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Recombinant adeno-associated virus (rAAV) is a leading
vector for retinal gene therapy due to its favorable safety pro-
file demonstrated by the FDA-approved Luxturna for Leber
congenital amaurosis. However, challenges with low transduc-
tion efficiency and immunogenicity, coupled with the inva-
siveness of subretinal injections, have driven efforts to engi-
neer AAV capsids for minimally invasive intravitreal
delivery. Intravitreal injections face the barrier of the inner
limiting membrane (ILM), particularly with AAV2-based vec-
tors. In this study, we displayed cell-penetrating peptides
(CPPs) on AAV2 capsids to enhance retinal cell transduction
via intravitreal injection. Through in vivo capsid screening,
we identified AAV2.CPP1, which showed significantly
improved pan-retinal expression and photoreceptor transduc-
tion in mice as well as a reduced immune response compared
to the AAV2.7m8 vector. We also revealed that the CPP1
insertion reduced heparan sulfate binding, improving ILM
penetration. These findings highlight AAV2.CPP1 as a prom-
ising candidate for retinal gene therapy via intravitreal injec-
tion, offering enhanced efficiency and a minimized immune
response.
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INTRODUCTION
Recombinant adeno-associated virus (rAAV) has emerged as the
preferred delivery vector for both experimental and clinical gene ther-
apies, particularly for treating inherited retinal diseases (IRDs), due to
its favorable safety profile.1–3 Following the landmark approval by the
US Food and Drug Administration (FDA) of Luxturna, the first
rAAV-based gene therapy product for Leber congenital amaurosis
type 2 (LCA2), many rAAV-based clinical trials for other IRDs are
currently underway.3,4 IRDs primarily cause degeneration of two
outer retinal cell types, including photoreceptors and retinal pigment
epithelium (RPE) cells, due to various genetic mutations. Both cells
play crucial roles in phototransduction and retina metabolism.5 Cur-
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rent rAAV-based gene therapy mainly targets these two cell types
through subretinal injection.

However, concerns have arisen regarding the low transduction effi-
cacy and vector-induced immunogenicity.6 In addition, subretinal
injection, while effective, is invasive and transduces only a limited
number of photoreceptors and RPEs, reducing overall therapeutic
efficacy. This has led to efforts to engineer novel capsids capable
of transducing photoreceptors and RPEs via intravitreal injection,
a minimally invasive route that provides access to the entire retina.
AAV2 has been widely used in ocular gene therapy due to its strong
tropism for retinal cells, high transduction efficiency, and estab-
lished safety profile in clinical studies. Despite this, the major limi-
tation for intravitreal injection of rAAV2-based vectors is its
inability to transduce photoreceptors and RPEs, potentially due to
strong binding of heparan sulfate (HS) proteoglycans (HSPGs) en-
riched in the inner limiting membrane (ILM), a major structure bar-
rier for rAAV2-based ocular gene therapy through the intravitreal
route.7 One promising development is the engineered AAV2 capsid
7m8, which has demonstrated the capability to transduce photore-
ceptors via the intravitreal route in mice.8 7m8 was discovered
through directed evolution-based screening of a seven-amino-acid
library inserted at the 3-fold spike region of AAV2, specifically
N587 of VP1. However, its robust photoreceptor transduction
observed in mice was not replicated in non-human primates
(NHPs), where transduction was limited to the macula and periph-
eral retina. This was likely due to the absence of or significantly
thinner ILM in these regions compared to the central retina.9
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Cell-penetrating peptides (CPPs) are short amino acid sequences, often
rich in positively charged residues like arginine, which enable them to
interact with and penetrate negatively charged cell membranes.10 Orig-
inally inspired by viral proteins like TAT, CPPs have been synthetically
engineered to enhance the delivery of therapeutic molecules such as
drugs and genes. Cationic CPPs like polyarginine enter cells through
mechanisms such asmicropinocytosis or direct membrane interaction,
while amphiphilic CPPs leverage both hydrophilic and hydrophobic
regions to exploit the amphipathic nature of cell membranes for cargo
delivery.11 These peptides can be optimized for enhanced uptake, sta-
bility, and reduced toxicity. In ocular drug delivery, CPPs present a
promising non-invasive alternative as eye drops to repeated intravitreal
injections for conditions such as age-related macular degeneration
(AMD). A study has shown that CPP-conjugated anti-vascular endo-
thelial growth factor drugs delivered topically can be as effective as in-
travitreal injections in AMD animal models.12 A similar approach in
designing AAV9 variants with CPPs resulted in two variants,
AAV.CPP.16 and AAV.CPP.21, demonstrating improved transduc-
tion of CNS cells in both mice and macaques, showing promise for
delivering therapeutic payloads such as in glioblastoma models.13

However, whether modifying AAV2, a commonly used vector in
retinal gene therapy, with CPPs can enhance retinal cell transduction
via intravitreal injection remains unclear.

Displaying random 7-mer peptides on the capsid is a standard tech-
nique in AAV capsid engineering via directed evolution. This method
has led to the development of several tissue-specific, high-performing
capsids, such as AAV.PHP.B and AAV.PHP.eB for CNS transduc-
tion14,15 and AAV2.7m8 for retinal applications.8 To date, no study
has utilized peptides of varying lengths for capsid bio-panning in vivo,
likely due to the inherent limitations in variant diversity and the chal-
lenges related to the efficient synthesis and cloning of DNA libraries
and the tolerability of longer peptide insertions within the capsid. In
this study, we utilized a combined rational design and semi-directed
evolution approach, efficiently constructing a library of AAV2 capsid
variants featuring a wide range (3- to 42-mer) of known CPPs with
varying lengths inserted at HSPG-binding regions. The library under-
went two rounds of screening via intravitreal injection in mice, lead-
ing to the identification of AAV2.CPP1 (a 5-mer insertion), a variant
with enhanced pan-retinal transduction and reduced immune
response compared to AAV2.7m8. Notably, AAV2.CPP1 demon-
strated superior photoreceptor transduction. We revealed that the
CPP1 insertion reduced HS binding, likely facilitating greater vector
penetration through the ILM and more effective retinal cell transduc-
tion. These results suggest that AAV2.CPP1 holds promise for AAV-
based retinal gene therapies via intravitreal injection.

RESULTS
Development and in vivo evaluation of AAV2 capsid libraries

featuring CPPs and photoreceptor-targeted vectors

We hypothesized that grafting CPPs onto AAV2 capsids could simi-
larly enhance retinal cell transduction following intravitreal injection.
To test this hypothesis, we curated a CPP library by selecting peptides
with unique amino acid sequences from the CPPsite2.0 database,16
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which contains approximately 1,700 unique CPPs. The correspond-
ing DNA sequences were synthesized, generating a library of 1,090
CPPs, ranging from 3-mer to 42-mer, confirmed by next-generation
sequencing (NGS) and ready for cloning (Table S1).

Following a method previously described by Nonnenmacher et al.,17

we constructed a diverse capsid library by grafting the CPP sequences
between residues 587 and 588 in the hypervariable surface loop VIII
of AAV2 capsid genes by Gibson assembly, which was combined with
AAV2 ITRs and a photoreceptor-specific G-protein-coupled receptor
kinase 1 (GRK1) promoter (Figure 1A). This site permits genetic
modifications without disrupting capsid assembly or genome pack-
aging.18 The resulting plasmid library retained 66.4% (724/1,090) of
the CPPs from the initial library. Rep proteins were provided via a
separate plasmid during virus production. Viral libraries were gener-
ated in HEK293T cells under low-DNA-input conditions to minimize
capsid mosaicism and cross-packaging.19 The viral libraries were in-
travitreally injected into both eyes of adult C57BL/6 mice (n = 5). Af-
ter 28 days, the retina and RPE complex were harvested and pro-
cessed, and capsid library sequences were recovered by RT-PCR
(Figure 1B). Amplicon pools were recloned into GRK1 AAV vectors
for a second round of selection. A limited number of capsid ampli-
cons were detected in retinal samples from mice injected with the
AAV libraries, as evidenced by the relatively weak intensity of the ex-
pected band on the gel (Figure 1C). In contrast, saline-injected con-
trols showed no detectable amplicons.

NGS analysis was conducted after each round of in vivo selection to
assess variant diversity and enrichment in the retina. The first round
reduced the number of unique sequences from 724 (plasmid library)
to 84 (retinal tissue), eliminating 88% of the variants. In the second
round, 76% of the remaining variants were removed, reducing the
pool to 20 unique sequences in the retinal tissue (Figures 1D and S1;
Table 1). Interestingly, many CPP sequences were absent following
AAV packaging, suggesting that certain CPPs with variable length
and sequences may interfere with VP3 protein structure and function,
rendering them non-packageable. We analyzed enrichment and AAV
packaging efficiency after the second round of screening, using an
enrichment score threshold of >2.0 and a yield score >0.5. The results
identified a distinct CPP sequence, KLGVM, which met the selection
criteria and was designated AAV2.CPP1 (Figure 1E). To validate these
findings, we cloned the original CPP library into an AAV genome
driven by the CB6 promoter (CMV enhancer/CB promoter) and per-
formed two rounds of in vivo selection in adult C57BL/6mice via intra-
vitreal injection. Remarkably, AAV2.CPP1 consistently emerged as the
top candidate, meeting the selection criteria (Figures 1F and S2).

