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AAV vectors engineered to target insulin
receptor greatly enhance intramuscular
gene delivery
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Adeno-associated virus (AAV) is one of the most commonly
used vectors for gene therapy, and the applications for AAV-
delivered therapies are numerous. However, the current state
of technology is limited by the low efficiency with which most
AAV vectors transduce skeletal muscle tissue. We demonstrate
that vector efficiency can be enhanced by modifying the AAV
capsid with a peptide that binds a receptor highly expressed
in muscle tissue. When an insulin-mimetic peptide, S519, pre-
viously characterized for its high affinity to insulin receptor
(IR), was inserted into the capsid, the AAV9 transduction effi-
ciency of IR-expressing cell lines as well as differentiated pri-
mary human muscle cells was dramatically enhanced. This vec-
tor also exhibited efficient transduction of mouse muscle
in vivo, resulting in up to 18-fold enhancement over AAV9.
Owing to its superior transduction efficiency in skeletal muscle,
we named this vector “enhanced AAV9” (eAAV9). We also
found that the modification enhanced the transduction effi-
ciency of several other AAV serotypes. Together, these data
show that AAV transduction of skeletal muscle can be
improved by targeting IR. They also show the broad utility of
this modular strategy and suggest that it could also be applied
to next-generation vectors that have yet to be engineered.
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INTRODUCTION
Recombinant adeno-associated virus (AAV) vectors are widely
considered to be the gold standard for gene therapy, owing to their
safety, persistence of gene expression, and decades of extensive study.
There have been several recent successes in treating human diseases
with AAV-expressed transgenes,1 including regulatory approvals of
an AAV2-based gene replacement therapy for RPE65-mediated
congenital blindness2 and an AAV9-based gene replacement therapy
for spinal muscular atrophy,3 as well as a number of successful phase
II and III trials for hemophilia A and B using natural and bio-
engineered capsids.4,5 However, there are several challenges associ-
ated with using AAV to express therapeutic transgenes, especially
at high concentrations. First, the high cost of AAV production pre-
cludes its widespread use in the developing world.6 Second, the
AAV vector’s capsid and DNA trigger innate immune responses,
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and higher levels of anti-drug antibodies are elicited by expression
of a therapeutic protein from muscle than with the passive infusion
of a protein.6–9 Third, practical constraints on AAV concentrations
and injection volumes limit the magnitude of transgene expres-
sion.10–12 Most of these challenges could be eased with the develop-
ment of more efficient vectors.

Skeletal muscle is an excellent target tissue for gene delivery because
direct injection into skeletal muscle is clinically convenient and trans-
genes expressed therein can freely diffuse into systemic circula-
tion.13,14 Transduction of skeletal muscle also has other distinct ad-
vantages in safety, persistence, and efficacy. Local muscle
inflammation does not lead to major clinical complications, such as
metabolic perturbations, which may be elicited by transduction of
the liver. Additionally, terminally differentiated muscle cells are
longer lived than many other cell types and do not divide, although
turnover will occur over time with injury or immune response. There-
fore, transgene expression in skeletal muscle lasts for years or even de-
cades.14,15 Finally, vectors encounter less preexisting anti-capsid anti-
bodies when injected intramuscularly, an important advantage for
treatment of AAV-seropositive individuals or repeated treatments.16

However, a major caveat of muscle transduction is that it may elicit
more anti-transgene antibodies than the liver.17 Lower doses and
less immunogenic capsids, promoters, and transgenes may help over-
come this problem.

A wealth of research has focused on improving the transduction effi-
ciency or modifying the tropism of AAV capsids, either by rational
design18 or through a range of directed evolution approaches,
including capsid shuffling, random panningmutagenesis, and peptide
library display.19,20 Both approaches offer the opportunity to retarget
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Figure 1. Insulinmimetic peptideS519 and its insertion into theAAV9 capsid

(A) A segment of the S519 peptide was aligned to the human insulin B chain using

the MUSCLE algorithm and visualized in JalView;38,39 amino acid similarity is plotted

below the alignment. (B) A diagram of the AAV genome shows the assembly acti-

vating protein (AAP) and three VP proteins translated from a single Cap gene; VP1,

VP2, and VP3. All display the same C-terminal region and thus all contain variable

regions IV and VIII (VR-IV and VR-VIII). (C) The AAV9 cryo-EM structure (PDB: 3UX1)

was visualized with ChimeraX software.40 Virion surface is colored by distance from

the center of the virion. In the expanded view of the threefold axis of symmetry, VR-

