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Peptide-guided lipid nanoparticles deliver mRNA to the
neural retina of rodents and nonhuman primates
Marco Herrera-Barrera1†, Renee C. Ryals2,3†, Milan Gautam1, Antony Jozic1, Madeleine Landry1,
Tetiana Korzun4, Mohit Gupta1, Chris Acosta1, Jonathan Stoddard3, Rene Reynaga3,
Wayne Tschetter2, Nick Jacomino1, Oleh Taratula1, Conroy Sun1, Andreas K. Lauer2,
Martha Neuringer2,3, Gaurav Sahay1,2,5*

Lipid nanoparticle (LNP)–based mRNA delivery holds promise for the treatment of inherited retinal degenera-
tions. Currently, LNP-mediated mRNA delivery is restricted to the retinal pigment epithelium (RPE) and Müller
glia. LNPs must overcome ocular barriers to transfect neuronal cells critical for visual phototransduction, the
photoreceptors (PRs). We used a combinatorial M13 bacteriophage–based heptameric peptide phage display
library for the mining of peptide ligands that target PRs. We identified the most promising peptide candidates
resulting from in vivo biopanning. Dye-conjugated peptides showed rapid localization to the PRs. LNPs deco-
rated with the top-performing peptide ligands delivered mRNA to the PRs, RPE, and Müller glia in mice. This
distribution translated to the nonhuman primate eye, wherein robust protein expression was observed in the
PRs, Müller glia, and RPE. Overall, we have developed peptide-conjugated LNPs that can enable mRNA delivery
to the neural retina, expanding the utility of LNP-mRNA therapies for inherited blindness.
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INTRODUCTION
Lipid nanoparticles (LNPs) are the most clinically advanced nonvi-
ral platform for mRNA delivery. Their worldwide dissemination as
part of the coronavirus disease 2019 vaccine has proven their safety
and efficacy (1). Our efforts have focused on using LNP mRNA de-
livery for the treatment of inherited retinal degenerations (IRDs).
IRDs are a complex group of genetic disorders that arise from mu-
tations in the over 300 different genes associated with retinal pathol-
ogy (2, 3). These genes are critical for photoreceptor (PR) and
retinal pigment epithelium (RPE) function and when compro-
mised, progressive cell death leads to blindness (4, 5).

Gene augmentation, editing, and silencing are the most attrac-
tive forms of clinical care for these patients as they correct the caus-
ative genomic malfunction. Luxturna, which uses an adeno-
associated virus (AAV2) to deliver a normal copy of the RPE65
gene to the RPE, is U.S. Food and Drug Administration (FDA)–ap-
proved for patients with biallelic RPE65 Leber congenital amaurosis
(6). Luxturna has established the safety and efficacy of gene aug-
mentation via subretinal delivery, and, now, many different AAV
gene therapies are under preclinical and/or clinical development
(7, 8). In addition to subretinal administration, intravitreal delivery
of AAVs, for X-linked retinoschisis, Leber hereditary optic neurop-
athy, andmutation-independent optogenetic strategies, is also dem-
onstrating safety and efficacy in various clinic trials (9–12). AAVs
have facilitated the advancement of gene editing in the retina, as
the first in vivo CRISPR genome-editing medicine, EDIT-101,

was administered to patients with CEP290 Leber congenital amau-
rosis (13). While both subretinal and intravitreal AAV gene therapy
strategies are benefiting patients (6, 12), AAVs have three main lim-
itations, including limited DNA packaging capacity (<5 kb), immu-
nogenicity (14), and the ability to constitutively express Cas9
nucleases (15, 16), which highlight the critical need to develop
next-generation gene delivery vehicles for the retina.

LNPs have a well-established safety profile in the clinic (17–19).
These modular systems can encapsulate large size cargos, and their
synthetic biodegradable chemistries alleviate the pressures of neu-
tralizing antibodies and sustained immune responses (20, 21). Our
long-term goal is to develop LNP gene editing platforms for IRDs.
Ideally, gene editors would be delivered in the form of mRNA, al-
lowing for robust and transient expression of nucleases, mitigating
off-target effects. We know that LNPs can deliver mRNA-based
cargo, which leads to rapid protein production, in hard-to-transfect
nondividing cells with no risk of genomic integration (22, 23).
However, before replacing their viral counterparts, LNPs must be
able to transfect the neuronal cells, which harbor many of the mu-
tations associated with IRDs. Our previous work demonstrates that
regardless of compositional modifications, protein expression in the
retina is predominately restricted to the phagocytic RPE cells and
Müller glia (24–28). Either through subretinal or intravitreal deliv-
ery, LNPs have been unable to penetrate the neural retina, limiting
their ability to deliver genes or gene editors to one of the most im-
portant cellular targets, the PRs.

We postulated that chemically decorating LNPs with a short 7-
nucleotide oligomer peptide would allow them to permeate into the
neural retina. Peptides are sequences of amino acids with varying
lengths that can be naturally occurring or chemically synthesized.
A given peptide chain can fulfill both a structural or bioactive role
depending on charge densities, hydrophobicity, hydrophilicity,
structural conformations, and chemical modifications (29, 30). By
crossing biological barriers, peptides have been able to enhance
drug delivery, imaging agents, and nanoparticle drug targeting
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(31, 32). We used a diverse M13 bacteriophage–based, heptameric
peptide library to identify peptide sequences that bind the neural
retina in vivo. Then, chemically synthesized, peptide conjugates of
these hits were used to confirm localization to our cell of interest.
Decoration of these peptides on the surface of LNPs with varying
surface densities resulted in successful delivery of mRNA to the
neural retina in a mouse model. These results translated to the
more clinically relevant nonhuman primate (NHP), where robust
protein expression was observed in the PRs, Müller glia, and RPE.
Overall, we have identified peptide-conjugated LNPs that can facil-
itate the delivery ofmRNA to the neural retina, expanding the utility
of LNP-mRNA therapies for inherited blindness.

RESULTS
In vivo bacteriophage biopanning
To elucidate retina-specific peptide sequences, we intravitreally in-
jected a naïve heptamericM13 bacteriophage–based library inmice.
At 6 hours after injection, the neural retina was harvested and
washed, and bound bacteriophage-peptide fusions were eluted off
the tissue. Collected bacteriophage-peptide fusions were either am-
plified for another round of injections (enriched library) or se-
quenced to elucidate the specific bacteriophage-peptide fusions
that bound to the neural retina after intravitreal delivery
(Fig. 1A). The initial validation experiment using the naïve M13
bacteriophage library against streptavidin showed that three itera-
tive rounds of biopanning were necessary to isolate a known
target sequence (Fig. 1B). Thus, when using the M13 bacteriophage
library in vivo, BALB/c mice were injected intravitreally for three
iterative rounds of biopanning. Titers were measured after each
round, quantifying the amount of unamplified bacteriophage-
peptide fusions isolated from the tissue, and then amplified in
culture (enriched library) for subsequent panning round injection.
Titers measured after each round of in vivo biopanning were detect-
ed within the expected ranges (Fig. 1C). An empty, M13 bacterio-
phage library, delivered at an equivalent concentration, was used as
a negative control. Titers retrieved from the neural retina after the
first round of biopanning were significantly higher when using the
full M13 bacteriophage library compared to the empty M13 bacter-
iophage library (Fig. 1D). A notable 100-fold higher bacteriophage-
peptide count from the naïve library biopanning suggests that the
displayed peptides were facilitating the binding of the neural
retina, as opposed to other proteins on the surface of the empty bac-
teriophage itself (Fig. 1D). After each round of biopanning, eluted
unamplified phage plaques were Sanger sequenced, and the nor-
malized occurrence of each amino acid at each position in the hep-
tameric moiety was displayed to elucidate the enrichment across the
three rounds. After the third round of biopanning, SIA(N/
H)NT(M/T) appeared as a motif, which is shown in the heatmaps
and accompanying enrichment plots (Fig. 1, E to J). Overall, after
the third round of biopanning, over 150 phage plaques were se-
quenced, and 30 unique sequences were identified for retinal target-
ing showcasing the attained enrichment (table S1).

Differential binding of in vivo–isolated phage-displayed
peptides
After identifying 30 peptide sequences, we worked to identify top-
performing candidates that can target LNPs to the neural retina.
Since bacteriophages were eluted from the entire neural retina, we

sought to prescreen the candidates for their ability to bind to our cell
of interest, the PRs. Single bacteriophage peptides were amplified in
Escherichia coli, and a cell-based enzyme-linked immunosorbent
assay (ELISA) was developed against the 661w mouse cone PR
cell line and the hARPE19 cell line as a control. As expected, for
most of the bacteriophage-peptide candidates, binding affinities
were weaker when tested against RPE cells compared to 661w
cone cells. However, in hARPE19 cells, peptides MH52, MH57,
MH50, MH42, MH54, and MH3 showed significantly higher
binding to RPE cells compared to control (*P ≤ 0.05 and
****P ≤ 0.0001; Fig. 2A). In the 661w cone cells, all 30 phage pep-
tides tested exhibited significantly increased binding affinities com-
pared to empty bacteriophage control, highlighting their neural
retina affinity (****P ≤ 0.0001; Fig. 2B). Some phage-peptide
fusions exhibited high binding across both of the ocular cell lines,
such as peptides MH42, MH50, MH52, and MH57. However, the
binding affinity, as measured by optical density at 450 nm, was
close to twofold higher when binding to 661w cone cells compared
to hARPE19 cells. After confirming binding affinity to our cell of
interest, we continued our analysis with five peptides that had the
highest affinity for 661w cells (42, 43, 50, 52, and 54) and ARPE19
cells (3, 50, 52, 54, and 57) as a control (figs. S1 and S2).

Pharmaceutically relevant properties and three-
dimensional superposition of peptide sequences tested
The physicochemical properties of the peptide sequences and their
structure governed by amino acid composition were analyzed using
the QikProp module of Schrödinger drug discovery suite and Mo-
lecular Operating Environment (MOE) software. Pharmaceutically
relevant physicochemical properties were computed and reported
for all of the candidate peptide sequences tested (table S1), while
those that had highest binding against 661w cone cells and
hARPE19 cells are highlighted (figs. S1A and S2A). As expected,
for hARPE19 top performers, there were no conserved structural
patterns of pertinence in the structural superposition analysis
(Fig. 2C). For 661w cone cell top candidates, the structural super-
position of physiologically relevant conformations showed a high
conservation in three-dimensional (3D) models across all five pep-
tides (Fig. 2D). In general, the top peptides were made up of mostly
neutral, slightly basic amino acid residues, which were preferable
given their compatibility with our LNP carriers and required endo-
somal escape–prone profile (figs. S1B and S2). In contrast, MH3,
which showed reduced binding affinity in the 661w cone cells, con-
tained slightly more acidic amino acid residues (fig. S2B).

Cell internalization of fluorescently-labeled peptides
Although differential binding results were promising, before LNP
conjugation, we wanted to confirm cellular internalization of
peptide ligands. Four peptides were chosen from the 661w cone
cell–based ELISA results: three high binders (MH50, MH43, and
MH42) and one low binder (MH3) to serve as negative control
(Fig. 2, A and B). These peptides were synthesized with a
carboxy-end linker, -GGGS (table S1), followed by a C-terminal cys-
teine that was conjugated to a 5-(and-6)-carboxytetramethylrhod-
amine (TAMRA) dye.

TAMRA-conjugated peptides were added to hARPE19 and 661w
cells at concentrations of 10 and 50 nM to evaluate their internali-
zation (Fig. 2, E to H, and fig. S3, A and B). After 30-min incubation
at 37°C, cells were fixed and 4′,6-diamidino-2-phenylindole
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Fig. 1. In vivo development of peptide phage display biopanning. (A) In vivo schematic. Heptameric phage libraries were injected intravitreally into BALB/c mice and
exposed for 6 hours, followed by retina extraction. Loosely bound phages were subjected to washes and elution to be used in titering and amplification rounds for
subsequent biopanning rounds. The process was carried out three times and enriched specific phage-peptide binders were isolated, followed by DNA extraction and
Sanger sequencing. (B) Streptavidin-targeted phage biopanning positive control. (C) In vivo phage titers after each round of biopanning. (D) In vivo peptide-targeting
validation. Empty M13 bacteriophages were used as a negative control compared to peptide-containing library at the same concentration injected intravitreally in mice
using an ordinary one-way analysis of variance (ANOVA). n = 3; means ± SEM. ***P≤ 0.001. (E toG) Heatmaps depicting phage biopanning enrichment after rounds 1 to 3
in vivo of peptide sequences isolated for each round. For biopanning rounds, n = 3 with at least five technical replicates. (H to J) Consensus sequence for each amino acid
in the heptameric sequence isolated after biopanning rounds 1 to 3 in vivo.
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Fig. 2. In vitro binding, structural analysis, and internalization of in vivo–isolated peptide candidates. Single phage-peptide differential binding properties were
elucidated using cell-based ELISA against model cell lines of desired target tissues in neural retina. Three high-performing hits and a low binder were selected from ELISA
results for further analysis and validation across both cell lines. (A and B) Cell-based ELISA results for ARPE19 cells and 661w cells, respectively, with selected hits high-
lighted in cyan. Empty M13 bacteriophage used as negative control (red). (C and D) Molecular operating environment (MOE) structural superposition of selected can-
didates for ARPE19 and 661w cells, respectively. (E and G) Confocal microscopy images of TAMRA-labeled peptides 42 and 50 cell internalization after 30-min incubation
with ARPE19 and 661w cells, respectively. Scale bars, 50 μm. (F and H) Mean fluorescence intensity quantification of confocal images. ELISA binding experiments per-
formed in duplicate with six technical replicates; means ± SEM. An ordinary one-way ANOVA, with Tukey’s correction for multiple comparisons test was used for com-
parisons between treatments. *P ≤ 0.05, **P ≤ 0.01, and ****P ≤ 0.0001.
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(DAPI)–stained for confocal imaging. We observed 2.3× higher
uptake in 661w cone cells when compared to RPE cells as measured
by mean fluorescence intensity across peptides tested at concentra-
tions of 10 and 50 nM (Fig. 2, F and H). Peptides MH50 and MH42
elicited 4.1- and 1.7-fold higher cellular uptake compared to the
negative control MH3 in 661w cells, respectively. MH42 and
MH50 were also the top 2–performing peptides in the 661w differ-
ential binding affinity ELISA. Together, these in vitro validation
studies suggest that these peptides can bind to and be internalized
into our cells of interest (Fig. 2).