Enhanced photoreceptor transduction by single-stranded

AAV2.CPP1 in mice via intravitreal injection

We packaged several batches of rAAVs using AAV2, AAV2.7m8,
and AAV2.CPP1 capsids. These carried either single-stranded (ss)
genomes encoding cytoplasmic green fluorescent protein (GFP)
driven by the CB6 promoter (ssAAV2.CB6.GFP, ssAAV2.7m8.
CB6.GFP, and ssAAV2.CPP1.CB6.GFP) or histone H2B-tagged GFP
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Figure 1. Identification of the leading AAV2 capsid variant enriched in the retina of mice

(A) Schematic representation of the backbone plasmid construct containing the cell-penetrating peptide (CPP) library insert. (B) Workflow of the screening process in mice,

involving two rounds of selection. (C) Representative RT-PCR results of recovered RNA of capsid variants from pooled retina/RPE tissues 28 days after injection of the GRK1-

driven AAV library. (D) The reduction and enrichment of CPP variants during each round of selection. (E) Identification of AAV2.CPP1 as the leading capsid variant after the

second round of selection based on enrichment and yield scores. The enrichment score refers to the relative RNA abundance of each variant in the retina, normalized to its

genomic abundance in the viral stock. The yield score represents the relative genomic abundance of each variant in the viral stock, normalized to its genomic abundance in

the plasmid stock. (F) Sequence of the peptide insert on the AAV2.CPP1 capsid. CPP, cell-penetrating peptides; RT, reverse transcriptase.
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(nuclear-localized H2BGFP) under the control of the GRK1 promoter
(ssAAV2.GRK1.H2BGFP, ssAAV2.7m8.GRK1.H2BGFP, and ssAAV2.
CPP1.GRK1.H2BGFP). In addition, we packaged self-complementary
(sc) AAVs encoding cytoplasmic GFP (scAAV2.CB6.GFP, scAAV2.
7m8.CB6.GFP, and scAAV2.CPP1.CB6.GFP). Vectors packaged with
the CPP1 capsid showed an approximately 4-fold increase in viral titers
compared to AAV2, regardless of whether the genome was single
stranded or self-complementary (Figure S3A). This suggests that the
insertion of the CPP1 peptide does not interfere with AAV production.
To evaluate the integrity of rAAV particles purified by iodixanol
gradient purification, we utilized high-resolution transmission electron
microscopy (TEM) to examine the morphology of the virions (Fig-
ure S3B). A semi-quantitative assessment was performed by counting
empty/partially full and fully packaged virions across six representa-
tive fields.20 The analysis revealed that the full-to-empty ratio
for scAAV2.CPP1.CB6.GFP (�60%) was comparable to that of
scAAV2.CB6.GFP (�70%) (Figure S3C).

To evaluate the retinal transduction efficiency, ssAAV2.CB6.GFP,
ssAAV2.7m8.CB6.GFP, and ssAAV2.CPP1.CB6.GFP were intravi-
treally injected (2.0 � 109 viral genomes [vg]/eye) into 2-month-old
male C57BL/6mice (n = 5–11). Four weeks post-injection, in vivo fluo-
rescence fundus imaging was performed to assess GFP expression.
ssAAV2.CPP1.CB6.GFP exhibited robust, homogeneous GFP expres-
sion throughout the retina, in contrast to the more localized, blood-
vessel-centric GFP expression observed with ssAAV2.7m8.CB6.GFP
and the weaker GFP signal seen with ssAAV2.CB6.GFP (Figure 2A).

Following imaging, retinal tissues were harvested for DNA bio-
distribution, RNA expression analysis, and immunohistology.
Molecu
ssAAV2.CPP1.CB6.GFP displayed DNA biodistribution similar to
that of ssAAV2.CB6.GFP and ssAAV2.7m8.CB6.GFP. However, it
resulted in significantly higher GFP expression at RNA levels,
increasing by 3.5- and 5.8-fold, respectively. This divergence between
DNA and RNA levels indicates that the improved transgene expres-
sion by ssAAV2.CPP1.CB6.GFP was primarily driven by enhanced
transcription rather than biodistribution. The elevated RNA/DNA ra-
tios further support this hypothesis (Figure 2B). At a lower dose of
2.0 � 108 vg/eye, moderate increases in GFP expression were
observed in mice receiving ssAAV2.CPP1.CB6.GFP via fluorescence
fundus imaging; however, no significant differences at RNA levels
were detected between the vectors (Figure S4).

Immunohistological analysis of GFP expression in retinal cross
sections confirmed that ssAAV2.CPP1.CB6.GFP achieved uniform
transduction across most retinal cell types and exhibited
stronger GFP expression compared to ssAAV2.CB6.GFP and
ssAAV2.7m8.CB6.GFP, which showed weaker and more patchy
expression patterns (Figure 2C). These results align with the fundus
imaging findings, confirming that ssAAV2.CPP1.CB6.GFP delivers
pan-retinal transduction. Importantly, ssAAV2.CPP1.CB6.GFP
transduced approximately 2.5 times more photoreceptors, as indi-
cated by GFP expression in their inner or outer segments, compared
to ssAAV2.7m8.CB6.GFP (Figure 2D), a well-known vector for effec-
tive outer retinal cell transduction via intravitreal injection,
while ssAAV2 rarely transduced photoreceptors. We also observed
a significantly higher number of Müller cells transduced by
ssAAV2.CPP1.CB6.GFP compared to other vectors, as indicated by
its extended radial processes spanning the retina from the ganglion
cell layer to the outer nuclear layer (Figure 2C).
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Table 1. The CPP sequences identified in the mouse retina after the

second-round screen

Amino acid sequence of the leading CPP Enrichment score Yield score

KLGVM (CPP1) 2.84 0.69

PNTRVRPDVSF 2.00 0.13

VPTLK 2.00 0.50

VRLPPP 1.70 0.33

SYIQRTPSTTLP 1.11 0.17

FKQQQQQQQQQQ 1.10 1.08

VKLPPP 1.09 0.88

KLPVM 1.00 0.40

NSGTMQSASRAT 0.80 0.19

TFPQTAIGVGAP 0.79 0.31

VSALK 0.67 0.32

TSHTDAPPARSP 0.66 1.80

PMLKE 0.60 1.70

DRDRDRDRDR 0.46 1.00

PSSSSSSRIGDP 0.20 0.45

SPMQKTMNLPPM 0.19 0.35

NHQQQNPHQPPM 0.10 0.36

MLKTTELLKTTELLKTTE 0.07 0.39

VPTLQ 0.00 0.67
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Given the challenges in assessing cytoplasmic GFP expression in
photoreceptors by quantifying the number of outer segments express-
ing GFP, we developed a new AAV genome encoding nuclear-local-
ized H2BGFP, driven by the GRK1 promoter, and packaged it into
AAV2, AAV2.7m8, and AAV2.CPP1 capsids (ssAAV2.GRK1.
H2BGFP, ssAAV2.7m8.GRK1.H2BGFP, and ssAAV2.CPP1.GRK1.
H2BGFP). This approach allows for clearer and more straightforward
assessment of H2BGFP expression specifically in photoreceptor
nuclei (Figure 2E). Upon intravitreal injection, H2BGFP was homo-
geneously expressed in the photoreceptor nuclei of eyes treated
with ssAAV2.7m8.GRK1.H2BGFP and ssAAV2.CPP1.GRK1.H2BGFP,
but not in those treated with ssAAV2.GRK1.H2BGFP. Quantitative
analysis showed that ssAAV2.CPP1.GRK1.H2BGFP increased photo-
receptor transduction nearly 4-fold compared to ssAAV2.7m8.
GRK1.H2BGFP.

Enhanced photoreceptor transduction by scAAV2.CPP1 in mice

via intravitreal injection

To evaluate the transduction capability of the scAAV2.CPP1,
we administered intravitreally 2.0 � 109 vg/eye of scAAV2.CB6.
GFP, scAAV2.7m8.CB6.GFP, and scAAV2.CPP1.CB6.GFP in mice.
Fundus imaging revealed a similar expression pattern in scAAV2.
CPP1-treated mice, but with significantly higher GFP expression
compared to the single-stranded vectors (Figure 3A). Molecular anal-
ysis of transgene expression corroborated the findings from the sin-
gle-stranded vectors. While all three vectors exhibited similar DNA
biodistributions in the retina (Figure 3B), scAAV2.CPP1.CB6.GFP
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showed a 5- and 2.9-fold increase in GFP expression at the RNA level
compared to scAAV2.CB6.GFP and scAAV2.7m8.CB6.GFP, respec-
tively. The increase in RNA/DNA ratios of scAAV2.CPP1.CB6.GFP
was consistent with the results observed for the single-stranded
vectors.

Immunohistological analysis showed that GFP expression was more
uniform and pronounced with scAAV2.CPP1.CB6.GFP than with
the other vectors (Figure 3C). As expected, photoreceptor transduc-
tion was notable in eyes receiving scAAV2.7m8.CB6.GFP, but
scAAV2.CPP1.CB6.GFP led to even more extensive transduction.
Quantitative analysis confirmed that scAAV2.CPP1.CB6.GFP trans-
duced twice as many photoreceptors as scAAV2.7m8.CB6.GFP (Fig-
ure 3D). Similar to Figure 2C, we observed enhanced transduction of
Müller cells by scAAV2.CPP1.CB6.GFP (Figure 3C).We also assessed
GFP expression at a lower dose (2.0 � 108 vg/eye). Although fundus
imaging showed an increase in GFP expression with both
scAAV2.7m8.CB6.GFP and scAAV2.CPP1.CB6.GFP compared to
that with scAAV2.CB6.GFP, no significant differences at the RNA
level were observed among the vectors (Figure S5).

Decreased immune responses by AAV2.CPP1 vector

Intravitreal injections of AAV vectors typically elicit stronger im-
mune responses compared to subretinal injections.21 Engineered vec-
tors, such as AAV2.7m8, appear to cause increased immune re-
sponses compared to their wild-type parent, AAV2, likely due to
the higher degree of heterogeneity in vector genomes packaged by
AAV2.7m8.22 To assess whether AAV2.CPP1 induces immune re-
sponses in the retina, we injected intravitreally ssAAV2.CB6.GFP,
ssAAV2.7m8.CB6.GFP, and ssAAV2.CPP1.CB6.GFP at a dose of
2.0� 109 vg/eye in mice. Four weeks post-injection, retinal cross sec-
tions were analyzed using immunohistochemistry for IBA1, a marker
of microglial cells. Increased IBA1 staining intensity indicates micro-
glial activation, which is predominantly seen in the inner retinal
layers. We observed a significantly higher number of IBA1-positive
microglia in the retinas of mice treated with ssAAV2.7m8.CB6.GFP
compared to those treated with ssAAV2.CPP1.CB6.GFP or
ssAAV2.CB6.GFP (Figures 4A and S6). Further quantitative analysis
revealed that the inner plexiform layer (IPL) of retinas treated with
ssAAV2.7m8.CB6.GFP had a substantial increase in IBA1-positive
microglia, suggesting that microglial cells had migrated into the
IPL. In contrast, this increased immune response was not observed
in retinas treated with ssAAV2.CPP1.CB6.GFP (Figure 4B), indi-
cating a likely reduced immunogenicity of the AAV2.CPP1 vector.

Activated microglia, along with other cell types, may upregulate
proinflammatory cytokines such as tumor necrosis factor-alpha
(TNF-a), interleukin-1 beta (IL-1b), interferon-gamma (IFN-g),
and interleukin-6 (IL-6). To explore this possibility, we examined
RNA levels for these cytokines using droplet digital PCR (ddPCR)
in retinas 4 weeks post-injection of different GFP-encoding vectors.
Among these cytokines, IL-6 expression was notably higher
in retinas injected with ssAAV2.7m8.CB6.GFP compared to both
uninjected controls and retinas injected with ssAAV2.CB6.GFP
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Figure 2. Retinal transduction profile of the single-stranded AAV2.CPP1 vector in adult mice

(A) Representative fluorescence fundus images of adult C57BL/6 mice 4 weeks after intravitreal injection with a high dose (2.0 � 109 vg/eye) of single-stranded AAVs. (B)

Quantification of genomic DNA and mRNA expression levels of GFP in mouse retinas 4 weeks post-injection of high-dose ssAAVs. (C) Immunostaining of retinal cross

sections 4 weeks after high-dose intravitreal injection of ssAAV2.CB6.GFP, ss7m8.CB6.GFP, and ssAAV2.CPP1.CB6.GFP. The white arrow shows the GFP expression in

the inner segments (ISs) or outer segments (OSs) of photoreceptors successfully transduced. The yellow arrowheads indicate the transduced Müller cells. (D) Quantitative

analysis of the number of transduced photoreceptors in retinas treated with different viral vectors. (E) Immunostained retinal cross sections showing nuclear GFP expression

in photoreceptors 4 weeks after high-dose intravitreal injection of ssAAV2.GRK1.H2BGFP, ss7m8.GRK1.H2BGFP, and ssAAV2.CPP1.GRK1.H2BGFP. Peanut agglutinin

(PNA) is a marker of photoreceptor OSs. ONL, outer nuclear layer. (F) Quantitative analysis of transduced photoreceptors in retinas treated with the indicated vectors.
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and ssAAV2.CPP1.CB6.GFP (Figure 4C). This suggests that
ssAAV2.7m8.CB6.GFP likely induces a robust immune response
even 4 weeks post-injection. Interestingly, retinas injected with
ssAAV2.CPP1.CB6.GFP did not show elevated IL-6 levels, indicating
a lower degree of immunogenicity associated with the AAV2.CPP1
vector.

Reduced HS binding affinity of AAV2.CPP1

AAV2 is known to utilize HSPG as its primary receptor for binding to
host cells, with subsequent cell entry facilitated by proteinous co-re-
ceptors. Studies have shown that modifying the AAV2 capsid can
enhance photoreceptor transduction via intravitreal injection by
reducing its HS binding affinity, thereby enabling more vectors
to cross the ILM, as demonstrated by AAV2.7m8.8 To investigate
the mechanism behind the enhanced retinal transduction of
AAV2.CPP1, we assessed the HS binding affinity of ssAAV2.
CB6.GFP, ssAAV2.7m8.CB6.GFP, and ssAAV2.CPP1.CB6.GFP.
Dot blot analysis using anti-HS antibody to detect vector-HS interac-
tions revealed that AAV2 exhibited strong HS binding, while both
Molecu
AAV2.7m8 and AAV2.CPP1 showed significantly reduced binding
to HS (Figure 5A). This reduced HS binding in AAV2.CPP1 suggests
that CPP1 may facilitate greater vector penetration across the ILM,
leading to enhanced retinal cell transduction.

To further test this hypothesis, we developed a Matrigel-HS-based
Transwell model to partially mimic ILM by coating culture Trans-
wells with a mixture of Matrigel and HS and seeding HeLa cells, a
cell line rich in HSPG, underneath the Transwells. We proposed
that AAVs with strong HS binding would be unable to penetrate
this in vitro model, thus failing to transduce the HeLa cells.
Conversely, AAVs with reduced HS binding would pass through
the HS-enriched Transwells and transduce the cells, resulting in
detectable GFP expression (Figure 5B). Using this system, we
compared the transduction profile of ssAAV2.CB6.GFP, ssAAV2.
7m8.CB6.GFP, ssAAV2.CPP1.CB6.GFP, and ssAAV9.CB6.GFP. Af-
ter 48 h of infection, we observed that in the absence of in vitro
model, GFP expression was comparable among ssAAV2.CB6.GFP,
ssAAV2.7m8.CB6.GFP, and ssAAV2.CPP1.CB6.GFP, except for cells
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 5
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Figure 3. Retinal transduction profile of self-complementary AAV2.CPP1 vector in adult mice

(A) Fundus images showing retinal transduction 4 weeks after intravitreal (IVT) injection of a high dose (2.0 � 109 vg/eye) of self-complementary (sc) AAVs in adult mice. (B)

Quantification of genomic DNA and mRNA expression levels of GFP in the mouse retina 4 weeks post-injection of high-dose scAAVs. (C) Immunostained retinal cross

sections from mice injected with high-dose scAAV2.CB6.GFP, sc7m8.CB6.GFP, and scAAV2.CPP1.CB6.GFP. (D) Quantitative analysis of transduced photoreceptors in

retinas treated with different viral vectors.
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transduced by ssAAV9.CB6.GFP, which is known for poor transduc-
tion with cells enriched with HSPG. In the presence of the Matrigel-
HS-based Transwell model, GFP expression in ssAAV2.CB6.GFP-
treated cells was significantly reduced, whereas cells treated with
ssAAV2.7m8.CB6.GFP or ssAAV2.CPP1.CB6.GFP maintained GFP
Figure 4. Minimal immune response induced by the AAV2.CPP1 vector compa

(A) Representative immunostaining of retinal microglia using the IBA1 marker in eyes t

Quantification of IBA1-positive cells in different retinal layers following IVT injection of the

and IL-6, as measured by ddPCR, in the retina 4 weeks after injection of 2.0 � 109 vg

6 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2
expression (Figure 5C). Quantitative analysis (Figure 5D) confirmed
these observations, showing a clear distinction in GFP expression
levels among the vectors in this in vitro model. Importantly, these
findings indicate that the CPP1 vector, like 7m8, exhibits reduced
HS binding affinity.
red to AAV2.7m8

reated with ssAAV2.CB6.GFP, ss7m8.CB6.GFP, and ssAAV2.CPP1.CB6.GFP. (B)

indicated viral vectors. (C) Relative mRNA expression levels of TNF-a, IL-1b, IFN-g,

/eye of the specified AAV vectors.
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Figure 5. Heparan sulfate binding affinity of AAV2 and AAV2.7m8 vectors

(A) Dot blot analysis showing that the AAV2 capsid strongly binds to heparan sulfate (HS), while the AAV2.7m8 capsid shows reduced HS binding. (B) Illustration of the

Matrigel-HS-based Transwell model used to differentiate capsids with strong HS binding from those with weak HS binding. (C) The Transwell-based model distinguishes the

HS binding affinities of AAV2, AAV2.7m8 and AAV2.CPP1 capsids. AAV9 capsids were added as a negative control. (D) Quantitative analysis of GFP expression indicates that

the Matrigel-HS-based Transwell model can effectively distinguish between AAV2, AAV2.7m8, and AAV2.CPP1 capsids, based on their different affinities for HS binding. (E

and F) Molecular model of AAV2 containing the KLGVM insertion (highlighted in red) at amino acid N587. The interaction between the inserted loop and other surface loops of

the capsid is hypothesized to contribute to the novel properties observed with this vector.
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We also modeled the AAV2.CPP1 capsid structure by superimposing
it onto the AAV2 capsid (Figures 5E and 5F). Notably, the KLGVM
peptide insertion disrupted the VR-VIII region, which forms the
top of the second highest of the three protrusions at the three-fold
axis of symmetry.23,24 This alteration potentially affects the spacing
between R585 and R588 and effectively interrupts the HSPG binding
motif.

DISCUSSION
Currently, most AAV-based retinal gene therapies rely on subretinal
injections to target photoreceptors and RPE cells, as this approach
provides localized, efficient transduction of these critical cells.25
Molecu
However, subretinal injections are invasive and can transduce
only a limited retinal area near the injection site. In contrast, intra-
vitreal injections are less invasive and offer the potential for broader
retinal coverage but predominantly transduce inner retinal cells,
such as ganglion cells, which are not the primary targets for most
IRDs.26 To address these limitations, early studies focused on re-
placing tyrosine residues to phenylalanine in AAV2 capsids to
reduce ubiquitination, allowing more AAV particles to escape
degradation.27,28 More recently, directed evolution has emerged as
a primary engineering approach, modifying AAV2 capsids by in-
serting random 7-mer peptides.8,29 These strategies aim to enhance
the vector’s ability to transduce outer retinal cells via intravitreal
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 7
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injection. Given the established ability of CPPs to transport large
molecular cargo across cell membranes via direct penetration,30,31

we hypothesized that grafting CPPs into AAV2 capsids could
enhance their efficiency in transducing outer retinal cells. Using a
photoreceptor-specific, transcription-dependent screening plat-
form,17 we identified an AAV2 variant with a 5-mer peptide
(KLGVM) insertion, named AAV2.CPP1, following two rounds of
screening in mice. This variant demonstrated robust pan-retinal
transduction and reduced immune response when delivered via in-
travitreal injection in mice.