IV and VR-VIII are colored in green and blue, respectively.
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or enhance AAV transduction of a specific target cell. On one hand,
when a novel AAV capsid is created by directed evolution, the ac-
quired phenotype is often serotype-specific and mechanistic insight
is hard to gain. On the other hand, a rational design approach can
allow greater mechanistic insight and control over the phenotype,
but often does not result in the desired effect when tested in vivo.
Because of technical advances such as automated DNA synthesis
and next generation sequencing, many recent advances in AAV vec-
tor engineering have come from directed evolution campaigns.
Recent examples include capsid variants targeted to cell types in the
brain,21–23 cochlea,24 and retina.25,26 An example of an effective
rational design was shown by targeting three distinct cellular recep-
tors using antibody-antigen interaction following the genetic fusion
of nanobodies into AAV capsids.27 In another example, mutation
of tyrosine residues on the AAV capsid has been shown to enhance
transduction by avoiding proteasomal degradation in several combi-
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nations of serotypes and target tissues.28–30 In all modalities, however,
translatability has been a challenge. For example, a vector may
perform well in a cell line but not in vivo, or it may be successful in
murine but not in human cells.

In this study, using the well-established method of peptide insertion
into the capsid,19 we developed a system that not only markedly im-
proves vector efficiency in skeletal muscle transduction but also is
portable to other AAV serotypes. In addition, because the peptide
binds murine and human receptors alike, results derived from animal
studies are likely translatable to humans. To develop this system, we
first identified receptors that are abundantly expressed on skeletal
muscle cells and then short ligands that bind these receptors with
high affinity and that have already been characterized. We found
that insulin receptor (IR) is expressed in abundance on differentiated
skeletal muscle cells and has a synthetic ligand of suitable length and
high affinity.31 We genetically grafted this ligand into the capsid of
AAV9 and several other serotypes in variable regions IV or VIII
(VR-IV or VR-VIII), which were well established to be amenable to
insertion of foreign sequences.19,32–37We show that the vectors modi-
fied with this insert have greatly enhanced transduction efficiency in
IR-expressing cell lines, primary human myotubes, and mouse skel-
etal muscle in vivo compared to their parental counterparts. Further,
we demonstrate that their enhanced transduction efficiency is trans-
ferable to other natural serotypes and engineered AAV vectors.
Collectively, these data indicate that targeting a specific receptor using
a well-characterized ligand is a valuable strategy because it not only
improves vector efficiency but also is portable to other vectors.

RESULTS
Modification of AAV9 with the insulin-mimetic peptide S519

facilitates enhanced transduction of IR-expressing cells

The insulin-mimetic peptide S519 is a 36 amino acid linear peptide
with a KD for IR of 2.0 � 10�11 M.31 This peptide is an IR agonist31

and shows sequence similarity with human insulin (Figure 1A). We
cloned a coding sequence for this peptide into VR-IV and VR-VIII
of the AAV9 capsid. Because VP1, VP2, and VP3 are translated
from one gene, all three VP molecules carry the insert (Figure 1B).
The cryo-electon microscopy (cryo-EM) structure of AAV9 reveals
that VR-IV and VR-VIII protrude furthest from the virion among
all surface-exposed residues41 (Figure 1C). We chose to insert S519
between residues near the apex of each loop, after G543 for VR-IV
or A589 for VR-VIII (by AAV9 residue numbering) with a short
linker (Table S1).

Because VR-IV and VR-VIII are located at the threefold axis of sym-
metry and there are three copies each of VR-IV and VR-VIII per
threefold axis, we hypothesized that vector production with the rela-
tively large insert may be hampered by steric hindrance. Therefore, we
reduced steric hindrance by mixing wild-type (WT) and S519-con-
taining mutant capsids during vector production and assessed the
mosaic vectors’ yield and infectivity. We found that transfection
with less mutant than WT capsid (at ratios between 20:1 and 3:1 of
WT tomutant) resulted in greater yields compared to a higher mutant
rapy: Methods & Clinical Development Vol. 19 December 2020 497
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Figure 2. Insertion of the insulin-mimetic peptide S519 into the capsid markedly enhances AAV9 transduction efficiency in vitro

(A) Mosaic vectors were produced with the indicated ratios of WT to S519(IV) or S519(VIII) Rep/Cap plasmid. Vectors were quantified by qPCR. Each dot represents the

vector titer from one experiment, and trend lines represent the mean of three independent experiments. (B) HEK293T cells transduced with CRISPR-Cas9 and untargeted

guide RNA (Control 293T) or guide RNA directed against IR (IR-KO 293T) were analyzed for IR expression by flow cytometry. Representative data from three independent

experiments are shown. (C) GFP-encoding mosaic vectors produced with the indicated ratios were used to transduce cells at an MOI of 105 vg/cell. GFP expression was

measured by flow cytometry after 24 h. Trend lines are the mean of three independent experiments. (D) Cells were transduced with the indicated vector at an MOI of 105 vg/

cell or a comparable quantity of LASV pseudovirus. S519(IV)-AAV9 and S519(VIII)-AAV9 were produced as mosaic vectors at a 10:1 ratio of WT to mutant capsid. GFP

expression was analyzed 24 h post transduction (hpt). Data are shown as mean ± SEM of three independent experiments, and statistical significance was assessed by two-

way ANOVA with Tukey’s multiple comparisons test (****p < 0.0001). (E) The indicated concentrations of IR-Fc were incubated with firefly luciferase (FLuc)-encoding vectors

for 15 minutes before addition to HEK293T cells for 60-minute transduction. Luciferase activity was measured 24 hpt. Data are shown as mean ± SEM of 3 independent

experiments. (F) HEK293T cells were preincubated with the indicated concentrations of insulin for 15 minutes, and FLuc-encoding vectors were added to the culture for

60 min. Luciferase activity was measured 24 hpt. Data are shown as mean ± SEM of three independent experiments.
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capsid ratio, and their titers were comparable to that of WT AAV9
(Figure 2A). This was true for both the vectors modified at either
VR-IV or VR-VIII (S519(IV)-AAV9 or S519(VIII)-AAV9, respec-
tively). To compare transduction efficiency of these mosaic vectors,
we generated IR-knockout HEK293T cells (IR-KO 293T) using the
LentiCRISPRv2 system42 (Figure 2B). We also generated cells trans-
duced with a single guide RNA (sgRNA) with no human genomic
target but treated in the same way as IR-KO cells (control 293T). Con-
trol 293T cells maintain endogenous IR expression. We transduced
both these cells with the same mosaic vectors, which express green
fluorescent protein (GFP) under human cytomegalovirus (CMV)
promoter, at a multiplicity of infection (MOI) of 105 vector genomes
(vg) per cell and analyzed GFP expression by flow cytometry at 24 h
post transduction (Figure 2C).We found that vectors produced with a
10:1 ratio of WT to mutant capsid yielded the highest expression of
the GFP reporter in control 293T cells, while transduction of IR-
KO 293T was much lower for all mosaic vectors. Therefore, we chose
to use a 10:1 ratio for the study. These data show that there is an op-
timum number of mutant capsids that can be accommodated by a
virion and warrant future study to identify the actual ratio of WT
and mutant capsids incorporated into a mature virion. These data
also suggest a balance between maximizing mutant capsids per virion
to enhance transduction and minimizing physical constraints caused
by the mutant capsids present in the threefold axis.

Next, we compared S519(IV)- and S519(VIII)-AAV9 side-by-side
with WT AAV9 for their transduction efficiency in the IR-KO and
control 293T cells. A retrovirus pseudotyped with the entry protein
of Lassa fever virus (LASV) was used as a control because its transduc-
tion is not dependent on the presence of IR. We observed that, while
both S519(IV)- and S519(VIII)-AAV9 transduced IR-KO cells with
low efficiency, they transduced control 293T cells with greater effi-
ciency than WT AAV9 and that transduction efficiency of
S519(VIII)-AAV9 was substantially higher than S519(IV)-AAV9
(Figure 2D). Lower levels of transduction of IR-KO cells is specific
to our IR-directed vectors and not due to perturbation in those cells
because WT AAV9 and LASV pseudovirus have similar reporter
expression in both the IR-KO and control 293T cells. Similar to the
enhanced reporter expression mediated by GFP-encoding
S519(VIII)-AAV9 in control 293T cells, this effect was also repro-
duced with firefly luciferase (FLuc)-encoding vectors (Figure S1A).
Because of the superior transduction efficiency of S519(VIII)-
AAV9, we hereafter refer to this vector as “enhanced AAV9”
(eAAV9).

To verify IR-dependence of eAAV9, we used a construct consisting of
the human IR ectodomain fused to an Fc tag (IR-Fc)43 as a transduction
inhibitor. Control 293T cells were transduced with FLuc-encodingWT
AAV9, eAAV9, or LASV psudovirus alone or together, with increasing
concentrations of IR-Fc protein, and analyzed for luciferase activity
24 h later. Preincubation of eAAV9 with IR-Fc induced a dose-depen-
dent decrease in transduction of HEK293T cells half maximal inhibi-
tory concentration (IC50), 0.60 nM), while WT AAV9 and LASV
were unaffected (Figure 2E). Similarly, we also evaluated insulin for
Molecular The
its inhibitory effect on transduction by WT AAV9 and eAAV9 and
found that preincubation of vectors with human insulin exhibited
dose-dependent inhibition of eAAV9 (IC50, 5.2 mg/ml) but not WT
AAV9 (Figure 2F). Further, to confirm that the enhanced reporter
gene expression is a consequence of increased vector entry, we quanti-
fied intracellular vector genomes in transduced cells (Figure S1B).
Consistent with the observed differences in reporter gene expression,
we found that transduction with eAAV9 compared to WT AAV9 re-
sults in a substantially increased intracellular vector genome copy num-
ber in control 293T cells, but not in IR-KO 293T cells. The cycle
threshold (Ct) of a qPCR assay targeting the human housekeeping
geneGAPDHwas similar in all conditions, indicating that the observed
differences in intracellular vg copy number are not due to discrepancies
in genomic DNA extraction. These data clearly show that eAAV9
transduces HEK293T cells with much greater efficiency than WT
AAV9 and that this enhanced transduction is mediated by its use of IR.

eAAV9 transduces human myotubes much more efficiently than

WT AAV9 in an IR-dependent manner

We next sought to determine whether this capsid modification was
effective in human skeletal muscle cells. Cells isolated from the rectus
abdominis muscle of healthy donors were cultured and differentiated
to formmyotubes and transduced with 7� 1010 vg of GFP-expressing
WT AAV9 or eAAV9 per square centimeter of culture area with or
without addition of the IR-Fc inhibitor. LASV pseudovirus was
used as a control. Three days later, the cells were visualized by fluores-
cent microscopy. Cells transduced with eAAV9 showed greatly
enhanced GFP expression compared to those transduced with WT
AAV9 (Figure 3). At this MOI, WT AAV9 was scarcely distinguish-
able from mock-transduced cells in GFP imaging. Preincubation of
eAAV9 with 30 nM IR-Fc greatly reduced its transduction, confirm-
ing that the enhanced efficiency of this vector is derived from its use of
IR. IR-Fc had no effect on LASV, which enters through a-dystrogly-
can.44 To verify that the overall population of cells in each condition
was similar, we also visualized nuclei by Hoechst 33342 staining and
took advantage of cellular autofluorescence (primarily due to intracel-
lular porphyrin compounds) to visualize the cell density and
morphology as previously described.45,46 Of note, cells exposed to
LASV exhibited cytopathic effects, resulting in cell detachment. The
remaining GFP-expressing cells were of a distinct stellate
morphology, suggesting that myotubes were either not transduced
by LASV pseudovirus or nonviable after transduction. On the other
hand, eAAV9-transduced cells exhibited no cytopathic effects and
the transduced cells were of elongated tubular morphology, demon-
strating that eAAV9 preferentially transduces differentiated
myotubes.

eAAV9 transduces mouse skeletal muscle in vivo more

efficiently thanWTAAV9and its efficiency is further enhancedby

fasting.

Because mouse IR (mIR) is 94% identical to human IR in amino-acid
sequence, we hypothesized that eAAV9 would exhibit enhanced
transduction in mIR-expressing cells too. To confirm this, we ac-
quired two mouse brown preadipocyte cell lines: one with IR and
rapy: Methods & Clinical Development Vol. 19 December 2020 499
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Figure 3. eAAV9 is markedly more efficient in transducing primary human

skeletal muscle cells compared to WT AAV9

Primary human skeletal muscle cells were differentiated to form myotubes and

transduced with the indicated vectors expressing GFP that were preincubated or not

with 30 nM IR-Fc. After 3 days of culture in growthmedia, cells were fixed and stained

with Hoechst 33342 to label nuclei. Green, GFP reporter; red, cellular auto-

fluorescence for morphology visualization; blue (included in Merge), Hoechst 33342.

Scale bar (bottom panels) represents 100 mm. Representative images are shown from

one of 3 independent experiments with cells sourced from 2 different donors.
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insulin-like growth factor I receptor double knockout (DKO) and a
derivative of the same that was reconstituted with mIR (DKO+-
mIR).47 We transduced both cells with GFP-expressing WT AAV9
and eAAV9. In contrast to WT AAV9, which yielded modest GFP
expression in DKO and DKO+mIR cells, transduction with eAAV9
resulted in robust expression of GFP only in the DKO+mIR cells
(Figure S2).

As eAAV9 efficiently uses mIR, we next determined whether eAAV9
could transduce skeletal muscle of mice more efficiently than WT
AAV9 when delivered by intramuscular (i.m.) injection. We injected
the gastrocnemius muscles of 11-week-old BALB/c mice with 109 vg
of luciferase-encoding WT AAV9 or eAAV9. At 14, 21, and 28 days
post transduction (dpt), mice were injected with D-luciferin and
imaged to measure luciferase activity (Figure 4A). In these experi-
mental conditions, mice injected with eAAV9 exhibited approxi-
500 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
mately 6-fold greater luciferase activity compared to those injected
with WT AAV9.

Because eAAV9 is IR-dependent and because the addition of insulin
to the cell culture media had a blocking effect in vitro (Figure 2F), we
next asked whether transduction in vivo would be modulated by the
concentration of circulating insulin in the mice. Insulin secretion oc-
curs as a homeostatic process when blood glucose is in excess, e.g., af-
ter food consumption.48,49 Therefore, we evaluated the transduction
efficiency of WT AAV9 and eAAV9 in mice that were fasted for
4 h before and after injection of the vectors. As above, mice were in-
jected with 109 vg into the gastrocnemius muscle and luciferase activ-
ity was measured by bioluminescent imaging (Figure 4B). In fasted
mice, eAAV9 yielded approximately 18-fold greater luciferase activity
thanWTAAV9 at 14, 21, and 28 dpt.We conclude that eAAV9 trans-
duces mouse skeletal muscle in vivo with greater efficiency than WT
AAV9 and that this phenotype is further enhanced by fasting.

eAAV9 does not perturb glucose homeostasis or differentially

transduce extramuscular tissues compared to WT AAV9

Because of the physiological role of insulin in modulating blood
glucose levels, we asked whether eAAV9, with its insulin-mimetic
insertion, would exert a measurable effect on the blood glucose con-
centration in mice. Mice were fasted as described above and blood
glucose was measured by microsampling immediately before injec-
tion of vectors to obtain a baseline value. Mice were injected in the
gastrocnemius muscle with 109 vg ofWT AAV9, eAAV9, or, as a pos-
itive control, human insulin at 0.5 U/kg, a typical therapeutic dose for
a patient with diabetes mellitus type 2 (Figure 4C). Blood glucose was
then measured at 45 min, 2 h, and 4 h post injection of vectors or in-
sulin. Injection of insulin caused a sharp and statistically significant
decrease in blood glucose at 45 min as well as a rebound effect at 2
and 4 hours, consistent with its physiological role. On the other
hand, blood glucose levels of mice injected with eAAV9 did not signif-
icantly differ from those injected with WT AAV9 at any measured
time point. We therefore conclude that i.m. administration of
eAAV does not perturb systemic glucose homeostasis.

Next, although we engineered eAAV9 for enhanced transduction of
muscle when delivered by i.m. injection, we sought to determine if
eAAV9 additionally exhibits enhanced systemic transduction
compared to WT AAV9 when injected intravenously (i.v.). We also
aimed to investigate whether eAAV9 compared to WT AAV9 accu-
mulates at high levels in certain organs, which might lead to toxicity.
To obtain a detectable level of luciferase signal, we first titered an
optimal amount of vectors for systemic delivery and decided on
1011 vg per mouse. Following i.v. injection of 1011 vg of luciferase-en-
coding vector into the tail vein of fasted mice, we observed no signif-
icant difference in overall luminescence intensity or in the pattern of
tissues transduced by eAAV9 versus WT AAV9 (Figure S3A). As a
control, 109 vg of the same vector preps were injected into the gastroc-
nemius muscle of mice handled in parallel and imaged identically.
Consistent with other experiments, eAAV9 exhibited roughly 20-
fold greater transduction than WT AAV9 with i.m. injection
ber 2020



Figure 4. eAAV9 transduces mouse skeletal muscle

in vivo with much greater efficiency than WT AAV9

(A and B) Mice with ad libitum access to food (A, Fed) or

fasted for 4 h before and 4 h after transduction (B, Fasted)

were injected with 109 vg of luciferase-expressingWT AAV9

or eAAV9 vector in the gastrocnemius muscle of the right

hindleg and imaged at the indicated time points. Top,

representative images of mice at 14 dpt. Bottom, quantifi-

cation of luminescence; dots represent individual mice and

horizontal bars indicate mean values. Data are derived from

experiments performed with two independent vector

preparations (A, n = 6–9 mice per condition; B, n = 14–15

mice per condition). Statistical significance was analyzed by

Mann-Whitney U-test (**p < 0.01; ***p < 0.001). Trans-

duction efficiency of eAAV9 relative to WT AAV9: (A) 6.3-,

5.9-, and 6.5-fold enhancement for 14, 21, and 28 dpi,

respectively; (B) 17.6-, 17.9-, and 18.4-fold enhancement

for 14, 21, and 28 dpi, respectively. (C) Mice were fasted for

4 h, and blood glucose was measured before (�0.25 h) and

at the indicated times after the injection of AAV9, eAAV9, or

0.5 U/kg human insulin. Representative data from three

independent experiments are shown; dots represent indi-

vidual mice and horizontal bars indicate mean values. Sta-

tistical significance among the groups (n = 5mice per group)

was analyzed by two-way ANOVA with Tukey’s multiple

comparisons test (*p < 0.05; ***p < 0.001).

www.moleculartherapy.org
(Figure S3B). The i.v.-injected mice were euthanized at 30 dpt and
intracellular vector genomes were quantified by qPCR (Figure S3C).
Surprisingly, many samples amplified below the limit of detection.
Nonetheless, similar to our observations with bioluminescent imag-
ing, the vector copy number in spleen, liver, brain, skeletal muscle,
and heart did not significantly differ among mice transduced with
WT AAV9 versus eAAV9. Together, the bioluminescent imaging
and genome quantification results highlight two points. First,
eAAV9 is no more efficient than WT AAV9 when delivered system-
ically. This may reflect either lower IR expression or higher AAV9 re-
Molecular Therapy: Methods & Cli
ceptor (e.g., galactose) expression in other tissues
compared to skeletal muscle. Second, the lack of a
significant difference in tissue distribution be-
tweenWT AAV9 and eAAV9 implies that the in-
sulin mimetic peptide does not significantly
modulate extramuscular transduction. This indi-
cates a small quantity of eAAV9 vector that may
escape the muscle tissue during delivery will not
transduce off-target organs with greater efficiency
than a similar quantity of WT AAV9. These re-
sults also demonstrate that the advantage of
eAAV9 is confined to muscle-specific transduc-
tion, but the advantage it confers increases the ap-
peal of muscle targeting for expression of thera-
peutic transgenes.

Transduction by a wide range of AAV

serotypes can be enhanced by the S519

peptide
We then tested whether or not our approach is portable to other se-
rotypes. To do so, we grafted the S519 peptide into similar sites at the
apex of VR-VIII in the capsids of natural isolates AAV1, AAV2, and
AAV8 as well as the chimeric vector NP22 (Table S1). We chose to
include the NP22 capsid because it was selected for improved skeletal
muscle transduction.50 Luciferase-encoding vectors were produced
for each serotype at a ratio of 10:1 WT to mutant capsid and used
to transduce control 293T and IR-KO 293T cells (Figure 5A). We
found that eAAV1 and eAAV8 yielded much higher reporter gene
expression than their WT counterparts in control 293T cells, but
nical Development Vol. 19 December 2020 501
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Figure 5. Insertion of the S519 peptide into the capsid enhances the transduction efficiency of a wide range of AAV serotypes

(A) Control 293T or IR-KO 293T cells were transduced with WT or S519-modified vector of the indicated serotypes, encoding luciferase. Luciferase activity was measured 24

hpt. Data are shown as mean ± SEM of three independent experiments, and statistical significance was analyzed by Student’s t test (*p < 0.05; **p < 0.01). (B) Fasted mice

were injected in the gastrocnemius muscle with 109 vg of WT or S519-modified vector of the indicated serotypes, expressing luciferase, and imaged at 14 and 21 dpt. Top,

representative images of mice at 14 dpt. Bottom, quantification of luminescence; dots represent individual mice and horizontal bars indicate mean values. Data are derived

from experiments performedwith two independent vector preparations (AAV1, n = 9–10mice per condition; all others, n = 6–8mice per condition). Statistical significance was

analyzed byMann-Whitney U-test (**p < 0.01; ***p < 0.001). Transduction efficiency of eAAV relative to parental AAV for 14 and 21 dpt, respectively: 2.4- and 2.4-fold (AAV1),

6.3- and 7.6-fold (AAV2), 14.5- and 14.2-fold (AAV8), and 13.2- and 9.4-fold (NP22).
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not in IR-KO 293T cells, confirming that the enhancement of these
serotypes is also IR-dependent. In contrast, eAAV2 and eNP22
were indistinguishable from the parental AAV2 and NP22, respec-
tively, in both cell types. Next, we transduced fasted mice by injection
of 109 vg into the gastrocnemius muscle, and luciferase activity was
analyzed by imaging at 14 and 21 dpt (Figure 5B). We included
AAV2 and NP22 in the in vivo experiments because AAV vectors
often behave differently between in vitro and in vivo transduction.
In contrast to our findings in HEK293T cells, eAAV1, eAAV2,
eAAV8, and eNP22 all outperformed their WT counterparts in
mice. These data show that in vivo transduction of skeletal muscle
by AAV vectors other than AAV9 is also enhanced when modified
by the insertion of the S519 peptide.

DISCUSSION
Steady advances in the field of AAV-mediated gene therapy have
made recombinant AAV vectors an increasingly practical choice for
502 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
gene delivery in a multitude of therapeutic settings. One challenge
that remains for many applications is the high doses required to reach
effective levels of transgene expression. For example, long-term
expression of a monoclonal antibody at levels sufficient for a thera-
peutic serum concentration was achieved in a rhesus macaque with
intramuscular administration of 2.9 � 1012 vg/kg of AAV1.15 An
equivalent dose for an adult human would be on the order of 1014

vg, a prohibitively high vector dose. To facilitate reduction of vector
doses, we improved AAV transduction in skeletal muscle through tar-
geting IR.We did so by introducing an insulin-mimetic peptide, S519,
into the AAV capsid, and achieved up to 18-fold enhancement
compared to the parental serotypes.

Muscle-tropic vectors have been reported with various transduction
efficiencies, including the natural isolates AAV1, AAV2, AAV7,
AAV8, and AAV951–54 as well as a recently reported serotype isolated
from pigs, AAVpo1, that efficiently transduces mouse skeletal
ber 2020
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muscle.55 The engineered vectors AAV2i8 and AAV9.45 preferen-
tially transduce skeletal muscle while detargeting the liver.56,57 In
addition, Paulk et al.50 recently reported a vector platform for human
skeletal muscle transduction based on the directed evolution of natu-
ral AAV isolates by genetic shuffling, which yielded NP22 and NP66.
Our study shows that the S519 peptide is portable, not only to several
natural serotypes, including AAV1, AAV2, and AAV8, but also to
NP22. These results suggest that our approach can also be employed
in many other AAV vectors, including the next generation vectors
that have yet to be designed. In addition to vectors engineered for
greater efficiency in certain cell types, a number of novel functional
elements are being engineered into AAV capsids, such as protease-ac-
tivatable “encrypted” vectors58 and other switchable platforms,59 in
which both high transduction efficiency and specific targeting are
pursued. Our approach might prove useful also in combination
with these novel elements. Although we chose to use an insulin-
mimetic peptide to target IR, owing to our focus on intramuscular de-
livery, similar strategies can be utilized to target different tissues.

Interestingly, whereas eNP22 and eAAV2 transduce more efficiently
than WT NP22 and AAV2 in the skeletal muscle of mice, they do not
show any advantage in HEK293T cells. Of note, the receptor-binding
regions of NP22 are mostly derived fromAAV2,50 and thus NP22 and
AAV2 likely bind heparin sulfate proteoglycan (HSPG) to enter cells.
One possible explanation for such a discrepancy is that HSPG is not
limiting in HEK293T cells, so that addition of another mode of entry
using IR provides no added benefit. In contrast, if HSPG expression is
limiting in skeletal muscle, S519-IR interaction would improve the
transduction of those vectors. Supporting this idea, differentiated
skeletal muscle has a reduced HSPG level compared to undifferenti-
ated myocytes.60 These data add to a growing body of evidence that
in vitro studies of AAV transduction are often not predictive of results
in vivo. Moreover, it underscores the utility of a rational design, like
our strategy, that is based on established in vivo information, since
a mutant with similar phenotype might have been lost in an
in vitro selection system.

A prior study has shown that insulin could enhance transgene expres-
sion.61 In that study, human factor IX expression in mice was
enhanced, albeit modestly (~3-fold), by an insulin pellet subcutane-
ously implanted before i.m. injection of an AAV1 vector. Although
S519, being an IR agonist,31 could induce similar signaling sequelae
as insulin, our data indicate that a majority of eAAVs’ superior trans-
duction efficiency comes from its enhanced attachment to the cells
through high-affinity S519-IR interaction. Specifically, competitive
inhibition of vector binding to cell surface-expressed IR by IR-Fc
reduced eAAV9 transduction of 293T cells by >95% at 10 nM (Fig-
ure 2E). Further, addition of insulin to cell culture during transduc-
tion did not improve the transduction by WT AAV9, but it inhibited
transduction by eAAV9 (Figure 2F). Importantly, a reduction of
circulating insulin level via fasting enhanced eAAV9-mediated mus-
cle transduction (Figure 4B versus 4C), implying that insulin-medi-
ated signaling is not one of the major mechanisms by which eAAV
transduction efficiency was substantially enhanced.
Molecular The
One potential concern for using an insulin-like peptide in gene ther-
apy vectors is that injection of high-titer vectors may induce hypo-
glycemia. However, a blood glucose measurement study demon-
strated this was not the case. While blood glucose was decreased
in mice injected with insulin, those injected with eAAV vector at
the same dose used for transduction experiments exhibited no sig-
nificant changes in blood glucose levels compared to the mice in-
jected with WT AAV9 vector. A quick calculation shows that this
result is expected. Briefly, at a ratio of 10:1 of WT to mutant capsid,
5–6 copies of the S519 peptide are displayed on each virion, and
thus the total peptide copy number per injection of 1 � 109 vg is
5–6 � 109, or 0.02 pmol. This amount is much lower than the 75
pmol insulin used as a positive control, which is equivalent to a
typical human therapeutic dose of 0.5 U/kg for type 2 diabetes mel-
litus. Even if every one of the 60 copies of capsid on a vector particle
were to contain one copy of the S519 peptide, its molar quantity in
an injection dose would still be much lower than the therapeutic in-
sulin dose. Moreover, the affinity of the S519 peptide to IR is
approximately 40-fold lower than that of insulin.31 Therefore,
even at much higher doses, eAAV would be unlikely to induce
hypoglycemia.

One limitation associated with using the S519 peptide is its rela-
tively large size. By modeling binomial distribution of 5–6 mutant
capsids on a virion with 20 threefold axes, we estimate that only
25% of threefold axes have one mutant capsid, while 75% have
zero mutant capsid. Such low occupancy is likely imposed because
steric hindrance would result in defective virus assembly if more
than one mutant capsid is present at a given threefold axis. Devel-
opment of a shorter insulin-mimetic peptide could allow for a
higher number of mutant capsids on the virion, thus further
enhancing transduction efficiency.

The efficient nature of IR-mediated AAV transduction raises the pos-
sibility that a vector could be engineered with fewer native AAV epi-
topes that are common targets of neutralizing antibodies. These anti-
genic epitopes map preferentially to regions in the threefold axis.62 In
WT vectors, these regions are not amenable to major modifications
because they contain important determinants of cell attachment
and entry.63 However, if efficient cell attachment is provided by an
alternative means, a greater degree of change to the native capsid res-
idues could be introduced to avoid neutralizing antibodies without
compromising transduction efficiency.

In summary, the results of our study show targeting a receptor highly
expressed in a tissue of interest using a high-affinity ligand introduced
into an AAV capsid is a strategy of broad utility. This strategy not
only substantially enhances AAV vector efficiency, but it also is trans-
ferable to other AAV vectors, likely including those that are to be en-
gineered in the future.

MATERIALS AND METHODS
All study procedures were approved by The Scripps Research Insti-
tute’s Institutional Biosafety Committee, Institutional Review Board,
rapy: Methods & Clinical Development Vol. 19 December 2020 503
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and Institutional Animal Care and Use Committee, as appropriate.
All experiments conform to all relevant regulatory standards.
Plasmid constructs

RepCap expression plasmids for AAV1 and AAV8, deposited by
James Wilson (pAAV2/1 and pAAV2/8), and AAV2, deposited by
Melina Fan (pAAV2/2), were obtained from Addgene (112862;
112864; 104963). An AAV9 RepCap plasmid was produced by syn-
thesis of the AAV9 Cap gene (GenBank: AX753250.1) and cloning
into a pAAV2/5 plasmid (Cell Biolabs) at the HindIII and BshTI sites,
replacing the AAV5 capsid gene. Silent mutations were introduced
into AAV9Cap to introduce restriction enzyme sites to facilitate clon-
ing the S519 peptide into VR-IV and VR-VIII. AAV-GFP, a CMV
promoter-driven GFP reporter plasmid containing AAV2 inverted
terminal repeats (ITRs), deposited by Fred Gage, was obtained from
Addgene (49055), and AAV-FLuc plasmid containing AAV2 ITRs
was constructed by cloning luc2 (Promega) into the AAV-GFP
plasmid. pHelper plasmid that expresses adenovirus E2A, E4, and
VA was purchased from Cell Biolabs.
AAV vector production and purification

HEK293T cells were transfected with pHelper plasmid, reporter
transgene plasmid, and RepCap plasmid; in the case of eAAV
mosaic viruses, the total RepCap plasmid was divided between
the mutant and WT RepCap plasmids in the indicated ratio. Cells
were lysed by freeze-thaw. Lysates were treated with 50 U/mL Ben-
zonase (Millipore Sigma) and 0.1% