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Patients with Zellweger spectrum disorder (ZSD) commonly
present with vision loss due tomutations in PEX genes required
for peroxisome assembly and function. Here, we evaluate PEX1
retinal gene augmentation therapy in a mouse model of mild
ZSD bearing the murine equivalent (PEX1-p[Gly844Asp]) of
the most common human mutation. Experimental adeno-asso-
ciated virus 8.cytomegalovirus.human PEX1.hemagglutinin
(AAV8.CMV.HsPEX1.HA) and control AAV8.CMV.EGFP vec-
tors were administered by subretinal injection in contralateral
eyes of early (5-week-old)- or later (9-week-old)-stage retinop-
athy cohorts. HsPEX1.HA protein was expressed in the retina
with no gross histologic side effects. Peroxisomal metabolic
functions, assessed by retinal C26:0 lysophosphatidylcholine
(lyso-PC) levels, were partially normalized after therapeutic
vector treatment. Full-field flash electroretinogram (ffERG) an-
alyses at 8 weeks post-injection showed a 2-fold improved
retinal response in the therapeutic relative to control vector-in-
jected eyes. ffERG improved by 1.6- to 2.5-fold in the therapeu-
tic vector-injected eyes when each cohort reached 25 weeks of
age. At 32 weeks of age, the average ffERG response was double
in the therapeutic relative to control vector-injected eyes in
both cohorts. Optomotor reflex analyses trended toward
improvement. These proof-of-concept studies represent the
first application of gene augmentation therapy to treat peroxi-
some biogenesis disorders and support the potential for retinal
gene delivery to improve vision in these patients.

INTRODUCTION
Zellweger spectrum disorders (ZSDs) are autosomal-recessive disor-
ders typically caused by biallelic mutations in any of 13 PEX genes,
which encode PEX proteins or peroxins, required for peroxisome as-
sembly and functions. Peroxisomes are subcellular organelles with
vital roles in lipid metabolism.1–4 Deleterious variants in PEX1 ac-
count for about 70% of ZSD cases in North America, with the hypo-
morphic PEX1-c.[2528G > A] allele representing about 30% of these
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variants.2,3,5,6 The latter encodes the partially functional PEX1-
p.[Gly843Asp] protein (PEX1-G843D), which is capable of support-
ing residual peroxisome assembly and function. Due to this residual
function, the PEX1-p.[Gly843Asp] allele is associated with milder
clinical pictures typically characterized by degenerative phenotypes
without major congenital defects.7–9

PEX1 and its binding partner PEX6 are AAAATPases (ATPases asso-
ciated with various cellular activities) that form the peroxisome “ex-
portomer” complexes, anchored to the peroxisome membrane by
PEX26.10 After PEX5 shuttles nascent peroxisomal enzymes to the
peroxisome membrane for matrix import, the exportomer complex
recycles PEX5 from the peroxisome membrane to the cytoplasm for
additional rounds of enzyme import.11–13 If not recycled, PEX5 is tar-
geted for proteasomal degradation, peroxisome matrix protein
import is impaired, and metabolic dysfunction ensues.14 Hallmark
clinical biomarkers of peroxisome dysfunction in ZSD include the
accumulation of potentially toxic very long chain and branched chain
fatty acids, and diminished plasmalogens, important membrane ether
phospholipids.15

In addition to variable multisystem presentations,1,16 most ZSD pa-
tients develop progressive vision loss, primarily (but not always exclu-
sively) due to retinal abnormalities, particularly photoreceptor
loss.17,18 Although milder ZSD patients are typically born with
functional vision, they often develop retinitis pigmentosa, macular at-
rophy, reduced visual acuity, and reduced or extinguished electrore-
tinograms (ERGs).19–21 Other less common ocular manifestations
include retinal arteriolar attenuation, optic nerve atrophy, nystagmus,
and foveal thinning.17,19,22 Given their progressive vision loss,
ical Development Vol. 23 December 2021 ª 2021 The Authors. 225
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interventions that rescue peroxisome function at an early stage could
slow or prevent retinal deterioration, which would have a major
impact on communication, learning, mobility, autonomy, and overall
life quality.

To assess whether various experimental therapies could slow the loss of
or improve retinal functions in people with milder ZSD, we character-
ized visual functions in the homozygous PEX1-G844Dmousemodel of
milder ZSD, which harbors the murine equivalent of the common hu-
man PEX1 (HsPEX1)-G843D allele.23 This model exhibits diminished
cone photoreceptor function to 32weeks, with rod photoreceptor func-
tion diminishing over time, and reduced visual acuity.24 PEX1-G844D
mice also exhibit decreased cone cell numbers through life, decreased
bipolar cell numbers with age, and photoreceptor inner-segment disor-
ganization.24 Since these phenotypes strongly reflect the degenerative
retinal disease found in milder patients, this milder ZSD mouse model
provides a robust platform for interventional testing.

Given the successes of recombinant adeno-associated virus (rAAV)-
mediated retinal gene augmentation therapy for monogenic ocular
diseases,25–27 we evaluated the ability of retinal AAV-mediated
PEX1 gene augmentation therapy to slow or prevent vision loss in
the homozygous PEX1-G844D mouse model. After confirming that
HsPEX1 expression recovered peroxisome functions in murine and
human PEX1-deficient cells, we evaluated the effects of AAV8.cyto-
megalovirus (CMV).HsPEX1.hemagglutinin (HA) delivered by sub-
retinal injection into the eyes of 5- and 9-week-old homozygous
PEX1-G844D mice. Our outcome measures included HsPEX1 pro-
tein expression, effect on retinal function, and visual acuity over the
course of 6�7 months. Overall, the data we collected represent the
first testing of gene therapy to treat a peroxisome biogenesis disorder,
demonstrate therapeutic windows for addressing retinal degeneration
in this mouse model, and provide proof-of-concept evidence for the
potential of gene augmentation approaches to address the degenera-
tive aspects of milder ZSD.

RESULTS
Recovery of peroxisome import by HsPEX1 delivery in human

and mouse cells

The CMV.HsPEX1.HA expression cassette used in these studies con-
sisted of codon-optimized HsPEX1 (sequence in Supplemental mate-
rials and methods) with a C-terminal HA epitope tag (Figure 1A) or
EGFP (Figure 1B) transgenes, driven by a CMV enhancer/promoter
and terminating into a bovine growth hormone (bGH) polyadenyla-
tion signal. This expression cassette was flanked by canonical AAV2-
inverted terminal repeats (ITRs) and packaged into the AAV8 capsid.
We included the HA tag to distinguish vector-delivered protein from
the endogenous mouse PEX1-G844D. This AAV8.CMV.HsPEX1.HA
vector was tested for expression of full-length PEX1 protein using
HEK293 84-31 cells transduced with AAV8.CMV.HsPEX1.HA or
AAV8.CMV.EGFP at a multiplicity of infection (MOI) of 105 or
5 � 105 vector genomes (vgs) per cell. Immunoblotting against the
HA tag revealed a single band corresponding to the size of PEX1,
with greater intensity at the higher compared to lower MOI (Fig-
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ure 1C). As expected, no HA tag was detected in cells transduced
with AAV8.CMV.EGFP, which showed a band corresponding to
the size of GFP when probed with anti-GFP antibody.