KLGVM is a modified version of KLPVM, a highly effective CPP
derived from the Bax-binding domain of Ku70 found in multiple
species.32 KLPVM shows high cell-entry efficiency, similar to other
well-established CPPs like TAT and polyarginine (R8). Its mecha-
nism of entry largely bypasses traditional pinocytosis and endocy-
tosis, as evidenced by minimal inhibition from endocytic inhibitors,
except for a partial effect of cytochalasin D.32 Moreover, KLPVM
does not rely on proteoglycans for cellular entry, and it demon-
strates low cytotoxicity even at high concentrations. When fused
to Cre recombinase, KLPVM effectively delivers functional proteins
into cells, inducing GFP expression. Thus, its derivative, KLGVM,
likely shares similar capabilities for intracellular delivery. The pan-
retinal transduction observed with AAV2.CPP1 suggests that this
vector potentially bypasses the proteoglycan-mediated pathways
and instead relies on direct membrane penetration, similar to the
mechanism used by KLPVM. In contrast, AAV2.7m8 displayed
more localized transduction, particularly around blood vessels,
which is likely due to the thinner ILM in these regions, reducing
the trapping by HSPGs. In addition, retinas treated with
AAV2.CPP1 showed increased GFP mRNA expression compared
to those treated with AAV2 and AAV2.7m8, despite similar viral
genome levels among all vectors, suggesting potential enhanced
cellular entry by AAV2.CPP1. It is not surprising that applying
evolutionary pressure based on transgene mRNA levels results in
vectors with enhanced RNA expression.33 One study demonstrated
that the VP1 domain of AAV8 recruits transcription-promoting
host factors to vector genomes in both mouse and human cells,
leading to increased chromatin accessibility and histone methyl-
ation.34 Several studies have demonstrated capsid-mediated tran-
scriptional regulation associated with various sites on the AAV
capsid, highlighting the multifaceted role of the capsid in transgene
transcription.33,35–37 Future experiments investigating the interac-
tion of AAV2.CPP1 capsids with the intracellular expression ma-
chinery could provide further insights into this phenomenon.

One of the challenges in retinal gene therapy is the role of HS binding
in limiting AAV2 vectors to the ILM.7 While HS binding helps
sequester AAVs from the vitreous to the ILM, it may also prevent
broader retinal cell transduction. Reducing HS binding, as seen
with AAV2.7m8, allows for greater penetration beyond the ILM.8

Similarly, two other engineered AAV2 variants, AAV2.GL and
AAV2.NN, which enable photoreceptor transduction via intravitreal
injection, also exhibit reduced HS binding affinity due to the disrup-
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tion of canonical HSPG binding at R585 and R588. However, a new
binding motif forms through arginine of the inserted peptide and
two alanine residues, enhancing receptor interaction. Structural
changes and potential deamidation at N587 further contribute to
reduced heparin affinity and improved potency of these engineered
AAV capsids.38 AAV2.CPP1 also showed reduced HS binding, as
confirmed by HS binding affinity assays. This finding further sup-
ports the hypothesis that reduced HS binding enhances AAV vector
penetration.

Despite the promising increase in transgene expression across all
retinal layers, including photoreceptors, with AAV2.CPP1 via intra-
vitreal injection, this screening and validation was conducted only
in mice, and the results have not yet been confirmed in larger animal
models, such as NHPs. Cross-species barriers remain a significant
challenge in AAV capsid engineering. For example, AAV.PHP.B
and AAV.PHP.eB, which showed a dramatic increase in brain cell
transduction in mice via systemic injection, did not replicate this suc-
cess in NHPs due to species-specific receptor interactions, such as
with Ly6a in C57BL mice.39,40 Even AAV2.7m8, which showed effec-
tive pan-retinal transduction in mice, achieved transduction only in
the macula and peripheral retina of NHPs, where the ILM is thinner.
During the AAV library panning process in mice, the dispropor-
tionate enrichment of certain CPP variants in each selection round
may lead to biases. Dominant variants in a given round might not
reflect true enrichment scores, as their proportion in subsequent
rounds could skew results. This issue could be mitigated by using syn-
thesized variants with proportional evenness, especially in highly
diverse libraries with millions of variants.17,41 Although we observed
reduced inflammation and microglia activation with AAV2.CPP1
compared to AAV2.7m8, the long-term effects of immune responses
remain unclear. Previous studies have indicated that inflammation
induced by AAV2.7m8 is likely due to the packaging of heterogeneous
vector genomes, leading to microglial activation.22 Investigating the
AAV genome homogeneity of AAV2.CPP1 is essential to fully under-
stand its safety profile. Finally, while we hypothesize that KLGVM, as
a derivative of KLPVM, enables cell entry through direct membrane
penetration, it remains unclear whether engineering KLGVM into the
AAV2 capsid affects this entry mechanism. Further studies are
needed to confirm whether the incorporation of KLGVM retains
the same cell-penetrating characteristics as KLPVM when used in
the context of an AAV capsid.

MATERIALS AND METHODS
Vector construction

Library backbone vectors containing an AAV capsid expression
cassette driven by either the GRK1 or the CB6 promoter were con-
structed using the Gibson assembly method. For the first-round
screening, the backbone plasmid pAAV-Cap2-sc1 included inverted
terminal repeats (ITRs) and a partial Rep2 C-terminal sequence,
which is crucial for capsid gene splicing and protein assembly. A
full-length cap2 gene was inserted between residues N587 and R588
with a unique AflII restriction site for CPP library cloning. For the
second-round screening, the backbone plasmid pAAV-Cap2-sc2
025
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also contained ITRs and the partial Rep2 C-terminal sequence, but
with a cap2 fragment that featured a unique AflII site for cloning
the CPP sequences recovered from the retina. Complete sequences
of both constructs are available in the supplemental information. A
plasmid, pRep2-3stop, was constructed to exclusively express the
Rep protein by introducing three stop codons in the Cap2 gene,
thereby preventing the expression of the VP1/2/3 proteins.

Plasmid library, AAV library construction, and virus production

A double-stranded CPP library was synthesized by GenScript,
containing overlapping sequences of the Cap2 gene at the 50

(50-CCAACCTCCAGAGAGGCAAC-30) and 30 (30-TCTGCGGTA
GCTGCTTGTCT-50) ends for Gibson assembly, to create the plasmid
library for the first round of screening. The library was cloned into the
backbone plasmid pAAV-Cap2-sc1 using the standard Gibson as-
sembly method. The pAAV-Cap2-sc1 plasmid (2 mg) was digested
with AflII enzyme and purified using a DNA and gel purification
kit (D4008, Zymo Research, USA). In a 20-mL Gibson assembly reac-
tion, the purified linear pAAV-Cap2-sc1 was combined with the syn-
thesized double-stranded CPP library inserts (backbone/inserts = 1/5
ratio) in the Gibson Assembly Master Mix (10 mL) and water. The re-
sulting plasmid library was precipitated using isopropanol and
concentrated in 5 mL of water. The library (<100 ng/mL in 1 mL)
was electroporated into ElectroMAX DH10B cells (18290015, Invi-
trogen, USA), following the manufacturer’s instructions. Electropo-
rated cells were pooled and cultured in 500 mL of TB medium over-
night. The resulting plasmid library was extracted and purified. For
the second round of screening, pAAV-Cap2-sc2 was digested with
AflII and purified in the same manner. The recovered CPP sequences
from the retina (after the first round) were cloned into the pAAV-
Cap2-sc2 using Gibson assembly to generate the second plasmid
library.

AAV library production was conducted in HEK293 cells. Calcium
phosphate transfection was performed using 1.5 mg of pAd-DeltaF6
(containing adenovirus helper genes), 1.0 mg of pRep2-3stop, and
100 mg of either the first or the second plasmid library in 10 roller bot-
tles. Cells and culture medium were harvested 72 h post-transfection
by scraping, and the cells were pelleted via low-speed centrifugation.
The cells were lysed by undergoing three freeze-thaw cycles, and the
supernatant was precipitated on ice using 1:0.3 volume of 40% poly-
ethylene glycol solution, followed by centrifugation. The lysate and
supernatant were pooled and fractionated through four rounds of io-
dixanol gradient purification. Buffer exchange was performed on
Amicon-100 columns (Millipore) using phosphate-buffered saline
(PBS). Final viral preparations were analyzed by ddPCR using a
poly(A)-specific primer/probe set (Table S1), and the samples were
tested via silver staining of PAGE gels. Full sequences of all the plas-
mids used in AAV library production can be found in the supple-
mental information.

Characterization of AAV particles by high-resolution TEM

The morphology of negatively stained AAV virions was analyzed us-
ing TEM at the Core ElectronMicroscopy Facility of the University of
Molecu
Massachusetts Chan Medical School, following established proto-
cols.20 Briefly, 5 mL of the AAV preparation was applied to a For-
mvar-coated grid and allowed to adhere for 30 s. Excess liquid was
removed, and the sample was negatively stained by sequentially flow-
ing six drops of 1% uranyl acetate over the grid, enhancing contrast
and fixing the virus particles. After drying in a controlled humidity
chamber, the grid was examined using TEM, and images were re-
corded. The resulting visualization prominently displayed AAV
empty particles as characteristic donut-like shapes, formed by the
accumulation of uranyl acetate stain in the capsid dimples. To assess
the full/empty capsid ratio, six fields of images were analyzed, and the
numbers of full and completely or partially empty virions were
counted. The average counts from these fields were used to calculate
the full/empty capsid ratio.

Animals

Adult male C57BL/6J mice (5–8 weeks of age) were purchased from
The Jackson Laboratory and received intravitreal injections. The
mice were maintained on a 12-h light/dark cycle at a temperature
of 70�F–74�F and a humidity level of 35%–46%. They were provided
with a standard chow diet (ISO-pro 300 irradiated diet, #5P76). All
animal procedures in this study were approved by the UMass Chan
Medical School Animal Care and Use Committee.

Library screening by in vivo selection

AAV libraries were intravitreally injected into the eyes of C57BL/6J
mice (n = 10) at a dose of 2.0� 109 vg/eye. Four weeks post-injection,
the animals were euthanized, and the retina/RPE complexes were har-
vested, pooled, snap-frozen in liquid nitrogen, and stored at �80�C.
Total retinal RNA was extracted using the DNA/RNA extraction kit
(SKU 47700, Norgen Biotek). mRNA was further purified from the
total RNA using the Dynabeads mRNA Purification Kit (#61006, In-
vitrogen). Reverse transcription was performed using 400 ng of puri-
fiedmRNA and the gene-specific Cap2-RT primer (Table S1) with the
SuperScript IV First-Strand Synthesis Kit (Life Technologies). To
amplify the Cap sequence with CPP insertions, a nested PCR
approach was used. In the first round of PCR, the target sequence
was amplified using the initial set of primers (Nes-1F and Nes-1R)
in multiple reactions containing 2 mL of cDNA, 25 mL of Q5
HotStart High-Fidelity 2� Master Mix (NEB), and a total reaction
volume of 50 mL for 10 cycles. In the second round, amplification
was performed with the second set of primers (Nes-2F and Nes-2R)
in multiple reactions using 1 mL of amplicon purified and concen-
trated from the first-round PCR, 12.5 mL of Q5 2� Master Mix,
and a total reaction volume of 25 mL for 20 cycles. The resulting am-
plicons were purified and concentrated for NGS preparation, using
100 ng of input amplicons in 15 cycles of amplification. The final pu-
rified amplicon was ready for NGS sequencing.

AAV vector production and intravitreal administration in mice

The leading CPP variant enriched in the retina was identified through
NGS and subsequently cloned into the Rep/Cap2 plasmid at position
N587. Plasmids encoding the Rep and AAV2 (Rep/Cap2), 7m8 (Rep/
7m8), and AAV2-CPP (Rep/CPP) capsids were used to produce
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 9
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single-stranded or self-complementary AAV vectors encoding GFP
or H2BGFP under the control of the CB6 or GRK1 promoters. This
was achieved using the same method as for AAV library production,
involving the co-transfection of HEK293 cells. A total of 1.5 mg
of pAd-DeltaF6; 150 mg of pssAAV-CB6-GFP, pssAAV-GRK1-
H2BGFP (a generous gift of Dr. Claudio Punzo, UMass Chan), or
pscAAV-CB6-GFP; and 1.5 mg of Rep/Cap, Rep/7m8, or Rep/CPP
was transfected into cells in 10 roller bottles. Seventy-two hours
post-transfection, the cells were harvested, lysed, and subjected to io-
dixanol gradient purification and buffer exchange, following the same
protocol used for the AAV libraries. The final titer was confirmed by
ddPCR using a GFP probe.

For in vivo experiments, viral vectors were intravitreally injected into
the eyes of mice at different doses. The injections were administered
using glass micropipettes (Clunbury Scientific LLC), introduced
through the corneal limbus, with fast green dye added at a concentra-
tion of 0.1% to visualize the injection site. Each mouse received 1 mL
of vector. Twenty-eight days post-injection, mice were anesthetized
for fluorescence fundus imaging and subsequently euthanized for
retinal harvesting for immunohistochemistry and molecular analysis.

NGS and bioinformatic analysis

Amplicon libraries for NGS were prepared by performing 15 cycles of
PCR amplification on 100 ng of the second round of nested PCR am-
plicons, using Q5 High-Fidelity DNA polymerase (NEB) with the
NGS-1F and NGS-1R primers. The amplicon libraries were then pu-
rified using the Zymo Gel DNA Recovery Kit (Zymo Research). The
final libraries were quantified with the Qubit dsDNA HS kit (Life
Technology) before being submitted for sequencing at the Massachu-
setts General Hospital (MGH) DNA core facility. FASTQ files gener-
ated from the sequencing were processed using Geneious Prime soft-
ware, which enabled quantitative and qualitative assessment of the
peptide sequence inserts.

Fluorescence fundus imaging and immunohistochemistry

To perform fundus imaging, mice were first administered one drop
each of phenylephrine and tropicamide to dilate the pupils. The
mice were then anesthetized via intraperitoneal injection of a keta-
mine/xylazine mixture (100 and 10 mg/kg). A mouse was positioned
on a fundus scope platform, and a heating pad was used to maintain
lens clarity by keeping the mouse warm. The platform was adjusted to
position the camera directly over the eye. Appropriate wavelengths
were selected to capture focused images of the retina, and images
were acquired with the Micron IV system from the Phoenix Technol-
ogy Group (Lakewood, CO, USA).

The eye cups, after removing the cornea, were fixed overnight at 4�C
in 4% paraformaldehyde, followed by dehydration in 30% sucrose at
4�C overnight before embedding. Cryosections, 12 mm thick, were
prepared as previously described.42 The sections were analyzed using
a Leica DM6 Thunder microscope equipped with a 16-bit mono-
chrome camera. After post-fixation and rinsing in PBS, the sections
were blocked and incubated with antibodies overnight at 4�C. The
10 Molecular Therapy: Methods & Clinical Development Vol. 33 March
following antibodies were used: chicken anti-EGFP (ab13970;
1:1,000; Abcam), rabbit anti-IBA1 (019-19741; 1:300; Wako), and
fluorescein peanut agglutinin lectin (PNA) (FL1071; 1:1,000; Vector
Laboratories). All images were visualized with a Leica DM6 Thunder
microscope with a 16-bit monochrome camera. Images were pro-
cessed by LAS X Life Science Microscope Software.

Quantification of photoreceptor transduction

Quantification of photoreceptor transduction in retinas treated with
vectors encoding cytosolic GFP under the CB6 promoter was per-
formed by manually counting GFP-positive photoreceptor segments.
For each group of injected mice, four rectangular regions of equal area
surrounding the optic nerve head were selected from a single retinal
section per eye. GFP-positive segments within these selected areas
were manually counted. In addition, the total number of photore-
ceptor nuclei in the outer nuclear layer within the same areas was
determined using the Imaris software package (8.2).43 Photoreceptor
transduction efficiency was then calculated as the average per eye and
per group by determining the ratio of GFP-positive photoreceptors to
the total number of photoreceptors. For retinas treated with vectors
encoding nuclear GFP under the GRK1 promoter, GFP-positive
photoreceptor nuclei were manually counted across the entire retinal
section. The total number of photoreceptors and the photoreceptor
transduction efficiency were calculated as described previously.

Quantitative analysis of viral genome and transcripts

Snap-frozen retinas were processed for total DNA and RNA extrac-
tion using the DNA/RNA Extraction Kit (SKU 47700, Norgen Bio-
tek). RNA was reverse transcribed into cDNA using the cDNA
Reverse Transcription Kit (#4374966; Thermo Fisher Scientific). Vec-
tor DNA and cDNA were quantified using duplex TaqMan ddPCR
assays targeting EGFP (assay IDMr00660654_cn; Thermo Fisher Sci-
entific) and Tfrc genomic sequences (#4458367; Thermo Fisher Sci-
entific) or EGFP and Gusb cDNA (#4448490; Thermo Fisher Scienti-
fic). The ddPCR was performed on a QX200 system (Bio-Rad), and
data analysis was conducted using QuantaSoft software (Bio-Rad).

HS binding affinity assay and dot-plot analysis

For the HS affinity assay, 500 mL of diluted AAV vector containing
1.0 � 1010 vg was incubated with or without 2 mL of HS solution
(100 mg/mL) for 1 h at room temperature, with shaking at 500 rpm.
After incubation, 100 mL of the mixture was loaded onto a nitrocellu-
lose membrane using a blot filtration system. The membrane was
quickly rinsed once with 0.5% PBST and then blocked with blocking
solution for 1 h at room temperature. HS antibody (clone F58-10E4;
1:200; Amsbio) was used for incubation overnight at 4�C. The mem-
brane was washed three times with 0.5% PBST for 5 min each, fol-
lowed by incubation with the secondary antibody (IRDye 680;
1:5,000; LI-COR). A final quick rinse with 0.5% PBST was performed
before imaging.

The Matrigel-HS-based Transwell model

A Matrigel-HS-based Transwell model was established to assess the
HS binding affinity of AAV2 variants. HeLa cells were seeded at a
2025
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density of 1.0 � 105 cells per well in a 24-well plate the day before
AAV infection. The culture inserts (CLS3470; 6.5-mm Transwell
with 0.4-mm pore polyester membrane insert; Corning) were coated
with Matrigel (5 mg/cm2; CLS356231; Corning) mixed with HS solu-
tion (300 mg HS in 70 mL of Matrigel solution; S5992; Selleck Chem-
icals) and incubated at 37�C for 5 h. After incubation, the remaining
solution in the inserts was removed, and the inserts were mounted
into the wells containing the seeded cells. AAV vectors encoding
the GFP gene were then added to the inserts at a multiplicity of infec-
tion (MOI) of 100,000 in 100 mL of culture medium mixed with Ad5
helper virus (MOI of 100).44 GFP expression was assessed through
fluorescence microscopy to evaluate transduction efficiency 2 days
post-infection.

Molecular modeling

The monomeric structure of the VP1 capsid (amino acid residues 219–
740) was predicted using AlphaFold 3.0 (https://alphafoldserver.com).
The prediction was based on the AAV2 VP1 reference model (PDB:
6IH9) with a resolution of 2.8 Å. Default automated settings were
applied to build the VP3 monomer. The predicted VP3 monomer
was then aligned with the wild-type AAV2 VP3 monomer using
PyMOL software. Capsid reconstruction was carried out using the Vi-
per server (https://viperdb.org/Oligomer_Generator.php).

Statistical analysis

Data were analyzed using GraphPad Prism version 10 (GraphPad
Software) and are reported as means ± standard deviation (SD). De-
pending on the experimental setup, statistical comparisons were per-
formed using one-way ANOVA followed by Tukey’s multiple com-
parisons test. Statistical significance was defined as an adjusted p
value of less than 0.05.
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 Table S1. Primers used in the study. 
 
