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Purrosk. Intravitreal delivery of therapeutic transgenes to the retina via engineered viral
vectors can provide sustained local concentrations of therapeutic proteins and thus
potentially reduce the treatment burden and improve long-term vision outcomes
for patients with neovascular (wet) age-related macular degeneration (AMD), diabetic
macular edema (DME), and diabetic retinopathy.

MerHoDs. We performed directed evolution in nonhuman primates (NHP) to invent an
adeno-associated viral (AAV) variant (R100) with the capacity to cross vitreoretinal
barriers and transduce all regions and layers of the retina following intravitreal
injection. We then engineered 4D-150, an R100-based genetic medicine carrying
2 therapeutic transgenes: a codon-optimized sequence encoding aflibercept, a
recombinant protein that inhibits VEGF-A, VEGF-B, and PIGF, and a microRNA sequence
that inhibits expression of VEGF-C. Transduction, transgene expression, and biological
activity were characterized in human retinal cells in vitro and in NHPs.

Resurts. R100 demonstrated superior retinal cell transduction in vitro and in vivo
compared to AAV2, a commonly used wild-type AAV serotype in retinal gene therapies.
Transduction of human retinal pigment epithelial cells in vitro by 4D-150 resulted in
dose-dependent transgene expression and corresponding reductions in VEGF-A and
VEGF-C. Intravitreal administration of 4D-150 to NHPs was well tolerated and led
to robust retinal expression of both transgenes. In a primate model of laser-induced
choroidal neovascularization, 4D-150 completely prevented clinically relevant angiogenic
lesions at all tested doses.

Concrusions. These findings support further development of 4D-150. Clinical trials are
underway to establish the safety and efficacy of 4D-150 in individuals with wet AMD and
DME.

Keywords: wet age-related macular degeneration (AMD), gene therapy, intravitreal
injection, aflibercept, VEGF, placental growth factor (PIGF), directed evolution

ge-related macular degeneration (AMD) accounts for

nearly 10% of all blindness worldwide and represents
the most common cause of irreversible blindness in devel-
oped countries.!’? In neovascular (wet) AMD, choroidal
neovascularization (CNV) manifests as uncontrolled growth
of leaky blood vessels under the macula and accumula-
tion of fluid within and beneath the retina, causing macu-
lar edema and progressive degeneration of photorecep-
tors and retinal pigment epithelium (RPE).>* In diabetic
macular edema (DME), retinal vascular abnormalities
caused by hyperglycemia compromise the integrity of the
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blood-retinal barrier, resulting in increased vascular perme-
ability, intraretinal fluid accumulation, and progressive reti-
nal dysfunction.>°

Repeated intravitreal (IVT) injections of anti-VEGF thera-
pies effectively slow vision loss in the majority of treatment-
compliant patients with wet AMD.”~!> However, the require-
ment for lifelong injections imposes a substantial burden
on patients and caregivers, and many patients fail to main-
tain initial therapeutic benefits owing to noncompliance
with the burdensome treatment regimen.>7-8:10:13-20 I addi-
tion, no approved therapy for wet AMD targets VEGF-C,

@0l

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. BY _NC_ND


mailto:dkirn@4dmt.com
https://doi.org/10.1167/iovs.65.14.1
http://creativecommons.org/licenses/by-nc-nd/4.0/

Investigative Ophthalmology & Visual Science

Novel Gene Therapy for Neovascular Retinopathies

a potentially important target and driver of treatment
resistance.?! %4

Gene therapy delivered directly to the retina via viral
vectors has the potential to provide a durable benefit
and reduce the treatment burden for patients with reti-
nal diseases. Adeno-associated virus (AAV) vectors are the
leading platform for the delivery of in vivo gene therapy;
however, IVT delivery of therapeutic transgenes to multi-
ple cell types across the entire retina has not been feasible
with wild-type AAV vectors owing in part to their limited
capacity to efficiently transit the vitreous and penetrate the
inner limiting membrane (ILM) and superficial ganglion cell
layer.?> As a consequence, wild-type AAV-based gene ther-
apies for ophthalmologic indications generally require rela-
tively high doses and/or administration via subretinal injec-
tion, an invasive surgical procedure that requires detach-
ment of photoreceptors from the RPE and reportedly results
in transduction of <5% of the retinal surface.?>-%*’

We implemented a directed evolution strategy that used
genetic diversification and selection processes to invent a
novel AAV capsid (R100) with the capacity to transduce all
major cell types across all regions of the primate retina,
including the macula, following IVT administration at rela-
tively low doses. We then designed and engineered 4D-
150, a dual-transgene genetic medicine comprising the R100
vector and a transgene expression cassette containing: (1)
a codon-optimized sequence encoding aflibercept, a clin-
ically validated recombinant chimeric protein that binds
VEGF-A, VEGF-B, and placental growth factor (PIGF), and
(2) a microRNA (miRNA) sequence that inhibits intracellu-
lar expression of VEGF-C (miR-VEGF-C). Here, we describe
the design and preclinical characterization of the R100
synthetic AAV capsid, and the R100-based gene therapy
candidate 4D-150.

METHODS

All animal experiments were conducted in accordance with
the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research. All animal studies were conducted under protocols
approved by the institutional animal care and use commit-
tees overseeing animal welfare at the Valley Biosystems, CRL,
and Virscio facilities. Experimental methods are described
briefly below. A comprehensive description of methods and
materials is provided in the Supplementary Material.

Vector Discovery

Detailed methods for the in vivo directed evolution process
are described in the Supplementary Methods. Briefly, a
pooled library of approximately 10® unique synthetic vari-
ant AAV capsid sequences was created from 25 different
sub-libraries using various molecular biology techniques
and packaged in HEK293T cells to produce DNA-containing
capsids. Each unique capsid protein is encoded by the DNA
sequence that is carries (Fig. 1A).23-% The resulting capsid
library was administered by IVT injection to a NHP and
subjected to in vivo selective pressures to mimic IVT clin-
ical gene therapy. All synthetic libraries were injected in
the first round of selection. Genomes were recovered from
retina tissue harvested from each quadrant (superior, infe-
rior, nasal, and temporal) and from each of four cell layers
(RPE, outer nuclear layer, inner nuclear layer, and ganglion
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cell layer). Recovered genomes were amplified and pack-
aged for injection into another NHP. This procedure was
repeated for a total of six cycles. To increase the strin-
gency of selection, progressively lower quantities of viral
particles were administered in each successive cycle. Addi-
tional mutagenesis techniques were applied to recovered
capsid sequences between rounds four and five to increase
diversity. After each round from three to six, sequencing
was performed on individual clones isolated from targeted
retinal tissues to determine the prevalence of variants and
sequence motifs within the remaining capsid population. A
“hit” was defined as a variant with a prevalence of >5% of
the total sequenced population in two or more consecutive
rounds of selection or >10% of the total sequenced popula-
tion in one or more rounds.

DNA was isolated from tissue samples using the QIAamp
DNA Mini isolation kit (Qiagen, Hilden, Germany). AAV
variant cap genes were amplified by PCR and inserted
into the pSub2 library packaging plasmid, as previously
described.??:39:32:3% Cap genes were sequenced by third-party
DNA sequencing facilities and analyzed using Geneious soft-
ware (Biomatters, Aukland, New Zealand). Peptide homol-
ogy was assessed using the protein-protein basic local align-
ment search tool.

Cell Culture

HEK293T and HEK293 cells were cultured in DMEM supple-
mented with 4% to 10% FBS. Human embryonic stem cells
(ESI-017) and human fibroblast-derived induced pluripotent
stem cells (FB-iPSCs) were cultured on Matrigel (Corning,
Glendale, AZ, USA) in mTeSR-1 maintenance medium (Stem
Cell Technologies, Vancouver, British Columbia, Canada).
Human pluripotent stem cell (hPSC) cultures were subcul-
tured using Gentle Cell Dissociation Reagent (Stem Cell
Technologies) every 4 to 5 days at 70% to 80% confluence.
Human vascular endothelial cells (HUVEC) were cultured
in an endothelial basal medium (EBM-2; Lonza, Basel,
Switzerland) according to the manufacturer’s instructions.
Hapl cells were cultured in Iscove’s modified Dulbecco’s
medium (Gibco) supplemented with 10% FBS and 1% peni-
cillin/streptomycin (ThermoFisher, Waltham, MA, USA).

In Vivo Vector Characterization

Vector characterization studies were performed in 2 nonhu-
man primate (NHP) species with the R100 capsid carrying an
enhanced green fluorescent protein (EGFP) reporter trans-
gene. Cynomolgus macaques (age = 2-8 years) received
bilateral IVT injections of R100.CAG-EGFP (3 x 10'!
vg/eye or 1 x 10'? vg/eye) (Supplementary Table S1).
Adult African green monkeys received either R100.CMV-
EGFP or AAV2.CMV-EGFP (2 x 10! vg/eye) via IVT injec-
tion. All animals were screened for pre-existing neutral-
izing antibodies to R100 and AAV2. In-life EGFP expres-
sion was assessed by fundus fluorescence imaging3°-3
Animals received immunosuppression with methylpred-
nisolone and/or IVT triamcinolone (Supplementary Meth-
ods). In the cynomolgus macaque studies, animals were
euthanized and selected eyes were enucleated and fixed
in 4% paraformaldehyde and stored in 30% sucrose at 4°C.
The retina was dissected into superior, inferior, temporal,
nasal, and optic nerve/fovea/macula regions and individ-
ually mounted in optimum cutting temperature mounting
medium.
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Ficure 1. Directed evolution of AAV capsid in primates led to the discovery of a dominant capsid variant (R100). (A) Schematic
representation of directed evolution. A plasmid library comprising synthetic variant AAV capsid sequences is created from the cap genes of
several wild-type AAV serotypes using various DNA mutation techniques. The library is packaged in HEK293T cells to produce viral particles
comprising a synthetic capsid shell surrounding the viral capsid genome. The viral library is then purified and subjected to in vivo selective
pressures. Successful viruses are amplified, recovered, and enriched through repeated rounds of selection. (B) Frequency of the top two
capsid variants in the directed evolution round six sequencing analysis. (C) Frequency of the R100 variant motif found in separate retinal
cell layers in directed evolution rounds three to six. Error bars indicate 95% confidence intervals. (D) Representative 3D model of R100. The
AAV2-based variant contains an insertion of 10 amino acids (purple) at amino acid position 588. AAV, adeno-associated virus.