To ensure that the HA tag does not interfere with PEX1 function, we
evaluated peroxisome recovery using a PEX1 null HepG2 cell line
generated by CRISPR-Cas9 genome editing (Figure S1A and Supple-
mental materials and methods). We used this cell type as it was more
efficiently transduced by AAV8 than patient fibroblasts.28 PEX1 null
HepG2 cells were transduced at an MOI of 105 with AAV8.CMV.H-
sPEX1.HA and visualized after 48 h by immunofluorescent (IF) mi-
croscopy. In control cells, enzymes with the C-terminal peroxisome
targeting signal 1 (PTS1) motif are localized to peroxisomes, co-local-
izing with the peroxisome membrane protein ATP Binding Cassette
Subfamily D Member 3 (ABCD3). In cells with a PEX1 defect,
PTS1-containing proteins are not imported by peroxisomes and
thus localized to the cytosol and reportedly degraded.29 AAV8-medi-
ated expression of HA-tagged PEX1 recovered PTS1 protein localiza-
tion in PEX1 null HepG2 cells (Figure 1D), indicating that the tagged
transgene is functional. Viral transduction did not impact PTS1 pro-
tein localization in control HepG2 cells (Figure S1B).

Overall, HsPEX1 and mouse PEX1 proteins share 82% identity.23 To
confirm that HsPEX1 is functional within the mouse exportomer
complex, primary mouse fibroblasts homozygous for PEX1-G844D
were engineered to express HsPEX1. As AAV8 does not efficiently
transduce fibroblasts, a modified lentiviral vector was used to deliver
HsPEX1 (GenBank: NM_000466.2; see Materials and methods). As a
negative control, we used the same vector backbone modified to ex-
press HsPEX1-c.2097_2098insT, encoding a common PEX1 null
allele.30 IF microscopy was performed on wild-type and PEX1-
G844D primary murine fibroblasts stably expressing each transgene.
In wild-type cells, PTS1-containing proteins were punctate and co-
localized with ABCD3 under all conditions. In PEX1-G844D cells,
PTS1 proteins were primarily cytosolic at baseline but redistributed
to punctate localization exclusively following HsPEX1 delivery, indi-
cating recovered peroxisome import (Figures 2A and S2A). As a com-
plimentary measure, localization of the PEX5 peroxisome shuttle
protein was visualized. In wild-type cells, PEX5 is primarily cytosolic
and remains so regardless of intervention (Figures 2B and S2B). In
PEX1-G844D cells, PEX5 appears punctate and co-localizes with
ABCD3, indicating it is trapped at the peroxisome membrane. Local-
ization is recovered to the cytosol following HsPEX1 expression, indi-
cating that HsPEX1 functions to remove murine PEX5 from the
peroxisome membrane for additional rounds of import.

AAV8-mediated HsPEX1.HA protein is expressed in mouse

retina, and visual function improves by 8 weeks post-subretinal

gene delivery

The effect of AAV8-mediated gene delivery was tested at 2 different
ages: mice injected at (1) 5 weeks of age, representing a “prevention”
cohort, when the scotopic full-field flash ERG (ffERG) response is
highest in the PEX1-G844Dmodel, or (2) 9 weeks of age, representing
a “recovery” cohort, when the ffERG response has begun declining.24
ber 2021



Figure 1. Proviral plasmid design and rAAV8 human

PEX1 (HsPEX1) vector expression

Constructs were designed to deliver (A) codon-optimized

HsPEX1 cDNA with a C-terminal HA epitope tag and (B)

EGFP cDNA. Both are driven by a CMV enhancer/promoter

and terminate with a bovine growth hormone (bGH) poly-

adenylation signal. The expression cassette is flanked by

the canonical AAV2 inverted terminal repeats (ITRs) and

was packaged into an AAV8 vector. (C) Expression of

AAV8-delivered proteins in HEK293 84-31 cells: after

transduction with AAV8.CMV.HsPEX1.HA, immunoblotting

of cell lysates showed a single 143-kDA band,

corresponding to the size of PEX1, after probing the

membrane with anti-HA antibody. Probing with anti-GFP

antibody yielded single bands at 27 kDa in cells transduced

with AAV8.CMV.EGFP, matching the size of GFP. b-tubulin

(55 kDa) was used as a loading control. (D) Expression of

HsPEX1 in HepG2 cells: control cells exhibit punctate

peroxisome targeting signal 1 (PTS1)-containing protein

distribution that co-localizes with the peroxisome mem-

brane protein ABCD3. In contrast, PTS1 is cytoplasmic in

PEX1 null cells (see also Figure S1A). After transduction with

AAV8.CMV.HsPEX1.HA, PTS1 redistributes from the

cytosol to peroxisomes (puncta, white arrows), indicating

recovered peroxisome import. As the AAV-delivered

transgene cassette is episomal and thus diluted with each

cell division, only a few rescued cells are seen per field of

view. Images were visualized by indirect immunofluores-

cent (IF) microscopy at 60� magnification with PTS1

(green) and peroxisome membrane protein ABCD3 (red),

colocalization (yellow), and DAPI nuclear staining (blue).

There was no fluorescent signal when no primary antibody

was applied, and transduction did not alter PTS1 localiza-

tion in HepG2 control cells (see Figure S1B).
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For the prevention cohort, we selected to treat at 5 weeks of age to
allow for obtaining baseline ffERGs at maximal rod response and to
see if treatment would prevent the functional decline observed in un-
treated mutants. ffERGs were recorded for all mice in the week prior
to injection (waveforms and quantification are shown in Figure S3).
Although our model exhibits a large variation in the ffERG response,
there was no difference between the average left versus right eye
values. To account for this phenotypic variation, we used the contra-
lateral eye of each treated animal as a control: homozygous PEX1-
Molecular Therapy: Methods & Clin
G844D and wild-type littermate mice received
1010 vg AAV8.CMV.HsPEX1.HA in the left
eye and AAV8.CMV.EGFP in the right eye
by subretinal injection. A smaller “validation”
cohort was established to confirm vector expres-
sion in vivo and have an earlier review of exper-
imental results. “Non-injected” mutants and
wild-type littermates were included in each
cohort, received no intervention, and served as
controls for the surgical procedure. Figure 3 is
a schematic representation of the experimental
design.
In the validation cohort, 4 mice were sacrificed 4 weeks post-injec-
tion to confirm HsPEX1.HA protein expression. Immunohisto-
chemistry (IHC) against the HA tag on retinal flatmounts showed
spots of concentrated expression in the retinal pigment epithelium
(RPE) (Figure 4A) and more widespread expression of varying
level throughout the photoreceptor side of the neural retina (Fig-
ure 4B). Retinal immunoblotting showed PEX1 protein levels
markedly increased over baseline in the HsPEX1-injected tissues
(Figure 4C).
ical Development Vol. 23 December 2021 227
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Figure 2. HsPEX1 recovers peroxisome import and

PEX5 localization in murine PEX1-G844D primary

fibroblasts after lentiviral transduction

(A) In control mouse cells, PTS1-containing proteins ex-

hibited punctate distribution that co-localized with the

peroxisome membrane protein ABCD3. Homozygous

PEX1-G844D mouse cells exhibited more cytosolic PTS1

protein localization with partial import. Expression of

HsPEX1 resulted in complete recovery of PTS1 protein

localization to peroxisomes, whereas transduction with

non-functionalHsPEX1 (HsPEX1-c.2097_2098insT,which

encodes a null mutation) did not recover import. (B) In

control mouse cells, the peroxisomal receptor PEX5 was

distributed throughout the cytosol. In homozygous PEX1-

G844D mouse cells, PEX5 was primarily localized at per-

oxisomes. Expression of wild-type HsPEX1 resulted in

relocalization of murine PEX5 to the cytosol, indicating

recovered PEX5 recycling, whereas expression of non-

functional HsPEX1 (HsPEX1-c.2097_2098insT, which en-

codes a null mutation) did not recover PEX5 cytosolic

location. Images were visualized by indirect IF microscopy

at 60� magnification with PTS1 or PEX5 (green) and

peroxisomemembraneproteinABCD3 (red), colocalization

(yellow), and DAPI nuclear staining (blue). There was no

fluorescent signal when no primary antibody was applied,

and AAV8 transduction did not affect peroxisome import or

PEX5 localization in wild-type cells (see Figure S2).
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ffERGs were performed 8 weeks following gene delivery on the re-
maining 8 PEX1-G844D mice in the cohort and 8 non-injected
mutant controls. There was no difference in average rod-mediated
(scotopic) a-wave values among treatment groups; although the
average scotopic b-wave trended toward improvement, it did not
meet statistical significance (Figure 5A). However, the average
cone-mediated (photopic) ffERG response of the HsPEX1-injected
(left) eyes was two-fold that of the EGFP-injected (right) eyes
(32 mV versus 17 mV, respectively, p = 0.048) and more than 2-
fold that of the non-injected left or right eyes (10 mV and
13 mV, respectively, p = 0.0015 and p = 0.015). Visual acuity
was determined using the OptoMotry system (see Materials and
methods) to measure the optomotor reflex (OMR) 11 weeks after
subretinal gene delivery when this cohort was 16 or 20 weeks old.
Although the average visual acuity was nearly 4-fold higher in the
left versus right eyes (0.130 versus 0.034 cycle/degree, c/d), this
difference was narrowly below statistical significance (p = 0.054)
(Figure 5B).
228 Molecular Therapy: Methods & Clinical Development Vol. 23 December 2021
This remaining validation cohort was sacrificed
12 weeks after subretinal injection to confirm
HsPEX1-HA or EGFP expression in retinal sec-
tions. The HA tag was mainly localized to the
photoreceptor inner segment and the outer plex-
iform layer (Figure 5C, left panel), matching the
reported sites of endogenous murine PEX1
enrichment,24,31,32 suggesting that the vector-
delivered gene is translated and appropriately
localized. EGFP expression was more diffuse, extending from the
RPE to the outer plexiform layer (Figure 5C, right panel). IHCwas per-
formed across all retinal sections from each eye, and all sections from
each retina were qualitatively scored for intensity of protein expression
and degree of coverage. Although all 8 retinas were positive for HA-tag
or EGFP expression, the location, scope, and amount of expression
were variable, as seen in the representative “high,” “medium,” and
“low” expression intensities shown in Figure 5. Expression was stron-
gest at the injection site (located toward the nasal end of the eye) and
gradually diminished with distance (Figure 5D). Approximately 30%
of the outer retina in each mouse was positive for some degree of
expression. Therewas no apparent effect on gross retinal histology after
subretinal injection nor HA localization within the nuclear layers.

Retinal function but not functional vision improves 6 or 7months

post-subretinal gene delivery

In the recovery and prevention cohorts, ffERGs were recorded on a
subset of animals (6) when each cohort reached 25 weeks of age (16



Figure 3. Diagram of experimental design of

preclinical trial

The effect of AAV8-mediated gene delivery was tested by

full-field flash electroretinogram (ffERG) and visual acuity

(optomotor reflex [OMR]) at two different ages, repre-

senting “prevention” and “recovery” cohorts, exposed to

vector for 7 or 6 months, respectively. A “validation”

cohort was used to obtain preliminary functional mea-

sures and validate vector expression in retina. Homozy-

gous PEX1-G844D and wild-type littermate mice received

AAV8.CMV.HsPEX1.HA (left eye) and AAV8.CMV.EGFP

(right eye) by subretinal injection. Non-injected PEX1-

G844D and wild-type mice were included in each cohort.

The flow chart shows the ages of mice at intervention and

assessment and time between each event. Both eyes

were analyzed at experimental endpoint for each cohort.
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or 20 weeks after gene delivery, respectively). In the prevention
cohort, the average scotopic a-wave was 1.6-fold higher in the left-
versus right-injected eyes (87 mV versus 53 mV, p = 0.024), the
scotopic b-wave 1.7-fold higher (308 mV versus 176 mV, p = 0.004),
and the photopic b-wave 2.7-fold improved (49 mV versus 18 mV,
p = 0.002) (Figure 6A). In the recovery cohort, the average scotopic
b-wave response was 2.7-fold higher in the left versus right eye
(106 mV versus 42 mV, p = 0.035) (Figure 6B). Although the average
scotopic a-wave response was 1.6-fold higher in the left versus right
eyes of the recovery cohort (60 mV versus 38 mV) and the photopic
b-wave 2.5-fold higher (20 mV versus 8 mV), this effect was not statis-
tically significant.

Endpoint ffERGs were performed when each cohort reached 31 weeks
of age, 6 or 7 months post-gene delivery for the recovery or prevention
cohorts, respectively. In both cohorts, the average scotopic a-wave,
scotopic b-wave, andphotopic b-wave amplitude of the therapeutic vec-
tor-treated (left) eyes was 2-fold that of the control-injected (right) eyes
(Figures 7A and 7B). In homozygous PEX1-G844D mice, the retinal
response of the control-injected (right) eyes did not differ from that
of either eye in non-injected mutant concurrent controls (Figures 7A
and 7B). All ffERG endpoint waveforms are shown in Figure S4.

OMRmeasures were acquired at the experimental endpoint. For both
cohorts, average visual acuity trended higher in the HsPEX1-injected
(left) versus GFP-injected (right) eyes (0.133 c/d versus 0.100 c/d for
prevention, 0.120 c/d versus 0.101 c/d for recovery, respectively), but
this was not statistically significant (p = 0.381 and p = 0.394, respec-
tively) (Figures 7A and 7B). For both ffERG and visual acuity mea-
sures, there was no difference between wild-type mice with or without
Molecular Therapy: Methods & Clin
subretinal injection. Thus, these values are
grouped together in Figures 6 and 7.

Subretinal gene delivery slows the decline in

rod function and improves cone function

PEX1-G844D mice exhibit a gradual decline in
rod-mediated ffERG response (scotopic a- and
b-wave amplitudes).24 Overall, this was ameliorated in HsPEX1-in-
jected eyes compared to non-injected eyes when comparing baseline
to endpoint ffERGs in both cohorts (Figures 8A and 8B). This trend
reached statistical significance in the recovery scotopic b-wave mea-
sures (47% versus 84% decline, p = 0.048). More prominently, the
endpoint photopic ffERG response inHsPEX1-injected eyes improved
242% over baseline compared to 68% in non-injected eyes in the pre-
vention cohort (p = 0.045) and 82% versus �33% in the recovery
cohort (p = 0.035). A limitation of this comparison is that baseline
ffERGs were not acquired in contralateral control (right) eyes prior
to injection with AAV8.CMV.EGFP.

Retinal peroxisome metabolites partially normalize following

subretinal HsPEX1 gene delivery

In general, impaired peroxisomalmetabolism results in increasedC26:0
very long chain fatty acids (VLCFAs) and decreased plasmalogens.33

VLCFA (C26:0 lysophosphatidylcholine [lyso-PC]) and phosphoetha-
nolamine (PE) plasmalogen levels weremeasured by liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) in mouse retinas at
experimental endpoints (Figure 9A). Average C26:0 lyso-PC levels in
the untreated mutants were increased 5- to 7-fold compared to wild-
type in the prevention and recovery cohorts. In the prevention cohort
only, these values were lowered by 70% compared to contralateral
EGFP-injected eyes following HsPEX1 gene augmentation (2-fold
versus 7-fold average elevation, p = 0.013), eliminating any significant
difference from wild type. This downstream normalization in C26:0
lyso-PC provides direct evidence for improvement of retinal peroxi-
some functions, at least in the earlier-treated cohort. As previously re-
ported, total PE plasmalogen levels were unaffected inmutant retinas,24

and this was not altered by gene delivery (Figure 9B).
ical Development Vol. 23 December 2021 229
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Figure 4. Validation cohort: in vivo confirmation of

HsPEX1.HA expression

Retinas from PEX1-G844D mice were examined 4 weeks

following subretinal injection of AAV8.CMV.HsPEX1.HA. 9

different retinal flatmount regions were visualized by

confocal microscopy. (A) In the RPE, the HA tag (green)

was highly expressed in discrete locations; F-actin of RPE

cells was counterstained with rhodamine phalloidin (red).

(B) In the neural retina (photoreceptor side), the HA tag

(green) showed broader expression of varying intensity;

nuclei were counterstained with DAPI. Right panels show

higher magnification corresponding to regions of high,

medium, and low HA expression. (C) Immunoblotting of

retinal lysates showed markedly increased PEX1 in retinas

transduced with AAV8.CMV.HsPEX1.HA compared to

uninjected or AAV8.CMV.EGFP-injected samples (left).

When the same lysates were probed with anti-HA anti-

body (right), only the HsPEX1-injected retinas yielded a

band (corresponding to the size of PEX1). 2 retinas were

pooled per sample and 20 mg of protein loaded; b-tubulin

was used as a loading control.
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DISCUSSION
Almost all patients with ZSD show a progressive loss of vision due to
retinal degeneration over time, leading to blindness in childhood or
adulthood, depending on disease severity. In its mildest form, ZSD
can manifest exclusively as progressive vision and hearing loss with
normal cognition due to a variety of PEX1 and PEX6 hypomorphic
alleles, including PEX1-G843D.21,22,32,34,35 Although the majority of
ZSD patients with an intermediate to milder course have a degener-
ative disease that affects several organ systems, most notably visual,
auditory, nervous, and gastrointestinal systems, there can be long
survival, and the visual deficit presents high morbidity. The recent
implementation of newborn screening for ZSD and other peroxi-
somal disorders across the United States36 provides an unprecedented
opportunity to identify individuals with ZSD at the earliest stages of
retinal degeneration that represents an optimal therapeutic window
for targeted interventions.

Here, we evaluated the potential for retinal gene augmentation ther-
apy in our homozygous PEX1-G844D mouse model. This model ex-
hibits multisystemic involvement, and its other primary phenotypes
include growth retardation and fatty liver disease with histological ev-
idence of a bile acid defect associated with intestinal fat malabsorption
and cholestasis.23,37,38 Animals that survive past weaning have a
normal lifespan and no overt CNS manifestations. Most importantly,
they display degenerative retinal phenotypes corresponding to those
found in patients with milder ZSD and thus are a robust model for
230 Molecular Therapy: Methods & Clinical Development Vol. 23 December 2021
evaluating targeted therapeutic interventions
to slow or prevent vision loss in this patient
population.18,24

Functional relevance

PEX1-G844D mice typically exhibit a gradual
decline in scotopic ffERG and a photopic
ffERG that remains consistently diminished from 4 to 32 weeks.24

Herein, HsPEX1 gene augmentation resulted in lower scotopic
ffERG decline compared to non-injected mutants and improved
the photopic response over time in the majority of treated animals.
This highlights the potential to slow or prevent the deterioration of
retinal response or in the case of photopic ffERG, even improve
response. The effect of retinal gene augmentation was relatively
greater in the cone- versus rod-mediated response, despite cone
function showing earlier degenerative phenotypes in PEX1-
G844D mice. There are several possible explanations for this obser-
vation. For example, functional improvement in cone cells could be
easier to detect, since cone function remains consistently low
throughout life in this model, whereas the relative preservation of
rod function, and variability therein combined with gradual
decline, could partially mask the effect of therapy. Alternatively,
it is possible that peroxisome dysfunction affects rods and cones
differently and that a small improvement in peroxisome function
or an improvement in fewer peroxisome-mediated pathways is suf-
ficient to greatly recover cone function. Finally, AAV8 targeting ef-
ficiency for murine rod versus cone photoreceptors may differ, as
shown in nonhuman primate studies comparing various AAV sero-
types,39 although we did not observe any differences using the em-
ployed techniques.

Based on our studies, the effects of AAV8.CMV.HsPEX1.HA delivery
are durable to at least 6�7 months (our experimental endpoint),



Figure 5. Validation cohort: ffERG, visual acuity, and assessment of rAAV-delivered transgene expression

(A) Quantification of maximum ffERG response 8 weeks post-subretinal injection showed improved average photopic b-wave response in the HsPEX1-injected left eye

compared to the EGFP-injected right eye or either eye in non-injected controls. The scotopic ffERG response was not significantly altered. The scotopic ffERG response at the

highest stimulus interval (0.9 log cd.s.m�2) is shown. (B) Optokinetic analyses 11 weeks post-injection showed a trend toward improved average visual acuity in theHsPEX1-

injected left eyes compared to right eyes. Mice were tested twice and an average value plotted for each individual eye. Each point represents 1 mouse; Student’s t test, *p <

0.05, **p < 0.01, ***p < 0.001, and ns, non-significant at p < 0.05. (C) Examination of retinal cryosections by immunohistochemistry showed HsPEX1.HA-tag expression

localized to the base of the outer segment/inner segment (OS/IS) interface and outer plexiform layer (OPL), sites of endogenous PEX1 expression, whereas GFP expression

was more general, extending to the inner nuclear layer. (D) Expression of HsPEX1.HA-tag expression was strongest at the injection site and toward the nasal end of the eye

and gradually diminished with distance. Representative retinal images are shown.
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evidenced by functional and biochemical outcome measures. In the
PEX1-G844D mouse model, rod-mediated ffERG (scotopic, b-
wave) diminishes to below 15% of wild type, on average, by
Molecular The
32 weeks.24 As variation among mutants also diminishes by this
age, we selected this age as the endpoint of our experiments and
thus do not know the therapeutic efficacy beyond this point.
rapy: Methods & Clinical Development Vol. 23 December 2021 231
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Figure 6. Prevention and recovery cohorts: preliminary ffERG at age 25 weeks (16 or 20 weeks after gene delivery for recovery or prevention cohorts,

respectively)

(A) In the prevention cohort, maximal scotopic a-wave, b-wave, and photopic b-wave were improved on average in the HsPEX1-injected left- versus EGFP-injected right-

injected eyes. (B) In the recovery cohort, the average scotopic b-wave response was significantly higher in the left versus right eyes. Scotopic a-wave and photopic b-wave

responses trended toward improvement, although not statistically significant. Upper dotted line represents wild-type average and lower dotted line non-injected mutant

average (n = 5). Scotopic ffERG response at highest stimulus interval (0.9 log cd.s.m�2) is shown. Each point represents 1mouse; Student’s t test, *p < 0.05, **p < 0.01, ***p <

0.001, and ns, non-significant at p < 0.05.
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Despite the 2-fold improvement in scotopic ffERG response over con-
trols 6�7 months post-HsPEX1 gene augmentation, the scotopic and
photopic retinal function of treated mutant mice remained 22%–33%
of the wild-type average. As with many therapies in development, a
challenge of retinal gene augmentation is determining the sufficient
expression level and retinal coverage tomeaningfully impact functional
vision. In the subset of animals tested 11 weeks following gene delivery,
the average visual acuity of therapeutic vector-treated eyes was 4-fold
that of the contralateral eyes, and this differenceneared statistical signif-
icance (p= 0.054). By 6�7months following genedelivery, only a subtle
trendof improvedvisual acuity compared to theAAV8.CMV.EGFP-in-
jected contralateral eyes appeared. Possible reasons for this include the
inherent variability in behavioral tests and limitations of performing a
single test permouse, or that not enough cells or correct cell types at any
point along the visual pathway (from retina to visual cortex) were
rescued to impact functional vision. Considering that full contrast
OMR testing in ambient light might mask more subtle but significant
functional vision responses, testing couldbe performed in scotopic con-
ditions, and measures of contrast sensitivity40 and color perception41

could be included in future experiments. Of additional note is that
transgene expression varied among mice, which may also contribute
232 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
to outcome variation. In this regard, vector dose escalation experiments
could help optimize the scope and degree of therapeutic protein expres-
sion, which may improve outcomes.

The progressive retinopathy in PEX1-G844D mice occurs predomi-
nantly at the photoreceptor level, with bipolar cells diminishing later
in life.24 Here, we have focused on targeting photoreceptor cells, a
known site of endogenous PEX1 enrichment,24,31,32 using AAV8,
which transduces photoreceptors more efficiently than other sero-
types.42 Nevertheless, peroxisomal requirements may be distinct at
different retinal layers,43 and it is unknown if outer retina preserva-
tion is sufficient to prevent degeneration at the inner retina. Following
subretinal delivery, our vector-delivered proteins are most strongly
localized in the photoreceptor outer and inner segment but also
consistently expressed up to the outer plexiform layer, the site of
photoreceptor and bipolar cell synapses, as well as in the RPE.
Expanded RPE analyses should be considered for subsequent studies,
as RPE involvement has been recently implicated in a mouse model
for peroxisomal multifunctional protein 2 deficiency (MFP2D),
which lacks the central enzyme of the peroxisomal b-oxidation
pathway.44 Although recent data in our model suggest that
ber 2021



Figure 7. Prevention and recovery cohorts: endpoint ffERG and visual acuity measures at 32 weeks of age (6 or 7 months post-gene delivery for recovery or

prevention cohorts, respectively)

(A) In the prevention cohort, the average maximal scotopic a-wave, scotopic b-wave, and photopic b-wave amplitude of the HsPEX1-injected left eyes was two-fold that of

the GFP-injected right eyes. Average visual acuity trended higher in the left- versus right-injected eyes but was not statistically significant. (B) Similarly, in the recovery cohort,

the average maximal scotopic a-wave, scotopic b-wave, and photopic b-wave amplitude of the HsPEX1-injected left eyes was two-fold that of EGFP-injected right eyes.

Average visual acuity trended higher in left- versus right-injected eyes, but this was not statistically significant. In both cohorts, the retinal response of EGFP-injected eyes did

not differ from that of either eye in non-injected mutant concurrent controls. As there was no difference between wild-type mice with or without subretinal injection, these

values are thus grouped together. Upper dotted line represents wild-type average (n = 4�8). Scotopic ffERG response at highest stimulus interval (0.9 log cd.s.m�2) is shown.

Each point represents 1 mouse; Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001, and ns, non-significant at p < 0.05. See Figure S4 for ERG waveforms.

www.moleculartherapy.org
photoreceptor dysfunction precedes RPE degeneration, evidenced by
histological observations at 4 weeks of age (Figure S5), this does not
preclude RPE degeneration contributing to photoreceptor decline.
Although the higher enrichment of PEX1 in photoreceptor cells sug-
gests a cell-autonomous function for PEX1 in photoreceptors, this
does not rule out non-cell autonomous interactions with the RPE,
which also contains peroxisomes and PEX1 protein. Techniques
such as imaging MS to correlate the location and amount of vector
expression with peroxisome recovery and functional outcome should
be considered to address relevant questions in future.

Retinal C26:0 lyso-PCs only improved in the earlier-treated preven-
tion cohort, perhaps due to decreased photoreceptor density at 9
compared to 5 weeks (see Figure S6), in that fewer “rescuable” cells
remain in mice treated at 9 weeks. However, the extent to which
VLCFA elevation contributes to retinopathy in PEX1-G844D mice
and ZSD remains unclear. Elevated VLCFA is associated with retinal
dysfunction in other peroxisome diseases, such as MFP2D,44 but not
in X-linked adrenoleukodystrophy, in which retinopathy is absent
despite elevated VLCFA. Adult Refsum disease (which features reti-
Molecular The
nopathy) is caused by accumulation of dietary phytanic acid, which
is not elevated in PEX1-G844D fibroblasts, despite decreased phy-
tanic acid oxidation (although phytanic acid was never measured in
retina).23 Finally, plasmalogens are not decreased in PEX1-G844D
retinas, despite decreased circulating levels, and C27 bile acid inter-
mediates were not detectable in our PEX1-G844D retinas, despite
elevated circulating levels. Taken together, these observations suggest
tissue-specific differences in peroxisome functions in this model,
which warrants mechanistic studies of metabolic etiology.

Clinical implications

In the homozygous PEX1-G844D mouse retina, the murine PEX1-
G844D mutant protein is detected at levels consistent with wild-type
murine PEX1 protein levels in controls.24 Thus, in our gene augmen-
tation studies, the AAV-deliveredHsPEX1 protein is likely competing
with endogenous PEX1-G844Dprotein for inclusion inmurine expor-
tomer complexes. In contrast, HsPEX1-G843D protein amounts are
reduced to 5%–15% of normal PEX1 amounts in patient fibroblasts
(the only tissues studied), with PEX6 and PEX5 protein amounts
also markedly diminished.45–47 If PEX1-G843D protein levels are
rapy: Methods & Clinical Development Vol. 23 December 2021 233
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Figure 8. Subretinal gene delivery slows the decline in rod function and improves cone function

The percent change from baseline to endpoint ffERG was calculated for each mouse in the (A) prevention cohort and (B) recovery cohort and plotted for PEX1-G844D

homozygousmice that received either no injection (black) orHsPEX1 subretinal gene delivery (blue). Overall, the average decline in scotopic ffERGwas less, and the photopic

ffERG improved in HsPEX1-injected eyes compared to non-injected eyes in both cohorts. The number and proportion of mice for which ffERG improved or declined by at

least 10% are represented in tables below plots and demonstrate an overall greater incidence of improvement in treated versus untreated mice. Mean ± SD is shown.

Student’s t test, *p < 0.05. See Figures S3 and S4 for baseline and endpoint ffERG waveforms.
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also reduced in patient photoreceptor cells, then the transgene-en-
coded PEX1 protein would have a decided advantage for inclusion
in exporter complexes. The difference in PEX1 stability is more likely
species specific than tissue specific, as the observation holds true for all
mouse tissue examined (fibroblasts, retina, liver, brain, kidney, lung,
heart, and thymus). This may have positive implications for retinal
gene augmentation therapy in ZSD patients, as competition against
the endogenous mutant protein would be reduced.

Our proof-of-concept study represents the first application of gene
augmentation therapy to treat a peroxisome biogenesis disorder
and highlights the potential to retain and/or improve retinal function
even after the onset of retinal degeneration in milder ZSD. Given that
visual care is supportive only, gene augmentation therapy could
benefit retinal functions in milder patients with a host of hypomor-
phic PEX1 alleles. Although a multisystemic disorder, retinal thera-
234 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
pies would benefit a large proportion of ZSD patients, improving
communication, learning, autonomy, and overall quality of life.

MATERIALS AND METHODS
Proviral plasmids and AAV production

Human codon optimized PEX1 sequence (synthesized by DNA2.0;
ATUM, Newark, CA, USA) was amplified with Q5 DNA polymerase
(New England Biolabs, Ipswich, MA, USA) to include a Kozak
consensus sequence preceding the translational start site and a C-ter-
minal HA epitope tag. This PCR product was digested with NotI-HF�

and ScaI-HF� restriction enzymes (New England Biolabs, Ipswich,
MA, USA) and cloned into an AAV proviral plasmid using the T4
DNA ligase (New England Biolabs, Ipswich, MA, USA). The
completed proviral vector consisted of the CMV enhancer/promoter
driving transgene expression and terminating with the bGH polyade-
nylation signal. The expression cassette was flanked by the canonical
ber 2021



Figure 9. Improvement of peroxisomemetabolites in

retinas from prevention and recovery cohorts

Very long chain fatty acids (VLCFAs; measured as C26:0

lyso-PC) and phosphoethanolamine (PE) plasmalogens

were measured by LC-MS/MS in mouse retinas at

experimental endpoints. (A) Average C26:0 lyso-PC levels

were increased 5- to 7-fold in untreated PEX1-G844D

mice compared to wild-type littermate controls. In the

prevention cohort, C26:0 lyso-PCs were significantly

decreased in the PEX1-injected left eyes and no longer

differed significantly from wild-type. This effect was not

achieved in the recovery cohort. (B) PE plasmalogens

amounts were not abnormal in this model and remained

unchanged after gene delivery in both cohorts.

Biochemical metabolite levels were originally calculated as

nanomoles per milligram protein, and results are

demonstrated by normalizing all values against the wild-

type average for each experiment (set to “1”). Each point

represents one whole retina; Student’s two-tailed t test,

*p < 0.05, **p < 0.01, ***p < 0.001, and ns, non-significant

at p < 0.05.
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AAV2 ITRs. AAV8 vectors (Center for Advanced Retinal and Ocular
Therapeutics Research Vector Core, University of Pennsylvania, Phil-
adelphia, PA, USA) were generated using previously described
methods48 by branched polyethylenimine (PEI) (23966; Polysciences,
Warrington, PA, USA)-mediated triple transfection of HEK293 cells
with a plasmid containing the transgene inserted between the ITRs
of AAV2, the AAV helper plasmid encoding Rep2 and Cap for sero-
type variants, and the pHGTI-Adeno1 plasmid harboring helper
adenoviral genes. The HEK293 cells express the helper E1A/E1b
gene (CRL-157; American Type Culture Collection, Manassas, VA,
USA). Vectors were purified using a discontinuous iodixanol gradient
(Optiprep; Sigma-Aldrich, St. Louis, MO, USA). Encapsidated DNA
was quantified by TaqMan RT-PCR, following denaturation of the
AAV particles by proteinase K; titers were calculated as genome copies
(gcs) per milliliter. Virus was stored at �80�C until use.

In vitro titer assay for individual AAV capsid variants

Capsid genes were cloned in an AAV packaging plasmid for vector
production and used for small-scale vector preparations encoding
Molecular Therapy: Methods & Clin
firefly luciferase to obtain the titer. Physical
particle titers were established by TaqMan
qPCR. Subsequently, AAV2/8 bp variants were
assayed for transduction at equal MOI onto
HEK293 cells. For large-scale viral titer, the
encapsidated DNA was quantified by TaqMan
RT-PCR following denaturation of the AAV
particles by proteinase K, and titers were calcu-
lated as gcs per milliliter.

Cell transduction and immunoblotting

AAV8.CMV.HsPEX1.HA or AAV8.CM-
V.EGFP was added to 84-31 cells (a modified
HEK293 cell line) at a MOI of 105 or 5 �
105 (10 mL or 50 mL of 1010 vg/mL per 2 � 106 cells at time of viral
expression). Cells were harvested after 48 h, lysed, and separated on
a 4%–12% Bis-Tris gradient gel (Invitrogen, Waltham, MA, USA)
and transferred to nitrocellulose membrane. Membranes were
blocked in 5% milk and hybridized in 2% milk with 1:1,000 rabbit
anti-HA tag (3724; Cell Signaling Technology, Danvers, MA, USA),
1:1,000 rat anti-GFP (04404-84; Cedarlane, Burlington, ON, Can-
ada), and 1:15,000 rabbit anti-human b-tubulin (ab6046; Abcam,
Cambridge, MA, USA), followed by appropriate horseradish perox-
idase (HRP)-conjugated secondary antibody and visualized by
enhanced chemiluminescence (ECL) using an Amersham 600
Imager. Mouse retina immunoblotting followed the same method,
with the addition of 1:1,000 rabbit anti-HsPEX1 (13669-1-AP; Pro-
teintech, Rosemont, IL, USA).

Peroxisome import after viral transduction

Human cells

HepG2 control and PEX1 null cells generated using CRSPR-Cas9-
mediated gene editing to disrupt the gene were seeded onto coverslips
ical Development Vol. 23 December 2021 235
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in 12-well plates and transduced with AAV8.CMV.HsPEX1.HA or
AAV8.CMV.EGFP at an MOI of 105.

Mouse cells

p.Receiver-Lv219 (EX-T0228-Lv219; GeneCopoeia, Rockville, MD,
USA) expressing HsPEX1 cDNA (human transcript ID, GenBank:
NM_000466.2) downstream of a CMV promoter (CMV-PEX1-
IRES2-Puro) or HsPEX1-c.2097_2098insT (HsPEX1 null allele
generated by modifying the former construct by site-directed muta-
genesis), pMD2.G, and psPAX2 (Addgene, Watertown, MA, USA)
were packaged into lentivirus using HEK293T cells. Supernatant
was filtered and concentrated with a Lenti-X Concentrator (631231;
Clontech Laboratories, Mountain View, CA, USA) and applied to pri-
mary mouse wild-type and PEX1-G844D homozygous fibroblasts
seeded in 12-well plates. After 2 rounds of transduction, positively
transduced cells were selected with 0.25 mg/mL puromycin for
10 days and applied to coverslips for imaging.

IF

Cells were prepared for indirect IF as previously described,29

mounted onto slides using ProLong Gold Antifade Reagent with
DAPI (Invitrogen, Waltham, MA, USA), and visualized using a Leica
DMI600 microscope with a DFC345FX camera and LASX software
(Leica, Richmond Hill, ON, Canada). Primary antibodies used were
1:300 rabbit anti-PTS1 (generated and gifted by Dr. Steven Gould,
Johns Hopkins University, Baltimore, MD, USA), 1:150 mouse
anti-human ABCD3 (SAB4200181; Sigma-Aldrich, St. Louis, MO,
USA), and 1:300 rabbit anti-HsPEX5 (generated and gifted by Dr. Ga-
briele Dodt, University of Tübingen, Germany). Secondary antibodies
used were 1:400 Alexa Fluor 488 anti-rabbit (A21206; Invitrogen,
Waltham, MA, USA) and 1:300 Alexa Fluor 594 anti-mouse
(A11005; Invitrogen, Waltham, MA, USA).

Animal husbandry

PEX1-G844D mice were maintained on a mixed 129/SvEv and
C57BL/6N Taconic background. Strain background was evaluated
yearly by SNP genotyping (MaxBax; Charles River Laboratories, Cam-
bridge,MA,USA) and showed a stable 70%129/SvEv and 30%C57BL/
6NTaconic. Colony foundermice used to breed experimental animals
were negative for the Rd8mutation of the Crb1 gene (genotyping per-
formed as described by Mattapallil et al.49). Mice were housed at the
Research Institute of the McGill University Health Centre (RI-
MUHC) Glen site animal care facility with ad libitum access to food
and water. All experiments were performed at the RI-MUHC Glen
site, except for visual acuity measures, which were performed at the
Pavillon Liliane-de-Stewart de l’Université de Montréal animal care
facility. All experiments were approved by the RI-MUHC Animal
Care Committee or the Université de Montréal Ethics Committee.
Euthanasia was performed by CO2 under isoflurane anesthesia (5%
isoflurane in oxygen until loss of consciousness, immediately followed
by CO2 at maximum flow rate, 4 L/min). Bothmales and females were
used for all experiments and wild-type and PEX1-G844D heterozy-
gous mice used as littermate controls. There were no phenotypic dif-
ferences based on sex or control genotype. Genotyping was performed
236 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
as previously described.24 At experimental endpoint, tail snips were
collected and stored for future SNP genotyping to confirm strain back-
ground and absence of Crb1 gene Rd8 mutation.

Design of in vivo experiments

Experiments were done using 2 different age cohorts to test the effect
of intervention at early and later disease stages. A validation cohort
was included for the purpose of early confirmation of vector-medi-
ated protein expression and to determine extent and localization of
expression. To account for variability among individual mice, each
injected mouse received therapeutic vector in the left eye and GFP
vector in the right eye. OMR measures were only acquired at the
experimental endpoint, since they were performed at a different ani-
mal care facility, and due to facility import restrictions, the mice could
not be returned for subsequent ffERGs

Prevention cohort

Baseline ffERGs were at 4 weeks of age and injection at 5 weeks of age.
Preliminary ffERGs were done on a subset of animals 5 months post-
injection (25 weeks of age). Final ffERGs were done 7months post-in-
jection and visual acuity (OMR) 7.5 months post-injection
(31�33 weeks of age), after which mice were sacrificed and both ret-
inas used for LC-MS/MS analyses. Animal numbers at endpoints
included 15 injected mutants, 4 non-injected mutants, 2 injected
wild-type littermates, and 4 non-injected wild-type littermates.

Recovery cohort

Baseline ffERGs were at 8 weeks of age and injection at 9 weeks of age.
Preliminary ffERGs were done on a subset of animals 4 months post-
injection (25 weeks of age). Final ffERGs were done 6months post-in-
jection and OMR 6.5 months post-injection (31�33 weeks of age),
after which mice were sacrificed and both retinas used for LC-MS/
MS analyses. Animal numbers at endpoints included 18 injected mu-
tants, 6 non-injected mutants, 4 injected wild-type littermates, and 4
non-injected wild-type littermates.

Validation cohort

There was no baseline ffERG; injection was at 5 or 9 weeks of age. A
subset of mice (n = 4) were sacrificed 4 weeks post-injection to
confirm HsPEX1.HA expression by IHC and immunoblot. ffERG
was done on the remaining mice 8 weeks post-injection (13 or
17 weeks of age) and OMR at 11 weeks post-injection (16 or 20 weeks
of age). Mice were sacrificed 12 weeks post-injection and both eyes
processed for IHC. Animal numbers included 7 injected at 5 weeks
of age and 6 injected at 9 weeks of age.

Vector delivery

Virus was diluted to 1.03� 1010 vg/mL (AAV8.CMV.HsPEX1.HA) or
1.40 � 1010 vg/mL (AAV8.CMV.EGFP) in Pluronic F-127 buffer
(Sigma-Aldrich, St. Louis, MO, USA). Mice received meloxicam
oral analgesic in suspension and were anesthetized by intraperitoneal
injection of 130 mg ketamine and 13 mg xylazine in sterile PBS per
kilogram body weight. Proparacaine hydrochloride (Alcaine; Alcon,
Mississauga, ON, Canada) was applied to the eye and pupils dilated
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using tropicamide (Mydriacyl; Alcon, Mississauga, ON, Canada).
Bilateral subretinal injections to deliver 1 mL virus dilution per eye
were performed as previously described.50 AAV8.CMV.HsPEX1.HA
was delivered to the left eye, and AAV8.CMV.EGFP to the right. To-
bramycin/dexamethasone ointment (Tobradex; Alcon, Fort Worth,
TX, USA) was applied to eyes for 2 days following surgery. Injections
were performed in the animal surgical suite of the RI-MUHC Glen
animal facility under a dissecting microscope. Mice were observed
for signs of discomfort or corneal injury.

Electrophysiology

Retinal functionwas assessed using ffERGas previously described.24,51

Following a 12-h dark-adaptation period, mice were anesthetized
(intraperitoneal injection of 130 mg ketamine and 13 mg xylazine in
sterile PBS per kilogram body weight), and their pupils were dilated
(1% Mydriacyl tropicamide [Alcaine; Alcon, Mississauga, ON, Can-
ada]). All experimental procedureswere performed in a dark roomun-
der red light illumination. Two types of recordings were performed to
assess rod and cone function: scotopic or dark-adapted ffERG and
photopic or light-adapted ffERG, respectively. Scotopic ffERGs were
obtained from fully dark-adapted retinas in response to progressively
brighter flashes of white light ranging in luminous intensity from�6.3
log cd.s.m�2 to�1.5 log cd.s.m�2 in 0.9 log-unit increments and from
�1.5 log cd.s.m�2 to 0.9 log cd.s.m�2 in 0.3 log-unit increments (inter-
stimulus interval: 10 s, flash duration 20 ms, average of 3–5 flashes de-
pending on luminance). Photopic ffERGs were evoked to flashes of 0.9
log cd.s.m�2 (photopic background, 30 cdm�2, interstimulus interval:
1 s, flash duration 20 ms, average of 20 flashes). In order to avoid any
light-adaptation effect, the photopic recordings were obtained 20 min
following the opening of the background light. Quantification of the
amplitude of the a-wave and b-wave was performed as previously
described.52 Briefly, the amplitude of the a-wave was measured from
baseline to the most negative trough, whereas the amplitude of the
b-wave was measured from the trough of the a-wave to the most pos-
itive peak of the ffERG (scotopic ffERG) and from the baseline to the
highest peak of the b-wave (photopic ffERG). ffERGs were performed
at baseline and at 2, 4, 5, and 6�7months post-gene delivery. Since our
PEX1-G844D mice do not exhibit a different response pattern to
increasing stimulus compared to control (i.e., the greater the stimulus,
the greater the ffERG response), we chose only to show the ffERG
response at the highest intensity in the figures.

Visual acuity using the virtual optomotor system

The spatial frequency threshold (“visual acuity”) of the OMR of mice
was determined using a virtual-reality optomotor system (Cerebral
Mechanics, Lethbridge, AB, Canada) as previously described.53 Briefly,
freelymovingmice were placed on an elevated platform and exposed to
vertical sine-wave gratings rotating at 12�/s. The grating spatial fre-
quencies increased from 0.01 to 0.5 cycles/degree in varying incre-
ments. When able to perceive the stimulus, the mouse normally
stopped moving its body and began to track the grating with reflexive
head movements in concert with the rotation. Spatial frequency of the
grating at full contrast (100%) was gradually increased until the mice
no longer exhibited a tracking behavior. The highest spatial frequency
Molecular The
that could be followed (i.e., spatial frequency threshold) determined
the visual acuity (in cycles per degree) for each eye. This technique
yields independent measures of right- and left-eye acuity, as only mo-
tion in the temporal-to-nasal direction evokes a tracking response.
Mice were tested within 3 h of their daylight hour onset.

Retinal IHC

For cryosections, eye cups from PBS-perfused mice were fixed 3 h in
10% formaldehyde; incubated in 10% (30 min on ice), 20% (1 h on
ice), and 30% (4�C overnight) sucrose in 0.1 M PB; and then
embedded and frozen in frozen-section compound (VWR, Missis-
sauga, ON, Canada). 5 mm retinal cryo-sections were blocked (1%
normal goat serum, 0.1% Triton X-100, 10% bovine serum albumin
[BSA] in PBS) for 1 h, washed, incubated at 4�C overnight with pri-
mary antibody in incubation buffer (0.1% Triton X-100, 10% BSA in
PBS), washed, incubated 90 min with secondary antibody, and
washed. Coverslips were mounted using ProLong Gold antifade re-
agent with DAPI (Invitrogen, Burlington, CA, USA), and retinas
were visualized using a Leica DMI600 microscope with a DFC345FX
camera and LASX software (Leica, Richmond Hill, ON, Canada). The
primary antibody used was 1:300 rabbit anti-HA tag (3724; Cell
Signaling Technology, Danvers, MA, USA).

Retinal flatmount preparation and IF

Eyes were fixed in 4% formalin for 5 min at room temperature, a hole
made in the cornea with a needle (27G), and fixed for additional
25 min. Eyes were sectioned at the limbus and anterior segments dis-
carded. The posterior eye cups were collected and the neural retina
detached from RPE/choroid/sclera. Neural retina flatmounts were
incubated in 0.1% Triton X-100, 10% fetal bovine serum (FBS) in
PBS (saturation buffer) for 45 min, and then overnight at 4�C with
primary antibody or fluorescein peanut agglutinin (Vector Labora-
tories, Burlingame, CA, USA) in saturation buffer. RPE/choroid/
sclera flatmounts were treated with PBS solution containing 0.1%
Triton X-100 for 45 min and then incubated overnight at 4�C with
primary antibody and/or TRITC phalloidin (ECM Biosciences, Ver-
sailles, KY, USA) for RPE cell-counter staining. IF was analyzed
and images acquired using a Zeiss LSM780 laser-scanning confocal
microscope. The primary antibodies used were rabbit anti-HA tag
(3724; Cell Signaling Technology, Danvers, MA, USA) and rabbit
anti-human cone arrestin (AB15282; Millipore, Burlington, MA,
USA). Alexa Fluor 488- and 594-conjugated antibodies were used
as secondaries (Invitrogen, Waltham, MA, USA).

Lipid analysis

Whole retinas from PBS-perfused mice were isolated, flash frozen,
and stored at�80�C. For biochemical analysis of peroxisome metab-
olites by LC-MS/MS, retinas were homogenized in PBS using a mini
pestle. 2:1 chloroform:methanol containing 0.05% butylhydroxyto-
luene (BHT) was added to 50 mg protein extract in a glass tube and
incubated on an orbital shaker at room temperature for 2 h. Samples
were centrifuged at 2,500 rpm for 10 min, and the supernatant was
transferred to a clean glass tube. The supernatant was washed with
0.2 vol of purified water, mixed, and centrifuged at 2,000 rpm room
rapy: Methods & Clinical Development Vol. 23 December 2021 237
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temperature for 5 min to separate the 2 phases. The upper phase was
removed, and the lower phase was washed with Folch theoretical up-
per phase (3:48:47 chloroform:methanol:water). Samples were mixed
and centrifuged at 2,000 rpm for 5 min, and the upper phase was
removed. The lower phase was dried under nitrogen and then in a
vacuum desiccator for 30 min. The dried lipid was dissolved in 3:2
hexane:isopropanol containing 10 ng each of internal standard,
16:0-D4 lyso-PAF (20.6 pmol), and D4-26:0-lysoPC (15.6 pmol).
Samples were filtered by centrifugation (Spin-X Centrifuge Tube Fil-
ters; Corning Costar, Tewksbury, MA, USA) for 5 min. Filtrates were
analyzed in Verex auto-sampler vials (Phenomenex, Torrance, CA,
USA). A 2.1 � 50-mm, 1.7-mm chromatography column and a Wa-
ters (Milford, MA, USA) TQD (triple quadrupole) mass spectrometer
interfaced with an Acquity UPLC (ultra-performance LC) were used
in positive ion electrospray ionization (ESI)-MS/MS. The solvent sys-
tems were mobile phase A = 54.5% water/45% acetonitrile/0.5% for-
mic acid; mobile phase B = 99.5% acetonitrile/0.5% formic acid with
both solutions containing 2 mM ammonium formate. Injections of
extracts dissolved in 3:2 isopropanol:hexane were made with initial
solvent conditions of 85% mobile phase A/15% mobile phase B.
The gradient employed was from 15% to 100% mobile phase B over
a period of 2.5 min, held at 100% mobile phase B for 1.5 min before
reconditioning the column back to 85% mobile phase A/15% mobile
phase B for 1 min at a solvent rate of 0.7 mL/min. A column temper-
ature of 35�C and an injection volume of 5 mL for plasmalogen and
10 mL for lysoPC were used for analysis. Ethanolamine plasmalogens
were detected by multiple reaction monitoring (MRM) transitions
representing fragmentation of [M + H] + species to m/z 311, 339,
361, 385, 389, and 390 for compounds with 16:1, 18:1, 20:4. 22:6,
22:4, and 18:0 at the sn-2 position, respectively. LysoPC species
were detected by MRM transitions representing fragmentation of
[M + H] + species tom/z 104. Reagents used were authentic plasmal-
ogen standards; tetradeuterated internal standards 26:0-D4 lysoPC
(Avanti Polar Lipids, Alabaster, AL, USA), 16:0-D4 lyso-PAF
(Cayman Chemical, Ann Arbor, MI, USA), and high-performance
LC (HPLC)-grade solvents (methanol, acetonitrile, chloroform, and
water; Fisher Scientific, Waltham,MA, USA); formic acid (Honeywell
Fluka); ammonium formate (Sigma-Aldrich, St. Louis, MO, USA);
and PBS (Thermo Fisher Scientific, Waltham, MA, USA).

Statistical analysis

Cell-based experiments were replicated 3 times. For all quantitative
measures, data were compared for statistical significance (p < 0.05)
using an unpaired two-tailed Student’s t test. Male and female mice
were used in equal numbers, and no sex-related difference was
observed.
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