Primer name  Primer sequence (5' to 3') 
Cap2-RT TACGAGTCAGGTATCTGGTGCCAA 
Nes-1F  GGAGCCTCGAACGACAATCACTAC 
Nes-1R ACAGACTTGTTGTAGTTGGAAGTGT 
Nes-2F  ACGTGACTGGCAAAGACTCATCAA 
Nes-2R CTGACCTGTCCCGTGGAGT 
NGS-1F  ATCTTTGGGAAGCAAGGCTCAGAG 
NGS-1R CCTTGTGTGTTGACATCTGCGGTA 

 
Nucleotide sequence of CPP1 (KLGVM): AAGCTGGGCGTGATG 
 
Synthesized CPP library oligo DNA sequence:   
5’ CCAACCTCCAGAGAGGCAACNNKNNKNNK……AGACAAGCAGCTACCGCAGA 3’ 
 
Vector sequences: 
pAAV-Cap2-sc1 (6418bp) 
 
Features:  
11–140: 5’ ITR  
214–505: GRK1 
523–731: AAV2 Rep C-terminal sequence 
1027–3225: Cap2 fragment sequence 
2788–2792: Inserted digestion site of AflII 
3263–3389: Rabbit globin polyA 
3607–3478: 3’ ITR 
4370–5227: Ampicillin resistance 
 
CTTAATTAGGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCT
TTGGTCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGG
TTCCTTGTAGTTAATGATTAACCCGCCATGCTACTTATCTACCAGGGTAATGGGACGCGTGATCCTCTA
GAACTATAGGGGCCCCAGAAGCCTGGTGGTTGTTTGTCCTTCTCAGGGGAAAAGTGAGGCGGCCCCTT
GGAGGAAGGGGCCGGGCAGAATGATCTAATCGGATTCCAAGCAGCTCAGGGGATTGTCTTTTTCTAGC
ACCTTCTTGCCACTCCTAAGCGTCCTCCGTGACCCCGGCTGGGATTTAGCCTGGTGCTGTGTCAGCCCC
GGTCTCCCAGGGGCTTCCCAGTGGTCCCCAGGAACCCTCGACAGGGCCCGGTCTCTCTCGTCCAGCAA
GGGCAGGGACGGGCCACAGGCCAAGGGCCGGGAGCAAGCTGCTAGCGGTCACCAAGCAGGAAGTCA
AAGACTTTTTCCGGTGGGCAAAGGATCACGTGGTTGAGGTGGAGCATGAATTCTACGTCAAAAAGGGT
GGAGCCAAGAAAAGACCCGCCCCCAGTGACGCAGATATAAGTGAGCCCAAACGGGTGCGCGAGTCAG
TTGCGCAGCCATCGACGTCAGACGCGGAAGCTTCGATCAACTACGCGGACAGGTACCAAAACAAATG
TTCTCGTCACGTGGGCATGAATCTGATGCTGTTTCCCTGCAGACAATGCGAGAGAATGAATCAGAATT
CAAATATCTGCTTCACTCACGGACAGAAAGACTGTTTAGAGTGCTTTCCCGTGTCAGAATCTCAACCCG
TTTCTGTCGTCAAAAAGGCGTATCAGAAACTGTGCTACATTCATCATATCATGGGAAAGGTGCCAGAC
GCTTGCACTGCCTGCGATCTGGTCAATGTGGATTTGGATGACTGCATCTTTGAACAATAAATGATTTAA
ATCAGGTATGGCTGCCGATGGTTATCTTCCAGATTGGCTCGAGGACACTCTCTCTGAAGGAATAAGAC
AGTGGTGGAAGCTCAAACCTGGCCCACCACCACCAAAGCCCGCAGAGCGGCATAAGGACGACAGCAG
GGGTCTTGTGCTTCCTGGGTACAAGTACCTCGGACCCTTCAACGGACTCGACAAGGGAGAGCCGGTCA
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ACGAGGCAGACGCCGCGGCCCTCGAGCACGACAAAGCCTACGACCGGCAGCTCGACAGCGGAGACAA
CCCGTACCTCAAGTACAACCACGCCGACGCGGAGTTTCAGGAGCGCCTTAAAGAAGATACGTCTTTTG
GGGGCAACCTCGGACGAGCAGTCTTCCAGGCGAAAAAGAGGGTTCTTGAACCTCTGGGCCTGGTTGAG
GAACCTGTTAAGACGGCTCCGGGAAAAAAGAGGCCGGTAGAGCACTCTCCTGTGGAGCCAGACTCCT
CCTCGGGAACCGGAAAGGCGGGCCAGCAGCCTGCAAGAAAAAGATTGAATTTTGGTCAGACTGGAGA
CGCAGACTCAGTACCTGACCCCCAGCCTCTCGGACAGCCACCAGCAGCCCCCTCTGGTCTGGGAACTA
ATACGATGGCTACAGGCAGTGGCGCACCAATGGCAGACAATAACGAGGGCGCCGACGGAGTGGGTAA
TTCCTCGGGAAATTGGCATTGCGATTCCACATGGATGGGCGACAGAGTCATCACCACCAGCACCCGAA
CCTGGGCCCTGCCCACCTACAACAACCACCTCTACAAACAAATTTCCAGCCAATCAGGAGCCTCGAAC
GACAATCACTACTTTGGCTACAGCACCCCTTGGGGGTATTTTGACTTCAACAGATTCCACTGCCACTTT
TCACCACGTGACTGGCAAAGACTCATCAACAACAACTGGGGATTCCGACCCAAGAGACTCAACTTCAA
GCTCTTTAACATTCAAGTCAAAGAGGTCACGCAGAATGACGGTACGACGACGATTGCCAATAACCTTA
CCAGCACGGTTCAGGTGTTTACTGACTCGGAGTACCAGCTCCCGTACGTCCTCGGCTCGGCGCATCAA
GGATGCCTCCCGCCGTTCCCAGCAGACGTCTTCATGGTGCCACAGTATGGATACCTCACCCTGAACAA
CGGGAGTCAGGCAGTAGGACGCTCTTCATTTTACTGCCTGGAGTACTTTCCTTCTCAGATGCTGCGTAC
CGGAAACAACTTTACCTTCAGCTACACTTTTGAGGACGTTCCTTTCCACAGCAGCTACGCTCACAGCCA
GAGTCTGGACCGTCTCATGAATCCTCTCATCGACCAGTACCTGTATTACTTGAGCAGAACAAACACTCC
AAGTGGAACCACCACGCAGTCAAGGCTTCAGTTTTCTCAGGCCGGAGCGAGTGACATTCGGGACCAGT
CTAGGAACTGGCTTCCTGGACCCTGTTACCGCCAGCAGCGAGTATCAAAGACATCTGCGGATAACAAC
AACAGTGAATACTCGTGGACTGGAGCTACCAAGTACCACCTCAATGGCAGAGACTCTCTGGTGAATCC
GGGCCCGGCCATGGCAAGCCACAAGGACGATGAAGAAAAGTTTTTTCCTCAGAGCGGGGTTCTCATCT
TTGGGAAGCAAGGCTCAGAGAAAACAAATGTGGACATTGAAAAGGTCATGATTACAGACGAAGAGGA
AATCAGGACAACCAATCCCGTGGCTACGGAGCAGTATGGTTCTGTATCTACCAACCTCCAGAGAGGCA
ACTTAAGAGACAAGCAGCTACCGCAGATGTCAACACACAAGGCGTTCTTCCAGGCATGGTCTGGCAGG
ACAGAGATGTGTACCTTCAGGGGCCCATCTGGGCAAAGATTCCACACACGGACGGACATTTTCACCCC
TCTCCCCTCATGGGTGGATTCGGACTTAAACACCCTCCTCCACAGATTCTCATCAAGAACACCCCGGTA
CCTGCGAATCCTTCGACCACCTTCAGTGCGGCAAAGTTTGCTTCCTTCATCACACAGTACTCCACGGGA
CAGGTCAGCGTGGAGATCGAGTGGGAGCTGCAGAAGGAAAACAGCAAACGCTGGAATCCCGAAATTC
AGTACACTTCCAACTACAACAAGTCTGTTAATGTGGACTTTACTGTGGACACTAATGGCGTGTATTCAG
AGCCTCGCCCCATTGGCACCAGATACCTGACTCGTAATCTGTAATAAGCGGCCGCCTCGAGTGATCCG
ATCTTTTTCCCTCTGCCAAAAATTATGGGGACATCATGAAGCCCCTTGAGCATCTGACTTCTGGCTAAT
AAAGGAAATTTATTTTCATTGCAATAGTGTGTTGGAATTTTTTGTGTCTCTCACTCGGAAGCAATTCGT
TGATCTGAATTTCGACCACCCATAATACCCATTACCCTGGTAGATAAGTAGCATGGCGGGTTAATCATT
AACTACAAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGC
CGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGC
AGCCTTAATTAACCTAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACC
CAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGA
TCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCG
CGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTC
GCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTT
TAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTA
GTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGAC
TCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCC
GATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATAT
TAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTA
AATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAA
GGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGT
TTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTT
ACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATG
ATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACT
CGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTA
CGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAA
CTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATG
TAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCAC
GATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCC
GGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCG
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GCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACT
GGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATG
AACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTT
TACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTT
TTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAA
AGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCAC
CGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCA
GCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCT
GTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCG
TGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGG
GTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTA
TGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAA
CAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGC
CACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAG
CAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCC
CCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGAC
CGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCG
CGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAA
CGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTAT
GTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAGAT
TTAATTAAGGC 
 
pAAV-Cap2-sc2 (6373bp) 
 
Features:  
11–140: 5’ ITR  
214–505: GRK1 
523–731: AAV2 Rep C-terminal sequence 
1027–3180: Cap2 fragment sequence 
2770–2774: Inserted digestion site of AflII 
3218–3344: Rabbit globin polyA 
3562–3433: 3’ ITR 
4325–5182: Ampicillin resistance 
 
CTTAATTAGGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCT
TTGGTCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGG
TTCCTTGTAGTTAATGATTAACCCGCCATGCTACTTATCTACCAGGGTAATGGGACGCGTGATCCTCTA
GAACTATAGGGGCCCCAGAAGCCTGGTGGTTGTTTGTCCTTCTCAGGGGAAAAGTGAGGCGGCCCCTT
GGAGGAAGGGGCCGGGCAGAATGATCTAATCGGATTCCAAGCAGCTCAGGGGATTGTCTTTTTCTAGC
ACCTTCTTGCCACTCCTAAGCGTCCTCCGTGACCCCGGCTGGGATTTAGCCTGGTGCTGTGTCAGCCCC
GGTCTCCCAGGGGCTTCCCAGTGGTCCCCAGGAACCCTCGACAGGGCCCGGTCTCTCTCGTCCAGCAA
GGGCAGGGACGGGCCACAGGCCAAGGGCCGGGAGCAAGCTGCTAGCGGTCACCAAGCAGGAAGTCA
AAGACTTTTTCCGGTGGGCAAAGGATCACGTGGTTGAGGTGGAGCATGAATTCTACGTCAAAAAGGGT
GGAGCCAAGAAAAGACCCGCCCCCAGTGACGCAGATATAAGTGAGCCCAAACGGGTGCGCGAGTCAG
TTGCGCAGCCATCGACGTCAGACGCGGAAGCTTCGATCAACTACGCGGACAGGTACCAAAACAAATG
TTCTCGTCACGTGGGCATGAATCTGATGCTGTTTCCCTGCAGACAATGCGAGAGAATGAATCAGAATT
CAAATATCTGCTTCACTCACGGACAGAAAGACTGTTTAGAGTGCTTTCCCGTGTCAGAATCTCAACCCG
TTTCTGTCGTCAAAAAGGCGTATCAGAAACTGTGCTACATTCATCATATCATGGGAAAGGTGCCAGAC
GCTTGCACTGCCTGCGATCTGGTCAATGTGGATTTGGATGACTGCATCTTTGAACAATAAATGATTTAA
ATCAGGTATGGCTGCCGATGGTTATCTTCCAGATTGGCTCGAGGACACTCTCTCTGAAGGAATAAGAC
AGTGGTGGAAGCTCAAACCTGGCCCACCACCACCAAAGCCCGCAGAGCGGCATAAGGACGACAGCAG
GGGTCTTGTGCTTCCTGGGTACAAGTACCTCGGACCCTTCAACGGACTCGACAAGGGAGAGCCGGTCA
ACGAGGCAGACGCCGCGGCCCTCGAGCACGACAAAGCCTACGACCGGCAGCTCGACAGCGGAGACAA
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CCCGTACCTCAAGTACAACCACGCCGACGCGGAGTTTCAGGAGCGCCTTAAAGAAGATACGTCTTTTG
GGGGCAACCTCGGACGAGCAGTCTTCCAGGCGAAAAAGAGGGTTCTTGAACCTCTGGGCCTGGTTGAG
GAACCTGTTAAGACGGCTCCGGGAAAAAAGAGGCCGGTAGAGCACTCTCCTGTGGAGCCAGACTCCT
CCTCGGGAACCGGAAAGGCGGGCCAGCAGCCTGCAAGAAAAAGATTGAATTTTGGTCAGACTGGAGA
CGCAGACTCAGTACCTGACCCCCAGCCTCTCGGACAGCCACCAGCAGCCCCCTCTGGTCTGGGAACTA
ATACGATGGCTACAGGCAGTGGCGCACCAATGGCAGACAATAACGAGGGCGCCGACGGAGTGGGTAA
TTCCTCGGGAAATTGGCATTGCGATTCCACATGGATGGGCGACAGAGTCATCACCACCAGCACCCGAA
CCTGGGCCCTGCCCACCTACAACAACCACCTCTACAAACAAATTTCCAGCCAATCAGGAGCCTCGAAC
GACAATCACTACTTTGGCTACAGCACCCCTTGGGGGTATTTTGACTTCAACAGATTCCACTGCCACTTT
TCACCACGTGACTGGCAAAGACTCATCAACAACAACTGGGGATTCCGACCCAAGAGACTCAACTTCAA
GCTCTTTAACATTCAAGTCAAAGAGGTCACGCAGAATGACGGTACGACGACGATTGCCAATAACCTTA
CCAGCACGGTTCAGGTGTTTACTGACTCGGAGTACCAGCTCCCGTACGTCCTCGGCTCGGCGCATCAA
GGATGCCTCCCGCCGTTCCCAGCAGACGTCTTCATGGTGCCACAGTATGGATACCTCACCCTGAACAA
CGGGAGTCAGGCAGTAGGACGCTCTTCATTTTACTGCCTGGAGTACTTTCCTTCTCAGATGCTGCGTAC
CGGAAACAACTTTACCTTCAGCTACACTTTTGAGGACGTTCCTTTCCACAGCAGCTACGCTCACAGCCA
GAGTCTGGACCGTCTCATGAATCCTCTCATCGACCAGTACCTGTATTACTTGAGCAGAACAAACACTCC
AAGTGGAACCACCACGCAGTCAAGGCTTCAGTTTTCTCAGGCCGGAGCGAGTGACATTCGGGACCAGT
CTAGGAACTGGCTTCCTGGACCCTGTTACCGCCAGCAGCGAGTATCAAAGACATCTGCGGATAACAAC
AACAGTGAATACTCGTGGACTGGAGCTACCAAGTACCACCTCAATGGCAGAGACTCTCTGGTGAATCC
GGGCCCGGCCATGGCAAGCCACAAGGACGATGAAGAAAAGTTTTTTCCTCAGAGCGGGGTTCTCATCT
TTGGGAAGCAAGGCTCAGAGAAAACAAATGTGGACATTGAAAAGGTCATGATTACAGACGAAGAGGA
AATCAGGACAACCAATCCCGTGGCTACGGAGCAGTATGGTTCTGTATCTACCTTAAGACACAAGGCGT
TCTTCCAGGCATGGTCTGGCAGGACAGAGATGTGTACCTTCAGGGGCCCATCTGGGCAAAGATTCCAC
ACACGGACGGACATTTTCACCCCTCTCCCCTCATGGGTGGATTCGGACTTAAACACCCTCCTCCACAGA
TTCTCATCAAGAACACCCCGGTACCTGCGAATCCTTCGACCACCTTCAGTGCGGCAAAGTTTGCTTCCT
TCATCACACAGTACTCCACGGGACAGGTCAGCGTGGAGATCGAGTGGGAGCTGCAGAAGGAAAACAG
CAAACGCTGGAATCCCGAAATTCAGTACACTTCCAACTACAACAAGTCTGTTAATGTGGACTTTACTGT
GGACACTAATGGCGTGTATTCAGAGCCTCGCCCCATTGGCACCAGATACCTGACTCGTAATCTGTAAT
AAGCGGCCGCCTCGAGTGATCCGATCTTTTTCCCTCTGCCAAAAATTATGGGGACATCATGAAGCCCCT
TGAGCATCTGACTTCTGGCTAATAAAGGAAATTTATTTTCATTGCAATAGTGTGTTGGAATTTTTTGTG
TCTCTCACTCGGAAGCAATTCGTTGATCTGAATTTCGACCACCCATAATACCCATTACCCTGGTAGATA
AGTAGCATGGCGGGTTAATCATTAACTACAAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTG
CGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGC
CTCAGTGAGCGAGCGAGCGCGCAGCCTTAATTAACCTAATTCACTGGCCGTCGTTTTACAACGTCGTG
ACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTA
ATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGC
GCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCA
GCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCA
AGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACT
TGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGA
GTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTC
TTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATT
TAACGCGAATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAATGTGCGCGG
AACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATA
AATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTT
TTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGA
TCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTC
GCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTA
TTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCA
CCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCAT
GAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTT
TGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCA
AACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCG
AACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCA
CTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCT
CGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGG
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GAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATT
GGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAA
GGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACT
GAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCT
GCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTT
TTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTA
GGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCT
GCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCA
GCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTG
AGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATC
CGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCT
TTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCG
GAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCA
CATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACC
GCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATAC
GCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGG
AAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACA
CTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTA
TGACCATGATTACGCCAGATTTAATTAAGGC 
 
pRep2-3stop 
 
Features: 
151–750: stuffer 
775–2717: Rep2 fragment 
2178–4468: Cap2 fragment 
3144–3146, 3144–3146, 3363–3365: stop codon 
5797–6654: Ampicillin resistance 
 
CTCTAGAGGTCCTGTATTAGAGGTCACGTGAGTGTTTTGCGACATTTTGCGACACCATGTGGTCACGCT
GGGTATTTAAGCCCGAGTGAGCACGCAGGGTCTCCATTTTGAAGCGGGAGGTTTGAACGCGCAGCCGC
CAAGCCGAATTCTGCAGATATCCCCGAGTCCTTCAATGCTATCATTCCCTTTGATATTGGACCATATGC
ATAGTACCGAGAAACTAGTGCGAAGTAGTGATCAGGTATTGCTGTTAGATATCCCCGAGTCCTTCAAT
GCTATCATTCTCTTTGATATTGGACCATATGCATAGTACCGAGAAACTAGTGCGAAGTAGTGATCAGG
TATTGCTGTTAGATATCCCCGAGTCCTTCAATGCTATCATTCCCTTTGATATTGGACCATATGCATAGTA
CCGAGAAACTAGTGCGAAGTAGTGATCAGGTATTGCTGTTAGATATCCCCGAGTCCTTCAATGCTATC
ATTCTCTTTGATATTGGACCATATGCATAGTACCGAGAAACTAGTGCGAAGTAGTGATCAGGTATTGCT
GTTAGATATCCCCGAGTCCTTCAATGCTATCATTCCCTTTGATATTGGACCATATGCATAGTACCGAGA
AACTAGTGCGAAGTAGTGATCAGGTATTGCTGTTAGATATCCCCGAGTCCTTCAATGCTATCATTTCCT
TTGATATTGGATCATATGCATAGTACCGAGAAACTAGTGCGAAGTAGTGATCAGGTATTGCTGTTAAG
GATCCATCACACTGGCGGCCGCTCGAGGGGAGCTCGCAGGGTCTCCATTTTGAAGCGGGAGGTTTGAA
CGCGCAGCCGCCATGCCGGGGTTTTACGAGATTGTGATTAAGGTCCCCAGCGACCTTGACGAGCATCT
GCCCGGCATTTCTGACAGCTTTGTGAACTGGGTGGCCGAGAAGGAATGGGAGTTGCCGCCAGATTCTG
ACATGGATCTGAATCTGATTGAGCAGGCACCCCTGACCGTGGCCGAGAAGCTGCAGCGCGACTTTCTG
ACGGAATGGCGCCGTGTGAGTAAGGCCCCGGAGGCTCTTTTCTTTGTGCAATTTGAGAAGGGAGAGAG
CTACTTCCACATGCACGTGCTCGTGGAAACCACCGGGGTGAAATCCATGGTTTTGGGACGTTTCCTGA
GTCAGATTCGCGAAAAACTGATTCAGAGAATTTACCGCGGGATCGAGCCGACTTTGCCAAACTGGTTC
GCGGTCACAAAGACCAGAAATGGCGCCGGAGGCGGGAACAAGGTGGTGGATGAGTGCTACATCCCCA
ATTACTTGCTCCCCAAAACCCAGCCTGAGCTCCAGTGGGCGTGGACTAATATGGAACAGTATTTAAGC
GCCTGTTTGAATCTCACGGAGCGTAAACGGTTGGTGGCGCAGCATCTGACGCACGTGTCGCAGACGCA
GGAGCAGAACAAAGAGAATCAGAATCCCAATTCTGATGCGCCGGTGATCAGATCAAAAACTTCAGCC
AGGTACATGGAGCTGGTCGGGTGGCTCGTGGACAAGGGGATTACCTCGGAGAAGCAGTGGATCCAGG
AGGACCAGGCCTCATACATCTCCTTCAATGCGGCCTCCAACTCGCGGTCCCAAATCAAGGCTGCCTTG
GACAATGCGGGAAAGATTATGAGCCTGACTAAAACCGCCCCCGACTACCTGGTGGGCCAGCAGCCCG
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TGGAGGACATTTCCAGCAATCGGATTTATAAAATTTTGGAACTAAACGGGTACGATCCCCAATATGCG
GCTTCCGTCTTTCTGGGATGGGCCACGAAAAAGTTCGGCAAGAGGAACACCATCTGGCTGTTTGGGCC
TGCAACTACCGGGAAGACCAACATCGCGGAGGCCATAGCCCACACTGTGCCCTTCTACGGGTGCGTAA
ACTGGACCAATGAGAACTTTCCCTTCAACGACTGTGTCGACAAGATGGTGATCTGGTGGGAGGAGGGG
AAGATGACCGCCAAGGTCGTGGAGTCGGCCAAAGCCATTCTCGGAGGAAGCAAGGTGCGCGTGGACC
AGAAATGCAAGTCCTCGGCCCAGATAGACCCGACTCCCGTGATCGTCACCTCCAACACCAACATGTGC
GCCGTGATTGACGGGAACTCAACGACCTTCGAACACCAGCAGCCGTTGCAAGACCGGATGTTCAAATT
TGAACTCACCCGCCGTCTGGATCATGACTTTGGGAAGGTCACCAAGCAGGAAGTCAAAGACTTTTTCC
GGTGGGCAAAGGATCACGTGGTTGAGGTGGAGCATGAATTCTACGTCAAAAAGGGTGGAGCCAAGAA
AAGACCCGCCCCCAGTGACGCAGATATAAGTGAGCCCAAACGGGTGCGCGAGTCAGTTGCGCAGCCA
TCGACGTCAGACGCGGAAGCTTCGATCAACTACGCAGACAGGTACCAAAACAAATGTTCTCGTCACGT
GGGCATGAATCTGATGCTGTTTCCCTGCAGACAATGCGAGAGAATGAATCAGAATTCAAATATCTGCT
TCACTCACGGACAGAAAGACTGTTTAGAGTGCTTTCCCGTGTCAGAATCTCAACCCGTTTCTGTCGTCA
AAAAGGCGTATCAGAAACTGTGCTACATTCATCATATCATGGGAAAGGTGCCAGACGCTTGCACTGCC
TGCGATCTGGTCAATGTGGATTTGGATGACTGCATCTTTGAACAATAAATGATTTAAATCAGGTATGGC
TGCCGATGGTTAGCTTCCAGATTGGCTCGAGGACACTCTCTCTGAAGGAATAAGACAGTGGTGGAAGC
TCAAACCTGGCCCACCACCACCAAAGCCCGCAGAGCGGCATAAGGACGACAGCAGGGGTCTTGTGCT
TCCTGGGTACAAGTACCTCGGACCCTTCAACGGACTCGACAAGGGAGAGCCGGTCAACGAGGCAGAC
GCCGCGGCCCTCGAGCACGACAAAGCCTACGACCGGCAGCTCGACAGCGGAGACAACCCGTACCTCA
AGTACAACCACGCCGACGCGGAGTTTCAGGAGCGCCTTAAAGAAGATACGTCTTTTGGGGGCAACCTC
GGACGAGCAGTCTTCCAGGCGAAAAAGAGGGTTCTTGAACCTCTGGGCCTGGTTGAGGAACCTGTTAA
GACGGCTCCGGGAAAATAGAGGCCGGTAGAGCACTCTCCTGTGGAGCCAGACTCCTCCTCGGGAACC
GGAAAGGCGGGCCAGCAGCCTGCAAGAAAAAGATTGAATTTTGGTCAGACTGGAGACGCAGACTCAG
TACCTGACCCCCAGCCTCTCGGACAGCCACCAGCAGCCCCCTCTGGTCTGGGAACTAATACGATGGCT
ACAGGCAGTGGCGCACCAATGGCAGACAATAACTAGGGCGCCGACGGAGTGGGTAATTCCTCGGGAA
ATTGGCATTGCGATTCCACATGGATGGGCGACAGAGTCATCACCACCAGCACCCGAACCTGGGCCCTG
CCCACCTACAACAACCACCTCTACAAACAAATTTCCAGCCAATCAGGAGCCTCGAACGACAATCACTA
CTTTGGCTACAGCACCCCTTGGGGGTATTTTGACTTCAACAGATTCCACTGCCACTTTTCACCACGTGA
CTGGCAAAGACTCATCAACAACAACTGGGGATTCCGACCCAAGAGACTCAACTTCAAGCTCTTTAACA
TTCAAGTCAAAGAGGTCACGCAGAATGACGGTACGACGACGATTGCCAATAACCTTACCAGCACGGTT
CAGGTGTTTACTGACTCGGAGTACCAGCTCCCGTACGTCCTCGGCTCGGCGCATCAAGGATGCCTCCC
GCCGTTCCCAGCAGACGTCTTCATGGTGCCACAGTATGGATACCTCACCCTGAACAACGGGAGTCAGG
CAGTAGGACGCTCTTCATTTTACTGCCTGGAGTACTTTCCTTCTCAGATGCTGCGTACCGGAAACAACT
TTACCTTCAGCTACACTTTTGAGGACGTTCCTTTCCACAGCAGCTACGCTCACAGCCAGAGTCTGGACC
GTCTCATGAATCCTCTCATCGACCAGTACCTGTATTACTTGAGCAGAACAAACACTCCAAGTGGAACC
ACCACGCAGTCAAGGCTTCAGTTTTCTCAGGCCGGAGCGAGTGACATTCGGGACCAGTCTAGGAACTG
GCTTCCTGGACCCTGTTACCGCCAGCAGCGAGTATCAAAGACATCTGCGGATAACAACAACAGTGAAT
ACTCGTGGACTGGAGCTACCAAGTACCACCTCAATGGCAGAGACTCTCTGGTGAATCCGGGCCCGGCC
ATGGCAAGGTCAGCGTGGAGATCGAGTGGGAGCTGCAGAAGGAAAACAGCAAACGCTGGAATCCCGA
AATTCAGTACACTTCCAACTACAACAAGTCTGTTAATGTGGACTTTACTGTGGACACTAATGGCGTGTA
TTCAGAGCCTCGCCCCATTGGCACCAGATACCTGACTCGTAATCTGTAATTGCTTGTTAATCAATAAAC
CGTTTAATTCGTTTCAGTTGAACTTTGGTCTCTGCGTATTTCTTTCTTATCTAGTTTCCATGCTCTAGAGC
GGCCGCCACCGCGGTGGAGCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGCGCGCTTGGCGTAAT
CATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAA
GCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTG
CCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGG
CGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCG
GCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGA
AAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTT
TCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCG
ACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTG
CCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGT
AGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCC
GACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTG
GCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGT
GGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACC
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TTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTT
TGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTC
TGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCA
CCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTG
ACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTG
CCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATG
ATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCG
AGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGA
GTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGC
TCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATG
TTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTA
TCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTG
ACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGC
GTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTT
CGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCC
AACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGC
CGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATT
GAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAA
ATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTAAATTGTAAGCGTTAATATTTTGTTAAAAT
TCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATA
AATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAG
AACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCAT
CACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCC
CGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGA
GCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAA
TGCGCCGCTACAGGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGC
GGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACG
CCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAGCGCGCGTAATACGACTCACTATA
GGGCGAATTGGGTACCGGGCCCCCCCTCGAGGTCGACGGTATGATCCACTAGTAACGGCCGCCAGTGT
GCTGGAATTCGGCTTTGTAGTTAATGATTAACCCGGCATGCTACTTATCTACGTAGCCATG 
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Figure S1. The corresponding DNA sequences of CPPs were confirmed by next 
generation sequencing (NGS) at each round of screen. 
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Figure S2. Identification of the leading AAV2 capsid variant enriched in the retina of 
mice using CMV/CB-AAV2-CPP library. (A) Schematic representation of the backbone 
plasmid construct containing the CPP library insert. (B) Representative RT-PCR results of 
recovered RNA of capsid variants from pooled retina/RPE tissues 28 days after injection of the 
CMV/CB-driven AAV library. (C) The reduction and enrichment of CPP variants during each 
round of selection. (D) Identification of AAV2.CPP1 as the leading capsid variant after the 
second round of selection based on enrichment and yield scores. 
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Figure S3. Engineered AAV2.CPP1 capsid can efficiently package AAV vectors with 
iodixanol gradient purification. (A) Titres of each AAV vectors packaged by AAV2, 
AAV2.7m8 and AAV2.CPP1 capsids. (B) Representative transmission electron microscopy 
images of scAAV2.CB6.GFP and scAAV2.CPP1.CB6.GFP. White and black arrows indicate 
full virions and completely or partially empty virions, respectively. (C) Quantification analysis of 
full/empty capsid ratio of each vector. 
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Figure S4. Retinal transduction profile of the single-stranded AAV2.CPP1 vector in adult 
mice at low dose. (A) Representative fluorescence fundus images of adult C57BL/6 mice four 
weeks after intravitreal injection with a low dose (2.0×108 vg/eye) of single-stranded AAVs. 
(B) Quantification of genomic DNA levels of GFP in mouse retinas four weeks post-injection 
of low dose ssAAVs. 
 
 
 
 

 
 
Figure S5. Retinal transduction profile of the self-complementary AAV2.CPP1 vector in 
adult mice at low dose. (A) Representative fluorescence fundus images of adult C57BL/6 
mice four weeks after intravitreal injection with a low dose (2.0×108 vg/eye) of single-stranded 
AAVs. (B) Quantification of genomic DNA levels of GFP in mouse retinas four weeks post-
injection of low dose scAAVs. 
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Figure S6. Full images of Figure 4A. 
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