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Abstract
Gene-Agnostic Metabolic Engineering in Inherited Retinal Degenerations

Nicholas David Nolan

Inherited retinal degenerations (IRDs) culminate in non-cell-autonomous cone loss
following rod failure and destabilization of outer-retinal metabolism. This dissertation tests
whether compartment-specific metabolic reprogramming in rods, cones, and the retinal pigment
epithelium (RPE) can preserve cone structure and function independent of genotype in
etiologically diverse mouse models, including phosphodiesterase 6B (Pde6b), rhodopsin (Rho),
and membrane frizzled-related protein (Mfrp) mutant lines. The studies herein establish that
metabolism can be therapeutically redirected across these compartments, supporting a strategy
that complements gene-specific augmentation while extending protection to most patients without
access to tailored genetic therapies. By reframing retinal degeneration as a disorder of metabolic
ecosystem collapse, this work lays the conceptual and experimental foundation for therapies that
are both mutation-agnostic and scalable, with potential relevance to common degenerative

conditions such as age-related macular degeneration.

Aim 1 (rods — EgInl) used Pde6b 620& 620& 3pq Rho 1197 - mice to modulate rod metabolism
via conditional prolyl-hydroxylase disruption(PHD) [Pde6W-CreERT2] and dual-AAV CRISPR
editing of EgInl. Outcomes combined electroretinography (ERG), optical coherence tomography
(OCT), histology, cone flatmounts, lactate assays, and [U-3C]glucose tracing. PHD2 disruption

induced a Warburg-like shift via enhanced 13C labeling of glycolytic intermediates with increased



phospho-pyruvate dehydrogenase U1 (Ser293), without elevating bulk lactate, preserving cone
morphology, and improving cone-mediated ERG across recessive and dominant models.
One-year fluorescein angiography showed no neovascularization. These results demonstrate that
rod-specific glycolytic reprogramming through PHD?2 disruption preserves cones by stabilizing
carbon flux and redox balance, establishing EgInl as a dominant lever for mutation-agnostic

metabolic rescue in murine rods.

Aim 2 (cones — Keap1l) targeted cones in Pde6b*3! 431 and Pde6b 620&  620& mjce with Keapl
deletion [Arr3-CreERT?2] and evaluated photopic ERG, cone flatmounts, and whole-retina
gPCR/immunoblotting of canonical nuclear factor erythroid 2-related factor 2 (NRF2) targets.
Keapl loss yielded consistent structural rescue, higher opsin-positive cone counts, and healthier
segment morphology. While functional gains were modest, bulk assays showed minimal
induction of canonical NRF2 targets. This suggests cone protection may arise through subtle
redox stabilization or structural preservation rather than broad transcriptional reprogramming,

refining the paradigm of NRF2-mediated rescue.

Aim 3 (RPE — Acacb) reprogrammed the RPE in Mfrp*38 36 mice by deleting Acach
[Rpe65-CreERT2] and assessed longitudinal ERG/OCT, cone flatmounts, RPE whole-mount
morphology, and [U-'3C]palmitate tracing to V-hydroxybutyrate (BHB). Acach loss increased
13C-palmitate incorporation into BHB and qualitatively preserved RPE architecture, with a
mid-course plateau in outer nuclear layer thinning, late-stage scotopic ERG improvements, and
significant peripheral cone preservation. This indicates that mutation-agnostic RPE

reprogramming can secondarily stabilize photoreceptors in the background of IRD.

These experiments demonstrate that tuning rod glycolysis, cone redox balance, and RPE fatty
acid V-oxidation provide complementary, mutation-agnostic protection of cone vision,

establishing retinal metabolism as a practical therapeutic axis alongside gene-specific repair. By



showing that interventions in distinct retinal compartments converge on the shared goal of cone
preservation, this work reframes IRDs not only as collections of genetic defects but as disorders
of metabolic interdependence. This perspective expands the therapeutic landscape beyond
mutation-specific augmentation, highlighting metabolism as a scalable axis applicable across the
genetically heterogeneous spectrum of IRDs. Moreover, by identifying nodal regulators that can
be targeted in vivo with genetic or pharmacologic tools, these findings create a translational
bridge to common late-stage diseases such as age-related macular degeneration, where metabolic
instability is a central driver of pathology. Together, this dissertation establishes
metabolism-centered therapy as a unifying framework that can complement precision medicine

and reshape how retinal degeneration is treated in both rare and common contexts.
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1.1 Invivo delivery of gene therapy. Subretinal injection of an AAV vector creates a
transient retinal bleb that enables transduction of RPE cells. The transgene remains
episomal and restores function in RPE65-associated vision loss. Reproduced with
permission from High et al., 2019. Copyright © Massachusetts Medical Society. . . 4

1.2 Spatial densities of rods and cones in mammalian retinas. Distribution patterns
are shown for human (A), macaque (B), marmoset (C), and mouse (D). Mouse data
are plotted relative to the optic disk, whereas primate data are aligned to the foveal
cone peak. Reproduced with permission from Grinert et al., 2020. Copyright ©
The Authors. . . . . . . . . 9

1.3 The metabolic ecosystem of the outer retina. Rods, cones, and RPE form an
interdependent network that balances glucose and lactate metabolism. Glucose is
transported from the choroid to photoreceptors via RPE GLUT-1. Rod-derived
cone viability factor (RACVF) enhances cone glucose uptake by interacting with
BSG-1 and GLUT-1. Both rods and cones produce lactate, which is secreted and
utilized by RPE as a primary substrate. Disruption of this metabolic balance con-
tributes to retinal degeneration. Reproduced with permission from Jaroszynska et
al., 2021. Copyright © The Authors. . . . . . . . . . . .. ... .. .. ...... 12

1.4 Retinal structure and stages of degeneration in IRDs. (A) The retina has a lam-
inar organization consisting of the ganglion cell layer (GCL), inner plexiform layer
(IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer
(ONL), inner segments (IS), and outer segments (OS). The RPE supports photore-
ceptor metabolism and forms the outer blood-retinal barrier. A representative OCT
shows normal retinal layers. (B) Early-stage IRD, such as retinitis pigmentosa, is
characterized by rod dysfunction and peripheral outer retinal thinning, with relative
parafoveal preservation. (C) In mid-stage 1, cone function remains relatively intact
while rod loss is severe; OCT shows widespread disruption of the ellipsoid zone
and RPE thinning. (D) Mid-stage 2 features cone degeneration with shortened OS
and complete rod loss. (E) Late-stage IRD shows complete loss of photorecep-
tors with preservation of inner layers; OCT demonstrates outer retinal atrophy and
RPE hypertrophy corresponding to bone spicules. Reproduced with permission
from John et al., 2023. Copyright © The Authors. . . . . . .. .. ... ...... 14
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1.6

2.1

2.2

Genetic overlap between RP and other inherited retinal dystrophies. Venn
diagram showing clinical diagnoses including retinitis pigmentosa (RP), cone-rod
dystrophy (CRD), congenital stationary night blindness (CSNB), enhanced S-cone
syndrome (ESCS), and macular dystrophy (MD). Genes in overlapping regions
indicate loci where mutations can give rise to multiple phenotypes; asterisks denote
candidate genes for non-syndromic RP. Reproduced with permission from Verbakel
etal., 2018. Copyright © The Authors. . . . . . . . . . . . .. ... ... ..... 16

Central hypothesis of compartment-speci ¢ metabolic therapy. Schematic rep-
resentation of the dissertation framework. Rod-speci ¢ deletion of EgIn1/2/3 en-
hances HIF activity and glycolysis, cone-speci c deletion of Keapl activates NRF2-
mediated antioxidant defenses, and RPE-speci c deletion of Acacb lowers malonyl-
CoA and promotes fatty acid V-oxidation. Together, these interventions stabilize
the outer retinal metabolic ecosystem and support sustained cone survival and vi-
sual function. (Created with BioRender.com) . . . .. .. ... ... ... .... 22

PHD inhibition enhances photoreceptor survival and preserves retinal func-

tion. Pde6bf20& 620&  mjice were treated with the PHD inhibitor FG-4592 every
other day from P5. (A}3C-labeled glycolytic intermediates increased in treated
retinas at P23, while minimal changes were observed in TCA-cycle intermedi-
ates and mitochondrial oxidation metabolites (mean + SEM, = = 5-6 per group;
*? 005, **? 0401). (B) Representative H&E sections at P35 comparing
treated and control retinas 500 "'m from the optic nerve head. The green bar in-
dicates the ONL. Scale bar, 25 "'m. (C) Spider plot analysis of ONL thickness
across eccentricities (mean £ SEM, = = 6 per group; *? 005, *? 001,
***% 04001). (D) Representative ERG tracings at P28 showing scotopic, maxi-
mal, and photopic responses from FG-4592-treated (blue) and control (gray) mice.
(E) Quanti cation of b-wave amplitudes from (D), averaged across both eyes per
mouse (mean + SEM, = = 6 per group; *? 005). Reproduced with permission
from Nolan et al., 2024. Copyright © The Authors. . . . . . .. ... ... .. .. 34

Tamoxifen-mediated ablation of EgIn2 (PHD1), Eginl (PHD2), and EgIn3
(PHD3). Whole-retina DNA from 3-week-old Pde68°% 620% -pde6\W-CreERT2

mice treated with tamoxifen at P7, P8, and P10 was analyzed by PCR. (A) EgIn2:
untreated mutants and negative controls (no Pde6W-CreERT2) show an 800-900
bp band; tamoxifen-treated mutants show a 481 bp band. (B) Eginl: 840 bp in
untreated/controls; 140 bp in tamoxifen-treated mutants. (C) EgIn3: 1000 bp in
untreated/controls; 400 bp in tamoxifen-treated mutants. Reproduced with permis-
sion from Nolan et al., 2024. Copyright © The Authors. . . . . . . .. ... .. .. 35
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Representative immunoblots of HIF and glycolytic target proteins following
rod-speci c EgIn1/2/3 ablation. Retinal lysates from tamoxifen-treated Egin1/2/3
Pde6?20& 6208 - pde6W-CreERT2 mice (left lanes) and control EgIn®/273
littermates (right lanes) were probed for HIF1U, HIF2U, PFK1, and PDK1. V-
Actin served as a loading control. Data shown are representative blots; quantitative
analysis was not performed. Reproduced with permission from Nolan et al., 2024.
Copyright © The Authors. . . . . . . . . . . . . e 35

PHD de ciency upregulates regulators of glycolytic metabolism in photore-
ceptors. Experimental (EgIn1/2/3 ; Pde6b®20&" 620& - pde6W-CreERT2/+) and
control (EgIn1/2/3:°°; Pde6h®20%&" 620& - pdegW-CreERT2/+) mice were treated
with tamoxifen or sham at P8-P10, and retinas were collected at 3 weeks. (A)
gPCR of Hif1U, Hif2U, and downstream glycolytic targets (Glut1-5, Hk1/2, Pfkp/m/l,
Aldoa, Pgkl, Enol, Pkm1/2, Ldha/b, Pdkl) normalized to Actb (mean + SEM,
= = 4-5 per group; *? 005, **? 001, **? (0001, ****? (00001). (B)
Representative immunoblots at P21 detecting HIF1U, HIF2U, GLUT1, HK2, and
LDHA,; V-actin served as a loading control. (C) Quanti cation of protein levels in
(B) (mean £ SEM, = = 3 per group; *? 005, **? 0¢01). Reproduced with
permission from Nolan et al., 2024. Copyright © The Authors. . . . . . . . .. .. 37

Loss of PHD enhances glycolysis and diminishes mitochondrial oxidation in
Pde6i?20& 620&  retings. Eyes from control (Egin1/2/3°°) and knockout (EgIn1/2/3 )
mice were collected at P21 prior to degeneration. Retinas were incubated with
5 mM [U-13C]glucose and metabolites harvested at 30 and 90 s. Extracts were
derivatized and quanti ed by GC-MS. Flux analysis showed accelerated glycolytic
labeling and reduced TCA-cycle activity in knockouts relative to controls. Bar
graphs (upper right) indicate average glucose consumption and lactate export rates
over 40 min, which did not differ signi cantly between groups. Axes are labeled
with time (s) on the x axis and metabolite abundance (pmol or “g protein) on the y
axis (mean £ SEM, = = 6-9 per group; *? 0¢05, **? 0¢01). Reproduced with
permission from Nolan et al., 2024. Copyright © The Authors. . . . . .. ... .. 38

Entry into the mitochondrial TCA cycle via pyruvate is inhibited in PHD-

de cientrods. Retinas were isolated from control (EgIn1/2/3°} Pde6h®20&- 620& .
Pde6W-CreERT2/+) and tamoxifen-injected knockout (Egin1/2/Bde6p?20&: 620& -
Pde6W-CreERT2/+) mice and processed for SDS-PAGE. (A) Representative im-
munoblot showing phosphorylation of PDHU1 (Ser293) relative to V-actin. (B)
Quanti cation of P-PDHU1/V-actin normalized band intensity across samples (mean
£ SEM,==3;*? 005). . . . . . . . 39

L-lactate levels in control and PHD-de cient retinas. Retinas from control
(EgIn1/2/F:*%; Pde6h520% 620& - pdesW-CreERT2/+) and tamoxifen-injected
knockout (EgIn1/2/3 ; Pde6h®20& 620& - pdegW-CreERT2/+) mice were ana-

lyzed by L-lactate ELISA (mean + SEM, = = 3-4 pergroup,n.s.). . ... .. ... 40
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PHD ablation does not signi cantly alter pentose phosphate pathway activity.

Retinas from control (Egin1/2/3*°iPde6b’20&" 620& -pdegW-CreERT2/+) and
tamoxifen-injected knockout (EgIn1/273 ;Pde6b’20&" 620& -pde6W-CreERT2/+)

mice were incubated with 5 mM [1,2C>]glucose for 10 min. PPP activity pro-

duces <1 isotopologues, whereas direct glycolysis yields <,0 or <, 2. Metabo-

lites were extracted, derivatized, and analyzed by GC-MS. (A) phosphoenolpyru-
vate (PEP), (B) pyruvate, (C) lactate, and (D) citrate labeling patterns. Glycolysis
was saturated with3C by 10 min, but no < , 1 labeling was detected (mean =

SEM, = = 3-5 per group, n.s.). Reproduced with permission from Nolan et al.,
2024. Copyright © The Authors. . . . . . . . . . . . . ... .. .. ... ... .. 41

Lipid peroxidation measured by 4-HNE ELISA. Retinas from control (EgIn1/273"°;
Pde6h®20&* 620& - pdeg\W-CreERT2/+) and tamoxifen-injected knockout (EgIn1/2/3
Pde6?20& 620& - pdeW-CreERT2/+) mice were analyzed by 4-HNE ELISA as

a measure of lipid peroxidation (mean £ SEM, = = 2 per group; *? 005). . ... 42

2.10 Rod photoreceptors are equally preserved across samples. Retinas from control

(EgIn1/2/®+*%iPde6ht20&: 620& -pdeW-CreERT2/+) and tamoxifen-injected knock-
out (Egin1/2/3 ;Pde6i®20% 620& -pdeW-CreERT2/+) mice were processed fol-
lowing metabolite extraction (Figure 2.8). Leftover protein was run on a 13%
SDS-PAGE gel and immunoblotted for recoverin with V-actin as loading con-
trol. (A) Representative blot showing recoverin and V-actin. (B) Quanti cation of

recoverin/V-actin ratios, normalized to the mean of controls (mean + SEM, = = 6-8
per group, n.s.). Reproduced with permission from Nolan et al., 2024. Copyright
© The Authors. . . . . . . . . e 43

2.11 Rod-speci ¢ ablation of EgInl, EgIn2, and EgIn3 enhances cone survival in

Pde6h520&- 620&  retinas. Experimental (EgIn1/2/3 ) and control (EgIn1/2/3:*%)
mice carrying Pde6W-CreERT2 were treated with tamoxifen or sham at P9-P11.
(A-C) ERG amplitudes at 6, 8, and 10 weeks show improved scotopic (A), maxi-
mal (B), and photopic (C) responses in knockouts (red) vs. controls (gray) (mean
+ SEM, = = 5-6 per group per time point; *? 005, **? 001, **? 0001,

**x%  (0¢0001). (D) Representative H&E sections at 4 and 6 weeks, 500 "'m
from the optic nerve head, with ONL thickness marked in yellow (scale bar, 25
'm). (E-F) Spider plots of ONL thickness at 4 weeks (E) and 6 weeks (F) (mean £
SEM, = = 6 per group; *? 005, **? 001, ***? 0001). (G) PNA-stained
cones at 12 weeks with central inset. (H) Quanti ed cone area from (G) (mean £
SEM, = = 3 per group; *? 001). Reproduced with permission from Nolan et
al., 2024. Copyright © The Authors. . . . . . . . . . . .. . .. . . ... .... 44
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2.12 Representative ERG tracings from control and PHD-de cient retinas. ERG
was performed on control (Egin1/238°%i Pde6b®20&* 620& - pdeg\W-CreERT2/+)
and tamoxifen-injected knockout (Egin1/2/3; Pde6k?20& 620& - pde6W-CreERT2/+)
mice at 6, 8, and 10 weeks. Shown are representative scotopic, maximal, and pho-
topic ERG traces corresponding to the quanti ed amplitudes in Figure 2.11. Re-
produced with permission from Nolan et al., 2024. Copyright © The Authors. . . . 45

2.13 CRISPR-mediated ablation of EgIn1/EGLN1 (PHDZ2) enhances HIF signaling
in vitro. (A) Schematic showing gRNAs targeting exon 1 of the mouse/human
EgInl/EGLN1 gene, leading to frameshift mutations and loss of PHD2 protein
function. (B-C) Analysis of non-homologous end joining (NHEJ) outcomes in
mouse N2A (B) and human HEK293 (C) cells. Approximately 95% of indels intro-
duced frameshift mutations (not divisible by 3), while 5% were in-frame (denoted
by asterisks). (D-E) Immunoblots of N2A (D) and HEK293 (E) cells transfected
with control (PX459 or scramble gRNA) or EGLN1-targeting gRNAs. Ablation
of EGLN1 reduced PHD2 protein levels; V-actin served as loading control. (F)
gPCR transcript analysis of glycolytic markers (LDHA, PDK1, GLUT1, GLUT3)
from HEK293 cells demonstrate increased expression under normoxic conditions
following EGLN1 ablation compared to scramble gRNA controls (mean + SEM,
= = 3 per group; **? 001, **? 0¢001). Reproduced with permission from
Nolan et al., 2024. Copyright © The Authors. . . . . . . . .. .. ... ... ... 47

2.14 Dual AAV8 CRISPR-Cas9 therapy targeting Egin1 (PHD2) improves photore-
ceptor function and structure in recessive and dominant RP models. Exper-
iments were performed in Pde6#&" 620% :Cas9 arRP (A-C) and RHé%™
adRP (D-H) mice. (A) Subretinal injection of AAV8:U6-gRNAs_EGLN1;hGRK1-
GFP at P14 marked ventral transduction sites; Cas9 expression was transgenic in
this line. (B-C) Representative ERG traces and quanti cation at 8 weeks show im-
proved scotopic, mixed rod-cone, and photopic responses in injected (red) versus
uninjected fellow eyes (gray) (mean = SEM, = = 4; *? Y 005, **? Y 0-01). (D)
Co-injection of AAV8:U6-gRNAs_EGLN1;hGRK1-GFP and AAV8:hGRK1-Cas9
in Rho'19*.  mice at P28 allowed marking of subretinal transduction sites. (E-F)
Representative ERG traces and quanti cation at 5 months demonstrate signi cant
improvements in scotopic, mixed rod-cone, and photopic responses in injected eyes
(red) compared with uninjected controls (gray) (mean £ SEM, = = 4; **? (001,
***9  0e001). (G) H&E-stained peripheral retinal sections from injected and
uninjected eyes, the yellow bar indicates ONL thickness (scale bar, 25 "'m). (H)
Quanti cation of ONL thickness con rms preservation in injected versus fellow
eyes (mean £ SEM, = = 4; *? 005). Reproduced with permission from Nolan et
al.,, 2024. Copyright © The Authors. . . . . . . . . . ... ... ... ... .... 49



2.15 AAV8: hGRK1-GFP transduces a subset of rod photoreceptors. Retinas from
BL6 wild-type mice were dissociated 1 month after subretinal injection of AAVS:
hGRK1-GFP, labeled with anti-CD73, and analyzed by FACS. (A) Representative
gating in an uninjected control retina. (B-C) Representative gating in two injected
retinas showing GFRCD73 rod photoreceptors (blue, P3) and GFED73
rods (red, P4). Approximately 35% of CD73o0ds were transduced by AAVS:
hGRK1-GFP. Reproduced with permission from Nolan et al., 2024. Copyright ©
The Authors. . . . . . . . . e 50

2.16 OCT and gAF imaging con rm AAV subretinal injection and transgene ex-
pression. Subretinal bleb formation was veri ed immediately following injec-
tion, and GFP expression was assessed 2 weeks post-injection. (Top Left) Cross-
sectional OCT scan demonstrating localized retinal detachment consistent with a
subretinal bleb. (Top Right) En face OCT image highlighting the corresponding
slice location with a green reference bar. (Bottom Left) Infrared (IR) fundus im-
age used for alignment of the gAF system. (Bottom Right) gAF image acquired
using 488 nm excitation showing a discrete area of increased auto uorescence in
the superior retina corresponding to GFP expression, con rming successful AAV-
mediated transduction of retinalcells. . . . . .. ... ... ... .. ....... 51

2.17 Chronic Cas9 expression in photoreceptors does not impair retinal function.
(A) Schematic of the Pde6b-P2A-Cas9 knock-in allele. (B) Immunoblot con rm-
ing Cas9 expression in retinal lysates from Pde6b-Cas9 knock-in (KI) mice com-
pared with wild-type (WT, C57BL/6J). V-actin served as a loading control. (C)
Maximal ERG responses from 6-month-old KI and WT mice were indistinguish-
able, indicating no deleterious effect of chronic Cas9 expression. Reproduced with
permission from Nolan et al., 2024. Copyright © The Authors. . . . . . .. .. .. 52

2.18 Distribution of EgInl editing outcomes in FACS-sorted photoreceptors fol-
lowing AAV dual gRNA delivery. GFP: photoreceptors were isolated by FACS
from C57BL/6J mice transduced in vivo with dual AAV8:U6-gRNA vectors. The
targeted EgInl locus was PCR-ampli ed, sequenced by lllumina NGS, and ana-
lyzed using CasAnalyzer. Editing outcomes were classi ed as full-length deletion
(1.6%), in-frame indels preserving the reading frame (4.35%), or non-homologous
end-joining (NHEJ) events generating frameshifts (94.06%). Values are displayed
as proportions of total reads inapiechart. . . . . ... ... ... ......... 52



2.19 Visualization of allele distributions at EgInl cut sites by CRISPResso02 anal-

ysis. GFP photoreceptors were isolated by FACS from C57BL/6J mice trans-
duced in vivo with dual AAV8:U6-gRNA vectors targeting Eginl. The locus was
PCR-ampli ed, sequenced by lllumina NGS, and analyzed using CRISPRess02 to
generate allele frequency plots. Nucleotides are color-coded (A = green, C = red,

G =yellow, T = purple). Substitutions appear in bold, insertions are highlighted

by red rectangles, and deletions are indicated by horizontal dashes. The vertical
dashed line denotes the predicted cleavage position for (A) SgRNA-A (ATGCCGT-
GCTTGTTCATGCA) and (B) sgRNA-B (GTGCGCGCCCTGCACGACAC). Per-
centages and read counts for the most frequent alleles are displayed to the right of
eachsequence. . . . . . . . . . L e 53

2.20 Fluorescein angiography con rms long-term safety of subretinal EgInl edit-

3.1

3.2

3.3

ing. FA was performed one year after subretinal injection of AAV8 dual gRNAs
targeting EgInl to assess vascular integrity under chronic HIF activation. Shown

are representative images from RAB"  injected eyes 1 year post-injection demon-
strating intact retinal vasculature without leakage or neovascularization, supporting

the long-term safety of AAV-mediated EgInl genome editing. . . . . . . ... ... 54

Genomic con rmation of Keapl excision in cone photoreceptors. PCR geno-
typing of tamoxifen-treated Keapl °; Arr3-CreERT2; Pde6B20% 620&  retinas

(left) and non-injected littermate controls (right) shows a 1,415 bp band for the
oxed (unrecombined) allele and a 333 bp band for the excised (recombined) al-
lele. Amplicons were resolved on an agarose gel with a DNA ladder (sizes in base
PAITS). . . o e e e e e e 63

Transcriptomic analysis of Keapl deletion in cone photoreceptors. Quantita-

tive PCR of retinal lysates from tamoxifen-treated Keapli Arr3-CreERT2;
Pde6?20& 620&  mjce and non-injected littermate controls demonstrated reduced
Keapl transcript levels in Cre-positive retinas. Cone-associated genes (Opnlmw,
Opnlsw, Cnga3) showed modest but non-signi cant preservation, while classical
NRF2 targets were unchanged. Data are presented as normalized to Actb transcript
levels (mean £ SEM, = =3 pergroup; *? 005). . .. ... ... ......... 64

Protein analysis of Keapl deletion in cone photoreceptors. Immunoblotting of

retinal lysates from tamoxifen-treated Ke&p'P i Arr3-CreERT2;Pde6§20%- 620&

mice and non-injected littermate controls showed no signi cant reduction in KEAP1
protein at 9 weeks, despite transcript-level decreases. Representative blots are
shown (top) with controls on the left and KO samples on the right. Quanti cation

by ImageJ (bottom) revealed no signi cant differences in KEAP1 (two antibodies),
NF~B1, or ARR3 protein abundance (mean + SEM, = = 3 pergroup,n.s.). . . . . . 66

Xi



3.4 Cone function is preserved in Keapl-de cient Pde6'*A3Yetinas. ERG at 4
weeks demonstrated signi cantly larger photopic b-wave amplitudes in tamoxifen-
treated Keapl ; Arr3-CreERT2; Pde6b**A3Yetinas compared to non-injected
Keap1®:*®:controls. Mixed b-wave amplitudes were also signi cantly preserved
(mean = SEM, = = 4-5 per group; **? 001, **? 0¢001). .. ... ... ... 67

3.5 Improved retinal function in Keap1-de cient Pde6h®20% 620&  retings. ERG at
6 weeks demonstrated signi cantly greater mixed b-wave amplitudes and enhanced
photopic a- and b-wave responses in tamoxifen-treated KeapArr3-CreERT2;
Pde6?20& 620&  retinas compared to non-injected Ke&pP controls (mean *
SEM, = = 33 treated, = = 26 control; **? 001, **? (0001). . ... ... .. 68

3.6 Photopic b-wave preservation in Keapl-de cient Pde6t5%&* 620¢  retinas at
8 weeks. ERG demonstrated that by 8 weeks, cone-driven responses were largely
comparable between tamoxifen-treated Keap1Arr3-CreERT2; Pde6§20% 620&
retinas and non-injected Keap1®:controls, with only photopic b-wave ampli-
tudes remaining signi cantly greater in treated animals (mean £ SEM, = = 9
treated, = = 17 control; *? 0e05).. . . . . . . . . . . ... 69

3.7 ONL preservation in Keapl-de cient Pde6t§20&" 620&  retinas at 6 weeks.
H&E-stained retinal cross-sections were quanti ed for ONL thickness. Spider plot
analysis showed signi cantly greater ONL thickness in tamoxifen-treated Keapl
Arr3-CreERT2; Pde6B20&* 620&  retinas compared with non-injected Ke&pP:
controls (mean £ SEM, = = 4 per group; *? 005, **? 001, **? (0001).
Treated animals are shown as hollow triangles, controls as solid squares. . . . . . .

3.8 Representative histology of Keap1-de cient Pde@B%&" 620&  retinas at 6 weeks.
H&E-stained retinal cross-sections show thicker ONL in tamoxifen-treated Kegpl
Arr3-CreERT2; Pde6B20% 620&  retinas (left) compared with non-injected Ke&pP
littermate controls (right). Top panels show low-magni cation views of the nasal
retina (scale bar = 300 "'m). Bottom panels show higher-magni cation images of
the regions indicated by arrows, highlighting greater ONL preservation in treated
retinas. . . . . . . . e 72

3.9 Cone preservation in Keapl-de cient Pde6#% 620&  retinas at 6 weeks.
Flatmount analysis with opsin staining revealed signi cantly higher cone counts in
tamoxifen-treated Keapgl ; Arr3-CreERT2; Pde6§20% 620&  retinas compared
to non-injected Keap®:*®'controls (mean + SEM, = = 4 per group; **? 0+01). . 73

3.10 Representative atmountimage showing cone identi cation in Keapl-de cient
Pde6?20& 620&  retinas. Opsin-positive cones were imaged at 20 magni ca-
tion and stitched to generate whole-retina atmounts. (Left) Grayscale image of
opsin staining, with cones appearing as bright structures. (Right) The same image
following automated segmentation by a custom Python script, with detected cones
pseudocolored in blueforcounting. . . . . . . ... ... ... oL 73



3.11 Crater-like disruptions in cone mosaics of control Keap1-de cient Pde6§1*A31

retinas. Opsin-stained atmounts at 4 weeks revealed crater-like formations within
the cone mosaic in non-injected Keap™; Arr3-CreERT2; Pde6b?*A3Yetinas,

a feature absent in tamoxifen-treated KeapXounterparts. Image was generated
from stitched 40 elds. Scalebar=50 ' m. . . .. ... ... .. ......... 74

3.12 Three-dimensional reconstructions of opsin-stained atmounts from Keapl-

de cient Pde6l*31*A3%retinas. Opsin immunostaining at 7 weeks was visual-
ized in 3D to assess cone morphology. (Left panels) Non-injected Kexapl
Arr3-CreERT2; Pde6b*1*A3%ontrols showed hollow, balloon-like cone structures.
(Middle panels) Tamoxifen-treated Keapl; Arr3-CreERT2; Pde6b?1*A3keti-

nas retained more cylindrical, punctate morphologies, indicative of preserved cone
segments. (Right panel) A C57BL/6J wild-type retina at P165 is shown for ref-
erence, highlighting the morphology of intact cones. These reconstructions were

gualitative and not used for statistical quanti cation. . . . . . . .. .. ... .. .. 75

3.13 Modest preservation of the outer segment layer in Keap1-de cient Pde6fp&: 620&

4.1

4.2

4.3

retinas at 6 weeks. H&E-stained retinal cross-sections (Figure 3.8) were used
to quantify outer segment thickness. Spider plot analysis demonstrated modest
preservation of the outer segment layer, which is associated with photoreceptor
health and daily renewal, in tamoxifen-treated Keap1Arr3-CreERT2; Pde6§20%* 620&
retinas compared with non-injected Ke&p'P 'littermate controls. Statistical sig-

ni cance was observed at a subset of positions (mean + SEM, = = 4 per group;
*? 0¢05). Treated animals are shown as hollow triangles, controls as solid circles.

Genomic con rmation of Acacb excision in the RPE. PCR genotyping of tamoxifen-
treated Acach*°i Rpe65-CreERT2; Mffp*®*A3fmice (left lanes) and noninjected
littermate controls (right lanes) shows a 3,838 bp band for the oxed (unrecom-
bined) allele and a 435 bp band for the excised (recombined) allele. Amplicons
were resolved on an agarose gel with a DNA ladder (sizes in base pairs). Residual
full-length product in treated samples re ects incomplete recombination across the
RPE monolayer and contributions from non-RPE cells in the eyecup preparation.

Sanger sequencing validation of Acacb excision. PCR amplicons from tamoxifen-
treated Acach'*°i Rpe65-CreERT2; Mffp*®*A3mice and control littermates were
sequenced and aligned to the murine Acacb locus. Sequencing traces con rmed
precise recombination at the expected site in treated samples, whereas control sam-
ples retained the unrecombined sequence. . . . . . . . .. ... ... ...

Protein-level analysis of Acacb deletion in the RPE. Quanti cation of ACC2
protein expression from RPE-choroid-sclera lysates of 7-month-old Rcach
Rpe65-CreERT2; Mff*®A3%mice showed reduced levels in tamoxifen-treated
samples relative to controls, though differences did not reach statistical signi -

76

86

cance(mean = SEM,==3,n.S.). . . . . . ... 87

Xiii



4.4 Longitudinal OCT analysis of Acacb deletion in the RPE. ONL thickness was
measured 500 "m nasally (left) and temporally (right) from the optic nerve head in
Acaclk’ "% Rpe65-CreERT2; Mfp*6"A36mice. Tamoxifen-treated animals (hol-
low symbols) exhibited modest but consistent preservation of ONL thickness rela-
tive to control littermates (solid symbols) (mean + SEM, = = 3 per group; *? 005). 88

4.5 Representative OCT images of Acacb deletion in the RPE. Cross-sectional OCT
scans from Acach ®; Rpe65-CreERT2; Mfp*®A3®mice show clearer delin-
eation of the ONL in tamoxifen-treated retinas (right) compared with noninjected
controls (left). . . . . . . . . . e 89

4.6 Representative screenshot of OCT line-scan analysis in Diver software. Exam-
ple interface showing placement of markers (red crosses) to measure ONL thick-
ness and other retinal layers of interest in Acath; Rpe65-CreERT2; Mfrp?6-A36
FEtiNaS. . . . . . e 89

4.7 Histological assessment of Acacb deletion in the RPE at 12 months. H&E-
stained sagittal sections from Ac&clh’! Rpe65-CreERT2; Mfp*%A36retinas
demonstrated thicker ONL pro les and better laminar organization in tamoxifen-
treated animals compared with controls. Spider plot quanti cation across six evenly
spaced positions showed trends toward preservation but no statistically signi cant
differences. (mean £ SEM, = = 9 treated, = = 7 control, n.s.). Treated animals are
shown as hollow points, controls as solid points. . . . . .. .. ... ........ 90

4.8 Representative histology of Acacb-de cient RPE mice retinas at 12 months.
H&E-stained sagittal sections from Acath®; Rpe65-CreERT2; Mfh*6A3%yes
show more intact photoreceptor outer segments and better laminar organization in
tamoxifen-treated retinas (left) compared with noninjected controls (right). Top
panels show low-magni cation views of the nasal retina (scale bar = 300 "m).
Bottom panels show higher-magni cation regions indicated by arrows, highlight-
ing preservation of the ONL and outer segments in treated retinas. . . . . ... .. 91

4.9 Longitudinal ERG analysis of Acacb deletion in the RPE. Full- eld ERG was
performed every two weeks from 8 to 52 weeks in Aciath; Rpe65-CreERT2;
MfrpA36A3&nice. Six longitudinal plots summarize scotopic a- and b-wave, maxi-
mal a- and b-wave, and photopic a- and b-wave responses. Across most timepoints,
ERG amplitudes were comparable between groups, with distinct exceptions. At 45
and 50 weeks, scotopic b-wave amplitudes were signi cantly higher in tamoxifen-
treated animals, with scotopic a-waves also reaching signi cance at isolated inter-
vals (mean = SEM, = = 6-10 per group across timepoints; *? 0¢05). Treated
animals are shown as hollow symbols, controls as solid symbols. . . .. ... ... 92

Xiv



4.10 Representative atmountimages showing automated cone segmentation. Reti-
nas from Acach:*®; Rpe65-CreERT2; Mfh*®A38mice were stained with PNA

(green) and opsin (red) and analyzed using a custom Python-based segmentation

pipeline. (Left) PNA-positive objects. (Middle) Opsin-positive objects. (Right)
Merged red/green overlays following algorithm-based detection. Outlines gener-
ated by the pipeline facilitated quality control and accurate cone quanti cation.

4.11 Quanti cation of cone preservation in Acacb-de cient RPE mice retinas. Box-
and-whisker plots summarize atmount analyses from Aéacti Rpe65-CreERT2;
MfrpA36*A38mice. Top row: global PNA-positive cone counts (left), peripheral
PNA cone counts (middle), and central PNA cone counts (right). Bottom row: total
PNA-stained area globally (left), PNA-stained area peripherally (middle), and cen-
tral opsin-positive cone counts (right). Tamoxifen-treated animals showed signi -
cantly greater global and peripheral PNA-positive cone preservation, while central
PNA and opsin counts trended higher but were insigni cant (mean £ SD, = = 42

94

control, = = 54 treated; *? 005, **? 001). . . . . ... ... .. ... .... 95

4.12 Whole-mount analysis of RPE morphology in Acacb-de cient RPE mice reti-
nas. Eyecups from Acach'®i Rpe65-CreERT2; Mffp*®A3%mice were stained
with phalloidin and ZO-1 to assess RPE integrity. Manual blinded scoring by ve

independent observers indicated that control RPE frequently showed slightly more

irregular borders, stretched morphology, and disrupted junctions, while tamoxifen-
treated Acacb RPE retained a more uniform hexagonal pattern. Scores were
slightly higher in treated animals, but were not statistically signi cant (mean +

SEM, ==30control, ==60treated, n.s.). . . . . ... .. ... ... ......

4.13 Representative RPE whole-mount images in Acacb-de cient RPE mice reti-
nas. Eyecups from Acadh'®; Rpe65-CreERT2; Mfrp*6"A3%mice were stained
with phalloidin (red) and ZO-1 (green) to visualize RPE cell morphology. Control

samples (left four panels) frequently showed irregular borders and disrupted junc-

tions, whereas tamoxifen-treated retinas (right four panels) displayed more uniform
hexagonal organization. Scalebar=20 m. . . ... .. ... .. ... ......

4.14 CTRPS levels in the Mfrg36*A3fmodel. ELISA of aqueous humor (AH) and vit-
reous humor (VH) samples showed elevated CTRP5 inMfrp3tnice compared
with wild-type controls (mean + SEM, = = 1-3 per group; *? 0¢05). . ... ...

4.15 Quanti cation of auto uorescent foci in Acacb-de cient RPE mice retinas.
gAF imaging was performed at 35, 45, and 50 weeks in AedehRpe65-CreERT2;
MfrpA36-A38mice. Automated dot-detection analysis using a custom Python script
showed auto uorescent foci numbers in tamoxifen-treated animals and control an-
imals, but group comparisons did not reach statistical signi cance (mean + SD,
= = 34 treated, = = 28 control, n.s.). Left, 35 weeks; middle, 45 weeks; right, 50

XV

96



4.16 Representative gAF images from Acacb-de cient RPE mice. Quantitative aut-
o uorescence (gAF) imaging was performed in Acacli Rpe65-CreERT2; Mf?6+A36
mice. Top panels show representative images with automated dot-detection over-
lays (blue dots) generated by a custom Python script, indicating counted auto u-
orescent foci. Bottom panels show corresponding gAF images without overlays,
illustrating the raw auto uorescent signal. Scale bar=200 m. . . . ... ... .. 99

4.17 Representative fundus images from Acacb-de cient RPE mice. Fundus pho-
tographs captured during Bioptigen OCT imaging illustrate the retinal vasculature
and mottling consistent with lipofuscin accumulation. Images are presented for
gualitative context only and were not used for quantitative analysis. . . . . . . . .. 100

4.18 13C-palmitate tracing in Acacb cKO explants. RPE-choroid eyecups from Acédcb
and control Acach*®; Rpe65-CreERT2; Mffp*¢*A3%mice were incubated with
uniformly labeled3C-palmitate. Label incorporation into BHB isotopologues
showed trends toward increased enrichment in treated samples, though differences
did not reach statistical signi cance (mean £ SEM, = = 4, n.s.). Treated animals
are shown as hollow symbols, controls as solid symbols. . . . .. ... ... ... 100

XVi



2.1

2.2

2.3

3.1

3.2

4.1

5.1

Al

List of Tables

Egln genomic primers. Primer sequences used to amplify loxP- anked regions of
Eginl, EgIn2, and EgIn3 loci for genotyping. . . . . . . . . .. ... .. .. 26

Egln transcriptomic qPCR primers. Primer sequences used for quantitative
PCR analysis of metabolic and hypoxia-responsive genes, including glucose trans-
porters, glycolytic enzymes, and housekeepingcontrols. . . . . .. ... ... ... 29

EgIn1/EGLN1 genomic primers and AAV sgRNAs. Primer sequences used for
next-generation sequencing validation of mouse Eginl and human EGLNL1 loci,
along with single guide RNAs (sgRNASs) incorporated into AAV vectors. . . . . . . 32

Keapl genomic primers. Primer sequences used in a triad design (two forward,
one reverse) to amplify loxP- anked regions of the Keapl locus for genotyping. . . 59

Keapl transcriptomic qPCR primers. Primer sequences used for quantitative
PCR analysis of cone photoreceptor and antioxidant response genes, including
housekeeping controls. . . . . . . . . . .. ... 61

Acacb genomic primers. Primer sequences used to amplify loxP- anked regions
of the Acacb locus forgenotyping. . . . . . . .. .. . ... ... . .. 83

Metabolic engineering strategies relevant to retinal degeneration. Summary

of representative interventions targeting metabolic pathways in the retina. Listed

are the molecular targets, experimental approaches, primary investigators, and the
biological rationale for each strategy. Prior studies from the Tsang Lab and external
groups are included alongside the three compartment-speci ¢ approaches tested in
this dissertation (EgIn1/2/3, Keapl, Acacb). . . . .. .. .. ... .. ... .... 115

List of abbreviations. Commonly used acronyms and shorthand appearing through-
out this dissertation, organized alphabetically. . . . . .. .. .. ... ....... 129

XVii



Acknowledgments

| would like to express my deepest gratitude to Dr. Stephen H. Tsang for providing me the
opportunity to pursue my PhD in his laboratory. His distinctive approach and quirks shaped my
graduate experience in memorable ways. | am grateful for the immense amount | have learned
about ophthalmology, genetic therapies, blinding disorders, and the art and rigor of mouse work

under his guidance.

| am indebted to my family for their unwavering support throughout this journey. To my
parents, Stephen and Donna Nolan, and to my siblings, Christopher and Jessica Nolan, thank you
for always encouraging me. | also wish to honor my late grandmothers, Joanne Padula and Denise
Nolan, whose memory continues to inspire me. To my grandfathers, Raymond Nolan and
Michael Padula, thank you not only for your strength and example, but also for sparking my

curiosity and inspiring me to become an engineer from a young age.

This work has been enriched by my scienti ¢ collaborators in the Tsang lab and across the
Department of Ophthalmology. | am especially thankful to my fellow students and colleagues for
their camaraderie and intellectual exchange, as well as to our collaborators in the Jim Hurley lab,
in particular Jim and Dan Hass, for their insights and partnership. | would also like to thank Dr.
Henry Hess for his encouragement at a pivotal moment, when | considered leaving the program

three years ago; his support helped me nd the resolve to continue my studies.

Xviii



To my friends from New Jersey and from my years at the University of Miami, thank you

for grounding me outside of the lab and for your steady presence over the years.

To my wife, Rebecca Shin, | owe the deepest gratitude. Your sacri ces and resilience have
been extraordinary, from your journey to America at a young age to your constant support of me
throughout this process. You inspire me every day with your strength, discipline, and

commitment, and you make me want to be a better man.

Finally, | acknowledge the mice whose lives made this work possible. Their sacri ce

underpins not only this dissertation but also the progress of biomedical science for the bene t of

humankind.

XiX



Dedication

This dissertation is dedicated to my grandfathers, Raymond Nolan and Michael Padula.

Raymond, a civil engineer, has inspired me for as long as | can remember to be both
rigorous in my work and creative in my outlook. He embodies the idea that a well-rounded man is
a whole man. From playing an instrument, to gardening, cooking, teaching, and being a devoted

family man, his example has shown me how to balance discipline with joy and curiosity.

Michael, who dedicated his career to precision machining in a tool and die shop, is the
de nition of a family man. As the patriarch of my mother's side of the family, he has held us
together like glue. His generosity, constancy, and unmatched sense of curiosity and playfulness
have been a source of joy and strength in my life. Whenever | hear You've Got a Friend by James

Taylor, | am reminded of his ever-present support and care.

| will carry the lessons | have learned from these two men throughout my career and life. It

is to them, the pillars of my family, that | dedicate this work in advancing biomedical science.

XX



Chapter 1: Metabolic Ecosystems in Retinal Degeneration

Vision is among the most energy-intensive processes in human physiology, and the retina ranks
as one of the highest consumers of metabolic resources relative to its size [1]. This demand re ects
the unrelenting nature of phototransduction [2], the daily renewal of photoreceptor outer segments
[3], the continuous relay of synaptic signals [4], and the maintenance of ionic gradients across
photoreceptor membranes [5]. To sustain this workload, the retina relies on a highly specialized
and compartmentalized metabolic network that integrates photoreceptors, the retinal pigment ep-
ithelium (RPE), Muller glia, and the underlying vasculature [6, 7]. When one element of this
tightly interdependent system falters, the stability of the entire network collapses, with functional
and structural consequences for vision [8, 9].

Retinal degenerative diseases such as retinitis pigmentosa (RP) and age-related macular degen-
eration (AMD) exemplify this principle [10, 11]. In RP, rod photoreceptors are typically the rst
cells to degenerate, owing to a vast and heterogeneous spectrum of inherited mutations [12, 13].
Nevertheless, the most debilitating stage of the disease arises not from rod loss itself but from the
secondary degeneration of cones, which are indispensable for daylight vision, color discrimina-
tion, and ne acuity [14, 15]. Cones often degenerate despite being genetically intact, suggesting
that their vulnerability is rooted in the collapse of the surrounding metabolic environment rather
than intrinsic genetic defects [16, 17].

This perspective has given rise to the concept of the retina as a metabolic ecosystem, where the
health of each compartment depends on reciprocal metabolic exchanges [18]. Rods export lactate
and trophic factors such as rod-derived cone viability factor (RACVF) that sustain both cones and
the RPE [15]. Cones, in turn, rely on these inputs to meet their intense energetic demands [19],
while the RPE buffers oxidative stress, recycles outer segments, and provides essential metabolites

to the neuroretina [7, 20]. Disruption at any single node, such as the loss of rod glycolysis, sets off



cascading failures that culminate in energetic imbalance, oxidative injury, and eventual cone death
[21, 14].

Against this backdrop, the therapeutic landscape for RP has shifted rapidly over the past
decade. Gene-speci c therapies, exempli ed by the Food and Drug Administration (FDA)-approved
treatment for RPE65-related disease [22, 23], have proven that targeted genetic correction can re-
store function in select cases. However, the genetic heterogeneity of RP, coupled with the irre-
versible nature of degeneration once the metabolic ecosystem collapses, places sharp limits on this
approach [24, 10]. For most patients, a mutation-speci ¢ therapy will never exist, and even those
who receive gene augmentation may continue to lose vision if cones cannot be stabilized [17, 25].

These realities frame the central question of this dissertation: Can targeted metabolic repro-
gramming preserve cone structure and function in RP, independent of the initiating mutation?
Rather than correcting speci ¢ genetic lesions, the following chapters explore whether manipu-
lating key regulators of glycolysis, oxidative stress, and fatty acid metabolism across rods, cones,
and the RPE can restore energy homeostasis and intercellular support. The central hypothesis is
that cone survival depends jointly on their intrinsic resilience and extrinsic metabolic signals from
neighboring cells.

To address this, we investigated three compartment-speci c interventions: deletion of egl-9
family hypoxia-inducible factor 1, 2, and 3 (EgInl, EgIn2, and EgIn3) corresponding to prolyl
hydroxylase domain (PHD) proteins 2, 1, and 3 in rods to enhance glycolysis [26], deletion of
kelch-like ECH-associated protein 1 (Keapl) corresponding to KEAPL1 in cones to bolster antiox-
idant defenses [27], and deletion of acetyl-Coenzyme A carboxylase beta (Acacb) corresponding
to Acetyl-CoA carboxylase 2 (ACC2) in the RPE to promote fatty acid V-oxidation (FAO) [28].
Together, these studies test whether altering individual nodes of the retinal metabolic ecosystem
can rebalance uxes, stabilize the outer retina, and delay the onset of vision loss across diverse

genetic contexts [29].



1.1 Evolving Therapeutic Approaches in Retinal Degeneration

The therapeutic landscape of inherited retinal degenerations (IRDs) has signi cantly trans-
formed over the past several decades [24]. In the mid-to-late twentieth century, the standard of care
for blinding conditions such as RP and Leber congenital amaurosis (LCA) was almost entirely pal-
liative [30]. Patients were offered low-vision aids, mobility training, or generalized interventions
such as vitamin A supplementation, which sometimes modestly slowed disease progression but did
not alter the underlying degenerative trajectory [31]. These approaches re ected the limitations of
an era when neither the molecular basis of retinal diseases nor the tools to correct them were fully
understood.

The turn of the twenty- rst century ushered in the era of precision medicine. Advances in
molecular genetics enabled the identi cation of causal mutations across hundreds of genes im-
plicated in IRDs [32], creating the foundation for targeted therapies. A watershed moment came
in 2017 with the FDA approval of voretigene neparvovec (Luxturna), an adeno-associated virus
(AAV)-mediated gene augmentation therapy for patients with biallelic RPE65 mutations [23, 22,
33]. Luxturna represented the rst in vivo gene therapy for an inherited disorder in humans, vali-
dating that genetic correction could restore function and generating widespread optimism in oph-
thalmology and beyond. A diagram of this in vivo gene therapy delivery system can be seen in
Figure 1.1 [34]. This approval catalyzed an explosion of clinical trials exploring AAV-mediated
replacement strategies for other IRD-implicated genes, including RP GTPase regulator (RPGR),
choroideremia Rab escort protein (CHM), and centrosomal protein 290 (CEP290), among many
others [35].

Despite these achievements, precision medicine approaches face limitations that constrain their
broad applicability. First, the genetic heterogeneity of IRDs is immense: more than 280 genes are
currently implicated [36, 12], and many disease-causing variants are ultra-rare or of uncertain
pathogenicity [24]. Consequently, many patients remain without a con rmed molecular diagnosis

or fall outside the scope of ongoing therapeutic programs. Second, many patients are diagnosed late



Figure 1.1: In vivo delivery of gene therapy. Subretinal injection of an AAV vector creates a
transient retinal bleb that enables transduction of RPE cells. The transgene remains episomal and
restores function in RPE65-associated vision loss. Reproduced with permission from High et al.,
2019. Copyright © Massachusetts Medical Society.



in the disease course, when signi cant photoreceptor loss has already occurred [10]. Because gene
replacement strategies require viable cells for transduction, late presentation diminishes their po-
tential ef cacy. Third, even when successfully delivered, mutation-speci ¢ therapies often do not
address the downstream pathological processes that continue to drive degeneration, including in-
ammation, oxidative injury, and metabolic collapse [37]. Finally, the high costs of individualized
gene therapy and the logistical hurdles of manufacturing bespoke treatments for rare genotypes
limit accessibility, particularly outside specialized centers or in under-resourced populations.

These barriers highlight a persistent unmet clinical need. The majority of patients with RP
and related disorders still lack access to effective therapies [37], and those available frequently
fall short of halting vision loss. The limitations of precision medicine underscore the necessity of
complementary approaches that are not restricted by genotype, timing of intervention, or stage of
disease progression [17].

In response, a parallel therapeutic paradigm has emerged, sometimes described as imprecision
medicine, that targets convergent downstream mechanisms common to many forms of IRD [37].
These include pathways linked to oxidative stress, in ammation, protein misfolding, and, increas-
ingly, metabolic dysfunction [14, 16]. Evidence from both preclinical and early clinical studies
suggests that cone photoreceptor death in RP often arises not from direct genetic defects but from
the secondary collapse of metabolic support following rod degeneration [18]. This perspective
reframes RP and related disorders not solely as primary genetic diseases but also as conditions
of ecosystem failure, where restoring or redirecting metabolic uxes can stabilize the surviving
circuitry [38].

Within this framework, metabolic therapies represent a particularly compelling strategy. Restor-
ing glucose availability, enhancing antioxidant resilience, or reducing substrate competition at the
level of the RPE may help preserve cone viability and extend functional vision even when the initi-
ating mutation remains uncorrected [37]. This dissertation is situated within that paradigm. Rather
than pursuing mutation-speci ¢ interventions, we investigate whether targeted metabolic repro-

gramming across three retinal compartments, rods, cones, and the RPE, can sustain the metabolic



ecosystem and delay degeneration. The guiding hypothesis is that cone survival depends on their
intrinsic genetic integrity and extrinsic metabolic support from their cellular neighbors [38]. By
addressing distinct but interconnected bottlenecks, glycolysis in rods, redox balance in cones, and
FAO in the RPE, this work explores a gene-agnostic strategy for stabilizing cone-mediated vision

across diverse genetic contexts of RP and IRDs.

1.2 Anatomy and Metabolic Interdependence of the Retina

The retina, an extension of the central nervous system, is a multi-layered sensory tissue re-
sponsible for capturing and processing light stimuli [39]. It contains several neuronal cell types
arranged in a highly ordered laminar architecture, including rod and cone photoreceptors, bipo-
lar cells, horizontal cells, amacrine cells, and ganglion cells [4]. These neurons are supported
by glial cells, notably Miiller glia [6], and the adjacent RPE, which forms a barrier between the
neural retina and the choroidal vasculature [7]. Each component contributes to the extraordinary
energetic demands of vision, which include continuous phototransduction, daily renewal of pho-
toreceptor outer segments, synaptic transmission, and ionic gradient maintenance [5, 2].

Photoreceptors are the principal drivers of this metabolic load. Rods, which outnumber cones
by around 20:1 in the murine retina [40], mediate dim-light vision, while cones provide high-acuity,
daylight, and color vision. A distinguishing metabolic feature of rods is their reliance on aerobic
glycolysis, whereby glucose is metabolized to lactate even in the presence of suf cient oxygen [19,
41, 42]. This “Warburg-like” metabolism, unusual for post-mitotic neurons, is thought to support
the continuous renewal of outer segments and provide metabolic byproducts to neighboring cells
[38]. Rods also secrete trophic factors such as RACVF, which promote cone survival [15]. Cones,
by contrast, are enriched in mitochondria and rely heavily on oxidative phosphorylation to sustain
their high energy demand, rendering them particularly sensitive to oxidative stress and nutrient
deprivation [14, 43].

The RPE complements these photoreceptor programs by favoring mitochondrial FAO over gly-

colysis [18, 44, 45]. This specialization conserves glucose for the neuroretina while allowing the



RPE to catabolize lipids derived from daily phagocytosis of photoreceptor outer segments [7]. The
RPE also regenerates 11-cis-retinal for the visual cycle [46] and provides antioxidant buffering [47,
48], ensuring stability of the outer retinal environment. Cross-compartmental nutrient exchange is
therefore tightly regulated: rods export lactate and trophic factors, cones depend on this paracrine
support, and the RPE spares glucose while processing lipid-rich outer segments [38, 9].

This delicate balance collapses in degenerative diseases such as RP. Rod death reduces gly-
colytic output and trophic support [14], triggering a metabolic bottleneck that deprives cones of
essential substrates. At the same time, reduced oxygen consumption in the outer retina creates a
hyperoxic environment that exacerbates oxidative stress in cones [21]. Cones that are genetically
intact nevertheless degenerate under these conditions, succumbing to energy failure and redox
imbalance [16]. Compounding this, stressed photoreceptors often upregulate oxidative phospho-
rylation while the RPE shifts toward glycolysis [18], a reciprocal decompartmentalization further
destabilizing the system.

This interdependence has led to the concept of the retina as a metabolic ecosystem [38, 29], in
which dysfunction in one compartment cascades through the entire network. Therefore, therapeu-
tic strategies to preserve cone vision must account for the metabolic roles of rods, cones, and the
RPE. As developed in the following chapters, enhancing glycolysis in rods (via EgInl disruption),
strengthening antioxidant defenses in cones (via Keapl deletion), and promoting FAO in the RPE
(via Acacb deletion) each represent interventions designed to restore metabolic coupling and re-
silience. Together, these approaches test whether reprogramming the retinal ecosystem can delay

neurodegeneration and preserve vision independently of the initiating genetic defect.

1.2.1 Comparative Anatomy and Physiology of The Mouse and Human Retina

Mice have become indispensable model organisms in retinal degeneration research, but key
anatomical and physiological differences between the murine and human retina strongly in uence
disease modeling and therapeutic interpretation [17]. Appreciating these distinctions is critical

for evaluating the translational relevance of metabolic interventions, especially those aimed at



sustaining cone survival.

The most fundamental divergence lies in the organization of photoreceptors. The human retina
contains a central macula with a fovea, a cone-rich region responsible for daylight, high-acuity, and
color vision [49]. This specialization is absent in the mouse retina, which instead exhibits a more
uniform photoreceptor distribution. Murine retinas are comprised of approximately 97 percent
rods and only 3 percent cones [40], with no macular specialization and no dedicated high-acuity
zone. Human cones are divided into long-, medium-, and short-wavelength subtypes (L-, M-,
and S-cones), while mouse cones express primarily S- and M-opsins with different spectral sen-
sitivities and overlapping expression domains [50]. This difference in subtype distribution further
underscores the limits of murine cones as direct analogs for human macular cones.

The structural organization of the retina also differs markedly. Human foveal cones are tightly
packed and supported by a thickened, highly strati ed inner nuclear layer that forms a foveal
pit due to the lateral displacement of inner retinal neurons [51]. In contrast, the mouse retina is
thinner, lacks this displacement, and exhibits relatively uniform lamination across the retinal eld
[40]. These architectural distinctions limit the ability of mouse models to fully replicate diseases
or therapies that disproportionately affect macular cones and central vision. Figure 1.2 illustrates
the striking difference in photoreceptor distributions, with humans displaying a central cone-rich
foveal peak absent in mice, whose retina shows a relatively uniform, rod-dominated pro le [52].

Metabolic differences add another important layer of complexity. Human macular cones are
enriched in mitochondria and depend heavily on oxidative phosphorylation [8], re ecting the high
energetic demand of constant daylight exposure and outer segment renewal. This reliance renders
them particularly vulnerable to oxidative stress and redox imbalance [48]. Mouse cones, by con-
trast, exhibit a hybrid phenotype with greater metabolic exibility and lower basal oxidative stress
[53]. As demonstrated in Chapters 2 and 3, this difference may help explain why metabolic inter-
ventions that enhance glycolysis in rods or bolster cone antioxidant defenses produce strong effects
in murine models. Translating these strategies to the human macula, where cones operate near their

oxidative limits, will require careful validation in more metabolically demanding systems.



Figure 1.2: Spatial densities of rods and cones in mammalian retinas. Distribution patterns
are shown for human (A), macaque (B), marmoset (C), and mouse (D). Mouse data are plotted
relative to the optic disk, whereas primate data are aligned to the foveal cone peak. Reproduced

with permission from Grinert et al., 2020. Copyright © The Authors.



Functional endpoints also differ between species. In mice, electroretinography (ERG) provides
whole-retina readouts without the ability to isolate foveal or macular responses [54]. Modest cone
density or function improvements may appear diluted in global ERG recordings, even when local
rescue occurs. In human patients, however, even small gains in macular cone integrity can translate
into clinically meaningful improvements in central vision [55]. This divergence highlights the
importance of complementing murine ERG data with anatomical assays such as peanut agglutinin
(PNA)-stained cone atmounts or structural optical coherence tomography (OCT), which more
sensitively capture localized cone preservation.

Despite these limitations, mouse models remain invaluable for mechanistic discovery and rapid
testing of therapeutic hypotheses [56]. Conserved retinal cell types, well-characterized genetic
degeneration lines, and accessibility to genetic manipulation provide unique experimental advan-
tages. However, the rapid and severe degeneration observed in common murine lines such as
phosphodiesterase 6B retinal degeneration 1 (PtE8Y} or Pde6iP20&" 620&  often outpaces
the more gradual, heterogeneous progression seen in human RP [10], potentially masking delayed
or cumulative therapeutic effects. As such, ndings from murine studies must ultimately be com-
plemented by cone-rich retinal organoids, large-eye models, or non-human primates that better
recapitulate human macular biology [37]. These translational layers will be essential to determine
whether the metabolic reprogramming strategies explored in this dissertation, Eginl, EgIn2, and
EgIn3 deletion in rods, Keapl deletion in cones, and Acacb deletion in the RPE, are suf cient to

preserve human cone vision in the macula, where metabolic fragility is most pronounced.

1.2.2 Metabolic Coupling Between Retinal Compartments

A network of metabolic exchanges among rods, cones, and the RPE sustains retinal homeosta-
sis. These compartments do not operate as independent units; instead, they form a tightly coupled
ecosystem where the dysfunction of one cell type reverberates across the entire system [9, 19]. This
interdependence is central to normal visual physiology and the cascade of degeneration observed

in IRDs.
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Rod photoreceptors, which vastly outnumber cones, rely heavily on aerobic glycolysis, a metabolic
pro le in which glucose is converted into lactate even in the presence of ample oxygen [19, 41, 42].

In addition to supporting their own biosynthetic and energetic needs, rods export lactate and secrete
trophic molecules such as RACVF, as shown in Figure 1.3 [15, 57]. These rod-derived metabolites
and signals support neighboring cones and the RPE. Cones, in contrast, face much higher energetic
demands due to continuous outer segment renewal and sustained phototransduction in bright light.
They are less metabolically exible, relying on both rod-derived intermediates and direct glucose
availability to maintain redox balance and mitochondrial activity [43].

The RPE, positioned at the outer margin of the retina, interfaces with the choroid to regulate
nutrient access and waste removal. Its metabolic pro le complements that of photoreceptors: rather
than competing for glucose, the RPE favors FAO, particularly through catabolism of lipids derived
from daily phagocytosis of photoreceptor outer segments [45, 44]. This metabolic restraint spares
glucose for the neuroretina while simultaneously generating adenosine triphosphate (ATP) and
ketone bodies that can fuel photoreceptors [58]. The RPE also buffers oxidative stress and recycles
retinoids for phototransduction [7], underscoring its role as a metabolic and structural caretaker of
the outer retina.

When one node of this ecosystem falters, the consequences are systemic. In RP, rod death
removes the primary source of lactate and RACVF, triggering compensatory responses that desta-
bilize this delicate balance [14, 15]. The RPE increases glycolysis, thereby diverting glucose from
surviving cones [18]. Cones, now deprived of both glucose and rod-derived intermediates, attempt
to compensate by shifting toward oxidative phosphorylation, but this adaptation raises mitochon-
drial workload and accelerates reactive oxygen species (ROS) production [43]. The combination of
fuel deprivation, oxidative stress, and rising in ammatory signaling creates a hostile environment
that precipitates cone degeneration, even without cone-intrinsic mutations.

This pathological uncoupling is not limited to rods and cones. Impairments in RPE oxida-
tive metabolism or phagocytic function further exacerbate stress in the neuroretina. Lipid ac-

cumulation, defective clearance of outer segments, and increased RPE glycolysis feed forward

11



Figure 1.3: The metabolic ecosystem of the outer retina. Rods, cones, and RPE form an inter-
dependent network that balances glucose and lactate metabolism. Glucose is transported from the
choroid to photoreceptors via RPE GLUT-1. Rod-derived cone viability factor (RdACVF) enhances
cone glucose uptake by interacting with BSG-1 and GLUT-1. Both rods and cones produce lactate,
which is secreted and utilized by RPE as a primary substrate. Disruption of this metabolic balance
contributes to retinal degeneration. Reproduced with permission from Jaroszynska et al., 2021.
Copyright © The Authors.
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into photoreceptor loss [18]. As demonstrated in Chapters 2 through 4, interventions that restore
compartment-speci c roles, enhancing glycolysis in rods through Eginl, EgIin2, and EgIn3 dele-
tion, bolstering antioxidant resilience in cones through Keapl deletion, and increasing FAO in the
RPE through Acacb deletion, can help restore balance to this ecosystem. Each of these strategies
reinforces a node of the interdependent metabolic network, and together they illustrate the princi-
ple that cone survival hinges on both intrinsic resilience and the extrinsic support of surrounding
compartments.

In sum, the retina's metabolic architecture is both its greatest strength and its Achilles' heel.
The extraordinary demands of vision are met through precise division of labor among rods, cones,
and the RPE, but this specialization leaves the system vulnerable to cascading collapse when one
cell type fails. Therapeutic approaches that reestablish this division of labor and restore metabolic
coupling may provide broad, mutation-independent protection against vision loss in retinal degen-

erations.

1.3 RP and the Broader Landscape of IRDs

IRDs comprise a heterogeneous group of genetic disorders that lead to progressive dysfunction
and death of photoreceptors and/or RPE cells [32, 13, 12]. These conditions, including RP, LCA,
cone-rod dystrophies, choroideremia, and various macular dystrophies, represent one of the leading
causes of irreversible blindness worldwide [36, 59]. Despite their genetic and phenotypic diversity,
IRDs converge on common clinical and mechanistic features, such as impaired phototransduction,
oxidative stress, mitochondrial dysfunction, and secondary degeneration of cones [14, 16, 8].

Among these disorders, RP is the most common and extensively studied, affecting approxi-
mately 1 in 3,500 to 4,000 individuals globally [36]. The disease classically begins with rod dys-
function, manifesting as night blindness and constriction of peripheral vision [10]. As degeneration
progresses, cones, responsible for color, daylight, and high-acuity vision, also degenerate, leading
to profound central vision loss and eventual blindness in many patients [10]. A typical diagram of

the timeline of retinal degeneration in human retinal cells is shown in Figure 1.4 [60]. Other IRDs
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Figure 1.4: Retinal structure and stages of degeneration in IRDs. (A) The retina has a laminar
organization consisting of the ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear
layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), inner segments (IS), and outer
segments (OS). The RPE supports photoreceptor metabolism and forms the outer blood-retinal
barrier. A representative OCT shows normal retinal layers. (B) Early-stage IRD, such as retinitis
pigmentosa, is characterized by rod dysfunction and peripheral outer retinal thinning, with relative
parafoveal preservation. (C) In mid-stage 1, cone function remains relatively intact while rod loss
is severe; OCT shows widespread disruption of the ellipsoid zone and RPE thinning. (D) Mid-
stage 2 features cone degeneration with shortened OS and complete rod loss. (E) Late-stage IRD
shows complete loss of photoreceptors with preservation of inner layers; OCT demonstrates outer
retinal atrophy and RPE hypertrophy corresponding to bone spicules. Reproduced with permission
from John et al., 2023. Copyright © The Authors.

follow different trajectories: cone-rod dystrophies target cones earlier and more severely [59],
while RPE-driven conditions such as RPE65 or MER proto-oncogene, tyrosine kinase (MERTK)
mutations can impair photoreceptors and RPE simultaneously or independently [61, 62]. These
distinct patterns highlight both the heterogeneity and the shared vulnerabilities across IRDs.
Genetically, IRDs are exceptionally diverse. To date, mutations in more than 280 genes have
been implicated, spanning a broad spectrum of inheritance patterns including autosomal dominant,
autosomal recessive, X-linked, mitochondrial, and even digenic modes, with a highlight of RP

implicated genes shown in Figure 1.5 [12, 13, 63]. These mutations disrupt various cellular pro-
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cesses, ranging from phototransduction and ciliary traf cking to protein folding, ribonucleic acid
(RNA) splicing, lipid metabolism, and beyond [24, 32]. A single gene may be associated with
multiple clinical presentations, depending on the nature of the mutation, genetic background, and
environmental modi ers [59]. This complexity complicates diagnosis and prognosis and poses a
formidable barrier to developing mutation-speci c therapies [35, 37].

Despite this diversity, many IRDs converge on a nal common pathway: cone degeneration,
even when cones are genetically intact [14, 15, 16]. In RP, for example, cones degenerate primar-
ily because of the collapse of rod-derived metabolic and trophic support [14, 18]. Rods typically
provide cones with lactate, RACVF, and other essential substrates; their loss deprives cones of fuel,
creates a hostile oxidative environment, and leaves them vulnerable to starvation and redox imbal-
ance [15, 43]. This non-cell-autonomous cone death concept has become a de ning framework for
thinking about vision loss in IRDs.

Although much of the evidence supporting this metabolic ecosystem model derives from ro-
dent studies, including the Pdesi*A3land Pde6t52%&" 620&  models [10, 29], translation to
humans remains an active area of investigation [17]. The precise molecular signals and cross-
compartmental interactions that dictate cone vulnerability are not yet fully mapped, and validation
in human tissue or large-eye models is limited [37]. Nevertheless, the consistent observation that
cones degenerate despite genetic integrity highlights the importance of intercellular metabolic de-
pendencies and underscores why therapies focused solely on correcting the initiating mutation
often fall short [16, 38].

These insights have elevated the appeal of gene-agnostic approaches. As emphasized in this
dissertation, instead of tailoring interventions to hundreds of distinct mutations, researchers are in-
creasingly exploring therapies targeting convergent downstream processes such as oxidative stress,
in ammation, protein misfolding, or metabolic dysfunction [37, 17]. Reestablishing or reprogram-
ming the ow of energy and substrates within the retinal ecosystem may preserve cone survival
and functional vision across diverse genotypes [14, 18]. This shift in perspective, from muta-

tion correction to metabolic stabilization, frames the central experimental strategy pursued in the
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Figure 1.5: Genetic overlap between RP and other inherited retinal dystrophies. Venn dia-

gram showing clinical diagnoses including retinitis pigmentosa (RP), cone-rod dystrophy (CRD),
congenital stationary night blindness (CSNB), enhanced S-cone syndrome (ESCS), and macu-
lar dystrophy (MD). Genes in overlapping regions indicate loci where mutations can give rise to
multiple phenotypes; asterisks denote candidate genes for non-syndromic RP. Reproduced with
permission from Verbakel et al., 2018. Copyright © The Authors.
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following chapters.

1.4 Rationale for Metabolic Therapy

The heterogeneity of IRDs, such as RP, poses a signi cant challenge to developing gene-
speci ¢ therapies. Even in cases where the causal mutation is known and a corrective vector is
available, variability in disease onset, progression rate, and photoreceptor reserve can strongly
in uence therapeutic outcomes [10, 24, 32, 17, 35]. Moreover, patients frequently present only
after signi cant degeneration, limiting the bene t of mutation-targeted approaches that require vi-
able, targetable cells [10]. As a result, there is growing interest in therapies that address common
downstream mechanisms of degeneration, including in ammation, oxidative stress, and metabolic
dysfunction [37].

Metabolic stress represents a particularly compelling axis for intervention. Photoreceptors,
especially cones, have exceptionally high energetic demands due to continuous outer segment re-
newal, phototransduction, and synaptic activity [1, 38]. These needs are met through a coordinated
balance of glycolysis, oxidative phosphorylation, lipid metabolism, and nutrient shuttling across
the retina [58]. Photoreceptor viability becomes compromised when this balance is disrupted,
whether through genetic mutation, oxidative injury, or collapse of intercellular support networks
[14, 15].

One in uential model proposes that rod degeneration precipitates a collapse of the metabolic
ecosystem in the outer retina. In this framework, rods are photoreceptors, critical metabolites,
and trophic support suppliers. Their death reduces lactate and RACVF secretion [15], forcing the
RPE to increase glucose consumption [18, 38]. This shift creates a bottleneck that further deprives
cones of essential fuel while exposing them to rising oxidative stress [21, 64, 65]. Although still
under investigation, this model provides a mechanistic explanation for why cones degenerate in
RP even when they remain genetically intact [14].

Within this framework, three interrelated metabolic pathways emerge as promising therapeutic

targets. Each represents a nodal regulator with the potential to reprogram entire pathways, rather
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than in uence isolated enzymatic steps, and together they address the metabolic vulnerabilities of
rods, cones, and the RPE.

Rod glycolysis and PHDs

Rods make up the majority of photoreceptors and preferentially engage in aerobic glycolysis,
converting glucose into lactate and other metabolites that support both cones and the RPE [19, 41,
42]. Their death in RP eliminates this signi cant metabolic contribution, leaving cones starved of
fuel despite being genetically intact [14]. PHD2, PHD1, AND PHD3, encoded by Eginl, Egin2,
and EgIn3, control hypoxia inducible factor 2 alpha (HIF2U) stability and glycolytic gene ex-
pression [26]. By disrupting Eginl, Egin2, and EgIn3, rods can be driven toward a Warburg-like
phenotype that boosts glycolytic ux, elevates glucose uptake, and sustains lactate production [29].
This provides direct metabolic support to cones and helps maintain redox balance by reducing rod
mitochondrial workload. EgInl, in particular, was selected as a therapeutic target because it repre-
sents a nodal regulator of glycolysis in rods: deleting or inhibiting it yields broad activation of the
HIF pathway and redirects carbon ow at the system level rather than through a single enzyme.

Cone oxidative stress and KEAP1

Cones are uniquely susceptible to oxidative stress, especially after rod death when oxygen
consumption in the outer retina declines and local hyperoxia emerges [21, 64]. Their mitochondria-
rich inner segments compound this vulnerability, producing reactive oxygen species under metabolic
strain [65]. The transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) orchestrates
the antioxidant response, but its stability is curtailed by KEAP1, which facilitates NRF2 degrada-
tion under basal conditions [27]. Deleting Keap1l in cones stabilizes NRF2, prolonging its nuclear
activity and potentially bolstering redox defenses. Even if broad transcriptional induction of canon-
ical NRF2 targets is modest, subtle shifts in redox balance may reduce lipid peroxidation in cone
outer segments or maintain mitochondrial function under stress. This makes Keapl an attractive
target: it allows cell-autonomous reinforcement of antioxidant capacity speci cally in cones, of-
fering a means of delaying their secondary degeneration in RP without systemic NRF2 activation,

which carries risks in other tissues.
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RPE FAO and ACC2

The RPE sits at the crossroads of retinal metabolism, importing glucose from the choroid,
passing it to photoreceptors, and catabolizing outer segment lipids through V-oxidation [18, 38].
Its ability to buffer nutrient ux is critical for photoreceptor survival. In disease states such as RP
and AMD, RPE metabolism often shifts toward glycolysis, increasing glucose competition with
photoreceptors and exacerbating cone starvation [45, 44]. ACC2, encoded by Acacb, controls
mitochondrial entry by producing malonyl-CoA, an inhibitor of Carnitine palmitoyltransferase
| (CPT1). Inhibiting ACC2 relieves this brake, enhances FAO, and increases production of V-
hydroxybutyrate (BHB) and other oxidative substrates [66, 67, 68]. This shift reduces lipid burden
in the RPE and decreases its reliance on glucose, sparing more for photoreceptors. Acacb was
therefore chosen as a target because it directly governs the balance between fatty acid and glucose
use in the RPE, offering a pathway-level intervention that can stabilize photoreceptor support.

By focusing on these three compartments, rods, cones, and the RPE, this dissertation investi-
gates whether restoring intercellular metabolic balance can stabilize cone survival independent of
the initiating genetic mutation. Rather than correcting speci c defects, the goal is to reinforce the
shared metabolic ecosystem that underpins vision, providing a framework for therapies broadly

applicable across diverse IRDs [38, 18, 29].

1.5 Experimental Design and Hypothesis

This dissertation tests the hypothesis that cone photoreceptor survival and visual function can
be preserved through compartment-speci ¢ metabolic reprogramming, independent of the initi-
ating mutation. Rather than attempting to correct the primary genetic defect underlying RP, the
work focuses on reshaping the metabolic environment that governs secondary cone degeneration.
Each of the following chapters targets a distinct retinal compartment, rods, cones, or the RPE, by
manipulating a nodal metabolic regulator. The central premise is that metabolic support provided
by rods, antioxidant resilience within cones, and substrate utilization in the RPE act together as an

interdependent ecosystem that can be rebalanced to delay vision loss.
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Chapter 2 investigates whether enhancing rod glycolysis by deleting Eginl, EgIn2, and EgIn3
can sustain cone function. Rods constitute the majority of photoreceptors, and their glycolytic
output typically contributes lactate and other intermediates that support cones and the RPE [19,
41, 42]. By selectively deleting Eginl, EgIn2, and EgIn3, a dominant regulator of HIF2U and
glycolytic gene expression [26], rods are driven toward a Warburg-like phenotype with elevated
glycolytic ux and reduced mitochondrial burden [29]. This reprogramming was tested in condi-
tional knockout models and with an AAV-based clustered regularly interspaced short palindromic
repeats (CRISPR) system delivered to rods. Functional outcomes such as ERG, cone survival, and
structural preservation were assessed in recessive and dominant RP models to establish whether
this strategy is broadly applicable across genetic etiologies.

Chapter 3 focuses on the cones, asking whether their intrinsic resilience can be increased by
stabilizing NRF2, the master regulator of antioxidant defenses [27, 16]. Cones are particularly
vulnerable to oxidative stress after rod loss, and their mitochondria-rich inner segments make
them sensitive to redox imbalance [21, 64, 65, 8]. Deleting Keapl, a cytoplasmic repressor of
NRF2, prolongs NRF2 stability and enhances antioxidant responses cell-autonomously. Using
arrestin 3 (Arr3)-CreERT2, Keapl was conditionally deleted in cones in the Pék6bland
Pde6b?20& 620&  hackgrounds. This intervention aimed to test whether cell-autonomous antioxi-
dant reinforcement can preserve cone density, morphology, and function even without rod support.

Chapter 4 extends the strategy to the RPE, a metabolically exible tissue that buffers photore-
ceptor demand and catabolizes outer segment lipids [7]. In degenerating retinas, the RPE often
shifts toward glycolysis, competing with photoreceptors for glucose [38]. Deleting Acacb relieves
inhibition of CPT1, enhancing FAO and increasing production of BHB and other oxidative sub-
strates [66, 67, 68]. Using Rpe65-CreERT2 in the membrane frizzled-related proteindmp§
model, this approach tested whether promoting lipid oxidation in the RPE could reduce glucose
competition, lower lipid burden, and secondarily preserve photoreceptor structure and function.

Central Hypothesis and Integrative Framework

The overarching hypothesis of this dissertation is that cone survival in RP depends not only
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on their genetic integrity but also on the health and metabolic function of the surrounding reti-
nal ecosystem. By selectively reprogramming three key compartments, rods, cones, and the RPE,
through deletion of EgInl, EgIn2, and EgIn3, Keapl, and Acacb, respectively, it is possible to
restore metabolic balance, alleviate oxidative and energetic stress, and delay secondary cone de-
generation.

Importantly, these chapters are not conceived as isolated interventions. Each targets a differ-
ent vulnerability within the same metabolic network, and their collective logic illustrates how a
systems-level strategy could stabilize the outer retina. Rod-directed glycolytic enhancement sup-
ports extracellular substrate supply, cone-directed antioxidant reinforcement increases resilience
to oxidative damage, and RPE-directed FAO reduces substrate competition and lipid burden. To-
gether, these interventions form a complementary framework in which each compartment's repro-
gramming helps offset the weaknesses of the others.

By examining these strategies side by side, this dissertation explores whether cone vision can
be preserved by restoring the broader metabolic interdependence of the retina rather than repair-
ing single gene defects. Contrasted with gene-speci ¢ replacement approaches such as RPE65
augmentation, this proposed framework shown in Figure 1.6 highlights mutation-agnostic inter-
ventions that reprogram metabolic pathways across rods, cones, and the RPE. The work positions
metabolism as a therapeutic axis that is mutation-agnostic, potentially combinatorial, and scalable
across the genetically diverse landscape of IRDs. This integrative rationale provides the conceptual
bridge into the following data chapters and sets the stage for Chapter 5, where the implications for

multi-compartment, combinatorial therapies will be discussed in greater depth.
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