The slides were permeabilized and blocked with block-
ing buffer (PBS with 0.5% Triton X-100 and 10% goat serum)
and incubated overnight with primary antibodies (Supple-
mentary Table S2) in blocking buffer at 4°C. The slides were
then washed and incubated with Alexa Fluor-conjugated
secondary antibodies (see Supplementary Table S2) for
1 hour at room temperature in blocking buffer. Tissues
were counterstained with DAPI nuclear stain. Images were
acquired using a Zeiss Axio Observer Z1 or D1 microscope.
For tiling, sequential multichannel images with approxi-
mately 5% overlap were acquired. Images were processed
using Zen Blue 2.3 and FIJI Image J software.

Acute Retinal Biodistribution of 4D-150

Cynomolgus macaques (age = 6 years) received bilateral IVT
injections of 4D-150 1 x 10'* vg/eye. Methylprednisolone
was administered via intramuscular (IM) injection on day
-1 and then once weekly; a single IVT injection of triamci-
nolone 2 mg was administered on day 1. Aqueous and vitre-
ous humor samples were collected separately from both eyes
4 weeks post injection and stored at <—70°C. Retinal tissue
samples were dissected into superior, nasal, central, tempo-

ral, and inferior regions, then placed individually in RNAlater
solution, and stored at <-20°C.

Retina and choroid samples were homogenized in tissue
lysis buffer (250 mM HEPES, 150 mM NaCl, 1% Triton X-100,
and 5 mM EDTA, 1 x protease and phosphatase inhibitor
cocktail), incubated on ice, and clarified by centrifugation.
Free aflibercept was evaluated using the aflibercept ELISA
kit (Cat. No. IG-AA115; Eagle Biosciences, Nashua, NH, USA).
Mature miRNA in retinal tissue was quantified by reverse
transcription quantitative PCR (RT-qPCR). Total RNA was
isolated from retinal tissues using a miRNeasy kit (Qiagen,
protocol #74104).

Safety and Efficacy of 4D-150

The safety and efficacy of 4D-150 were evaluated in a
primate laser-induced CNV assay. The assay recapitulates the
main features of the exudative form of human AMD (see
Supplementary Methods).*’ Male and female African green
monkeys (age = 4-13 years) were randomly assigned to
receive bilateral IVT injections of 4D-150 (1 x 10'!,3 x 10!,
or 1 x 10'? vg/eye), R100.CAG-AFLB (1 x 10'? vg/eye), or
vehicle. Methylprednisolone IM was administered on day -1
and then once weekly for 4 weeks. A single dose of triam-
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cinolone 2 mg was administered via subtenon injection on
day 1 following administration of the test article. Three days
prior to laser photocoagulation, all animals received bilat-
eral subconjunctival injections of dexamethasone 1 mg. At
day 42, six laser spots were placed within the perimacu-
lar region in each eye using an Iridex Oculight TX 532-nm
laser (duration = 100 ms, spot size = 50 pm, and power =
750 mW). Color fundus photography was performed imme-
diately after laser treatment using a Topcon TRCSOEX retinal
camera with Canon 6D digital imaging hardware and New
Vision Fundus Image Analysis System software.

Fluorescein angiography was performed with intra-
venous 10% sodium fluorescein (0.1 mL/kg). Scoring of
angiograms was performed at 2 and 4 weeks post laser by
a masked investigator (Supplementary Table S3). Densitom-
etry analysis of late-stage raw angiograms was performed
using Image]J software. Because the incidence of grade IV
lesions in vehicle eyes at weeks 2 and 4 was lower than the
expected incidence of 25% to 40%,%-4? an additional assess-
ment was performed at week 6 to confirm that the laser
response was not delayed.

Statistical Analyses

All data were analyzed in GraphPad and Microsoft Excel.
Differences between groups or within groups were analyzed
via between-group or repeated-measures ANOVA, respec-
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tively. Tukey’s tests, Bonferroni tests, and #-tests were
used for post hoc comparisons and adjusted for multiple
comparisons.

REsuLTs
Vector Discovery and Characterization

Viral particles derived from a library containing approxi-
mately 108 variant AAV capsid sequences were administered
to NHPs via IVT injection during successive rounds of in vivo
competitive selection. Isolation of capsids following rounds
3 to 6 identified 5 dominant variants; each represented >10%
of the sequenced population in a single round or >5% in
multiple rounds (Supplementary Fig. S1). After round 6, the
R100 peptide insertion sequence motif represented approx-
imately 70% of all remaining capsid sequences (Fig. 1B).
R100 was the most prevalent variant in all evaluated retinal
layers, accounting for 40% to 86% of all capsid sequences
in the respective layers (Fig. 1C). Sequence analysis of the
R100 variant identified a 10-amino-acid peptide insertion at
residue 588 in the VP3 common region and a point mutation
in the VP1 region of the capsid (Fig. 1D).

Evaluation of human retinal cell transduction in vitro
demonstrated efficient transduction of RPE cells, retinal
ganglion cells (RGCs), and photoreceptors (Fig. 2, Supple-
mentary Fig. §2). R100 exhibited superior transduction of
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In vitro characterization of R100 in human RPE cells compared to AAV2. (A, B) Representative images and quantitation of

EGFP transgene expression (green) 7 days post infection in A hESC-derived and B iPSC-derived RPE cells expressing ZO-1 (red) transduced
with R100 or AAV2. Line graphs show EGFP+ cells in the PMEL17+ RPE cell population, quantified by flow cytometry. (C) EGFP expression
kinetics following transduction by R100 or AAV2 in iPSC-derived RPE cells during the first 7 days post infection. In C, nuclei were coun-
terstained with DAPI (blue). All images are from cultures transduced at an MOI of 5000 except for C, which depicts cultures transduced at
an MOI of 2500. All quantitative measurements were carried out in n = 3 replicates; data are mean £ SD. *P < 0.05 compared to AAV2 by
two-tailed ¢ test. AAV, adeno-associated virus; EGFP, enhanced green fluorescent protein; hESC, human embryonic stem cell; iPSC, induced
pluripotent stem cell; MOI, multiplicity of infection; RGC, retinal ganglion cell; RPE, retinal pigment epithelium.
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both hESC-derived and iPSC-derived RPE cells compared to
the wild-type AAV2 serotype (Figs. 2A, 2B). At the high-
est tested multiplicity of infection (MOI), 65% to 75% of
the cells in R100-infected cultures were positive for EGFP
expression on day 7 compared to 20% to 25% of the cells in
AAV2-infected cultures (2-tailed ¢ test, P < 0.05). Analysis of
transgene expression kinetics showed a more rapid onset of
transgene expression with R100 capsid compared to AAV2
(Fig. 2C).

Retinal transduction by R100 following IVT administra-
tion was evaluated in 2 different primate species using
an EGFP reporter transgene. Administration of R100.CAG-
EGFP (3 x 10 vg/eye or 1 x 10'? vg/eye) to cynomol-
gus macaques resulted in time- and dose-dependent EGFP
expression within the retina (Supplementary Table S1,
Supplementary Fig. S3). At the 1 x 102 vg/eye dose,
widespread transduction was observed in all regions of the
retina, including the fovea, macula, and periphery (Figs. 3A~
D). Transgene expression was detected as early as week 1 and
increased markedly by week 3. Expression increased further
between weeks 3 and 8 and was stably maintained until the
final assessment 6 months after administration.

The findings from in-life fundus fluorescence imaging
were confirmed through post-necropsy histology assess-
ments of EGFP immunofluorescence (see Figs. 3D-I, Supple-
mentary Fig. S4). At the 1 x 10'? vg/eye dose, robust EGFP
expression was observed in multiple retinal layers and all
major cell types, including RPE cells, photoreceptors, and
RGCs in the periphery, midperiphery, and macular regions
(Supplementary Fig. S5).

R100-mediated retinal transduction was confirmed in a
second primate species (African green monkeys) follow-
ing a single IVT injection of either R100.CMV-EGFP or
AAV2.CMV-EGFP (2 x 10 vg/eye). Fundus fluorescence
imaging showed retinal EGFP expression at 4, 6, 8, and 10
weeks after administration of R100 (Fig. 4). In contrast, AAV2
resulted in weak EGFP expression, which was limited to the
perifoveal ring of RGCs (see Fig. 4), consistent with prior
published reports. 3843

R100 Capsid Structure-Function Analyses

Investigation of R100 structure—function relationships
through in silico modeling showed that the 10-amino-
acid peptide insertion at position R588 disrupts binding
to heparan sulfate, an abundant proteoglycan in the ILM.*
Within the wild-type AAV2 capsid (the backbone for R100),
amino acids R585 and R588 lie in close proximity and
are precisely positioned to interact with heparan sulfate
(Fig. 5A).%% The peptide insertion at position R588 in R100
sterically prohibits the close proximity between R585 and
R588 required for heparan sulfate binding (Fig. 5B), suggest-
ing a plausible mechanism for enhanced transit through
the heparan sulfate-rich ILM barrier. The reduced heparan
sulfate binding affinity of R100 compared to AAV2 was
confirmed through binding and elution from a heparin affin-
ity column (Fig. 5C). R100 maintained dependence on the
AAV receptor (AAVR) for cell transduction,% as demon-
strated by a significant decrease in transduction of Hapl
cells lacking AAVR compared to normal Hap1 cells (Fig. 5D).
Finally, the improved retinal cell transduction by R100
compared to AAV2 was associated with enhanced binding
of R100 to human RPE cells (2-tailed ¢ test, P < 0.05 for all
comparisons; Figs. 5E, 5F).
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4D-150 Transgene Expression and Activity in
Human Retinal Cells

We designed 4D-150 as a recombinant dual-transgene
AAV gene therapy for the treatment of wet AMD and
other neovascular retinal diseases (Fig. 6A). Transduc-
tion of human RPE cells with 4D-150 resulted in dose-
dependent neutralization of VEGF-A in the culture medium
(Fig. 6B). Detection of excess free aflibercept protein follow-
ing neutralization of VEFG-A confirmed the mechanism of
action (Supplementary Fig. S6). In addition, transduction
with 4D-150 led to robust expression of mature VEGF-C
miRNA (Fig. 6C) and corresponding reductions in the levels
of VEGF-C RNA and secreted protein compared to control
(46.1% and 38.2%, respectively; Figs. 6D, GE).

To assess the effect of 4D-150 transgene expression on
human endothelial cell proliferation and migration, the 4D-
150 dual payload plasmid was electroporated into VEGF-
responsive HUVEC cultures. The 4D-150 plasmid cassette
significantly reduced endothelial cell proliferation compared
to the CAG-GFP plasmid and shock controls (1-way ANOVA,
P < 0.01), whereas CAG-AFLB alone did not (Fig. 6F).
Both the 4D-150 and CAG-AFLB plasmid cassettes reduced
endothelial cell migration compared to shock control (1-way
ANOVA, P < 0.05; Fig. 6G).

Acute Retinal Biodistribution of 4D-150 in
Nonhuman Primates

Intraocular expression of 4D-150 was evaluated in cynomol-
gus macaques following bilateral IVT injection of 1 x 10'?
vg/eye. Aqueous humor, vitreous humor, and retinal samples
were analyzed for aflibercept protein and VEGF-C miRNA
expression 4 weeks post administration. Secreted free
aflibercept was detected in all tissue samples from all ocular
compartments. Mean 4D-150 aflibercept transgene product
levels were nearly 8-fold higher in the retina/choroid (mean
+SD = 22,518 + 24,981 ng aflibercept/g of tissue) compared
to the aqueous humor (2,919 + 2,366 ng aflibercept/mL).
In addition, VEGF-C miRNA expression was detected (up to
91,910 copies per input RNA) from RNA isolated through-
out the retina, including the superior, nasal, central, tempo-
ral, and inferior regions. RNA sequencing verified that the
predominant miRNA species expressed in the primate retina
after transduction with 4D-150 was the full-length targeting
strand.

Efficacy of 4D-150 in a Laser-Induced CNV Model

The safety and efficacy of 4D-150 were evaluated in a laser-
induced CNV study in adult male and female African green
monkeys. Animals received bilateral IVT injections of either
4D-150 (1 x 10", 3 x 10", or 1 x 10'? vg/eye), R100.CAG-
AFLB (1 x 10'2 vg/eye), or vehicle (# = 7 per group).
Analysis of free aflibercept protein concentration in aque-
ous humor samples collected 21 days after dosing showed a
dose response between the highest dose (1 x 10!? vg/eye)
and the 2 lower doses (3 x 10" and 1 x 10! vg/eye) of
4D-150 (Fig. 7A). Of note, mean aflibercept protein concen-
trations were significantly higher following administration
of 4D-150 1 x 10'? vg/eye compared to an equivalent dose
of the single-transgene construct, R100.CAG-AFLB (2146 +
1310 ng/mL vs. 589 £ 393 ng/mL; 1-way ANOVA with
Bonferroni multiple comparisons, P < 0.0001; see Fig. 7A).
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Ficure 3. R100-mediated retinal transgene expression after IVT injection. All data were acquired from retinas in NHPs following
administration of R100.CAG-EGFP or vehicle control. Representative fundus fluorescence images from (A) an eye injected with vehicle
control and an eye injected with R100.CAG-EGFP 1 x 10'? vg/eye. (B) Representative heat map visualization of IHC scoring (NHP #304, OD).
EGFP expression in the RPE layer (left), PR layer (middle), and RGC layer (right) was quantified for each assessed visual field and depicted
as shades of blue corresponding to the estimated percentage of EGFP+ cells within each retinal layer. Each section was assigned a score
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of 0 (0%), 1 (1-25%), 2 (26-50%), 3 (51-75%), or 4 (76-100%) based on the estimated proportion of cells expressing EGFP. (C) Assessment
of EGFP expression in NHP eye sections by IHC 8 weeks after administration of R100.CAG-EGFP 3 x 10!! vg/eye or 1 x 10'? vg/eye.
(D) Representative image of transduced cells in the central retina showing robust EGFP expression in foveal cone PRs (white) and RGCs. (E,
F) Representative images demonstrating robust EGFP expression in peripheral PRs E and co-localized with opsin (red) F. (G-I) Representative
images of EGFP expression in RPE G, the outer segments of PR H, and the axons of RGCs I. EGFP expression (green) is also detected by an
anti-GFP antibody (red) in all images except F. Nuclei were counterstained with DAPI (blue) except in G. EGFP, enhanced green fluorescent
protein; IHC, immunohistochemistry; IVT, intravitreal injection; NHP, nonhuman primate; PR, photoreceptor; RGC, retinal ganglion cell; RPE,
retinal pigment epithelium.

R100 AAV2
2x101 vg/eye 2x10"1 vg/eye
NHP #A061 (OD) NHP #A207 (OD)

Week 4

Week 6

Week 8

Week 10

Ficure 4. Widespread transduction of the NHP retina after IVT administration of R100 compared to AAV2. Data were acquired from
retinas in African green monkeys 4 to 10 weeks post administration of 2 x 10!! vg/eye of R100.CMV-EGFP or AAV2.CMV-EGFP (N = 3
animals and N = 4 eyes per group). All animals were seronegative for pre-existing neutralizing antibodies to the R100 and AAV2 capsids.
The lower exposure setting in the R100 images was necessary to compensate for the strength of the GFP signal; formal quantification of the
GFP signal was not feasible. AAV, adeno-associated virus; IVT, intravitreal injection; NHP, nonhuman primate.

The in vivo efficacy of 4D-150 was evaluated in the laser- At 2 weeks post laser administration, a significant reduc-
induced CNV model based on the incidence of grade IV tion in the incidence of grade IV CNV lesions was observed
lesions and the CNV fibrovascular complex area (determined at all tested doses of 4D-150 compared to vehicle (Fisher’s
by the cross-sectional area of hyper-reflective formation at Exact Prob test, P < 0.005 for all comparisons). No grade

the principal axis on optical coherence tomography [OCT)). IV lesions were observed in any 4D-150—treated animals at
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Ficure 5. Structure—function analysis demonstrating a disruption of the heparan sulfate binding domain in R100 through a 10-
amino-acid peptide insertion in the GH loop and an increase in retinal cell binding. Molecular models of the GH loop within the VP3
common region of (A) AAV2 and (B) R100. The R100 peptide sequence (magenta) is constrained by the location of amino acids R585 and
R588 (blue) within the intact capsid. (C) AAV2 and R100 vectors bound to and eluted from a heparin affinity column. R100 capsid elutes at a
lower conductivity compared to AAV2, demonstrating a decrease in heparin affinity. (D) AAV vectors were used to transduce Hapl and AAVR
KO Hapl1 cell lines. All vectors demonstrate a cell surface receptor dependence on AAVR. N = 3 replicates each. *P < 0.05 by paired ¢ test
between Hapl and AAVR KO within each serotype. (E) Representative images of AAV2 and R100 binding to human iPSC-derived RPE (MOI =
2500), visualized using an anti-AAV2 capsid antibody (red). (F) The number of AAV2 and R100 viral genomes bound to human iPSC-derived
RPE was quantified across a range of MOISs. Error bars indicate standard deviation. *P < 0.05 by two-tailed ¢ test. AAV, adeno-associated virus;
AAVR, AAV receptor; iPSC, induced pluripotent stem cell; KO, knockout; MOI, multiplicity of infection; RPE, retinal pigment epithelium.

week 2 or at any subsequent time point (Fig. 7B, Supple-
mentary Table S4). By comparison, grade IV lesions were
observed in 1.2% and 12% of animals in the R100.CAG-AFLB
and vehicle-treated groups, respectively, at week 2 (Fisher’s
Exact Prob test, P < 0.01). The CNV complex area was
significantly smaller in the 4D-150-treated groups compared
to the vehicle group (52%-62% reduction; 2-way ANOVA
followed by Tukey-Kramer Honestly Significant Difference
(HSD), P < 0.005 for all comparisons; Fig. 7C). The lowest
tested dose of 4D-150 (1 x 10! vg/eye) conferred equiva-
lent protection against CNV compared to the highest dose
(1 x 10*2 vg/eye).

Safety and Tolerability of 4D-150

In-life eye assessments performed prior to laser photoco-
agulation in NHPs demonstrated that 4D-150 was generally
well tolerated. At week 6, immediately prior to induction of
CNV, there was no evidence of any of the following toxicities:
aqueous flare, vitreous haze, lens capsule deposit/lens opac-
ity, fibrin strands, iris/ciliary body (hyperemia, exfoliation, or
synechia), conjunctival (congestion, swelling, or discharge),
corneal (vascularization, opacity, or opacity area), hypopyon,
retinal vasculitis, or papillitis. In addition, there were no
adverse effects on retinal morphology, vascular integrity, or
on the optic nerve head (Supplementary Fig. S7). Inflamma-
tion was generally absent or mild (Supplementary Fig. S8).
A dose response was observed for white blood cells in the
aqueous and vitreous humor. At 1 x 10! vg/eye, no inflam-
mation was observed in any eyes (0/14) in either the aque-

ous or vitreous humor. At 3 x 10! vg/eye, 3 of 14 (21%) eyes
had inflammation in aqueous humor (2 eyes > grade 2) and
4 of 14 (29%) had inflammation in the vitreous humor (2
eyes > grade 2). At 1 x 10'? vg/eye, 7 of 14 (50%) eyes had
inflammation in aqueous humor (3 eyes > grade 2) and 2
of 14 (14%) had inflammation in the vitreous humor (1 eye,
grade 2).

Serum aflibercept concentrations were below the lower
limit of quantitation in all animals and at all time points
in the 1 x 10 vg/eye dose group. Low concentrations of
aflibercept were detected in serum in 2 of 7 animals in both
the 3 x 10! and 1 x 10'? vg/eye dose groups; of these, only
one animal in the 3 x 10! vg/eye treatment group had quan-
tifiable levels at more than one time point (Supplementary
Table S5).

OCT-derived retinal volume and retinal thickness showed
no evidence of retinal edema or degeneration-related thin-
ning during the 22-week observation period (Supplemen-
tary Fig. S9A). Full-field electroretinography was conducted
at weeks 12 and 22 to screen for adverse effects on reti-
nal function over time. No statistically significant differ-
ence was observed between groups in scotopic a-wave,
scotopic b-wave, or photopic flicker, and no significant
differences were observed between different time points
(Supplementary Fig. S9B). Hypotony was not observed
in any 4D-150-treated eyes (Supplementary Fig. S9C).
Postmortem analysis performed at 22 weeks revealed
no adverse findings in ocular tissue, including the iris,
ciliary body, and retina, in any animal in any dose

group.
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Ficure 6. The 4D-150 dual-transgene expression and function in vitro. (A) Schema of 4D-150, a dual-transgene anti-angiogenic AAV
gene therapy product. (B) Analysis of VEGF-A protein neutralization in the medium of human RPE transduced with 4D-150 or control
R100.CAG-GFP vector, data are mean £ SD, *P < 0.05, ***P < 0.0001 by 2-way ANOVA with Tukey’s multiple comparison post hoc test. (C)
Expression of mature anti-VEGF-C miRNA measured by quantitative reverse transcription PCR (RT-qPCR) from transduced human RPE (MOI
= 1000) in response to 4D-150 treatment, data are mean + SD, **P < 0.005 by unpaired ¢ test. (D) RT-qPCR analysis of VEGF-C transcript
levels in transduced RPE (MOI = 1000), normalized to Ribosomal Protein L32 as the housekeeping control. Mean £SD. (E) Analysis of
secreted VEGF-C protein from transduced RPE (MOI = 1000). BLQ values are represented as “0”, data are mean + SD. ****P < 0.0001 by
unpaired ¢ test. Analysis of (F) proliferation and (G) migration of HUVEC cultures in a Transwell system after electroporation with the
respective plasmid construct (V= 3, data are mean + SD. **P < 0.01 compared to shock (electroporation control), *P < 0.05 compared to
shock, TP < 0.01 compared to CAG-GFP by 1-way ANOVA with Tukey’s multiple comparison post hoc test. AFLB, aflibercept; BLQ, below
the limit of quantification; GFP, green fluorescent protein; HUVEC, human umbilical vein endothelial cells; ITR, inverted terminal repeats;
MOI, multiplicity of infection; RLU, relative luciferase units; RPE, retinal pigment epithelium; VEGF, vascular endothelial growth factor.

DiscussioON evolution in NHPs to invent a retinotropic AAV capsid (R100)
that exhibits widespread transduction of all major retinal
cell types following IVT injection. In vitro studies evalu-
ating R100 demonstrated superior transduction of human
retinal cells compared to AAV2. In NHPs, IVT administra-
tion of R100 resulted in widespread transduction of all
major retinal cell types and all retinal cell layers. In marked
contrast to AAV2, robust EGFP expression was observed in
the central, mid-peripheral, and peripheral regions of the
retina. Structure—function analyses demonstrated that the 10-
amino-acid peptide insertion at position R588 in the R100
capsid reduces heparin binding affinity and facilitates tran-
sit through the heparan sulfate-rich ILM, suggesting a puta-
tive mechanism for enhanced delivery to cells within the
retina. The precise mechanism through which the observed
improvement in retinal cell binding and entry compared to
wild-type AAV2 is mediated has not yet been elucidated,;

Targeted retinal delivery of therapeutic transgenes encod-
ing recombinant proteins and/or RNAi molecules offers the
potential to provide durable and consistent suppression of
pathological ocular angiogenesis, thus reducing the treat-
ment burden and potentially improving long-term vision
outcomes for patients with diseases such as wet AMD
and DME. Retinal gene therapies employing wild-type AAV
vectors have demonstrated the potential for therapeutic effi-
cacy in wet AMDY~%; however, the limited capacity of
wild-type AAV serotypes to penetrate vitreoretinal barriers
after IVT injection remains a persistent challenge.Novel AAV
vectors are therefore needed for IVT delivery of transgenes
to the retina in humans.

To address the limited retinal transduction capacity of
wild-type AAV vectors after IVT injection, we used directed
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Ficure 7. Aflibercept protein expression and laser-induced CNV lesions in primates following IVT administration of 4D-150 or
control. (A) Secreted free aflibercept protein expression in the aqueous humor by treatment group 21 days post IVT administration (z = 14
eyes per group) and prior to laser-induced CNV, data are mean + SD. ***P < 0.0001 by 1-way ANOVA with Bonferroni’s multiple comparisons.
(B) Percentage of eyes with grade IV lesions 2 weeks post laser per treatment group. **P < 0.005, *P < 0.01 compared to vehicle by Fisher’s
Exact Prob test. (C) Reduced CNV complex area with 4D-150 pretreatment at 4 weeks post laser. Data are mean = SEM. CNV complex areas
of the principal axis of each lesion were calculated for each treatment group. Pretreatment with all doses of 4D-150 resulted in significantly
smaller mean CNV complex areas compared to vehicle. **P < 0.005 by 2-way ANOVA followed by Tukey-Kramer HSD. AFLB, aflibercept;

CNV, choroidal neovascularization; IVT, intravitreal.

investigation of R100 binding to known AAV glycan co-
receptors and potentially other unidentified receptors will
be the subject of future work.

The R100-based gene therapy 4D-150 was engineered to
provide durable suppression of angiogenic signaling path-
ways in the retina through sustained expression of 2 ther-
apeutic transgenes targeting 4 different members of the
VEGF family. The design of the dual-transgene cassette was
supported by several lines of evidence. Numerous animal
studies have demonstrated that overexpression and secre-
tion of VEGF from the RPE induces CNV.**->% Concentra-
tions of VEGF-A, VEGF-B, and PIGF are elevated in the
eyes of individuals with wet AMD compared to healthy
controls,?>%%5 and VEGF-C is highly expressed in RPE
cells in human choroidal neovascular membranes.’® VEGF-
A, VEGF-B, and PIGF promote angiogenesis via binding
interactions with VEGFR1 and/or VEGFR2. VEGF-C signals
through VEGFR2 and VEGFR3 to promote proliferation and
migration of endothelial cells to form lymphatic and angio-
genic vessels,””> and has been shown to promote vessel

permeability and vascular leakage.?> In addition, VEGF-C
concentrations are reportedly elevated in the eye following
treatment with VEGF-A inhibitors, suggesting that VEGF-A
suppression induces compensatory upregulation of VEGF-
C.21,2.24 In 2 randomized phase II clinical trial in patients
with wet AMD, combined administration of a monoclonal
antibody targeting VEGF-C/-D and the anti-VEGF-A antibody
ranibizumab was superior to ranibizumab alone.”’

Consistent with the design characteristics of the dual-
transgene payload, transduction of human RPE cells with
4D-150 led to dose-dependent neutralization of VEGF-A and
a marked reduction in VEGF-C expression. IVT administra-
tion of 4D-150 to NHPs was safe and generally well tolerated
and resulted in robust retinal transgene expression. In addi-
tion, 4D-150 completely suppressed grade IV angiogenic
lesions in a primate model of laser-induced CNV. Notably,
the lowest tested dose (1 x 10! vg/eye) conferred equal
protection against CNV compared to the highest tested dose
(1 x 10'% vg/eye), suggesting that lower doses are likely to
be clinically active.
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Our findings should be interpreted in the context of
the limitations of in vitro and NHP models, which do not
fully recapitulate the complex interactions between human
ocular pathology, viral transduction dynamics, and immune
response. We selected NHPs for in vivo directed evolution
of AAV capsids based in part on key structural similari-
ties between NHP and human eyes, including ILM thick-
ness and overall volume,*® as well as similarities between
NHP and human immune systems. Despite these similar-
ities, the degree to which the findings from preclinical
models are translatable to humans is uncertain. We note,
however, that interim results from an ongoing phase I/II
clinical trial (PRISM) evaluating 4D-150 in individuals with
wet AMD were consistent with observations from NHP
studies (Khanani AM, et al. IJOVS 2023;64:ARVO E-Abstract
5055).52:% Intravitreal administration of 4D-150 was well
tolerated, with no serious adverse events and no clinically
significant inflammation or hypotony during follow up for
24 to 36 weeks. Evaluation of biological activity showed
evidence of stabilization in central subfield thickness and
a reduction in the frequency of anti-VEGF injections, includ-
ing an 89% reduction in the mean annualized injection rate
at 24 weeks in the 3 x 10'° vg/eye group in the phase
II dose expansion cohort (n = 20). Consistent with prior
evidence,’! the primate CNV model used to evaluate the
efficacy of 4D-150 in vivo was highly responsive to afliber-
cept alone, precluding evaluation of the potential incre-
mental anti-angiogenic benefit of the VEGF-C RNAi trans-
gene, although evidence of an incremental antiproliferative
effect was observed in a human endothelial cell model in
vitro. Interestingly, IVT administration of 4D-150 to NHPs
resulted in significantly higher levels of aflibercept protein
in aqueous humor samples compared to an equivalent dose
of the single-transgene construct (R100.CAG-AFLB), suggest-
ing that the VEGF-C RNAI transgene or its position within the
transgene cassette promotes aflibercept expression. Further
research is required to evaluate the therapeutic benefit of
the VEGF-C RNAi transgene and elucidate the mechanism(s)
related to the observed increase in aflibercept transgene
expression.

In summary, 4D-150 resulted in efficient expression and
function of both anti-angiogenic transgenes in human reti-
nal and vascular endothelial cells in vitro. IVT administration
of 4D-150 to NHPs was well tolerated and led to robust reti-
nal transgene expression and clinical activity. These findings
support continued evaluation of 4D-150 as a potential ther-
apy for neovascular retinal diseases. Clinical trials are under-
way to establish the safety and efficacy of 4D-150 in individu-
als with wet AMD (NCT05197270) and DME (NCT05930561).
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