2020, an estimated
196 million people will have AMD and 11 million will have
significant vision loss [11. AMD can broadly be categorized into
non-neovascular and neovascular (NAMD)} forms. Non-neovas-
cular AMD is characterized by the development of drusen and
retinal pigment epithelial (RPE)} changes early in the disease
course, and with loss of RPE and assodciated severe vision lass
in advanced disease {Figure 1}. Neovascular AMD is character-
ized by choroidal neovascularization {CNV) causing central
vision loss from macular exudation {(Figure 2}; subseguently,
despite treatment, fibrosis and/or RPE atrophy develop in
nearly half of patients by 2 vears, resulting in severe perma-
nent central vision loss [31. Anti-vascular endothelial growth
factor (anti-VEGF) therapy is currently the standard of care for
NAMD. The original ANCHOR and MARINA trals of monthiy
ranibizumab, respectively, vielded 113 and 72 Early
Treatment of Diabetic Retinopathy Study (ETDRS} [etters of
improvement at one vear [3,4]. Subsequent longer-term trials
and ‘reabworld’ studies revealed a visual acuity decline over
the ensuing vears, likely due to 2 combination of undertreat-
ment, incomplete treatment effectiveness, and progression of
fibrotic scarring and/or geographic atrophy {GA} [5-10]. These

therapeutic fimitations, in addition to the treatment burden of
manthly injections, demonstrate the unmet need for more
affective therapy.

Genetic therapy has been investigated in inherited retinal
diseases such as Leber's congential amaurosis (LCA), chorol-
deremia, retinitis pigmentosa (RP}, Usher's disease, Stargardi’s
disease, Leber’s hereditary optic neuropathy, achromatopsia,
and X-linked retinoschisis [11]. The early success of gene
therapy in the treatment of LCA has created enthusiasm in
translating the therapy to AMD, which has a significantly
greater prevalence and sedietal burden. in particular, one-
time gene therapy in AMD to transduce BPE celis has the
potential to chronically produce anti-angiogenic and other
therapeutic proteins [121.

A variety of viral and nonviral gene defivery methods have
been developed over the past couple of decades. The viral
vectors most extensively used include the adenovirus, adeno-
associated virgs (AAV), garnma-retrovirus, and lentivirus. The
choice of viral vector is specific to each application, and
depends on a combination of factors such as tissue tropism,
cloning capacity of the vector {which determines the size of
the expression cassette thai can be accommodated in the
genome of the virus), and safety concerns (inflammatory
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s in necvascular age related macular degeneration (nAMD), gene ther-

apy could ameliorate the treatment burden associated with chronic
intravitreal therapy and has the potential to improve poor visual
cufcomes associated with ‘real world” antivascular endothelial
growth factor {anti-VEGF) undertreatment.

» To date, the most common viral vector utilized in refinal genetic

therapy is the adeno-associated virus (AAVE The AAV vector has
many features making it an excellent vector choice in retinal diseases,
including non-integrating nature, low inflammatory potential, fow
retinal toxicity at appropriate doses, non-pathogenic nature, ability
1o transduce non-dividing celis, and excellent track record of safety in
human frials.

« Vector delivery to the target retinal tissue involves two potential

methods: intravitreal injection or pars plana vitrectomy PPV} fol-
lowed by subretinal injection.

e In negvascular AMD (nAMD), gene therapy is being assessed to

chronically express anti-angiegenic proteins such as pigment epithe-
lium derived factor (PEDF), fms-like tyrosine kinase-1 {sFLT-1), as well
as ranibizumab, aflibercept, angiostatin and endostatin.

s In gecgraphic atrophy (GA}, gene therapy is being assessed to target

the complernent system.

e The risks of chronic and extensive inhibition of the VEGF pathway are

incomplataly known and require further assessment.

This box summarizes key points contained in the article.

responses,
Adenovirus
helper-dependent vectors, have a high cloning capacity

and  genotoxicity/insertional
vectors, particularly the third-generation

oncogenesis).

{~35 kb}, and can transduce a wide range of cell types, includ-
ing guiescent tissues. The genome of the adenoviral vector
largely remains in the nucleus as an episome and rarely inte-
grates. However, use of first-generation vectors has been lim-
ited hy the activation of inflammatory responses 113,141

econd-generation vectors are less immunogenic, while
helper-dependent adenoviral vectors are by far the safest
[15,18]. AAV vectors display, in general, low immunogenicity,
making this vector system an attractive tool for gene therapy
of many human diseases. Like adenoviral vectors, AAY vectors
transduce guiescent tissues, and their genome s mostly main-
tainad as an episome [17]. An added feature is the availability
of muitiple serotypas, sach of them displaving enhanced trop-
ism for a specific set of tissues. For example, AAVZ, transduces
skeietal muscdle, liver, central nervous system (CNS) and retina,
while AAVE transduces liver, reting, CNS, pancreas, and heart
[18]. Lentiviral vectors are derived from the human immuno-
deficiency virus 1 (HIV1) or the equine infectious anemia virus
{(EIAV} [19], and have a dloning capacity of up to 10 kb 241
Lentiviral vectors are used in applications requiring vector
genome integration into the host genome, and have been
extensively used for transduction of hematopoietic stem cells
[21]. Lentiviruses have recently become a popular choice
because they can transduce quiescent tissues, in addition to
dividing cells, and have improved safety features relative to
gamima retroviruses, as the vector genome does not praferen-
tially integrate in the proximity of oncogenes [22L

epithelium centrally, which results in the geographic lesion, and causes a central scotoma. Right: The corresponding flusrescein angiogram demonstrates

in

hyperfiuarescence of the lesion due to a ‘window defect’ through the atraphic retina to the underdving charoidal vasculature.

3. Left: Fundus photo of severe subretinal hemorthage in neovascular age-related macular degeneration. The subretinal hemorrhage extends from the temporal

disc thraugh the central and inferior macula. Such hemorrhages typically lead to central retinal scarring and assodated central scotoma. Right: The

he central maciila, which represents leakage by the central portion of the underlying cheroidal necvascularization not obscured by the hemorrhage.



Furthermore, nonintegrating lentiviral vectors have recently

been developed, which significantly reduce the possibility of
genotoxic effects {231

To date, the most common viral vector utilized in retinal
genetic therapy is the adeno-associated virus. The AAV vector
has many features making it an excelient vector choice in
retinal diseases, including nonintegrating nature, iow inflam-
matery potential, low retinal toxicity at appropriate doses,
nonpathogenic nature, ability to transduce nondividing cells,
and excellent track record of safety in human trials {24,251
AAV vectors do have limitations, which include having a
restricted transgene capacity (4.5-5.0 kb) and the risk of
being rapidly eliminated by the humoral immune response
in patients who have previously been exposed to the virus
[28]. However, the risk for immunogenicity with AAY vectors is
fow when targeting relatively immune-privileged tissuas such
as the retina [271.
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The eye provides an excellent model for investigating gene
therapy for AMD because the ocular relative immune-privilege
limits an immune response o the implanted genetic material
and the tight blood-ocular barrier limits the systemic dissemi-
nation of the introduced genetic material. Additional advan-
tages include ease of accessibility for delivery of the genetic
material directly to the target cells of interest, the noninvasive
ability to monitor for disease progression and response to
therapy, and use of the contralateral eye as an excelient in
vive control [28].

Vector delivery to the target retinal tissue has not been
standardized. Currently, vector delivery involves two potential
methods. The most commonly investigated method involves
pars plana vitrectomy (PPV) foliowed by a retinotomy and
injection of the viral vector with genetic material into the
subratinal space (Figure 3} This more invasive method creates
a temporary retinal detachment, but allows for direct delivery
to the cells of interest. The virus then ‘infects’ the RPE celis or
photoreceptors, causing the host cells to transcribe and trans-
late the virally transferred genetic material into therapeutic
protein. The location and number of retinotomies through
which  to deliver vector has not  been  optimized.
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Alternatively, injection of the vector into the vitrecus cavity
has been attempted, and although this method may be less
invasive and potentially have fewer procedure-related compli-
cations, the penetration of viral vector to the target tissue is
perceived to be inferior to that of subretinal injections
{Figure 4} [23,30L In this review, the pathophysiologic
mechanisms contributing to AMD are explored along with
the recent gene therapy trials targeting this degenerative
process {Table 1)
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nAMD pathogenesis is complex and involves multiple path-
ways that contribute to pathologic endothelial proliferation,
particularly the imbalance of pro-angiogenesis and antiangio-
genesis factors. Several weli-characterized factors include the
overexpression of vascular endothelial growth factor (VEGF}, 2

relative  deficiency of pigment epithelium-derived  factor
(PEDF), and an underexpression of secreted extraceliular

domain of VEGF receptor 1, soluble fms-like tyrosine kinase-1
(sFLT-1) [31L Numerous other factors are known to b

[
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sve S, Intravitreat injection: This figure represents the location of an intravi-
treal injection of therapeutic viral vectors, a brief office-based procedure.
toilowing local anesthesia and application of betadine to reduce the risk of
infection, 2 small-gauge needie is inserted through the pars plana into the
vitreous. The vector is injecied directly into the vitreous humor and must
traverse posteriorly through the vitreous and inner retinal fayers in order to
transduce the retinal pigment epithelium and photoreceptors.

Y ibreons

Erpstie s

ection: This figure demonstrates the location of a subretinal injection of therapeutic viral vectars, a3 procedure that is performed in an

outpatient surgical setting. After pars plana vitrectomy to remove vitreous, a small retinotomy is ceated and the neurasensary retina is detached to create a small

tleb. The vecto

are then deliverad directly into this iatrogenic space, between the photoreceptors and the retinal pigment epithelium. The volume and dose of

viral vector, predise retinal location within the eye, and the number of retinotomies through which to deliver has yet to be optimized.
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Table 1. List of ongoing or recently completed human gene therapy trials for age-related macular degeneration.
Targeted Clinicaltrials. Study
Therapy and delivery method Mechanism of gene therapy disease gov Number Sponsor phase
{ntravitreal AdGVPEDF.11D PEDF expression with antiangiogenesis nAMD NCTO010949%  GenVec Phase |
Subretinal rAAY. sFLT-1 Celtular expression of VEGF binding receptor  nAMD NCTC1494805  Lions Eye Institute  Phase |
FIT Avalanche Phase #
Sistechnologies,
inc.
intravitreal AAVZ-sFLTOY Cellular expression of VEGF binding recaptor  nAMD NCTD1024858  Sanofi Genzyme Phase |
FLT1
Subretinal AAV-8-based anti-VEGF (RGX-314})  Monodonal antibody binds VEGF nAMD NCTC3066258  Regenxbio inc. Phase |
Subretinal lentiviral vector expressing Angiogeneasis inhibition nAMED NCID1301443  OQxford BioMedica  Phase |
endostatin and angiostatin (RetinoStat) NCTD1678872
intravitreal AAVCAGSCD59 Inhibition of the membrane attack complex  Non- NCT03144999 Hemera Biosciences Phase |
{MACS formation through CDS9 expression Neovascular
AMED

involved in AMD pathogenssis such
statin and angiostatin.

as antiangiogenic endo-

One of the
therapy for AMD was a ghase | trial of AAV-deliverad PEDF
gerne in advanced nAMD, which was published in 2006
(NCTO0109499) {32]. PEDF is a naturally occurring antiangio-
genic peptide that was proven effective at preventing and
regressing neovascularization in murine AMD models prior to
human studies [33,34]. Campochiaro et al. evaluated the deliv-
ery of a single intravitreal injection of an Et-, partial E3-, E4-
deleted adencoviral vector (8 second-generation and ltess cyto-
toxic and immunogenic vector) expressing human PEDF
(AdPEDF.11) in 28 patients with advanced nAMD. There were
no serious adverse events related to AJGVYPEDF.11T, but they
did report transient intraocular inflammation in 25% of
patients. No conclusion could be made regarding visual out-
comes due to a lack of a control group and small sample size;
however, patients receiving less than 10% particie units were
reported to have a decrease in visual acuity and increase in
the size of the CNV lesion, in contrast to patients receiving 10°
or greater particle units who largely remained stable, suggest-
ing a possible dose-escalation response [321L

guently shifted to the investigation of sFLT-1, an endogen-
ously expressed VEGF inhibitor that binds to and neutralizes
VEGF-A, preventing the normal binding of VEGF with its
endothelial receptors {35-37]. Pradiinical rodent and primate
models demonstrated the proof of mechanism of subretinally
administered recombinant AAY (rAAV) with sFLT-1 in prevent-
ing CNV formation [38-411 Authors hypothesized that local
vector entry into the RPE cells and photoreceptors enables the
uptake and transduction of the viral vectors, with expression
of sFLT-1 through the normal profein-producing mechanisms
of the host celis.

Avalanche Biotechnologies in collaboration with the
Australian Lions Eye Institute (NCTG1494805) investigated the
safety profile and effectiveness of subretinal injections of rAAV
sFLT-1 in human dinical trials. The phase | resuits were pub-
lished in 2015, with 3-year outcornes published in 2017

[£2,42]. Their technigues included performing PPV followed
by the subretinal injection of a low-dose (1x10'° vector gen-
omes (vg)) or high-dose (1x10" vg) vector at a location
adjacent to the vascular arcades, superior and temporal to
the fovea and contiguous with disease-associated subretinal
fluid. All patients received ranibizumab injections at baseline
and week 4, and as needed thereafter according to prespeci-
fied criteria for active nAMD based on ETDRS best corrected
visual acuity (BCVA), optical coherence tomography (0CT), and
fluorescein angiography (FA) findings. At 3-years follow-up,
they reported no proliferation of RPE cells, scarring, or chor-
joretinal atrophy in the area of subretinal injection [12]. Some
of the coular adverse events recorded in the treatment groups
included subconjunctival hemorrhage, retinal hemorrhage,
and cataract progression, which were expecited sequelae
from PPV [12]. Due to the small sample size, statistical analysis
could not be performed on visual or anatomic outcomes.
However, patients with the higher dose of viral vector required
fewer intravitreal anti-VEGF injections than the low dose and
control groups. The tolerable safety concerns of this phase |
trial led to further investigation.

Sirnilar to this prior study, patients in the phase Ha clinical
trial were randomized to either subretinal rAAVSFLT-1 gene
therapy {n = 21} or to the control group {n = 11). Patients in
the gene therapy group received subretinal rAAVSFLT-1
{1 x 10" vq) foliowing PPV. All patients received ranibizumab
injections at baseline, week 4, and as needed thereafier fol-
lowing the prespecified criteria for subretinal fluid indicative
of active nAMD; ophthalmic and systemic endpoints were
assessed at 12 months. A press release of preliminary data in
June 2015 from Avalanche Biotechnologies reported the high
dose rAAVSFLT-1 group gained a mean change of BOVA of
only 2.2 letters, while the control group fared even worse
{compared to phase 1 results) by losing 9.3 letters compared
with baseline [43]. Additional resuits were recently published
in December of 2016, Simnilar to the phase 1 results, there were
no systernic side effects and no serious ocular adverse events
associated with rAAV.SFLT-1 administration. Importantly, there
were only two cases {10%) of transient intraocular inflamma-
tion as compared to the 25% rate in the aforementionad PEDF
study, possibly related to the subretingl versus intravitreal
administration of virus vector. Three of the patients treated
with rAAV seroconverted following injections, suggesting a



systernic immune response to the viral partidles. Howaever, the
implications of this finding are not dear, as patients did not
experience an ocular inflammatory response or related sys-
temic sympioms. As would be anticipated following PPV, 11
patients developed a cataract in the therapeutic arm [44]

fn the rAAVSFLT-1 group, BOVA improved by a median of
1.0 {interquartile range, KR -3.0 to 9.0) ETORS letter from
baseline compared to a madian of -5.0 {IQR: ~17.5 to 1.0}
ETORS letters change in the control group. This loss in the
control group was largely related to 3 of 11 patients who lost
in excess of 20 ETORS letters caused by complications of the
natural history of nAMD [44]. When these 3 patients were
rernoved from the analysis, there was no statistically signifi-
cant difference in BOVA improvement between the gene ther-
apy and the control groups. The median number of
raniblzumab refreatments was 2.0 (IQR: 1.0 to 6.0 for the
gene therapy group compared to 4.0 {IQR: 3.5 to 4.0) for the
control group [441 The retinag and investment communities
viewed the trial as a failure, as both the control and treatment
groups meaningfully underperformed compared to the 113
and 7.2 ETDRS letier improvement in the landmark MARINA
and ANCHOR trials,

Based on the disappointing resuits from this phase Ha trial,
the company reorganized; Avalanche Biotechnologies merged
with  Annapurna Therapeutics fto  become  Adverum
Biotechnologies. Their next-generation gene therapy products
for AMD, ADVM-022, and ADVM-032, utilize an AAY vector that
has been optimized for intravitreal injection of vectors carry-
ing anti-VEGF ¢DNA, leading to the expression of aflibercept
and ranibizamab, respectively. These therapies are in the pre-
clinical research phase [45]. According to publicly disclosed
corporate materials, both ADVM-02Z and ADVM-032 inhibit
laser-induced CNV in a primate model at day 28, comparable
in extent to intravitreal injections of aflibercept and ranibizu-
mab respectively. ADVM-022 has been selected to advance,
with ongoing preclinical studies to assess for anti-VEGF pro-
tein expression beyond 20 weeks [46],

Another company, Sanofi Genzyme investigated intravitreal
delivery of AAV2-sFLTOT (NCT01024998). The sFLTT produced
by this company is similar to that used in the Avalanche
studies, except that it is a fusion protein of the sFLT-1 domain
2 with the Fc domain of igGl. The chicken-B-actin {CBA)
promoter, a fusion of the chicken-actin promaoter and cytome-
galovirus (CMV} immediate-early enhancer, was used, which
leads to high levels of expression in Miller and ganglion cells
in macagques after intravitreal injection {471, In a phase 1, dose-
ascalation trial, 19 patients with advanced nAMD were treated
with a single 100-pL intravitreal injection of AAY2-5FLT01
according to four dose-ranging cohorts (cobort 1: 2 % 10° vg;
cohort 20 2 = 10% vg; cohort 3: 6 x 10° vg; and cohort 4
2 % 10" vg, n = 3 per cohor) and one maximum toleratad
dose cohort {cobort 5: 2 x 10" vg, n = 7). The results of this
trial were recently published in May 2017 [4&]. Two patients
who received 2 X 1077 vg experienced adverse events deemed
to be related to the study drug. One patient had pyrexia that
resolved within 3 h. The second patient developed intraccular
inflammation 1 month after injection and was successfully
treated over 5 weeks with a topical steroid. There were ten
adverse events reported in five patients including retinal
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hemorrhage, retinal tear, and one death of 3 91-year-oid
patient 1 year after study compietion and 2 years after vector
injection; no event was thought to be related to the vector
administration. There was no reported systemic detection of
the AAV2-sFLTOT vector or immunogenicity to the vector.
None of the patients in cohorts 1-3 had detectable concentra-
tions of sFLT0T in agueous humaor (AH), but five of ten patients
in cohorts 4 and 5 had concentrations of sFLTO1 above the
limit of quantification at one or more times during the study
period suggesting a dose related effect. At week 52, four of 19
patients {2 from cohorts 1-3 and 2 from cohorts 4/5) showed
sustained reductions of central subfieid thickness (CST) on
OCT, BOVA assessments were difficult to assess in this study
due to the variability in baseline fluid and retinal scaring
among the participants of each cohort. The authors point
out that there may be 3 relationship between the baseline
presence of serum antibodies direcied against AAVZ and a
reduction in transgene expression. They found that five of
ten patients injected with the highest dose of AAV2-sFLTOT
had no detectable anti-AAV2 serum antibodies and four of
those five patients had defectable sFLTO1 in AH after injection.
The five patients injected with 2 = 10'% vg who failed to show
detectable sFLTOT in AH had detectable baseline anti-AAV2
titers of 0, 1:400, 1:400, 1:3200, and 1:3200. The fact that one
patient whao received the highest dose and showed no sFLTO1
in AH despite undetectable anti-AAVZ antibodies indicates
that antibody titers and vector dose cannot be the only factors
influencing transgene expression {48432 The company has
not expressed any plans to continue development of this
therapy.

Another company, Regenexbio is developing a novel AAVS
vector, RGX-314, which expresses a soluble anti-VEGF mono-
clonal antibody fragment in transduced retinal cells. The com-
pany suggests that their proprietary gene delivery platform
{NAV Technology Platform) may yield higher levels of anti-
YEGF expression than earlier generation AAV  vectors.
According to publidy disclosed corporate materials, maximal
expression of therapeutic protein in the anterior chamber of
primate eyes treated with BGX-314 measured 4,992 ng/mi,
compared to at most 528 ng/mi and 0.217 ng/mi for the
Genzyme and Avalanche therapies respectively {38,551
RGX-314 is to be delivered via subretinal injection during
vitrectomny and 2 phase |, oper-label dose-escalation trial will
commence in 2017 INCT03066258) {521, Three doses wili be
assessed in 18 subjects with previcusly treated nAMD. The
primary end point involves safety assessments at 26 weeks.
Secondary end points, assessed at 106 weeks, include change
in BCVA, change in central retinal thickness, mean number of
rescue anti-VEGF injections, and mean change in the area of
CNV and leakage.

2v5

Oxford Biomedi
expression of angiostatin and endostatin by subretinal injec-
tionn of equine infectious anernia lentivirus  (EIAV-LY)
{RetinoStat, NCT01301443). A bicistronic expression cassefte
leads to production of both muolecules from one lentivirus
vector. This approach derives from preclinical work by Lal
et al. demonstrating that direct infravitreal injections of either
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AAV-endostatin, AAV-angiostatin, or lentiviral vector-angiosta-
tin significantly inhibited a neonatal murine model of prolif-
erative retinopathy [53,54]. The phase | trial enrciled 21
patients with advanced, recaicitrant nAMD and subjects
received one of three viral doses subretinally following PPV
(24 x 10" (n = 3}, 24 x 10" (n = 3}, or 80 x 10 transduction
units (TU; n = 15)). Duwring the surgery, one patient developed
macular hole and two developed retinal tears; all complica-
tions were managed intracperatively without sequelae. There
were no adverse effects related to the lentivirus vector.
Treated eyes sustained high levels of angiestatin and endo-
statin expression throughout the study, as determined by

direct sampling of the anterior chamber. A reduction in leak-
age on FA occurred in 71% of patients, but only one patient
showed a significant reduction in intraretinal/subretinal fluid
compared to baseline {55]. These results were not particularly
promising, but eves with end-stage disease were enroiled in
this triad, likely limiting any potential benefit,

Currently no effective treatment exists for GA, the advanced
form of non-neovascular AMD. The pathogenesis of GA s
complex and involves numerous etiologies, one of which is
the complement pathway. Complernent was first imnplicated in
the pathogenesis of AMD in 2005. Complement factor H ((FH;}
gene was noted to be strongly associated with AMD, with
individuals homozygous for the allele possessing a 7.4-foid
increased risk [58,571; several other genetic variants in com-
plernent genas have since been associated with AMD [538-6C]1.
{8h, 3 key terminal component of the complement cascade, is
involved in the formation of the membrane attack complex
(MAC (5b-9), which causes cell death through disruption of
the cell membrane. In humans, deposition of MAC in Bruch's
membrane and choriocapillaris increases significantly with
aging and with AMD [81]. When choroidal endothelial cells
are exposed to MAC, cell lysis occurs and the surviving cells
express VEGF and matrix metalloproteinases; thus, MAC
deposition in the choriocapillaris may play a role in atrophic
and nAMD [62]. CD5% is a naturally occurring membrane
bound inhibitor of MAC formation, and functions by binding
the terminal complement protein complex, thereby prevent-
ing the incorporation of C9 molecules required o complete
the formation of 38 pore in the cell membrane [631

Ureclinical effectiveness at attenuating murine MAC forma-
tion has led Hemera Blosclences to create an AAV2-CDSS
(HMR59) gene therapy for the treatment of GA due to non-
neovascular AMD in humans [841 It is to be delivered intravi-
treally, transduding normal retinal cells to increase the expres-
sion of a soluble form of CD59 (sCD59). As of March 2017, a
phase | open-lalbel dose-escalation clinical trial (NCT02144999)
is enrolliing GA patients for a one-time intravitreal injection of
HMR59 [85]. Three doses will be assessed in 25 subjects at
26 weeks followed by an additional 18-month safety evalua-
tion. The primary end point involves safety assessments, and
secondary end points include change in area of GA, growth of
GA, incidence of conversion to nAMD, change in drusen
volume, and prevention of loss of =15 ETDRS ietters. Anather

company targeting the complement cascade is MelraGTx, who
is currently sponsoring preclinical studies and has not elabo-
rated in detall on thelr efforts (881

Even if these approaches show promise in treating GA, the
ideat timing for intervention would be unknown, as the risks of
treatment must be balanced against the benefit of delayed
progression, which  may be heterogenecus. However,
improved efficacy and surgical technigues would favor earlier
intervention.

MeiraGTx has developed a single-administration gene therapy
product using antibodies to both VEGFRZ and PDGFR-Beta,
and is planning preclinical evaluation of this approach to
treat nAMD [86]. Applied Genetic Technologies Corporation
(AGTC) has developed a3 proof-ofconcept and is evaluating
different genetic targets for the treatment of AMD [67]. Also,
Gensight has developed G50330, an optogenetic technology
that renders cells responsive to light by using an AAV vector
to infroduce a DNA sequence that encodes a photosensitive
protein belonging to the subfamily of channelrhodopsins,
which function as sensory photoreceptors in green algae.
Once this protein is expressed, it confers a photoreceptor-
like function to the target cell, hence enabling restoration of
vision in patients with extremely reduced vision or total blind-
ness due to retinitis pigmentosa (RP). They plan to investigate
if (3S030 can be used to restore visual perception within the
atrophic zone of the central retina in AMD once compieted
with the ongoing RP dinical trial 681 Similarly, RetroSense
Therapeutics is investigating RST-001, a channelrhodopsin-2
photosensitivity gene, 10 create new photosensors in retinal
cells and restore vision in RP {NCT02556736) with a plan to
investigate its utility in advanced dry-AMD [691L

Using a compietely different approach, Askou and collea-
gues have developed an AAVZ/8 vector 1o express short hair-
pin RNAs (shRNAs) that target the VEGF mRNA by way of RNA
interference (RNAD. ShRNAs have similar structure o cellular
noncoding small RNAs known as microRNAS {miRNAs), and are
processed by the same pathway, generating short-interfering
RNAs {siRNAs) [70]. The guide strand binds to its target mRNA,
which is then cleaved by the ENA-induced silencing cormplex
{70,711, Investigators have demonstrated TNV reduction in a
mouse model through the introduction of a viral vector
encoding shRNAs {72

Alterations in miRNA expression have been implicated as a
contributor of AMD progression. Plasma and vitreous samples
have yielded evidence that particular miRNAs are upregulated
while others are downregulated in patients with AMD. In
addition, variations in miRNAs also exist between individuals
with dry and nAMD {731 Further characterization of these
differencas in miRNA regulation could lead to new targets in
AMD therapeutics research.

With improving techniques and technology in gene therapy,
as demonstrated by many of the aforementioned studies,
chronic and extensive inhibition of the VEGF pathway may



be possible. However, inhibition of this normally physiciogic,
but at times pathophysiclogic, pathway may have negative
effects on multiple levels of the naurosensory retina and RPE.
There are seven different members of the VEGF family includ-
ing VEGF-A, PIGF (placental growth factor), VEGF-B, VEGF-C
VEGF-D, VEGF-E, and snake venom VEGF. VEGF-A is & weil—
known signal for endothelial cell survival and profiferation,
mediating vascular permeability and angiogenesis. The actions
of VEGF family members are mediated by the activation of
tyrosine kinase receptors [74]. The VEGF receptors have seven
immunogiobulin-like lcops in their extracellular domain and a
kinase insert region in the intracellular domain. VEGF-A acts at
VEGF receptors (VEGFR) 1 and 2. VEGFRY {fms-like tyrosine
kinase-1} has both positive and negative angiogenic effects;
YEGFR2 {fetal liver kinase-1 and kinase insert domain-contain-
ing receptor) Is the primary mediator of the mitogenic, angio-
genic and vascular permeability effects of VEGF-A [75]. VEGF
mediates angiogenesis by promoting endothelial cell migra-
tion, proliferation, and survival.

fn addition to plaving a key role in vascular permeability
and angiogenesis, there is growing evidence suggesting that
VEGF has neurctrophic and neuroprotective effects on neuro-
nal and glial celis {781 There are several in vitro studies show-
ing that VEGF maintains RPE and choriocapillaris and there are
several papers suggest that anti-VEGF therapy could promote
RPE atrophy. In one study, VEGF peutralization increased RPE
apoptosis in vitro. ARPE-19 cells, an immortalized human RPE
celt line, cultured on membranes for 4 weeks were treated
with the anti-VEGF agent bevacizumab, or an IgG control.
Terminal deoxynucleotidyl transferase {TdT) dUTP Nick-End
Labeling (TUNEL) assay was used to detect apoptotic cells.
The bevacizumab treated cells showed greater apoptosis
[771. Another in vitro study employed a mouse model to
corroborate a vital supportive role for VEGF in the mainte-
nance of RPE and choeriocapiilaris. In mice, RPE normally pro-
duces the more soluble VEGF isoforms, VEGF120 and VEGF184,
but virtually no VEGF188, reflecting the fact that molecules
secreted by the RPE must diffuse across Bruch’s membrane 1o
reach the choriocapiliaris. Transgenic mice that produce only
VEGF188 show severe abnormaiities of RPE and choroid at
8 months [78] This suggests that VEGF is necessary for the
maintenance of RPE and choriocapillaris, and that withdrawal
of VEGF leads to loss of RPE and vacuolization of the chorio-
capillaris. Clinically, several clinical trials of anti-VEGF therapy
in nAMD suggest that anti-VEGF therapy can contribute to RPE
loss. Specifically, both CATT & IVAN showed that monthly anti-
VEGF therapy increasad the risk of RPE atrophy comparad to
as-needed treatment, and similar results were found in the
HARBOR and VAN post hoc analyses [79-811

As with RPE cells, anti-VEGF therapy has been thought to
lead to ioss of ganglion cells, which contributes to glaucoma-
tous change. Specifically, VEGF is thought to be neuroprotec-
tive through the molecular interaction with VEGFR2, and
Neuropilin-1, a non-tyrosine kinase transmambrane molecale
82,831 Consistent with these findings, VEGF-A bhas been
dermonstrated to have a protective effect on retinal ganglion
celis in animal models. Nishifima et al. demonstrated that
exogenouslty administered VEGF-A served as an antiapoptotic
agent for retinal neurons and that VEGF-A administration

e
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reduced ischemia-induced alterations to the cellular architec-
ture of the ganglion cells and inner plexiform and inner
nuclear retinal layers. They also reported a dose-dependent
decrease in ganglion neurons after VEGF depletion with anti-
VEGF agents. They recognized that anti-VEGF agents may be
beneficial at reduding the edema, inflarmmation, hemuorrhage,
and neovascularization associated with retinal vascular dis-
eases, but that depressed VEGF-A levels couid also reduce
ganglion cell survival [84],

With the potential for chronic and extensive VEGF inhibi-
tion through gene therapy, dlinical trials of this gene therapy
for nAMD may observe developrnent or progression of GA as
well as glavcomatous optic neuropathy. With this in mind,
evolving gene reguiation technology may enable small orally
administered molecules to regulate 3 transgene, turning pro-
teinn production on and off as needed. This, in tumn, could
theoretically facilitate expression of farge amounts of anti-
VEGF protein during an initial induction phase followed by a
chronic lower [evel of expression during a maintenance phase,
which could improve the long-term safety profile [85-38]. This
strategy could also potentially increase expression of a ther-
apeutic protein to treat nAMD exacerbations.

With the development of safer and more efficacious viral
vectors, improvements in tropism to male vectors more cell-
specific, improvements in fransgens expression through pro-
moter regulation, and advances in the surgical delivery of
genetic treatments to minimize cell loss, the future of gene
therapy shows great promise, espediaily in retinal disease
[83,801. The eye is an optimal organ for gene therapy, given
its immune-privileged status that may limit an immune
response, as well as ease of accessibility for delivery of the
genetic material directly 10 the target cells of interest. Gene
therapy to chronically express therapeutic proteins holds the
promise of a one-time therapy in nAMD that could ameliorate
treatment burden associated with chronic intravitreal therapy,

and potentially improve poor visual cutcomes assodiated with
current undertreatment. Gene therapy may also have applica-
tions in GA.

Intravitreal anti-VEGF injections have revolutionized the treat-
ment of nAMD. However, patienis are required fo receive
manthly injections, oftan over years, which places significant
burdens on patients, family members, ophthalmology clinics,
as well as cost to the healthcare system. Gene therapy to
chronically express therapeutic proteins for nAMD holds the
promise of a one-time tharapy that could ameliorate treat-
ment burden associated with chronic intravitreal therapy, and
potentially improve poor visual outcomes assodiated with
current underireatment. Additionally, no effective treatment
axists for advanced GA in non-neovascular AMD, and conse-
quently gene therapy to target the complement system, or
other pathophysiologic pathways, holds great potential.



1242 (&) M. A MOORE ET AL,

The early success of gene therapy in the treatment of LCA
has created enthusiasm in transiating the therapy to AMD,
which has a significantly greater prevalence and societal bur-
den. Gene therapy for AMD differs from inherited retinal dis-
ease, in that the aim so far has bheen to express antiangiogenic
or anti-complement proteins, as opposed fo replacing defec-
tive o unexpressed proteins. However, AMD pathogenesis is
complex and involves the amalgamation of normal aging,
pathologic  inflammation  and  excessive  oxidative  stress
arnong other factors. Replacing a defective gene in a mono-
genic disorder such as LCA may hold more promise than in a
cornplex disease process such as AMD.

To date, the main target tissue has bean the RPE and the main
target protein has been sFLT-1 with the goatl of inhibiting the VEGF
pathway. As reviewed here, early human studies of AAV vectors
carrying the sFLT-1 gene inserted subretinally has suggested an
acceptable safety profile and conseguently, larger studies are
currently underway to evaluate the efficacy of this therapy.

The success of gene therapy for the treatment of AMD will
depend on the selection of the most appropriate therapeutic
protein and its level of chronic expression, although some data
suggest that patient heterogeneity may also be important {48).
In the future, the major issues o address include optimizing
surgical delivery of vector, the potential risks of chronic expres-
sion of antiangiogenic or anti-complement proteins, as well as
the unknown long-term tolerability and efficacy of gene therapy
in the eye. Specifically, key factors that influence the level of
expression indude the route of administration {intravitreal vs.
subretinal) and the type of virus vector and serotype {whic
determine the percentage of cells that are transduced), as well
as the promoter used to drive expression of the transgene. In
order to minimize surgical complications, intravitreal delivery of
viral vectors is being evaluated, but this approach has the
potential for lower pepeiration to the target RPE. Subretinal
delivery would likely foster greater transduction over intravitreal
delivery, but less invasive intravitreal delivery holds the potential
for widespread adoption, if effective. Alternative investigational
genes and viral vectors are being designed that can potentiaily
avercome some of these problems. For example, lentiviruses
have the advantage of being able to carry larger transgene
expression cassettes than AAY, which is restricted to approxi-
mately 5.0 kb. Also, as mentioned praviously, evolving gene
regudation technology may enable small molecules to reguilate
a transgene, turning protein production on and off as neaded,
which could improve the long-term safety profile. Gene therapy
for AMD holds great potential given the improvements in viral
vector safety, more spedific targeting to cell types/tissues, better
candidate genes, and improved surgical approaches for gene
delivery.
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Novel anti-VEGF chimeric molecules delivered by
AAV vectors for inhibition of retinal neovascularization

P Pechan', H Rubin’, M Lukason’, | Ardinger’,

and A Scaria’

*Department of Molecular Biology, Genzyme Corporation, Framingham, MA, USA and *Department

of Florida, Gainesville, FL, USA

Vascular endothelial arowth facior (VEGF} is important in
pathological neovascularization, which is a key component of

diseases such as the wc[ form of age-reiated macular
degeneralion, profiferative diabelic relinopathy and cancer.
One of the most polent nalurally occurring VEGF binders is
VEGF recepilor Fii-1. We have generated two novel chimeric
VEGF-binding molecufes, sFLTOT and sFLTOZ, which consist

of the second immunogiobulin (igG}-iike domain of Fit-1 fused

efther to a human Ig31 Fec or solely to the CH3 domain of IgG 1
Fo through a polyglycine linker 5Gly. In vitro analysis showed
thal these novel molecules are h.lgh -affinity VEGF binders. We

E DuFresne!,

WW Hauswirth?, 8C Wadsworth!

have demonsirated that adenc-associated virus serolype
2 (AAVZ)-medialed intravilreal gene deivery of sFLTOT
efficiently inhibils angiogenesis in the mouse oxygen-induced
retinopathy model. There weare no histological observalions of
foxicily upon persistent ocular expression of sFLTOT forup o
12 months following intravitreal AAVZ-based delivery in the
"QdF‘n? eye. Qur dala suggest that AAV2-mediated intravitreal
ne defivery of our novel molecules may be a safe and
ef‘ecuve treatment for retinal neovascularization.
Gene Therapy (2009) 16, 10-18; doi10.1038/gt.2008.115;
published online 17 July 2008

Keywords: VEGF, VEGFR1, Fit-1; Fc fragment; retinal neovascularizalion; adeno-associated virus 2

introduction

Vascudar endothelial growth factor (VEGE) is not only an
toportant regulator of physiological angiogenesis but
also  involved in pathological neovascularizaion’
Formation of new blood vessels caused by the overprod-
uction of growth factors such as VEGF is a key
component of diseases such as wet age-refated macular
degeneration (AMD), proliferative diabetic retinopathy
(PR} and twmor g,rowth > Blocking of VEGF with
antibodies, soluble \/I*C F receptors (sV EGFR) or inhibi-
tion of VEGF receptor (VEGFR} tvrosine kinase acvily
are useful strategies that have shown promising
plenhmfai and clinical results.**® Ranibizumab, an anti-
VEGF uma} giver intravitreally to wet-AMD pai}ert»
results in substantially improved visual acuity.” intrao—
cular gene ddlvuy of VEGF antagonists could hav
theoretical advantages over the corrent treatment, w‘mah
requires monthly intravitreal injections (for years) by
retinal spec ialist.

The angiogenic effect of VEGF is mediated predomi-
nantly by its binding to VEGFR KDRF® Another
high-affinity VEGFR, Fli-1, binds VEGF about 10 times
stronger than KOR, however Flt-1 activation does not
significantly stimulate angiogenesis.”? Both receptors,
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Fli-1 and KR, have similar siructure with extracefbular
regions consisting of seven domains, 1-7.79" There exists
another natur aiiy occurring soluble form of Flt-1 (sFit-1)
that contains only the extracellular domains and has the
same VEGF-binding affinity as full- icngth Fit-1.%" The
VEGE- bmomg function of Flt-1 has been ma},},cd to
the second domain™® There have been previous
st udies with two truncated soluble ruep or hybrids,
#{1-3)3-1G and F(1-7)-1gG, consisiing of elther the first
three domains or all seven domains Ease(‘? to hurman
Ig(G1-Fc region.” The molecule Fit(1-3)-1gG was reported
to have the same VEGF-binding affinity as Flt(1-7)-1gG,
hovvcvcr Flg2)-1gG that contains onlv second domain
was not capable of inhikiting VEGE™ Another mole-
cule called VEGF-Trap, generated by the second domain
of Flt-1 fused to the t}.nci dormain of KDR and human
I2G1-Fo region, has been shown to be a verv potent
VEGF binder®
Adeno-associated virus (AAV) vectors offer an attra-
ctive tool for intraccular gene delivery because of their
nonpathogenic nature, low toxiciw minimal immuno-
genicity and long-term })(“I“-l\tx"ﬁ((“ 19222 Tntravitreal ad-
roinistration of AA‘J serotype 2 {AAVZ) vector in mice
results mosily in trapsduction of ganglion cells and few
cells in the inner nuclear laver® Subretinal delivery of
AAV? vector enceding full-length sFit-1 (transduction of
photoreceptors and retinal pigmented epithelium} pre-
vented deveiopmgnt of laser- inducgd choroidal neovas-
cularization in all treated monkeys.?
Ir this study we have < iesxgned and constructed small
novel soluble hybrid molecules that have strong
anti-VEGF activity in wilro, incorporated these molecules



into AAV2 vectors and then tested in vivo persistence of
expression and efficacy and safety foilowmg intravitreal
delivery of these AAVZ-based vectors in the oxygen-
induced retinopathy of prematurity (GIR) mouse model.

Besuils

SFLTOT molecule inhibits VEGF-mediated cell
proliferation

We first constructed molecules D1-3, sFLTOT and D2-Fc
{Figure 1a). The molecule D1-3 has served a positive
con ti(‘l for VEGF binding and contains first three Fli-1
domains. The second molecule, sFLIG, contains ondy
one Flt—i domain 2 linked by 9Glv to the human Eg(:
heavy-chain Fe region that resulted in the generation of a
forced homodimer. The formation of sFLT{ dimers was
confirmed by western blot analysis (Figure 2b). The third
mclecule, D2-Fc, s identical to sFLTOL, except it does not
contain 9Gly tin }\elr Plasmids encoding these molecules
under control of a cytomegalovirus HOMV) promoter
were used for transfection of 293 cells and the condi-
tioned media (CM) were evaluated for their ability to
block VEGF-stimulated human umbilical vein endothe-
Hal cells (HUVECs) pmhteratlon {Figure 1Ib). The
maolecule D2-Fo was not able to neutralize VEGF and
inhibit HUVECs proliferation whereas sFLTU1 demon-
strated an efficient inhibition of VEGF-dependent
HUVECs proliferation (Figure 1b).
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Figure I Generation of novel soluble vascular endothelial growth
factor (VEGF) receptor hybrid molecuies. () Schematics of
moleciles D1-3, D2-Fe and sFLT01. The white blocks indicate signal
peptides {sp) d‘ld Flt-1 dg,m<11ns (D1, 32, D3); black block represenis
SGly Hinker; grey blocks represent domains CH2 of '~mvnan IgG1-Fe
region. (b} i umtorv effect of conditioned media containing

molecul 21-3, D2- F ¢ and sFLT01 on VEGF-induced human
wmbilical vein Pndo‘lm]'al cells (HUVECs) proliferation. Recombi-
nant full-size rhPit-1 protein (30 ng mi™) was used as a positive

control, The same. iot of HUVECs was used in this set of as SAVEL
Diata are expressed as meants.d. where w’ wme»ewr@ the number
of mdepondcnf pmhmmﬂon experiments {for s and D2-Fc,
w=3; for D1-3, n=2). Student’s non-paired -t F 005 for
difference between +VEGE control and NVEGE binder”; D1-3 (1=22)
was not included in sta
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igGT CH3 domain and peplide linker are imporiant

in VEGF binding

Using the sFLI01 as a parental molecule, we generated
several mutant derivatives with various deletions along
the IgG1-Fe region. When comparing several constructs
thh various deletions either in CH2 or in CH3 domains
of 1gGl, we have cbserved that the CH3 domain is
involved in preserving the VEGF-binding funciion {data
not shown). The molecule sFLT02, where the second
domain of Flt-1 was linked to the IgGl CH3 domain
through “L;iy (Figures 2a and b), retained the VEGE-
binding function {(Figure 2¢). This set of pmhferatmr
assays was pmfﬂrm@d using a different fot of HUV
{not the same lot as used in Figure 1b) and it
demonstrates that sFLT01 has comparable VEGF block-
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Figure 2 Novel hybrid recezﬂtor molecities containing the human
{gG1 CH3 domain. {a} Schematics of molecules sFLTOZ and D2-CH3
as compared to sFLT(L The the blocks md‘ce“e signal peptides
(spy and Flt-1 domain 2 (D2); black block represents 9Gly linker;
shaded blocks represent domain CH3 of bumaw IgGl-Fex 0;71(“1 (b)
Western Blot compar H'i migration of sFLT0L, sPLT02 and D2-CH3
(¢} Inhibitory r’frect of molecules sFLTO1 and sFLTO2 on human
umw']mm vein endothelial cells (HUVECs) proliferation. A different
'Cs was used ’o,r this set of proliferation assays. Data are
ias meansd. of ‘nn;lependeﬂt prolifﬁration experi-

{rn==3). Student’s non-paived t-test; "P/ .05 for di chm\
between +VEGF control” and "VEGF binder”
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ing potency as in the first set of proliferation assays. The
molecule sFLT0Z was similar to the parental molecule
sFLI0T in neutralizing VEGF (Figure 2¢). On the other
bhand, the molecule D2-CHI (Figures 2a and b) without
9Gly linker appeared to be a very weak inhibitor of
v FC Finduced HUVECs pmhfeiatmn {Figure 2¢}, even
though VEGFR1 (Flt-1) enzyme-linked immunosorbent
assay (ELISA) assay of CM from transfected 293 cells
showed high concentrations of D2-CH3 protein
{(~150ngmi™’) compared to sFLTG2 (70-90 ngmi~-7).
Hence we conclude that the presence of both the CH3
domain and the peptide linker facilitates VEGF binding.
Western blot analyses of sFLTOR and D2-CH3 (Figure 2b)
show a prevalence of the direric formas for both proteins
under nonreducing conditions ruling out the possibility
that the lack of efficacy of D2-CH3 is due to its inability
to dimerize.

For the next construct we used another type of linker,
the 15-mer (Gly,Ser)™ D2-(Gly,Ser)s-Fo protein was
generated and it contained Hle 1 domain 2, (Ghy,Ser),
}mkex and the 1gG1 Fo. The melecule D2- (k;i‘, 7.Ser)-Fo
was further characterized in HUVI:( s proliferation
assay. Biclogical activity of D2-(Gly,Ser),-Fc as measured
by inhibition of HUVEC pr oliferation was similar to that
of sFLT01 {data not shown).

sFLTOT binds VEGF beiter than the other novel
constructs

The relaiive binding affinity between VEGF and owur
novel molecules was determined using a cell-free assay
system. CM containing known concentrations of sVEG FR
(rangmg from 0.29 to 150 pM) were serially diluted and
mixed with VEGF (10pM final concentration). The
amount of unbouvnd VEGE was then measured by a
human VEGFE-specific ELISA. sFLTOL binds VEGE with
higher affi mi*‘y than D1-3, sFLT02 and D2-CH3, where the
latter showed a minimal VEGF-binding affinity (Figure 3).
These data are in agreement with our HUVECs profif-
eration assays shown in Figures 1 and 2,
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Figure 3 Vascular lothelial growth factor (VEGE)-binding
affinities of VEGE ible rea\prow Conditioned media from
independent transfections of 293 cells were used in this cell-free
binding assay. Increasing concentrations of soluble VEGE receptors
molecules (x axis} were incubated overnight with 10 pM of human
VEGF165. Tne amount of unbound VEGE (i axis) was measured by
a human VEGF-specific enzyme-linked immunosorbent assay
(ELISA) in triplicate. The number of independent trans fcctmn (m
for each molecule a ¥, Dl 3 (1 =13), sF

and D"-CHB {n=1} ¢

;)
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AAVZ oFLTOY fransgene and mBRNA localizaltion
AAV2-based vectors were constructed  enceding
sFLTOL and adult C57BL/6 mice were iniravitreally
injected with 2.2 5 107 drps (DNase resistant particles) of
AAV2 sFLTO1. The animals were killed 28 days following
injection and the eves were procewcd for himoiogmal
sectioning. The presence of sFLTUT protein and mRNA
was confirmed by inpounofluorescence and by in sifu
hybridization. sFLTO1 protein was predominantly ob-
served in the retinal ganglion celfls of mouse retinas
(Figure 4a). Infrequently, cells deeper in the retina
{presumably Miiller cells) were also shown to contain
the sFLT(1 protein. Another set of retinas was examined
using in sifu hybridization to detect the mRNA of the
sFETOY transgene. The retinal ganglion cells were the
predominant cell type transduced in the mouse refina
(Figure 4¢3, No sFLT0L protein was detected in the
uninjected contrel eyes. No sFLT01 mRNA message was
detected in the AAV2sFLTO1 injected eves when sense
probe was used.

Longevily of fransgene expressian

Adult C57BL/6 mice were intravitreally injected with
T x10” drps of AAV2SFLTOL. Animals were killed at
prtdc.cnnmcd time points and the level of sFLTGT was
measured in individual eyes (homogenates of mtma and
vitreous huomor) by ELISA against homan Fltl. The
samples from each thme point were assayed separately
for animals treateci with AAV2sFLTOL (Figure 5). The
data suggest that AAVZ-mediated delivery of sFLTCH
results in long-term stable protein expression in the
murine eye with no transgene-related toxicities cbserved.
The apparent rise in sFLIO1 in  the 12-month
AAV2 sFLTO1 cohort was due to a change in the tissue
homogenization protocol.

AAV2 sFLTOT intravitreal delivery inhibits

angiogenesis in OIH model

The efficacy of AAV2.sFLT01 was examined in vivo using
OIR mouse model.”™ AAV2sFLT01 was intravitreally
administered into left eyes of neonatal C57BL/6 mice
in a dose of 1 x10° drps per animal. Data shown in
Figure & were expressed as percentage of neovascula-
rization of untreated eyes in the AAV2sFLTOL group
{n=43}, or between left and right eyes in the conirol
group {n=26). The cocurrence of neovascularization was
significantly reduced to 54+ 47% in AAV2.sFLT01-trea-
ted eyes (AAVI.sFLTUT group) as compared to 102+ 66%
between left and right eyes in the control group
{mean + s.d.). Treatment with AAVZ2 sFLTO1 signiticantly
reduced ocular neovasoularization (Student's  f-test;
P <0.0009) compared to the unireated contralateral eyes.

Discussion

Many reports from preclinical and clinical studies
demonstrate that antagonizing VEGF is a potentially

useful strategy for treatment of pathological neovascu-
larization which is a key component of ocular diseases
like wet-AMD or POR. In this study, we have developed
several novel hybrid molecules that inhibit VEGF in vitro
and are ca}labk of mhﬂmtmg ocular neovascularization
oipo. It has been reported that domain 2 of VEGFR
Tt-1 requires the presence of fanking sequences from
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Figure4 Detection of sFLTO protein and mENA in the retina. sFLT01 was detected in retina 28 day after iniravitreal injection with 2.2 x 107
drps of AAVZ sFLTU1 as {a) a protein by immunofiuorescence or (¢} as mRNA by i sifu hybridization. Control in (b} represents the uninjected
corntrol eyes. Control in {(d} rlpres-erits the AAVZ sFLTCT injected eyes hybridized with sense probe. RGC: retinal ganglion cells; IPL, OPL:

inner and outer plexiform layers; INL, ONL: inner and outer nuclear | layers; PR: photoreceptors.
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against human et LUO’ Hrmiit of quantitation. nuclel internal to the inner limi‘ﬂﬁg membrane in the treated (lefi)

eye was compared to the contralateral {right) eye. Data in both

- . [ . roups, AAV.SFITOT (i1=43) a tr 63, are expressed as
Fit-1 or other VEGFR domains for efficient ligand — 870UP% AAV.SFLTOL (=43} and control (s are expressed a
N percentage of neovascularization of unireated n-;p,m- f*ves

i edd p wqdra i adiegy 12,17 oariite alveviar A at ob
amcin}g and neutralization.’ Our results show that imean £ ... The difference was found o be
domains other than second domain of Fit-1 were not 4y gpident's Best (P<0.0009; as compared t
necessary to preserve VEGFR/ligand binding. To obtain  confralateral eye).
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dimerization of the soluble receptor, we constructed Fit-1
domain 2 linked directly to IgGl-Fe fragment {molecule
D2-Fc), but such a strategy did not enharnce its bindi ing to
VEGE in agreement with Davis omyt}- ef al.*® We then
have linked the second domain of Fit-1 to Fo throu ghoa
9Gly linker, and thus generated a novel moleculs,
sFLIOL, with potent \/FCF binding. Our results show,
for the first time, that Flt-1 domain 2 does not require
presenice of other VEGFR domains for high-affinity
VEGE binding. Several other constructs where 9Cly
was replac ed with other short linkers like 15-mer
{Gly.Ser),, polyglycine pentamer (3Gly) or other random
tinkers showed VEGF binding mmpaiabitz to sFLTOT.

We  alse have (01.513&1(16@ several other hybrid
proteins by deleting selected regions of IgGl Fe
Although deletion of the entire Fc CH2 domain did not
have a significant impact, we find that the CH3 domain is
important for VEGE binding of ouwr molecules. The
molecude sFLI02, which retains VEGF binding, was
generated by the complete deletion of the Fo CH2
dm win, such that Flt-1 domain 2 is linked divectly to
the Fc CH3 domain through the 9Gly linker.

From the variety of gene therapy vectors currently
available we first decided to use the AAV vector because
of its versatility, safety and long-term in vivo persis-
tence.>?® There are several routes to deliver gene
therapy vectors into the eye, however the most common
ones are intravitreal and subretinal.’®2t We first decided
to investigate an intravitreal route of delivery because of
its potenﬂai ease of use in the retinal chinic. The
AAV2sFITO1 vector predominantly transduced retinal
ganglion cells in agreement with previous observation by
other investigators.” Subretinal delivery of AAV2
enuﬁdm.»_} full-length sFlt-t gene has beert successfully
tested in mouse and in primate mwodels of ocular
neovascwlarization.™**® An adenoviral vector encoding
full-length sFlt-1, injected both intravitreously or perio-
cularly suppressed choroidal neovascularization at rup-
ture sites in Bruch’'s membrane® Qur AAVZ.sFLTGL
vector administered intravitreally to neonatal mice
significantly reduced the occurrence of neovasculariza-
tion in the OIR model. To our knowledge this 1s the first
demonstration of long-term persistent expression of a
secreted protein following indravitreal defivery of AAV2
to retinal ganglion cells. There were no gross histological
observations of AAV2.sFLTO1-related toxicity for the
duration of this study (1 vyear). These results have
significant implications for a potential human thera-
peutic that could be very infrequently adiinistered by a
stmple intravitreal m]mnon.

Materials and methods

Soiubie VEGF recepior hybrids construction

DNAs encoding hyond s‘\/LL;}R molecules were synthe-
sized by DNA 2.0 Inc. (Menlo Park, CA, USA). The
constract 31-3 contadns the Flit-1 signal peptide sequence
and the first three domains of human Fit-1. In all other
constructs, the Fit-1 si;'r-qﬂ peptide sequence was fused
directly to Fit-1 domain 2. In molecules D2-F¢, the Fli-1
dowmain 2 is fused directly to human Ig(G1-Fe region. The
molecule sFLTO1 has Fit-1 domain 2 fused to human
IgG1-Fe region through the polyglycine 9-mer (9Gly)
linker In molecudes sFLT02 and D2-CH3, a shorter
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fragment of IgGl, domain CH3, was used instead of
using the full size of IgG1-Fe rcglop For initial testmz,, all
hybrid molecules were produced by plasmid transtection
of 293 cells followed by harvesting of CM, where the
transgenes were under control of the CMV promoter.

HUVEC proliferation assay

Pooled HUVECs were purchased from Cambrex—Lonza
{East Rutherford, NJ, USA) and expanded through four
passages in EGM-2-MV media (EGM basal media
supplemnented with bovine brain extract, hEGFE hydro-
cortisong, gentamicin, amphotericin-B, H fetal bovine
serum (FBS), VEGFE, hFGF-B, R3-1GF-1 and ascorbic acid)
according to the manufacturer’s instructions. For pro-
liferation assays, HUVECs were seeded at 2 x 107 cells
per well in a 96-well culture piate and incubated
overnight in M199 starvation media (M193, 5% FBS).
The foﬂowmz day, fresh M199 media suppicmeptgd with
10 ng od ™" recombinant human VEGE (R&D Systems,
Minneapohs, MM, USA} and CM (G ul, approximately
I ngml™ of each) from transfected 293 cells containing
sVEGFR molecules were added. HUVECs were incu-
bated 3-4 days followed by the addition of the MTS
reagent CellTiter 96 AQueous One Solution (Promega,
Madison, WI, USA} and incubated for another 2-4h.
Absorbance was measured at QD490 on a VersaMax
plate reader using SOFTmax PRO w45 (Molecular
Devices, Sunayvale, CA, USA). Data represent the means
of independent proliferation experiments (mean +s.d.)
each assayed in triplicate. Each independent prolifera-
tion experiment used supernatanis from an independent
transfection.

Western blot analysis

CM from transfected 293 cells (15 ), contain m.»_} proteins
of hybrid sVEGFR pwlecules were analyzed by western
blot under nonreduced and reduced (ond itions. Bueﬂw,
samples were separaied by SDS-electrophoresis and
transferred to polyvinylidene difluoride membrane.
Blots were then probed with goat anti-human VEGFR1
horseradish peroxidase antibody conjugate (R&D
Systems} followed by detection using ECL Western
Blotting Detection Reagent (GE Healthcare Biosciences,
Fiscataway, NJ, USA)

VEGE-binding assay

Human VEGF (R&D Systems) adjusted to 20pM in
phmphat&baﬁergd saline was mixed with an
equal volume of nereasing concentra tons of sVEGFR
molecudes  (G.O001-10 000 pM;  final d concentra-
tion =10 pM} overmght at room temperature w ith gentké
shaking. To determine relative binding affinities, ,%ampkls
were a»qaved for residual unbound VEGF using the
Human Quantikine VEGF BLISA kit (R&D Svystems),
which detects only unbound (DOBCO!ﬁpiC\Cd) VEGE
VECF concentration (pM} was plotted as a function of
increasing sVEGEFR concentration {(pM}.

AAV vector

Synthetic sFLT0T chimeric transgene was «<loned into a
plasmid pCBA(Z2)-int-BGH, obtained from Mark Sands
{Washington University Medical School, 5t Louis, MO,
USA}, which contains hybrid chicken [-actin (CBA)
promoter and bovine growtb hormone polvadenylation
signal sequence (BGH poly A} The whole sFLIGT



expression cassette was ther cloned into a previral
plasmid vector pAAVSPY0 containing AAV2 inverted
terminal repeats (ITRs).>’ ioLai size of the resulting AAV
genome in plasmid sp/ LBR/sFLTOT including the region
flanked by ITR was 4.6 kb.

The recombina nt vector AAVZ.sFLTOT was produced
by triple transfection of 293 cells protocol using helper
plasmids pSrep-A-CMVeap and pHelper (Stratagene, La
Jolla, CA, USA), and purified according to the protocol
using an iodixanol step gradient and Hilrap Heparin
cohwrnn (GF Healthcare Life Sciences, Piscataway, NJ,
USA) on an AKTA FPLC system (GE Healthcare Life
Sciences, Piscataway, NJ).>>*® The AAV2sFLTOD viral
preparation had a titer of 2.2 x 10" drps (BNase resistant
particles) per ml. Viral titers were determined using a
real-time TagMan PCR assav (ABI Prism 7700; Applied
Biosystemns, Foster City, CA, USA) with primers that
were specific for the BGH poly A sequence.

Animals

Adult C57BL/6 mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA). The animals were
mabntained in Genzyme's AAALAC-acoredited vivarium
and given free access to food and water throughout the
study. All procedures were performed under a protocol
approved by the Institudional Animal Care and Use
Cornmitice.

intravilreal injection and QIR model

For the longevity experiment, 9-week-old C57BL/6 mice
were intravitreally injected with 1l of AAVZsFLTOH

containing 1 x 107 drps of vector and killed 12 months
later. For the immunofluorescence and in sifu hybridiza-
tion experiments, adult C57BL/6 mice were intravitre-
ally injected with 1pul of AAV2sFLIOL containing
2.2 x 107 drps of AAVZSFLIOT and killed 28 days later.
For the OIR model, pecnatal C57BL/6 mouse pups
were intravitreally injected on the day of birth {0} with
0.5u of AAV2 SFLTO containing 1.1 x10° drps of
AAVZ2sFLTOL. The pups and their nursing dam were
placed in an isobaric chamber and were expf‘sed to a
hyperoxic environment {(75% oxygen) from day 7 t0 12.2¢
The animals from the OIR model were killed on day 17.

The eyes of all animals were processed for pdraffax-.
embedding and were serially sectioned. A single 5-um
section was taken ab each 100-um Jeve] through the entire
eye resulting in 10-20 sections to evaluate per eye. The
sections were stained with hematoxylin and eosin and
the degree of neovascularization was determined by
counting the number of endothelial cell nuclei internal to
and contigoous with the inver Hmiting membrane
ignoring the region of the regressing hyloid vessels.
The number of nuclei in the treated eve was compared to
the number of nuclei in the contralateral control eye and
the data were expressed as percentage of neovascula-
rization of untreated eyes (mean ts.d.).

Detection of fransgene by immunofiuorescence

The sFLTO1 transgene was detected in eyes that were
fixed in 10% neutral buffered formalin and embedded in
paraffin. Tissue sections (5 pum) were prepared and
sFLTO1 was detected using a goat anti-VEGFR1 primary
antibody (R&D Systems) and a fluorescein isothiocyanate-
(von]ugatui eabbit anti- goat immunoglobudin G {IgG

Novel anti-VEGF chimeric molscules
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secondary antibody (nvitrogen Corp., Carlsbad, CA,
USA}L

Detection of sFLTOT mRNA by in silu hybridization
The sFLT01 mRNA was detected in paraffin-embedded
tssue sections by overnight hybridization of a DIG-
labeled RNA pmbe) hpemﬁ( for sFETOL. Signal was
detected using peroxidase-labeled an*'a{)i(? {Roche
Apphied Science, Indianapolis, IN, USA) and amplified
using both biotinvl tyramide (Dako North America Inc.,

aipmtcna CA} and alkaline phosphatase-labeled a anti-
biotin (Alpha Diagnostics International Inc., San Anto-
nie, TX, USA). Fast Red (Dako North America Inc.} was
fher vsed to detect the complex, and the sections were

rupterstained using Maver’s hematoxyiin (Bako Nogth

%meuca Inc).
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Persistent Suppression of Ocular Neovascularization
with Intravitreal Administration of AAVrh.10
Coding for Bevacizumab

Yanxiong Mao! o..{ildrd Kiss" dulie L. Boyer”" Neit R. Hackett” Jianping Qiu” Andrew Carbone,”
Jason G. Mezey?* Stephen M. Kaminsky? Donald J. ’Amice? and Ronald G. Crystal®

Abstract

Vascular endothelial growth factor (VEGFE) plays an important role in the pathogenesis of neovascular age-
related macular degeneration and diabetic retinopathy. Bevacizumnab, an anti-VEGE monoclonal antibody, is
efficacious for these disorders, but requires monthly intravitreal administration, with associated discomfort, cost,
and adverse event risk. We hypothesized that a single intravitreal adminisiration of adeno-associated virus
(AAV) vector expressing bevacizumab would result in persistent eye expression of bevacizumab and suppress
VEGF-induced retinal neovascularization. We constructed an AAV rthesus serotype th.if vector to deliver
bevacizumab {AAVrh10BevMab) and assessed its ability to suppress neovascularization in transgenic mice
overexpressing huuman VEGFLI65 in photoreceplors. Intraviireal AAVrh.10BevMab directed long-term bev-
acizumab expression in the retinal pigmer‘ted epltqehmv Treated homozygous mice had reduced levels of
neovascularization, with 96:1£4% reduction 168 days following treatment. Thus, a single administration of
AAVIh10BevMab provides long-term suppression of neovascalarization without the costs and risks associated
with the multiple administrations required for the current conventional bevacizumab monoclonal drug delivery.

introduction tech, South San Francisco, CA), a humanized monoclonal
antibody {mAb) specific for human VEGF (Ferrara ef al., 2004;

E}A'}‘HOLGG’[CAL OCULAR NEOVASCULARIZATION is the hall-  Avery ef al., 2006}, Nurnerous dinical studies have established
mark of age-related macular degeneration (AMD) and  that "mtravﬂrtal administration of bevacizumab nhibits

diabetic retivopathy {DR), two of the leading causes of VEGP-dependent neovascularization aond vascolar perme-
blindness in the industrialized world (Elman ef al,, 2010; Folk  ability, imaproves visual outcomes, and decreases vision loss
and ‘Jtune 2010}, The prevalence of A\/ED in the United States  in patients with DR and AMD. Since their introduction, in-
is expected to increase to nearly 3 million by 2020, whereas  travitreal injections of bevacizumab and its Fab fragment ra-
hc prevalence of DR is projected to t ipie to 16 million by  nibizumab have become the standard of care for treatment of

150 (Friedman of al., 2004; Saaddine of al., 2008). Local up-  AMD and are becoming the standard for DR, especially dia-
‘eg ulation of the expression of vascular endothelial growth  betic macular edema {Avery af al,, 2006; Guikilik 2t al., 2010;
actor (VEGF) plays a central role in the pdthugmes s of both  Nicholson and ‘wcndcndt 2010; Arevalo et al., 2011; Montero
dis vrdem {Adello ef al., 1994; Fervara, 2010). The clinical use of  ef al., 2011, Ozturk ef #l., 2011; Salam ef af., 2011; Witkin and
intraviireal anti-V EGA agents has been shown to slow the Brown, 2011} Huwewt the positive effect on visual acuity is
pmgressi(m of vision less and improve visual acuity in pa-  often of limited duraBion, with the need for repeated, most
tients with AMD and DR (Avery ef al., 2006; Rosenfeld et ai,, often mon'hly injections to achieve optimal visual outcome
2006; Elman ef al., 2010; Gulkilik ef al., 2010}, A widely used  (Regillo ef al., 2008; Elman ef o, 201¢; Gulkilik ef 4l 2010;

P e

anti-VECGE ocular therapy is bevacizumab (Avasting Genen-  Miichell ef af,, 2018; bc,umldl-erurth et al., 2010}
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In addition to the burden on the patient and the economic
burden on the health-care system, repeated intraviireal ad-
ministrations pose a risk of visually devastating ocular

complications. The most serious adverse event is infectious
endophthalmitis. Although the per-injection rate of endo-
phihalmitis has a reported ncidence ranging between 0.03%
and 0.16%, after 1-2 vears of repeated i m) ctions, the per-eye
infection rate ap pr(vaghrl 0% (Jager ef al., 2004; Brown et al.,
2006; Rosenfeld ¢ al., 2006; Elman ¢t al., 2010). More frequent
{up to 5%), although less devastating, ocular adverse events
associated with repes clude

1 mtravitreal administrations in
vitreous hemorrhage, retinal detachment, traumatic cataract,
corneal abrasion, -,ubcommu tival bemorrhage, and eyeli
swelli mg e}aggtr et al., 2004; Brown ef al., 2000; Rosenfeld ef al.
2006; Ebman ef a Z(‘w, Folk and Stooe, 2010). In the context ()f
these 1ssum, an mnaowlar therapy with a prolonged duration
of anii-VEGF action following a single intravitreal administra-
tHon would decrease the treatment E‘ irdexy of repeated intraocc-
ular injections and reduce the cost of chronic therapy, resulting
i a profound inapact on the reatment of both AMD and DR.
Adeno~associated viral (AAV) vectors are attractive for
ocular gene therapy, as they can direct long-terno transgene
expression with low foxicity and immunogenicity, with es-
tablished e\pxessum in a vanety of retinal cell types (Bain-
br'dge et al., 2008; Buch ef al., 2008; Roy ef al., 2010; Simonell
et al., 2010; Lukason ef al.,, 2011). There are currently six human
clinical trials using indraccular adroivistration of AAV veci
five directed toward the treatment of Leber’s cengemtai am-
auresis {with RPE16D as the gene product), and one anti-VEGF
therapy for the treatment of AMD {with soluble receptor to
VEGE, sFLTO1 as the gene product) (ClinicalTrials. gov, 2011}
Kriowing that intravitreal administration of bevacizumab is
highly effective in treating AMD and DR (Avery ¢ al., 2006;
Guikilik e al., 2010) and that of AAY gene-transfer vectors can
be sately administered intraocularly to humans with persistent
e\pre%slun of a thera peuuc transgene (Bainbridge ef al., 20608;

Buch ef ¢, 2008; Rﬂy et al., 2010; Simonelli of 4f, 2010, Ma-
clachlan ot al, 2011), we hypothesized that a single in-
teavitreal adrmnis‘{raﬁ(m of an AAV vector expressing

bevacizumab would result in sustained intraocular expression
of bevacizumab at levels sufficient for leng-term suppression
of ooular neovascularization. Based on AAVHh1Y, a dade B,
nonhuman primate (rhesus macaguej-derived gene-transfer
vector that we are using i human clinical trials for gene
therapy for CN5 ht,ft?dl‘fal‘\/ disease (Sondhi ef al., 1.007), we
designed AAVd10Bev Mub, coding for the heavy and light
chains of bevacizumab. The efficacy of AAVrh.10BevMab was
tested for its ability to inhibit ocular neovascularization in the
fransgenic rha/VEGE mouse model that constitutively ex-
presses the human VEGF165 isoform in photoreceptors under
the rbodopsio promoter (Gkarote ef al, 1997). Unlike bev-
acizumab itself, which is effective in this model for 14 days
(Mild ef al, 2609}, the data demonstrate that a single admin-
istration of AAVrh.10BevMab is effective in suppressing oc-
ular neovascularization in this murine model for at least 168
days, the longest Hime poiot evaluated.

Materials and Methods

Gena-therapy veciors

The AAVeh.10BevMab vector is based on the nonhuman
primate-derived rh.10 capsid pseudetyped with AAV2 in-
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verted terminal repeats surrounding the expression cassette
consisting of Cy"o*negalovi"us {CMV)-enhancer chicken f§-
actin proyooter (Niwa ef al., 1991; Daly of al., 1999, Sondhi
et ai., 2007), the bevacizumab anti-human VEGF heavy-chain

and light<hain sequence separated by a furin 2A self-
cleavage site (Fang ef o, 2005), and the rabbit o-giobin
polvadenylation signal {(see Fig. 1A). Nucdleotide sequences

for the antibody hgavy and light-chain variable domains

were de' ived from the protein sequence for human kappa
Fab-12, the odginal humanized version of the murine mAb

cotresponding to bevacizumab (Chen ¢t al,, 1999). The cod-
ing sequenices for the human IgGi constant domain were
added to the variable domain by overlap PCR.

AAVrh10BevMab was pmdu ed by cotransfection of
2930rf6 cells with three plasmids: (1) an expression cassette
plasmid (pAAVrh10BevMab) carrying the humanized anti-
human VEGF antibody ¢DNA; (2) a packaging plasmid
{pAAVA4.2) that contains the AAVZ rep gene and AAVTh.10
cap necessary for vector replication and caps id production;
and {33 pAdl_)Pé, an adenovirus belper plasmid (Niae of al,
1998; Sondhi ef al, 2007). For AAVrh.10 vector production,
pAAVIB.IGBevMab (600 pg), pAAVELZ (600 ug), and
pAdUFe (1.2mg) were cotranstected into 2930rf6 cells, a
human embryonic kidney cell line expressing adenovirus El
and F4 genes (Gan ef al, 2002; Sondhi ef al, 2007), using
Paolyfect {Qiagen, Valencia, CA}. At 72hr post transfection,
the cells were harvested, and a crude viral lysate was pre-
pared using four cycles of freeze/thaw and clarified by
centrifugation. AAVrh.10BevMab was purified by iodixanol
gradient and QHP anion-exchange chromatography. The
puwified AAVrh.10BevMab was concentrated using an
Arvicont Ultra-15 100K centrifugal filter device (Millipore,
Billerica, MA) and stored in FBS, pH 74, at —-80°C.
The negative comdrol vectors AAVdh10Lac? encodes 8-
galactosidase (Wang of al, 2010}, AAVrh.I0CGFP encodes
green fluorescent protein (LJ Py {sondhi e 4L, “O’? 7} & and
AAVTH 102V encodes an untelated antibody against Y. pestis
V antigen, which replaces the bevaciz hmab coding region of
the AAVh10BevMab vector. Vedtor genome titers were
determined by quantitative TagMan real4time PCR analysis
using a chicken f-actin promoter-specific primer—probe set
{Appiied Biosystems, Foster City, CA).

Assessment of AAVH. 10BeviMab in vitro

Expression and  specifici of the AAVh.10BevMab-
expressed bevacizumab from i fected cells were assessed using
western analysis. For expr esswn, 2930rf6 cells were infected
with AAVth.10BevMab {2x10° genome copies {go)/celll,
and infected cell supernatants vvere harvested 72hr after
tofecon. Supernatants were concentrated by passage through
Ultracel YM-10 centrifugal fifters (Millipore) and evaluated
by western analysis, using a peroxidase-conjugated goat
anti-human kappa light rham antibody (Sigma, St. Louis,
MO) under nonreducing conditions or reducing conditions
with the addition of pefmi«i se-conjugated goat anti-burnan
IgCG antibody (Santa Cruz Biotechnology, Santa Cruz, CA).
Detection was by enbanced chemi luminescence rea gerd (GE
Healthcare Life Sciences, Piscataway, M), The specificity of
the AAVrh 1G—e\px essed bevacizumab was determined by
western analysis against buman \'}*()[*-165 and mouse
VEGF-164 (Watanabe ef al., 2008). AAVrh.10BevMab-infected
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cell supematants were used as the primary antibody, fol-
iowed by a peroxidase-conjugated goat anti-human kappa
Hight-chain  antibedy and enhanced chemiluminescence
reagent.
Bevacizumab levels after in vivo administration
of AAVrh. 10BevMab

Male C57BL/6 mice, 6-8 weeks of age, obtainecl from
The fackson Laboratory (Bar Harbor, ME), were housed
unde" pathogen-free cor \ditions AAVHh. 1{0Bex /Mab aiU'l 49

or AAVrh.10LacZ (10 ]' Y in 100 14 of PBS was administered
by the intravenous mute to C57BL/6 mice through the tail
vein. At various times (-24 weeks after Vector administra-~
fion, blood was collected through the tail vein, allowed to
clot for 60min, and centrifuged at 13,’}C0rpm for 10 min.
Bevacizumab levels in serum were assessed by enzyre-
finked immunosorbent assay (ELISA) using flat “bottomed
96-well EIA/RIA p"afey {Corning Life Sciences, Lowell, MA)
coated ovmmght at 4°C with 0.2 pg of human VEGF-165 ptr
well in a total volume of 100 4 of 0.05 M carbonate buffer
and 0.01% thimerosal. The p! &f{‘ﬁ were washed three times
with PBS and blocked with 5% dry milk in PES for 60 min.
The plates were washed three Himes with PBS containing
0.05% Tween 20. Serial serum dilutions in PBS containing 1%
dry milk were added to each well and incubated for 60 o,
The positive control standard was 25 g/ ,4- bevacizumab
{Genentech). The plates were washed three times with FBS
confaining 0.05% Tween 20 followed by 100 gl /well 1:5,000
diluted pCm\ldaqe-con'uggated goat anti-human kappa 1=gh+-
chain astibody in PBS containing 1% dry milk for 60 min.
The piates were washed four times with PBS containing
0.05% Tween 20 and once with PBS. Peroxidase substrate
{100 i3 /well; Bio-Rad, Hercules, CA) was added, and the
reaction was stopped at 15 min by addition of 2% oxalic acid
100 pl/well). Absorbance at 415nm was rueasured. Anti-
body titers were calculated with a log {OD)-log (dilution)
interpolation model with cutoff value equal to twofold the
absorbance of background (Watanabe ef 4/, 2008). The titers
were converted to a bevacizumab concentration using resulis
from the bevacizumab standard data curve.

AAVTh.10BevMab (10 go) and AAVTh.I0aV (16" go) in
Tul of FBS were administered by intravitreal injection i
the left and right eyes, respectively, of C57BL/6 male mice.
Intravitreal injection was done under a dissecting microscope
with a 32-gauge needle (Hamilton Company, Reno, NV).
Atter 0-24 weeks, mice were killed with CO,; eyes were
collected, hornogenized by sosication in 100 gl of T-PER tis-
sue protein exiraction reagent (Thermo Scientific, Rocidord,
L), and centrifuged at 13,000 rpm for Smin; and supernatant
was coliected. Bovza mmak levels i supernatant were as-
sessed by a human VEGF-specific ELISA as described above.

evacizurnab levels were standardized to total protein levels,
which were assayed by the bicinchoninic protein assay
{Thermo Scientific, Waltham, MA} The expression of bev-
acizumab in the eye at 12 weeks post intravitreal mj ection
was evaluated by Western analysis as described above,

<

Localization of bevacizumab expression
by immunofiuorescence

e
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ess the intraocular site of bevacizumab expression,
BL/ 6 mice were injected with AAVrh.10BevMab
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and AAVh 10V, as described above, or left uninjected.
Treated and control virus-injected eyes were enucleated 5
weeks after ntravitreal injection, fixed in formalin, embed-
ded in paraffin wax, Suhomd deparaffinized, and treated
sequentially with biotin-conjugated denkey anti-human
JgG{H+ L) (dilution 1:100; hrkﬁon Jmmau nﬂ-\g-,ench West
Grove, PA) and Cy3-conjugated streptavidin (dilution

1,800; Jackson ]r"u*mm)R sgearch). Nuclel were stained with
4'b~diar~ud1m Z-phenyiindole (DAPL dilution 1:2,000; In-
vitrogen, Carlsbad, CA). The sections were embedded (His-
toserv, Germantown, MDY} and examined with a fluorescence
MiCroscope.

AAVrh. 10BevMah-mediated
of neovascufarization

SUPO es8ion

Rho/VECGF mice {a gift of Peter Campochiare, Depart-
ment of Ophthalmelogy and Neuroscience, The Jolns Hop-
kins School of Medicine, Baltirsore, MD) {(Okamoto ef 4/,
1997} were housed and bred under pathogen-free conditions.
At postnatal day 14, homozygous rhe/VEGF mice were in-
jected intravitreally with 1l of PBS to one eve and 10" ge of
AAVrh.I0BevMab in 14 to the other eve. At 2, 14, 28, 84,
and 168 days post therapy, mice were anesthetized and
perfused with 2ml of 25 mg/ml fluorescein-labeled dexirvan
{2x10° average maolecular weight; ’%:gmz" St. Louis, MO} in
PBS. The eyes were removed and fixed tor Thr in 4% para-
formaldehyde/FBS. The cornea and lens were removed, and
the entire retina was carefully dissected from the eyecup,
radially cut from the edge of the retina to the equator in all
four quadrants, and flat-mounted in Prolong Gold antifade
reagent {Invitrogen). The retinas were examined by fluores-
cence microscopy at 200 %, providing a narrow dep*’h of field
to enable subretinal focus for neovascular buds on the outer
surface of the retina. AxioVision LE (Carl Zeiss, Oberkochen,
Germoany} digital image analysis software was used by three
investigators bhﬂdtd to treatment group for qhanhfymg
subretinal neovascular growth area per retina.

Statistical analysis

All data are presented as the means or geomelric
means tstandard error. Assessment of significant effects of
treatment and variability due to observer or mouse was
performed using a two-factor {freatment, observer) and
three-factor (treatment, ohserver, mouse) ANOVA model {it
separately at each tire I:omt {2, 14, 28, 84, and 168 weeks).
As the data were nonnorma-, a nonparametric approach was
used to assess significance of each factor by implementing a
}*m*ﬂufahon hnc.}‘wﬂ This was C(mducte-i by fitting the
ANOVA model to the data and calculating p values associ-
ated with each factor using standard parametric statistics.
The data were then permuted 10,000 times and, for each
permutation, the ANOVA medels were fit to the pernusted
data and p values calculated for each of the factors, For each
factor, the rank of the data p values were then determined
within the ordered list of I:.ermutah(az’i p values, where the
rank of the data was used to determine the no‘fapa‘-‘ametric p
value. Overall, for the three-factor ANOVA, we conducted
three tests at each of the five time points to produce 15 in-
dependent tests, whereas the two-factor ANOVA produced
10 tests that were highly nooindependent of the three-factor

2
005/

ANOVA tesis. We thmcfom considered cases where p<0.05/
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15=0.0033 to be significant after a multiple test correction,
e.g.. we consider p>0.0033 as providing no evidence of sig-
nificant effect of treatment or variability i a factor.

Results
Characterization of AAVrh. 10BeviMab

The AAVrh 10BevMab vector was tested for in vitro ex-
ression of human heavy and light chain by infection of
2930rf6 ceils (Fig. 1). Cell culture supernatant at 72hr post
infection, assessed by Westemn analysis under nonreducing
and reducing conditions, established expression of the intact
heavy and Hght chains and theie ability to foon the intact
antibody (Fig. 1B and (). Infection with the conirol
AAVh I0GFP vector under identical conditions had no de-
tectable bands, reduced or nonreduced, tor human antibody.
The supermatant from AAVrh.10BevMab-infected cells was
tested for the capacity to specifically recognize human VEGFE
by probing a western against human VEGF165 and mouse
VEGF164 (Fig. 1D} Only the human form of VEGE was
recognized as expected from the known specificity of bev-
acizumab. In contrast, supernatants from AAVrh10GFP-
infected cells did not recognize either protein. To assess the
ability of the AAVrh.10BevMab vector to direct persistent
expression of bevacizumab in vive, securn antibody levels of

MAO ET AL.

human VEGF were assessed by ELISA at §-24 weeks after
intravenous administration of 10" gc of the AAVrh.10Bev-
Mab. Antibody Jevels peaked at about 12 weeks and were
sustained through the 24 weeks (Fig. 1E), the last time point
examined. No antibody was detected in serum of mice that
recetved similar intravenous injection of AAVrhI0Lac
{conirol vector expressing f-galactosidase).

Intravitreal adminisiration of AAVrh. 10BevMab

To evaluate the expression profile of AAVrh.10BevMab by
local administration, antibody levels in the supematant of
eye homogenate were assessed for (-24 weeks after in-
travitreal administration of 10" go of the vector. The data
showed that the bevacizumab levels were above 100pg/ g
total protein at 2 weeks and remained at similar levels to the
last time point evaluvated at 24 weeks (Fig. 2A). No bev-
acizumab was detected it the eyes from mice that received
intravitreal AAVdh 0oV, a contral vector. The expression of
bevacizumab in the eye post intraviireal administration of
AAVrh.10BevMab was confirmed by Western analysis. So-
fuble protein collected from the AAVrh.10BevMab-njected
eyes was positive for the presence of human antibody heavy
and Hght chains, whereas no burnan antibody was detected
in eyes injected with AAVrh.10¢V, which expresses a mouse
mAb, or unixjected naive eves {(Fig. 2B}
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cytomegalovirus-chicken  fi-
actin promoter. {8, O} AAVrh
A0BevMab-divected  expres-
sion of bevacizumab. 293ortH
cells  were infected with
N AAVTh.10BevMab or AAVTh
A0GFP at 2x10° ge/cell.
After 72hr, infected cell su-
pernatanis were assessed for
bevacizumab expression by
western analysis with perox-
idase-conjugated goat anti-
human kappa light-chain an-
fibody and peroxidase-conju-
gated goat anti-human IpG
antibody. (B} Nenreducing
western analysis. Lane 1, su-
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pernatant  from AAVIRIG-
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BevMab; lane 2, AAVrh
A0GFEP conirol; lane 3, bev-
acizumab  alone. () Redu-
cing western analysis. Lane 4,
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AAVTh.10BevMab: lane 5, AAVHhIOGEP; lane 6, bevacizumab condrol. Bevacizumab has a molecular mass of 150 kDa; the
full-length heavy and Hght chaios of bevacizumab arve 50 and 25kDa, respectively. {3} Specificity of human VEGFE bev-
acizumab produced by AAVrh.10BevMab. 2930rf6 cells were infected with AAVTh.10BevMab or AAVrh I0GFP at 2x 107 gc/

cefl. After 72 by, supernatants were ass
Lefi:

ed for the ability to bind to human or mouse VEG
Supernatants from AAVrh.10BevMab-infected cells. Lane 7, specificity for mou

A protein by Western analysis.
VEGE-164; lane 8, specificity for

human VEGF-165. Right: Supernatants from AAVrhJ10GF-infected cells. Lane 9, specificity for mouse VEGF-164; lane 10,
specificity for human VEGF-165. Huoman VEGF-165 bas a ruolecular mass of 19 kDa. (B} Ability of AAVh. 10BevMab to direct
persistent expression of bevacizumab in vive. Shown are bevacizumab levels after systemis administration of the
AAVH10BevMab vector. AAVih. 10BevMab (101 g} was administered to C57BL/6 mice by the intravenous route, using

AAVh10LacZ (10Y ge) as a control. Over 24 weeks after vector administration, bev
human VEGF-specific ELISA. Shown is the geometric mean®standard error from n=5

racizumab levels were measured by
animals per group.
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FIG. 2. Ocular levels of & 8 ARThID
bevacizumab after & smgﬂle Ty < w¥ Bevachzumak
local administration of the 2 - BAV G BevMah {g‘m;i;sf Satve
AAVYh10BevMab vector. @ T - Bewvhiak e
AAVrh10RevMab (104 gc) 5 ?,\ AT i & 02 R—- \§~¢\§@~<\¢‘~<\~\~<~¢~¢§
vas administered to C57BL/ & .. AT i
6 mice by the intra /iirea- g " I
route, with AAVrh.10aV, 2N ;
AAVrh10 vector codhxg fOi k) {
an irrelevant 1gG antibody, as & i
a control, A Bevacdizumab § W ﬁ? 3G
levels. Over 24 weeks after E ;
vector  adroinistration, bev- % {
acizumab levels in eye ho- 3 ! ) RAYh ARV )
mogenate were measured by g 108 & 55 e
a human VEGF-specific EL E— & : 7 ) : ¢ }z prmpey 3 §\ R -
4 > % A

S . Data {geometric means®

ndard error) were 0ob-
tained from n =6 eyes for the
AAVTh. 10BevMab group

and n=4 eyes for the AAVrhi0aV group. (B} Western analysis. Twelve week
levels in eye homogenate were assessed by Western analysis with peroxidase
chain ant bodv and peroxidase-conjugat ted geat anti-human IgG antibody under reduci

tibodies

are used to visualize both heaw and light chains with equal intensity.} U

Tima postinjection {ak}

s after vector administration, bevacizumab
conjugated goat anfi-human | kappa light-
ucing conditions. (Two primary an-

'ntreated control eyes of age- mat( hed

mice were evaluated in a similar fashion. Lane i homogenate from AAVrh 10BevMab-treated eyes; lane 2, homogenate
from AAVIhuI0oV-treated eyes; lane 3, homogenate from naive eves; lane 4, bevacizumab control. The heavy and light

chains of the bevacizumab expressed by the AAV vector have moi«ecuiar masses of 50 and 25

The localization of bevacizumab within the eves of mice
administered intravitreal AAVth.10BevMab was evalvated
in paraffin-embedded and stained sections of eyes 35 days
post injection. The bevacizumab was localized to the retinal
pigment epithelium (RPE), whereas no bevacizumab staining
was seen in uninjected eyes or eyes injected with the vector
expressing the mouse mAb, AAVrh.10aV (Fig. 3). Intravitreal

administration of AAVrh.i0 has previously been reported to
efficiently transduce a wide range of retinal cells, including
the RPE, the ganglion cell layer, the amacrine celis of the
ioner nuclear layer, the Miilller and horizondal cells, as well as
bipolar ceils (Giove of al, 2010). Therefore, we searched
multiple immunohistochemical sections for staining of these
cell types, but have observed no staining in any cell type
other than RPE.

Efficacy of AAVrh. 10BevMab

The efficacy of the AAVrh.10BevMab in the iransgenic
"’ho /VEGE mouse was assessed by evaluating the suppres-
sion of the development of neovascolar buds fol Howing in-
travitreal injection to the eyes of 14-day-old homozvgous
vho/VEGE mice. As an internal contral, the opposite eye
received an intravitreal injection of PBS Fluorescence mi-
croscopy of the reting from AAVrh.10BevMab- and PBS-
injected eves at 2, 14, 28, 84, and 168 days post injection was
used to assess the phenctype (Fig. 4). In low-rmagnification
views (Fig. 4A), multiple large aveas of budding and vascular
ieak are evident in the PBS-treated eye of ihe mice at 168
days post injectory these areas were largely absent i the
freated cye (F1g 4B). By examining nwvaqculeu buds at

40, the tme-dependent increase in

higher power (Fig.
At 2 days post injection, AAVrh.10Bev-

budding was seen.

Mab- and PBS-injected eves appeared to have similar
time points,
significanily  fewer

amounts of neovascular buds, but at longer

AAVrh.10BevMab-injecited eyes had

-~

kDa, respectively.

subretinal neovascular buds than retinas from eves injected
with PES.

The subretinal neovascular buds were quantified by three

vestigators blinded to treatment group. As an example of
the mdwuiuui data from each observer, at 84 days post in-
jection, the data from each of the observers shmfved signifi-
cant reduced area of subretinal neovascular buds in retinas
of AAVrh10BevMab-injected eyes compared with eves in-
jected with PBS (Fig. 5A). The interobserver variability in
quantifving the neovascular buds was not signi ificant at
the multiple test correction threshold (Table 1}. Data from the
three observers was fitst averaged for each eye, and then the
average and standard error for each condition and time point
were plotted (Fig. 5B). Consistent with the fluorescence mi-
croscopy results, at 2 days post injection there was no sig-
aificant reduction in the area of subtetinal neovascular buds
for AAVrh.10BevMab-injected eyes, but from 14 to 168 days
after therapy, eves injected with AAVrh.10BevMab had sig-
nificantly less area of subretinal neovascular buds corapared
with retinas from eyes injected with PBS (Fig. 5B). The re-
ducBon ratio—caloulated as [{ruean ne )vascu] v bud area in
PBS-irjected eye at indicated time point) — (neovascular bud
area in AAVrhi0BevMab-injected eve at indicated time
point)}/(mean neovascular bud area i PBS-injected eye)—
shiowed no reduction at 2 days post injection, but significant
reduction at later time points: 14 days (49%) to 168 days
{90%) (Fig. 5C). Thus, a single intravitreal administration of
AAVHI(BevMab can persistently suppress subretinal neo-
vascularization in this model.

Discussion

Intraocular anti-VEGE therapy with bevacizumab or its
Fab fragment ranibizumab, the standard worldwide ther-
apy for the treatment of AMD and DR, requires monthly
intravitreal administration to maintain optimal visual
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al., 2006; Rosenfeld
et al., 2006; Regillo ef al., 2008; Elman of af,, 2010; Folk and
Stone, 2010, Guikilik e‘ al., 2010; Mitchell ef al., 2010; Ni-
cholson and Schachat, "(1) Schmidt-Erfurth vf al., 2014

cutcomes {Avery et al, 4(‘(}6 Brown ef

Waisbourd ef al., 2010). To circumvent the d;scomioﬂ to the
patient of monthly intravitreal injections, the economic
burden of this expens-“e therapy, and the uncommon, but
serious, ocutlar complication rate associated with repeated in-
travitreal administration, we have devised an AAV-mediated
gene-therapy strategy to deliver persistent therapeutic levels
of bevacizumab to the eye using a single administration.
Using AAVTh10BevMab, a r‘nesm_dtrmed AAV coding for
bevacizumab, the data demonsirate that AAVrh. 10BevMab
expresses intact hm\‘jcma- bevacizumab that, with a single
intravitreal administration, provides effective therapy in a
murine model of VEGFE A-medlcated ocudar neovascularization
for at least 24 weeks, the longest time point evaluated.

Anti-VEGF therapy for ocular neovascularization

DR, the primary cause of permanent blindness i adults
aged 20-65 years, and AMD, the main cause of irreversible
bl ndness in those over age 65, are predominantly VEGF-mie-
diated pathologica lpm\esseq {Aiello et al., 1994; Lu and Ada-
mis, 2006; Ferrara, 2010). Up-regulation of VEGF within the eye
leads to retinal neovascularization in DR and ,hormdm neo-
vascularization in exudative AMD {(Alello ef 1994; Lu and
Adarnis, 2006; Ferrara, 2010). This pathinlog } neovascular
ization results in increased vascular permeab}hty producing
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FIG. 3. Immumofluorescence
localization of bevacizumab
after local ocular administra-
fion of AAVrh10BevMab.
AAVh.10BevMab (10% go)
(vr the control vector AAVY-

w0V (10Y gy in 1wl of PBS
was admuns-,ered by the in-
travitreal route to CS’/'B].‘/G
niice. Five weeks later, eyes
were enucleated, and paraffin
sections were stained  using
biotin-conjugated denkey anti-
human gl as pomary anti-
body and Cy3-conjugated
‘;""lt‘pid‘vidﬁ as :,efonde.w an-
tibody. Nuclel were stained
with DAP' Unireated control
eyes were stained in the same
way. Bevacizumab is indicated
by red, and nucleus by blue.
[\I.., inner nuclear h‘,er ONL,
outer nuclear layer; OPL outer
plexiform layer; RFE, retinal
pigment epithelium.  Scale
bars =200 pm (A, C, B} and
50 m (B, D, F}. Note that A
and E represent areas less
cenitral to the retina, so cell
layers are thinoer.

retina edema, vascular fragility leading to hemorrhage, and
fibrovascular proliferation and scarring—alil vltimately culmi-
nating in severe vision loss. Suppression of this VEGF-driven
proavgiogenic cycle has revolutionized the treatment of DR
and AMD (Schlingemann and Witmer, 2009; Ferrara, 2010;
Nichalson and Schachat, 2010; Waisbourd ef al., 2010). Nu-
merous clinical trials have definitively demonstrated that,
when compared with previously available therapies, in-
travitreal administration of avti-VEGF agents {(either the full-
length antibody bevacizumab or its Fab fragment ranibizu-
roab) considerably improves visual outcorne in these patients
(Avery et al., 2006; Brown ef al, 2006; Rosenfeld et al., 2006;
Regillo ef al., 2008; Schlingemann and Witiner, 2009; Elman

et al., 2018; Ferrara, 2010; *o,.,k and Stone, 2010; Gulkilik of af.,
2010; Mitchell o al, 2010; Nicholsonn and Schachat, 2010;

Schumide-Eefueth of 4l 2010, Waisbourd ef 41, 2010}, For ex-
ample, in the two pivotal ranibizumab trials in patients with
exudative AME (ANCHOR and MARINIA), on average, all
pa-"en ts in the standard-of-care group lost vision at the 1- and
—Vear time pmm:; This 1s in dramatic contrast 10 those pdt ienis
rem)wm}ﬁ menthly intraocudar anti-VEGE injections, where 95%
of patients maintained, and 30-40% Ampm‘*ed, their vision at
the 1-and 2-year timne points (Brown ef al., 2006; Roseofeld ef al.,
2006, MR(CQLM et al., 2010). Thus, anti-VEGF therapy has be-
come the standard of care for these ocular disorders.
However, the relatively short half-life of intraocudarly ad-
ministered proteins {including bevacizumab and ranibizumab)
necessitates frequent and repeated administeation to malotain
adequate therapeutic levels. When compared in AMD and DR
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FIG. 4. Ability of AAVrhi0Bev-
Mab to suppress neovascularization
in rho/VEGF transgenic mice with
overexpression of VEGE in photo-
recepiors. Al postnatal day 14, rho/
VEGE mice were given an in-
travitreal injection of 1l of PBS in
one eye and 11 containing 10°% ge
AAVrh.10BevMab in the other eye.
At 2, 14, 28, 84, and 168 days post
injection, the total area of subretinal
neovasculatzation per eye was
quantified from retinal flaimount.
{A} Composite flatmowrd of whole
retina from the untreated eye at 24
weeks post vector at low magmi'i—
cation {scale bar=1rurn). White ar-
TOWS pohﬁ; to areas of extensive
capillary leakage. (B} Composite
flatmount of whole retina from the
treated eye at 24 weeks post vector
{scale bar=1 mmy). For A and B, an
overexposed image of the reting
was taken using the red channel
and then gray-scaled to demon-
trate tissue morphology. This im-
age was overlapped onto an image
taken in the green chanpel (FITC-
dextran}, which is used to dernon-
strate vasculature. The histogram of
the untreated control was then ad-
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justed to show only the brightest flucrescing areas in the green channel. These settings were then maiched on the treated

image. {{} Representative higher maguification images of
therapy (scale bars =100 um).

clindcal trials, patiends treated less frequently {either quarterly
or on an “as needed” basis) showed less pronounced benefit of
visual outcomes (Regillo ef al, 2008; Miikchell 2 al, 2010;
Schamidt-Erfurth ef af,, 2010}, Patients switched from monthly
therapy to an “as needed” anti-VEGF therapy regimen had, on
average, greater visual decline comapared with 2 monthly
treatment regimen (Regillo ef al., 2008; Mitchell f al., 2010;
Schnidt-Erfurth ef al, 2016}, Without prolonged VEGF block-
age via repeated intraccular injechons of currently available
anti-VEGF agents, the proangiegenic process is reactivated and
visual outcorne is cornprorsised. However, these repeated
injections come at the high cost of a cumulative risk of visually
devastating cornplications, ncluding intraccular hemorrhage,
retinal detachment, and endophbthalmitis (Jager ef al, 2004;
Schmidt-Erfurth ef al., 2010). For example, when the anti-VEGF
clinical trials are taken together, over a 1-2-year period of re-
peated intravitreal injections, the per-eye risk of intraccular
infecion approaches 1% (Brown ef ¢l., 2006; Rosenfeld ef al,
2006; Elman ef al, 2010). With some patients poteniially
requiring decades-long VEGF suppression, the local compli-
cation rate becomies a significant impediment to the adequate
ireatment of pathological ocular neovascularization.

AAV-mediated anti-VEGF gene therapy

One rational approach to achieve a sustained therapeutic
effect following a single intraocular injection is that of AAV-
mediated gene transfer. As a comparimentalized, self-
contained, easily assessable, relatively small, immune privi-

Hluorescence microscopy of retinal flatmounts at days 2-168 post

leged organ, the eve is an ideal site for in vivo gene iransfer
{Bainbridge ef 4l., 2003}, Ocuvlar gene-transter strategies have
been developed for gene-augmentation therapy in reces-
sively inherited disorders (eg., autosomal recessive and
X-linked recessive retinitis pigmentosa, Usher syndrome,
Xdinked retineschesis, Leber's congenital amaurosis); for
gene silencing in dommantly inherited disorders {e.g., auto-
somal dominant retinitis pigmentosa, retineblastomaj; and
for treatment of ocular pathologic processes {e.g.. DR and
AMD) (Roy ef al., 2010). For example, the clinical trial of
rAAV2-CB-hRPESS in patients with Leber’s congenital am-
aurosis demonstrated the safety and efficacy of ocular gene
therapy with dinically quardifiable improvementis in visual
function up to 1.5 years following a single injection, without
any serious ocular or systemic side effects (Simonelli of al,
2010} Given the accumulating evidence for the safety and
efficacy of ocular gene therapy, our approach to the long-
term suppression of coular neovascularization in DR and
AMI was that of AAV-mediated gene-transier steategy.
Although all human studies on AAV gene transfer to the
eye have involved serotype 2 (Hauswitth ef al., 2008; Simonelli
et al., 2010), there is ample evidence in animals that other AAV
seratypes derived from nonbuman primates provide higher
levels of transgene expression {Lebherz ef 4/, 2008). AAVHh.10
is derived from rhesus macaque and is extremely effective in
gene transfer to pleura and brain {(De ef al, 2006; Sondhi ef al,
2007). I a previous study, intravitreal injection into the eye of
AAVH0 expressing enbanced GFF efficently transduced
several cell types of the retina, including cells of the outer
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FIG. 5. AAVrh.'1(]Bevl\/iﬁab-mediared suppression of neo-
vascularization Compared with PBS. At postnatal day 14,
homozygous tho/VEGE mice v vmc 'n}ocwd it wﬁrga ly
with 1 of PBS to one eye and 16" ggg of AAVrh.10BevMab
in 1Tl to the other eye. X 2, 14, 28, 84, and 168 days post
therapy, the total area of subretinal peovascularization per
eve was quantified by retinal flaimount. {A} Examples of
data from three individual observers for individual mice.
Showmn are data at dav 84 post adminisiration. Lines Loﬂnut
the PBS versus AAVTh.10BevMab data for individual mic
(B} Average data for AAVh.10BevMab verwsus PBS {(‘}
Percent reduction in total area of neovaachla-‘lzatloq per
retina with AAVth10BevMab versus PBS, calculated as:
[{mean neovascular bud area in PBS-injected eye at indicated
time point} — {neovascular bud area in AAVr10BevMab-
injected eye at indicated time point}}/ (mean neovascular bud
area in PESﬂmedcd eye). A pomﬁw percentage represents a
reduction in neovascularization. For A-C, see Table 1 for
ssment for inirachserver variability and sta-
tistics for aJ data at all time points.
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plexiform layer, the ganglion cell layer, and the RPE (Giov

et ai., 2010}, In the present siudy, bevacizumab delivered by
AAVER 10 accuroulated exclusively in the RPE. This apparent
inconsistency may reflect several factors, including the use of
an intracellular (GFF) versus a secreted transgene (bev-
acizumab) and mouse strain differences. [n addition, the re-
ceptor for AAVrh10 is unkonown and the specific factors
affecting tropisro are not defined.

Other gene-therapy approaches for the ireatment of
pathologic ocular neovascolarization have included viral
vectors that encode various antiangiogenic agents, including
endosiatin, angiostatin, pi‘*'nen- epithelial-derived factor,
and sFLT01 eJmmbnde et al., 2003; Roy ef al., 2010}, A phase
1 clinical trial using mtmvm eal raA‘v'ﬁQFLTOl in patients
with AMD bas just recently been completed. Although no
dose-limiting toxicities have been publicly reported in this
trial, it is not known whether sFLTO1 itself has sufficient
antiangiogenic activity to provide similar visual outeomes to
currently  available cmu—VEGA therapeutics.  Anti-VEGF
therapy with bevacizumab, on the other hand, is an existing,
weil-characterized, therapeutic agent with proven etficacy
and an acceptable safety profile following -"ﬂpezitﬂd in-
travitreal injections in patieots with DR and AME {(Avery
2006; Brown ei al., 2006; Rosenfeid ef al., 2006; Regillo
ef al., 2008; Singerman ef al., 2008; ¢ Lhimy;emc.rm and Witmer,
2009; Elman ef al., 2010; Ferrara, 2010; Folk and Stone, 2010;
Gulkilik ef gl, 2010; Mitchell e al, 2010; Nicholson and
Schachat, 2010; Schmidi-Erfurth ¢ af., 2010; Waisbourd ef 4.,
2010}, Therefore, our approach was to use bevacizumab ra-
ther than auother agent in the AAV-mediated intraocular
antiangiogenesis gene therapy and improve the only known
shortcoming of this therapy: persistence of action. Toward
that end, we engineered an AAV vector that encodes the
antibody heavy- and lght-chain varable domains of the
bumanized version of the murine mAb corresponding fo
bevacizumab (AAVrh. iOBevMab)

In witro analysis of our AAVrh10BevMab vector product
showed it to have eqmvaient VEGF-binding properties to
pative bevacizumab used clinically. Pollowing a single in-
travitreal injection, the vector was able to transfect the RVE

et al.,

cells and to preduce bevacizumab. Intraccular bevacizumab
levels were detected by day 14 and rema;ned elevated up to

24 weelks, the last time point tested. In vive efficacy of our

AAVrH.10BevMab vector was tested in 3 m,J c.*aam(.ts,lued
\’EGEmedla*ed ocular neovascularization model that mim-
ics critical features of neovascular AMD. A single intravitreal
injection of bevacizumab in this mode, typically suppresses
ocular neovascularization for 2 weeks. Using our AAVrh G-
BevMab vector, we were able to meemingfuiljy' suppress ocular
neovascularization following a single intravitreal injection for
up to 24 weeks, the last time point tested.

Ocular gene-therapy sty atebmq have used either in-
ravitreal or subretinal appAoacnes for intraocular delivery of
the viral vector (Bainbridge et 4f., 2003, 2008; Roy ef al., 2010;
Lukason ef al., 2011). In wnent clinical pmmce however,
intravitreal injections are used for anti-VEGE treatment of
AMD and DR. Intravitreal injections are less invasive than
subretinal injections, have a considerably more favorable
side-effect profile, and can be performed in an office setting,
Subretinal injections, on the other hand, require the patient to
undergo a surgical procedure. Hence, our approach for Jong-
term suppression of ocular neovascularization was that of an
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Tapre 1. INTEROBSERVER VARIABILITY
Area of NV per retina ( i’ X 107% s days)

Observer Treatient 2 14 28 84 i68

1 PBS& 0.90+£0.23 1. 1 ’?“*O 11 4.29+1.60
AAVeh 10BevMab 0.85%( 0. 0354007 3.43+0.07

2 PBS 1.17 1 BEOA3 44 68
AAVrh.10BevMab 1. 0 39+G 08 15403 (0.45+0.06

3 PBS 1. 15940 (.94+0.11 32140.73 4.28+1.60
AAVrh.10BevMab 1. 0.82+0.12 (3.34+0.00 1.1540.33 . 45 +0.07

p value (Z-way ANCOVA)  For treatment < (.0001* <{0.0001* <{.0001% < (.0001+
For observer >{.243 >{.76 >{.92 >-\!.99

p value 3-way ANCVA) For treaitment < 0.0001% <{.0001%* < 0.00071 <{.0001%
For observer >{.028 >{1.49 >{1.86 >.98
For mouse < 0.0001*%F <0000 <{.0001% <{0,002%

ObSOr\/u means and standard deviations were calouls 1?06 fter supaming over mice. The effects of treatment, obs
assessed u mutations after fitting a i\NG—“st o and three-factor ANOVA model,

NV, neovascularization.
*p<0.05, but not significant after a multiple test correctior

A-Y\

Significant test resulis.

ntravitreal jujection route. This was the same strategy
used for the AAV2-sFLT01 preclinical and phase 1 studies
{ClinicalTrials.gov, 2011; Lukason ef al., 2011; MacLachlan
2011}, Similar to the AAV?:SFLT\H data, the resulis
of our approach nclude retinal cell transfection, localized
fransgene expr stmn and suppression of neovascularization.
One potential criticism of using AAVrh.10BevMab for
ocular gene merapjy' for AMID and DR is the theoretical
deleterious effect of prolm‘wed ocular VEGF suppression.
Although these warraot carefu] survetllance and further in-
vestigation, clinical experience with hundreds of thousands
of patients who have received continued intraccular anti-
E()E thgr(.pv over many years {up to 3 years with the
tinically available intraccular anti-VEGF ther dpie ) have yet
to show any detrimental consequences of prolox ng ed V }_A(_,I
blockage (Avery ef al, 2006; Brow*: et al., 2006; Rosenfeld
ef al, 2006; Regille e al, 2008, Singerman ef al., 2008
Schiingemann and Witmer, 2009; Elman et al., 2010; Ferrara,
2010; Folk and Stone, 201 0; Gulkilik ef al., 2010; Mitchell ef al,,
2010; Nicholson and Schachat, ._s)]', Schmidt-Erfurth ef 4l
2010; Waisbourd ef g, 2010). In fact, the opposite appears to
be true, as patients who are not treated with anti-VEGFE
therapy ultimately end up with significantly worse visual
function. Along the same Hnes, the most recent evidence on
long-term ocw iar VEGE suppression in several animal mod-
els has shown no abnormalities of the choriocapillaris and no
indication of retinal cell dysfuniction {(Singerman ef al., 2008;
Ueno ef al., 2008). At this time, most experimental and all
clinical evidence indicates that long-term VEGF suppression
is preferred jn patients with AMD and DM
This st wdy provides the first report of sustained suppres-

sion of ocular neovascudarization vsing a well-characterized,
existing therapeutic approach with proven clinical efficacy.
With the goal of minimizing dosing intervals and maximiz-
ing clinical efficacy, a single administration of AAVrh.10-
BevMab provides long-term expression of bevacizumab and
suppression of VEGF-mediated ocular necvascularization.
The resulis of this study warrant the further investigation of
AAVrh.10BevMab as a long-term therapeutic approach for
the treatment of AMED and DR.

et al.,
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