In vivo validation of labeled peptides with conjugated
TAMRA dye
After verifying binding and internalization in vitro, we proceeded to
test penetrative properties and targeting capabilities of our
TAMRA-labeled peptide candidates in BALB/c mice. First, we
needed to elucidate the pharmacokinetic profile of the peptides can-
didates. All peptides conjugated to TAMRA dye were injected intra-
vitreally, and eyes were harvested at 1, 6, and 24 hours after
administration (Fig. 3 and fig. S4). TAMRA dye was visible in the
retina at 1 hour after injection; however, maximum levels of labeled
peptide were observed at the 6-hour time point. Peptides were
cleared by 24 hours after injection (Fig. 3 and fig. S4). In vivo
fundus imaging after MH42 injection support these findings and
show the highest TAMRA fluorescence intensity at 6 hours and
whole clearance by 24 hours (Fig. 3, A to D). With maximum local-
ization of labeled peptide observed at 6 hours, all quantification was
performed at the 6-hour time point. In addition to intravitreal de-
livery, TAMRA-labeled peptides were also injected subretinally and
harvested at the 6-hour time point (Fig. 3 and fig. S4).

BothMH42 andMH50 were localized to PRs including the outer
nuclear layer and inner/outer segments as well as RPE (Fig. 3, E to
L). For quantification, the PR and RPE/choroid layers were seg-
mented to obtain mean fluorescent intensity (Fig. 3M). When in-
jected intravitreally, MH42 demonstrated 2.2- and 3.2-fold
increase in PR and RPE/choroid localization compared to
TAMRA dye injection control, respectively (**P ≤ 0.01; Fig. 3N
and fig. S4C). With MH42 subretinal administration, increased
PR and RPE/choroid localization was observed by 5.1- and 7.9-
fold, respectively (**P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001;
Fig. 3O and fig. S4D). For MH50, PR and RPE/choroid localization
was increased by 1.8- and 2.6-fold after intravitreal administration
and by 4.4- and 6.6-fold after subretinal administration (*P ≤ 0.05
and **P ≤ 0.01;Fig. 3, N and O, and fig. S4, C and D). As expected,
the negative control, MH3, showed poor accumulation in RPE and
PRs at all time points tested after injection. In the case of peptide
MH43, affinity toward the PRs was observed at the 6-hour time
point after intravitreal injection but not after subretinal injection
(fig. S4, A and B).

In vivo validation of targeting peptides on surface of Cre
mRNA–loaded LNPs in Ai9 mice
Encouraged with the localization of TAMRA dye–conjugated
peptide candidates in BALB/c mice, we used a gene delivery report-
er mouse model to visualize cell-based gene editing. Ai-9 mice
stably express a floxed stop codon upstream of a tdTomato cassette
in all cells, which is only translated after successful Cre-recombinase
(Cre) delivery recombination (Fig. 4A). We encapsulated Cre
mRNA inside of LNPs formulated with cholesterol,

(6Z,9Z,28Z,31Z)-heptatriacont-6,9,28,31-tetraene-19-yl 4-(dime-
thylamino)butanoate (DLin-MC3-DMA), 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC), and 1,2-dimyristoyl-rac-
glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2K) as the
ionizable, structural, and PEG lipid, respectively (Fig. 4A). For
LNP-peptide conjugates, molar equivalents of the PEG-lipid com-
ponent were substituted for varying amounts of functionalized PEG
lipid, in this case, 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[maleimide(polyethylene glycol)-2000] (DSPE-PEG2K-
maleimide), for direct conjugation to the peptides via their substi-
tuted carboxy-end cysteine. The carboxy end of the peptide ligand’s
terminal cysteine was amide capped to mimic the physicochemical
properties of the original peptide obtained from the screenings. The
free ─SH group on the cysteine side chain facilitated direction con-
jugation onto the surface of our LNP with the PEG lipid via thio-
ester conjugation. We explored a wide range of targeting ligand
surface densities, evaluating a gradient from 0.15 to 1.2% of the
1.5% total PEG-lipid content, equivalent to 10 to 80% of total
PEG (fig. S5A). LNPs with varying levels of ligand on surface
were formulated with Cre mRNA and subsequently injected into
Ai-9 mice. Unconjugated LNPs loaded with Cre-mRNA served as
nontargeted baseline comparison in our studies. LNP characteriza-
tion using dynamic light scattering and nanoparticle tracking anal-
ysis (NTA) measured LNP size as 70 to 76 nm in diameter before
peptide conjugation with a uniform polydispersity index (PDI) of
0.1 indicating a homogeneous preparation. After conjugation,
LNP-MH42 conjugates displayed slightly higher diameters (71 to
87 nm) and an increased PDI likely due to the inclusion of peptides
on their surface (Fig. 4B). mRNA encapsulation ranged between 95
and 99% for all LNPs ensuring almost complete encapsulation of
cargo across all formulations tested irrespective of ligand conjuga-
tion amount (Fig. 4C). Cryo–electron microscopy (EM) of LNPs
with and without peptides corroborated once again that LNP mor-
phology was undisturbed by the conjugation strategy (Fig. 4, D to
F). To quantify the amount of peptide conjugated on surface of
nanoparticle, we used a fluorometric absorbance kit that detects
free maleimide groups before and after conjugation. The calculated
total amount (w/v) of peptide was 376 and 492 pg for 0.15 and 0.3%
MH42 per microliter of LNP solution, respectively.

At 7 days after intravitreal or subretinal administration of LNPs
with and without MH42, tdTomato expression was visualized in
vivo with fundus imaging and postmortem with confocal microsco-
py of retinal cryosections. We initially tested untargeted LNP and
five different conjugated preparations, spanning 10 to 80% of
total 1.5% PEG content, intravitreally (Fig. 5, G to I, and fig.
S5B). Formulations with over 40% substitution with PEG-malei-
mide showed no detectable levels of transfection (fig. S5B).
However, MH42 at 0.15% (10% of total PEG), 0.3% (20% of total
PEG), and 0.6% (40% of total PEG) showed Müller glia transfection
after intravitreal administration (Fig. 5, G and H, and fig. S5B).
Müller glia transfection was not associated with any signs of an
immune response or retinal toxicity. There was no T cell infiltration
as evident by CD3 staining and the microglia, labeled with IBA-1,
were restricted to the plexiform layers (Fig. 4I, arrowheads). Positive
controls for IBA-1 and CD3 stains are located in the Supplementary
Materials (fig. S6).

After subretinal administration of untargeted LNPs, transfection
was predominately observed in the RPE, as previously published
(24, 25) (Fig. 5B). However, with the addition of MH42 at 0.15
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and 0.3%, tdTomato expression was observed in the RPE and PRs.
Retinal cross sections were costained with visual arrestin, which
labels the cytoplasm of rod and cone cell bodies as well as the
entire outer segments (Fig. 5, A to D). Visual arrestin labeling
aligned with the tdTomato expression, confirming PR delivery by
MH42 LNP (Fig. 5, C and D). Areas of MH42 LNP–injected
retinas contained disrupted retinal morphology corresponding

with the loss of the PRs (Fig. 6, A, B, E, and F). More specifically,
there was a loss of PR inner/outer segments and the formation of
outer nuclear layer rosettes (Fig. 6, C and G). There was still pres-
ence of PR transfection, but, more notably, there was an increase in
Müller glia transfection in these areas (Fig. 6, C andG). Retinal cross
sections were stained with IBA-1 and CD3 to detect an immune re-
sponse corresponding to the retinal damage (Fig. 6, D andH). T cell

Fig. 3. In vivo injections of TAMRA-conjugated
peptide candidates in BALB/c mice. Representa-
tive images of the clearance kinetics and in vivo
targeting of TAMRA-labeled peptides injected in-
travitreally and subretinally into BALB/c mice and
extracted at specific time points after injection. (A
to D) In vivo fundus images of peptide MH42 in-
travitreally and subretinally delivered at the corre-
sponding time points. Top: Bright-field images of
the eye. Bottom: Red fluorescence demonstrating
localization of the peptide. (E to H and I to L)
Confocal images of 12-μm cryosections following
intravitreal and subretinal injections of peptides
MH42 and MH50, respectively, to validate peptide
targeting. Scale bars, 25 μm. (M) Schematic iden-
tifying the RPE/choroid and PR layers used for
quantification. For the analysis, these layers were
manually segmented in ImageJ. (N) Intravitreal and
(O) subretinal mean fluorescence intensity quan-
tification of confocal images for localized fluores-
cence in PR or RPE/choroid layers. An ordinary one-
way ANOVA, with Tukey’s correction for multiple
comparisons test was used for comparisons
between groups. n = 4 to 8 eyes per group;
means ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
and ****P ≤ 0.0001. TAMRA dye injected as nega-
tive control. GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer.
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infiltration was not detected and there was no evidence of microglia
activation (Fig. 6, D and H). Even with these retinal disruptions,
overall, we determined 0.15 and 0.3% peptide substitution to be
optimal for mRNA delivery of ligand-functionalized LNPs. (Figs.
4 to 6).

Subretinal delivery to NHP retina
Since subretinal delivery with our formulations showed PR transfec-
tion, we explored the translatability of 0.15% MH42 LNP–mediated
mRNA delivery in a highly relevant NHP model, the rhesus
macaque. Green fluorescent protein (GFP) mRNA LNPs were for-
mulated using cholesterol, DLin-MC3-DMA, DSPC, and DMG-
PEG2K. For direct conjugation to the peptides, 0.15% molar

Fig. 4. Peptide-conjugated LNP characterization
and in vivo injections in Ai9-tdTomato mice with
increasing peptide surface density. Particle char-
acterization and representative confocal images of
MH42 peptide–conjugated, CremRNA–loaded LNPs
intravitreally administered to Ai9-Rosa mice. (A)
Schematic of LNP formulation and conjugation with
peptide via maleimide-thiol chemistry and Cre
mouse model depicting both routes of administra-
tion trialed. (B and C) Graphs depicting size, poly-
dispersity, and mRNA encapsulation efficiency of
the LNPs with varying ratios of MH42 peptide con-
jugation. % refers to molar percent of peptide-
functionalized PEG in the formulation. (D to F)
Cryo–transmission EM images of the unconjugated
control LNP, 0.15% MH42, and 0.3% MH42-LNP.
Scale bars, 20 nm. (G) Representative fundus images
showing in vivo tdTomato expression after intravi-
treal delivery of unconjugated and conjugated
LNPs. (H) Confocal microscopy images of tdTomato
expression following intravitreal uptake and trans-
lation of Cre mRNA LNPs. (I) Confocal images
showing no T cell infiltration (CD3) or microglia ac-
tivation (IBA-1) associated with intravitreal delivery
and expression. Microglia were restricted to the
plexiform layers (arrowheads). Confocal images
taken at ×20. n = 6 eyes per group. Scale bars, 50 μm.
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equivalent of the PEG-lipid component was substituted for func-
tionalized PEG, 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[carboxy(polyethylene glycol)-2000, N-
hydroxysuccinimide ester (DSPE-PEG2K-carboxy-NHS). MH42
was modified by adding a C-terminal lysine for conjugation via
the primary amine on its side chain. The α-NH2 was acetylated to
prevent conjugation with functionalized LNP, while the carboxy
end was left unchanged with amide capping to maintain the phys-
icochemical properties of the initially screened original peptide to
react with primary amine on the lysine side chain, thereby direc-
tionally conjugating onto the surface of the LNP. Formulated nano-
particles were 91.6 nm in diameter with a PDI value of less than
0.05. Encapsulation efficiency was 98.5%. At 48 hours after subreti-
nal delivery of 50 μg of GFP mRNA in a 100-μl volume, wide-field
fundus autofluorescence images showed GFP expression within the
margins of the bleb (Fig. 7A). Confocal images of retinal cross sec-
tions immunolabeled with an antibody specific to GFP showed
robust expression in the PRs and RPE throughout the bleb
(Fig. 7B). Hematoxylin and eosin (H&E) imaging demonstrated re-
attachment of the neural retina to the RPE within the bleb, 48 hours
after injection (Fig. 7B). Further staining showed GFP expression
colabeled with cone arrestin, rod arrestin, RPE65, and glutamine
synthetase, verifying that expression was localized to PRs, RPE,

and Müller glia, respectively (Fig. 7, C to F). Arrows highlight
places of colocalization for each cell type. For both rod and cone
arrestin, colocalization with GFP was observed in the synapses
and inner segments. In addition, the rod arrestin and glutamine
synthetase antibodies labeled the cytoplasm of the cell bodies,
while the GFP expression was observed in the nucleus of the cell
bodies. Therefore, much of the colocalization has the appearance
of the antibody surrounding the GFP expression (Fig. 7, D and
E). We evaluated the immune response using CD3 and IBA-1
markers. Imaging showed microglia activation and, to a lesser
degree, T cell infiltration in the choroid, corroborating immune-
related inflammation (Fig. 7G). These data provide additional evi-
dence of successful delivery of mRNA to the neural retina with the
utilization of 0.15% MH42 peptide–conjugated LNP.

DISCUSSION
Gene therapies are quickly advancing to tackle genetic diseases of
the retina as evidenced by recent landmark achievements such as
the first FDA-approved gene therapy for a genetic condition (6)
or the first-in-human delivery of CRISPR-Cas components to the
retina for in vivo gene editing (13). Concurrent with the success
of mRNA vaccines, nonviral LNPs have gained enormous

Fig. 5. MH42-conjugated LNPs mediate PR expression after subretinal administration. Representative fundus images showing in vivo tdTomato expression com-
bined with ×40 confocal images of retinal cross sections expressing tdTomato (red) and stained with visual arrestin (green; rods and cones) and DAPI (blue) for (A)
phosphate-buffered saline (PBS), (B) untargeted LNPs (n = 2), (C) 0.15% MH42 LNPs (n = 6), and (D) 0.3% MH42 LNPs (n = 4).
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momentum in the gene editing field. For example, systemic admin-
istration of LNP mRNA encoding for RNA-guided Cas9 has led to
knockdown of misfolded transthyretin (TTR) protein in six patients
with amyloidosis, with over 90% reduction in TTR protein (33).
LNP-encapsulated CRISPR-Cas components have also shown toler-
ability and preliminary efficacy in a clinical trial addressing hered-
itary angioedema after a single systemic administration (Intellia). In
addition, LNPs have been deployed in primates to deliver mRNA-
encoded nucleases for base editing of proprotein convertase subti-
lisin/kexin type 9, a protein implicated in low-density lipoprotein–
cholesterol management tied to ischemic heart disease (34).

As LNPs have become the principal nonviral gene delivery
vehicle, our goal is to translate this platform into gene-editing ther-
apeutics for the diverse forms of IRD. The main limitation of LNPs
with regard to retinal delivery is their inability to penetrate the
neural retina. We have shown that LNPs have restricted expression
to the RPE when delivered subretinally (24), and after intravitreal
delivery, they get sequestered in the vitreous, leading to minimal
Müller glia expression (25). Targeting of the neural retina, and, in
particular, the PRs, is required to advance LNP therapeutics for
IRDs. Here, we show that multiple rounds of in vivo biopanning
with a bacteriophage library containing 1.28 × 109 unique peptides

Fig. 6. Retinal toxicity associated with subretinal administration of MH42 LNPs. Top: Representative images from retinas injected with 0.15% MH42 LNPs (n = 6).
Bottom: Representative images from retinas injected with 0.3% MH42 LNPs (n = 4). (A and E) Confocal images at ×10 containing tdTomato expression (red) and labeled
with DAPI (blue). (B and F) Hematoxylin and eosin (H&E) images show the retinal morphology in some areas of tdTomato expression. (C and G) Confocal images at ×40
demonstrating tdTomato expression (red) and stained with visual arrestin (green) and DAPI (blue). (D and H) Confocal images at ×40 showing tdTomato expression (red)
and stained with CD3 (green; T cells), IBA-1 (microglia; magenta), and DAPI (blue).
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Fig. 7. MH42-conjugated LNPsmediate expression in the neural retina after subretinal administration in the NHP. (A) Wide-field fundus autofluorescence imaging
48 hours after subretinal delivery of MH42 LNPs (n = 1). Circle demarks the location of the bleb, and yellow line indicates cross section that corresponds to immunohis-
tochemistry. (B) Montaged ×10 confocal images of primate retinal cross sections labeledwith anti-GFP antibody (red) and DAPI (blue). Amontaged ×10 H&E image shows
the retinal morphology in areas of GFP expression. (C to F) Confocal images (×40) of retinal cross sections costained with anti-GFP and cell-specific antibodies cone
arrestin (cones), rod arrestin (rods and s-cones), RPE65 (RPE), and glutamine synthetase (Müller glia). Arrowheads represent co-localization. (C toG) Confocal cross sections
(×20) labeled with CD3 (T cells; green) and IBA-1 (microglia; red) to observe the elicited immune response. GltS, glutamine synthetase.Scale bars represent 100μM.
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elucidated 7-nucleotide oligomer peptide sequences that had in-
creased binding affinity to 661w cone PR cells and increased PR lo-
calization after subretinal administration. Furthermore, we describe
conjugation methods that allows for the generation of peptide-con-
jugated LNPs with ideal size, encapsulation, and morphology.
When injected subretinally, peptide-conjugated LNPs mediated ex-
pression in PRs, RPE, and Müller glia in both rodents and NHPs.
This is our first report showing LNP-mediated transfection in the
PRs and successful translation to the NHP, which overall demon-
strates the advancement of retinal LNP-mRNA delivery.

We initially hypothesized that these peptide-conjugated LNPs
would increase neural retina penetration from the vitreous and
would possibly offer cell-specific expression. We reasoned that in-
jecting the bacteriophage library intravitreally would increase our
chances of identifying penetrating ligands that could function
with both intravitreal and subretinal delivery. For instance, any pep-
tides that would be able to cross the vitreous humor and the inner
limiting membrane to get to the neural retina would, in principle,
also be able to penetrate the neural retina from the subretinal space.
Although neuronal cells were not transfected from the vitreous,
after subretinal delivery, successful transfection of the PRs was
achieved. Results were consistent across species and conjugation
strategies. First, we observed PR localization of the TAMRA-dye
conjugated peptides in BALB/c mice. We determined the optimal
surface density of MH42 onto the LNPs that lead to efficient gene
delivery in Ai9 mouse. It is likely that intermediate surface density
of these peptides provided either penetrative properties or interact-
ed with still-undetermined cell receptors that mediated more effi-
cient gene delivery; similar optimized MH42 LNP led to PR
transfection in NHPs. In both the Ai9 mice and the NHP, the
RPE and Müller glia were transfected as well. Most likely because
of their highly phagocytic nature (24, 25). Future studies will use
the use of RPE- and Müller glia–specific microRNAs to silence
off-target expression (35).

QikProp analysis showed that MH42 has the highest predicted
potential for .globular formation with low binding to serum
albumin across peptides tested. It also has a histidine residue not
found in the other candidates selected. PR transfection after subre-
tinal delivery could have been a result of improved interaction with
cell membranes or extracellular matrix leading to increased uptake
and/or escape of nucleic acid cargo into the cytoplasmic compart-
ment. Slightly basic amines have been postulated to be ideal in gen-
erating endosomal rupture events via proton sponge effect and
osmotic swelling; therefore, it is possible this peptide’s physico-
chemical properties are aiding in release from endosomal vesicles
and increased expression (36). Future studies examining MH42
LNP uptake, internalization, and trafficking in vivo will enable un-
derstanding of the mechanism of action.

We attempted to assess the immune response associated with the
MH42 LNP delivery. In mice, we observed areas of the retina that
had PR cell loss. These areas had disrupted/swollen RPE, a thinned
outer nuclear layer, and increased Müller glia transfection. In these
same areas, there was no detectable T cell infiltration or microglia
activation. It is likely that the PR cell loss in the rodents is due to
dose-related RPE toxicity from LNP overload/accumulation or
robust tdTomato expression, which is known to be toxic (37).
Once the RPE is compromised, they are unable to support the
PRs, which leads to cell death. In contrast, in the NHP, we did
not see any PR cell loss, but in areas of disrupted RPE, there was

T cell infiltration in the choroid and microglia activation in the
retina. The NHP was dosed at a 100× higher concentration than
the rodents, which could account for the observable immune re-
sponse. In addition, NHPs are known to have increased immuno-
reactivity compared to rodents (38). Overall, we suspect that the
toxicity and immunogenicity are associated with LNP dose and
these effects can be mitigated by reducing LNP dose. We will
need to fully characterize the immune response associated with
LNP-mRNA delivery to the retina, which would include perform-
ing a dose escalation study and assessing the kinetics of local and
systemic responses, with and without immunosuppression. In addi-
tion to dose, novel biodegradable systems or newmaterials designed
for retinal delivery can mitigate toxic effects. The current LNP for-
mulation contains theMC3 ionizable lipid, which was developed for
liver targeting and has been associated with increased toxicity as
compared to biodegradable counterparts (21). Lowering the dose
in combination with retina-targeting lipids could pave the way
toward safe and effective LNP-mRNA therapeutics.

One main limitation of the study is that we eluted peptides from
the entire neural retina after intravitreal delivery of the bacterio-
phage library. It is possible that if PRs were isolated and phage
was eluted from an isolated PR population, then ligands may have
improved PR-specific uptake. In addition, continued modifications
of our elucidated peptide ligands, whether by means of circulariza-
tion, chemical, or residue substitution strategies, have the potential
to further enhance penetrative and targeting abilities. Further work
is also needed to reveal the receptors within the retina that enable in
vivo uptake, internalization, and endosomal escape of MH42 LNPs
(39). In conclusion, this study shows that peptide-conjugated LNPs
can be powerful tools to advance mRNA-based therapeutics in the
retina. The translation of our results into the NHP eye highlights the
advancement of LNP-mRNA delivery toward clinical application
for IRDs.

MATERIALS AND METHODS
LNP and mRNA materials
Cre recombinase (Cre) and GFP mRNA fully substituted with 5-
methoxyuridine were acquired from TriLink BioTechnologies (L-
7211 and L7203, respectively). DLin-MC3-DMA was purchased
from BioFine International Inc. (BC, Canada). DSPC was acquired
from Avanti Polar Lipids Inc. (Alabaster, AL). DMG-PEG2K and
cholesterol were obtained from Sigma-Aldrich (St. Louis, MO).
For peptide-conjugated formulations, DMG-PEG2K was substituted
with DSPE-PEG2K-maleimide for Ai9 mice and DSPE-PEG2K-
carboxy-NHS for NHP.

LNP formulation, conjugation, and characterization
LNPs were formulated by microfluidic mixing using a previously
described method (39). Briefly, ethanol solutions containing
DLin-MC3-DMA, cholesterol, DSPC, and DMG-PEG2K, at molar
ratios of 50:38.5:10:1.5, were mixed with 50 mM citrate buffer con-
taining mRNA using a microfluidic mixer at a ratio of 1:3. LNPs
were dialyzed two times using phosphate-buffered saline (PBS;
pH 7.4) and concentrated with 10-kDa Amicon Ultra centrifuge
filters (Millipore, Burlington, MA). For peptide-conjugated LNPs,
DSPE-PEG2K-maleimide– and DSPE-PEG2K-carboxy-NHS–func-
tionalized LNPs were incubated at 4°C overnight in PBS with
peptide ligands at a molar excess of 10:1 (peptide:PEG) and
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subsequently concentrated via centrifugation. Size distribution and
PDI of LNPs were determined via dynamic light scattering using a
Zetasizer Nano ZSP (Malvern Instruments, UK), and NTA was
done using ZetaView TWIN equipped with video microscope
PMX-220 (Ammersee, Germany). mRNA encapsulation efficiency
was determined using Quant-iT RiboGreen RNA reagent before
and after peptide conjugation (Invitrogen, Carlsbad, CA). Conju-
gated peptide ligand concentration was determined using fluoro-
metric maleimide assay kit (Sigma-Aldrich, catalog no. MAK167)
as per the manufacturer ’s protocol. This assay was used to
measure the peptide content on DSPE-PEG-maleimide LNPs. It
was not used for DSPE-PEG2Kcarboxy-NHS–functionalized LNPs.

Cell culture
Cell culture media and reagents were purchased from Thermo
Fisher Scientific (Waltham, MA). 661w cone cells were provided
by Muayyad Al-Ubaidi, University of Houston, Houston, TX.
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) high glucose (catalog no. 11965175) + 10% fetal bovine
serum (FBS) + progesterone (20 μg/ml) and Hydro-21 Heme at
37°C and 5% CO2 and split at a ratio of 1:6 once per week.
hARPE19 cells (CRL-2302, American Type Culture Collection)
were cultured in DMEM/F12 (50:50 mix; catalog no.
11320033) + 10% FBS at 37°C and 5% CO2 and split at a ratio of
1:10 once per week.

Mouse models
Albino BALB/c and Ai9-Rosa mice were purchased from The
Jackson Laboratory (Bar Harbor, ME, USA). Male and female
mice aged 2 to 4 months were used in experiments. All the experi-
mental procedures followed the protocols approved by the Institu-
tional Animal Care and Use Committee at Oregon Health and
Science University and were in adherence to the Association for Re-
search in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research.

Phage library and phage reagents
The Ph.D.-7 phage display peptide library was purchased from New
England Biolabs (Ipswich, MA, USA). This pentavalent display
library contained phages [approximately 1 × 1013 plaque-forming
units (PFU)/ml] with a clonal diversity of 1.28 × 109 unique
peptide sequences. All reagents necessary for phage display incuba-
tion, isolation, amplification, and purification prepared as described
in the Ph.D.-7 manufacturer’s manual. Empty M13K phage vector
(catalog no. E8101, New England Biolabs) was used to produceM13
phage without any peptides displayed on surface and this was used
as a negative control.

Enzyme-linked immunosorbent assays
M13 phage coat proteinmonoclonal antibody (E1), biotin conjugat-
ed (catalog no. MA1-34468), and poly–horseradish peroxidase
(HRP) streptavidin secondary antibody (catalog no. N200) were
purchased from Thermo Fisher Scientific.

Peptide synthesis
Peptides with added linker were conjugated with TAMRA fluoro-
phore at the C-terminal cysteine’s side chain. The peptides were
labeled, synthesized, and purified using 9-fluorenyl methoxycar-
bonyl solid-phase peptide synthesis and reversed-phase high-

performance liquid chromatography purification by Thermo
Fisher Scientific. Peptides used have the following sequences:
MH3, DGPPRKPGGGSC; MH42, SPALHFLGGGSC; MH43,
SNLAAFPGGGSC; and MH50, MPVAVYRGGGSC.

In vivo biopanning
Before intravitreal injections, mice were topically administered 0.5%
proparacaine, 1% tropicamide, and 2.5% phenylephrine and anes-
thetized with ketamine (100 mg/kg)/xylazine (10 mg/kg). To begin
injection, 2.5% hypromellose was placed over the eye, and a 30-
gauge needle was used to make an incision in the limbus. Going
through the scleral incision in the limbus, using a Hamilton
syringe with a 33-gauge 20° beveled needle, 1.5 μl of Ph.D.-7
phage library (1 × 1011 PFU/ml) was administered to the intravi-
treal space for each of the three panning rounds performed. An
empty, M13 phage library was administered as a negative control
for the first round of panning. A 2% fluorescein solution was
added to the phage libraries to observe and confirm successful intra-
vitreal delivery. Six hours after administration, the neural retina was
extracted from mouse eyes and washed 10 times with 0.1% Tris-
buffered saline with Tween 20 (TBST), followed by 200 μl of 0.2
M glycine-HCl (pH 2.2) and bovine serum albumin (BSA; 1 mg/
ml) elution for 10 min at 4°C with gentle rocking. Thirty microliters
of 1 M tris-HCl (pH 9.1) neutralization buffer was added to the sol-
ution. Ten microliters of the resulting neutralized, eluted phage sol-
ution was used for phage titering, while the rest was used for
amplification in E. coli K12 ER2738, followed by phage purification
according to the manufacturer. Serial dilutions of phages were pre-
pared in Luria-Bertani medium. Single-stranded DNA was extract-
ed and purified from individual phage clones picked from titering
plates for Sanger sequencing by capillary electrophoresis (Applied
Biosystems, 3730xl DNA Analyzer) to elucidate candidate peptides
after each unamplified round [the sequencing primer, 5′-CCCTCA
TAGTTAGCGTAACG-3′ (96 g of III)].

Heatmaps normalized occurrence (% occurrence)
A Python script was written to take in a “.txt” file containing tab-
delimited sample labels and the corresponding 7-nucleotide oligo-
mer peptide. The script parses the input.txt file, counting the total
number of peptide sequences, and adds each sequence to a list. A 20
by 7 integer matrix was initialized with each element having a value
of 0, the 20 rows corresponding to the 20 amino acids and the seven
columns corresponding to the positions in the 7-nucleotide oligo-
mer. The list of sequences was then analyzed, each character in each
sequence was checked against a list of the one letter amino acid
codes to ensure that it was a valid amino acid, if the check passed
the element in the final 20 by 7 matrix corresponding to the amino
acid of the character and the position the character in the sequence
was iterated by 1. Once all sequences were analyzed, the final 20 by 7
matrix contained counts of each amino acid at each position in the
sequence. The counts were then divided by the total number of se-
quences to yield a “normalized occurrence” or % occurrence of
amino acids in each position of the sequence. The 20 by 7 matrix
of normalized occurrence values was written to an output.txt file,
tab delimited, where it was exported to prism and the heatmaps
were then finalized. The script was run on all three rounds of in
vivo–enriched phage.
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Cell-based ELISA
ARPE19 and 661w cells were seeded a day before the experiment on
96-well plates (104 cells per well). On the day of the experiment, in-
dividual phage clones were incubated for 1 hour at room tempera-
ture in PBS with gentle rocking. Cells were then fixed in 4%
paraformaldehyde solution at room temperature for 15 min. This
was followed by three washes with PBS, and then the cells were
blocked for 30 min at room temperature with 1% BSA in PBS.
Biotin-conjugated, mouse anti-M13 phage coat protein primary an-
tibody was added (catalog no. MA1-34468, Thermo Fisher Scien-
tific) at 1:5000 dilution in block buffer with 0.1% TBST and
incubated for 2 hours at room temperature with gentle rocking.
The wells were washed three more times with 0.1% TBST and sub-
sequently incubated with poly-HRP streptavidin secondary anti-
body (catalog no. N200, Thermo Fisher Scientific) at 1:10,000
dilution in block buffer with 0.1% TBST for 1 hour at room temper-
ature.Wells were then washed three times with 0.1% TBST; 3,3′,5,5′-
tetramethylbenzidine (Thermo Fisher Scientific) was added to the
wells and incubated at room temperature for 5 to 10 min; the reac-
tion was stopped with 0.2 M sulfuric acid; and absorbance was read
at 450 nm using TECAN Infinite200 Pro spectrophotometer (Tecan
Group Ltd., Switzerland).

Cell internalization and image analysis
Approximately 50,000 cells were seeded per well of 8-well μ-slide
(Ibidi, Fitchburg, WI) and incubated with 10 and 50 nM
TAMRA-labeled peptides for 30 min at 37°C, followed by
washing with PBS and fixation in 4% paraformaldehyde for 10
min at room temperature. Cells were then washed three times,
DAPI-stained, and cover-slipped for confocal microscopy
imaging. Fluorescence confocal images of cell internalization
studies were captured with the same exposure settings and were an-
alyzed for fluorescence intensity using ImageJ (version 1.45; Na-
tional Institutes of Health, Bethesda, MD). First, the hARPE or
661w cells were outlined, and ImageJ calculated the pixel intensity
of the different cell treatments with different peptides. At least three
images were analyzed for each peptide tested.

Structural analysis superposition of peptides using MOE
Using the molecular builder module in MOE (Chemical Comput-
ing Group, Quebec, Canada), the peptide structure was drawn. The
peptide side chain, N terminus, and the C terminus were assigned
appropriate charges (depending on their ionization state at physio-
logical pH). The peptide was then energy minimized using the As-
sisted Model Building with Energy Refinement module in MOE.
The same process was repeated for all the peptides. The top
peptide candidates were superposed using the default superposition
module in MOE software.

Pharmaceutically relevant physicochemical properties of
peptides isolated
The peptide database prepared in MOE software was exported as
Schrödinger compatible file (.mae). The database was manually
checked for structure correctness. Pharmaceutically relevant ab-
sorption, distribution, metabolism, and excretion properties were
calculated using QikProp module in the Schrödinger software
(Schrödinger Inc., New York, NY).

Mouse injections
For subretinal injections, mice were topically administered 0.5%
proparacaine, 1% tropicamide, and 2.5% phenylephrine and anes-
thetized with ketamine (100 mg/kg)/xylazine (10 mg/kg). To initi-
ate the injection, 2.5% hypromellose was used to cover the eye and a
30-gauge needle was used to make an incision in the limbus. A glass
coverslip was then placed over the eye to allow for visualization of
the retina. Going through the scleral incision in the limbus, using a
Hamilton syringe with a 33-gauge blunt needle, 1 μl of PBS, peptide,
or LNP-Cre were delivered to the subretinal space. A 2% fluorescein
solution was added to the PBS and LNPs so retinal detachment
could be confirmed. For most injections, scleral incisions in the
limbus were created nasally, and PBS or LNPs were delivered tem-
porally. Intravitreal injections were performed as previously de-
scribed elsewhere (25). For LNP-Cre subretinal injections, 200 ng
(1 μl and 200 ng/μl) was delivered. For intravitreal injections, 1.1
μg (1.5 μl and 741 ng/μl) was injected.

In vivo validation with TAMRA-labeled peptides
Top peptide candidates were synthesized and subsequently conju-
gated with TAMRA (Thermo Fisher Scientific) at the carboxy cys-
teine and injected either subretinally or intravitreally into BALB/c
mice aged 2 to 3 months following the same procedure as described
earlier for phage in vivo biopanning. Following peptide injection,
ophthalmic fundus imaging was conducted to preemptively gauge
the retina distribution of the top-performing TAMRA-labeled
peptide candidate injected. At specified time points, mouse eyes
were enucleated and fixed using 4% paraformaldehyde in PBS over-
night at 4°C. Eyes were cryopreserved in 30% sucrose solution for
2 hours before embedding in optimal cutting temperature (OCT)
medium, followed by cryosectioning and confocal imaging.

In vivo validation with LNP-conjugated peptides
Ai9micewere injected intravitreally and subretinally with LNPs and
LNP peptides loaded with Cre mRNA. At 7 days after injection,
ophthalmic fundus imaging was performed to observe in vivo tdTo-
mato distribution in the retina. Mouse eyes were then enucleated
and fixed using 4% paraformaldehyde in PBS overnight at 4°C.
Eyes were cryopreserved in 30% sucrose solution for 2 hours
before embedding in OCT medium. Retinal cryosections were 12
μm in thickness. Slides were stain with antibodies specific for
visual arrestin (rod and cone PRs; catalog no. sc-166383, Santa
Cruz Biotechnology, Dallas, TX), IBA-1 (microglia; catalog no.
019-19741, Wako Chemicals, Richmond, VA), and CD3 (T cells;
catalog no. sc20047, Santa Cruz Biotechnology, Dallas, TX).
Primary antibodies were used at a concentration of 1:100, 1:500,
and 1:50, respectively. Detection of primary antibodies was achieved
using Alexa Fluor secondary antibodies at a concentration of 1:300;
DAPI was used as a nuclear marker counterstain. Confocal imaging
was performed using TCS SP8 X (Leica Microsystems, Buffalo
Grove, IL). Z-stacks (spanned 10 μm with 1-μm interval) were col-
lected using a 40× objective, and maximum intensity projections
were used for further analysis. Slides were additionally stained
with H&E and viewed on a Leica DMI3000 Bmicroscope (LeicaMi-
crosystems GmbH, Wetzlar, Germany). All images were taken at a
magnification of ×10.
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Fundus imaging
In vivo retinal imaging was performed with theMicron IV (Phoenix
Research Laboratories, Pleasanton, CA). To observe general retinal
morphology, bright-field images were acquired. To capture tdTo-
mato, we used a 534/42-nm BrightLine single-band bandpass
filter (Semrock, Rochester, NY). Light intensity, exposure, and
gain were kept consistent across all Red Fluorescent Protein images.

Confocal microscopy
All confocal imaging was performed using TCS SP8 X (LeicaMicro-
systems, Buffalo Grove, IL). Z-stacks (spanned 10 μm with 1-μm in-
terval) were collected using a 20× or 40× objective, and maximum
intensity projections were used for further analysis. For the main
Fig. 3, mean fluorescent intensity measurements were performed
on region of interest–gated images for RPE/choroid and PR cell
layers specifically using ImageJ.

NHP in vivo delivery and imaging
One male rhesus macaque, aged 10 years old, was used for this
study. All protocols involving NHPs were approved by the
Oregon National Primate Research Center (ONPRC) Institutional
Animal Care and Use Committee and conducted in accordance
with the National Institutes of Health (NIH) Guidelines for the
Care and Use of Laboratory Animals and Animal Research:Report-
ing of In Vivo Experiments guidelines. Pupils were dilated to a
minimum of 8 mm using phenylephrine (2.5%; Bausch and
Lomb, Rochester, NY, USA) and tropicamide (1% tropicacyl;
Akorn, Lake Forest, IL, USA) eye drops. MH42 LNPs were admin-
istered into the subretinal space through a 27G/38G subretinal
cannula (#5194, Microvision, Redmond, WA, USA) using the
Alcon vitrectomy machine and a pars plana transvitreal approach.
First, a pre-bleb of 30 μl of balanced salt solution was generated in
the posterior pole. Then, 100 μl of MH42 LNP (500 ng/μl) was de-
livered within and expanded the bleb. After the injection, dexame-
thasone (0.5 ml and 10 mg/ml) and cefazolin (0.5 ml and 125 mg/
ml) were administered subconjunctivally. There were no complica-
tions noted during surgery. The animal received comprehensive
multimodal retinal imaging before injection (baseline) and at 48
hours after injection. For each imaging session, the animal was
anesthetized by an intramuscular injection of telazol (1:1 mixture
of tiletamine hydrochloride and zolazepam hydrochloride, 3.5 to
5.0 mg/kg) and maintained with ketamine (1 to 2 mg/kg) as re-
quired. Heart rate and peripheral blood oxygen saturation were
monitored by pulse oximetry. Rectal temperature was maintained
between 37.0° and 38.0°C by water-circulating heated pads. For
image acquisition, animals were positioned prone with the head
supported by a chinrest; the pupils were dilated to a minimum of
8 mm using phenylephrine (2.5%; Bausch and Lomb, Rochester,
NY, USA) and tropicamide (1% tropicacyl; Akorn, Lake Forest,
IL, USA) eye drops. Imaging included wide-field color fundus
and autofluorescence (Optos Inc., Marlborough, MA). Following
imaging, the contact lenses and eyelid specula were removed, and
erythromycin ointment was applied to each eye.

NHP immunohistochemistry and
immunofluorescence imaging
After the animal was euthanized, eyes were collected and immersion
fixed in 4% paraformaldehyde in PBS for 24 to 48 hours. Dissected
eyes were then cryoprotected in increasing sucrose gradients (up to

30%), embedded in OCT compound, and frozen in an embedding
mold. Frozen blocks were sectioned at 16 μm using a cryostat
(CM1850, Leica, Wetzlar, Germany). Sections were collected
throughout the bleb. H&E were examined for subretinal bleb injec-
tion site retinotomy, trans-scleral injection site, evidence of immu-
nological reaction, and any signs of pathology. Following
examination of the stained sections, adjacent slides were used for
immunohistochemistry. LNP expression was identified by colocal-
ization of GFP (anti-GFP; catalog no. ab290, Abcam, Cambridge,
UK) with glutamine synthetase (catalog no. sc74430, Santa Cruz
Biotechnologies, CA), rod, and cone arrestin (provided by
W. Clay Smith, PhD, University of Florida), and RPE65 (catalog
no. ab13826, Abcam). Immune infiltrates were identified using an-
tibodies against IBA-1 (microglia; catalog no. 019-19741 Wako
Chemicals, Richmond, VA) and CD3 (T cells; catalog no.
sc20047, Santa Cruz Biotechnologies), respectively. All primary an-
tibodies were used at a concentration of 1:500, except for anti-CD3
and anti-rod arrestin which were used at 1:50. Detection of primary
antibodies was achieved using Alexa Fluor secondary antibodies at a
concentration of 1:300; DAPI was used as a nuclear marker
counterstain.

Statistical analysis
For TAMRA quantification from peptide injections, regions of in-
terest were created for RPE/choroid and PR cell layer for mean fluo-
rescent intensity values. Fold change measurements were compared
to TAMRA-only controls. An ordinary one-way analysis of variance
(ANOVA), with Tukey’s correction for multiple comparisons test,
was used for comparisons between groups (Prism 8 software,
GraphPad Software, La Jolla, CA). Data are presented as
means ± SEM. A P < 0.05 was considered as statistically significant.

Cryo–electron microscopy
Vitrification of samples was performed by dispensing 2 μl of LNPs
onto a glow-discharged 300-mesh lacey carbon film–coated copper
grid using Vitribot Mark IV (FEI). Grids were blotted with filter
paper for 3 s at 22°C and 100% relative humidity; thereafter, grids
were plunged into the copper cup containing liquid ethane cooled
by liquid nitrogen. Any defect in frozen grids was carefully checked,
clipped, and assembled into cassettes. After vitrification, frozen
grids were maintained at a temperature below −170°C using
liquid nitrogen. Imaging was performed in 300-keV Glacios cryo-
EM equipped with Falcon III and K3 Summit camera (Gatan) with
Direct Electron Detector in counting mode with a magnification of
×45,000 at an electron dose of ∼15 to 20 e−/Å2. The captured images
were then processed and analyzed manually using ImageJ software.

Supplementary Materials
This PDF file includes:
Figs. S1 to S6

Other Supplementary Material for this
manuscript includes the following:
Table S1

View/request a protocol for this paper from Bio-protocol.
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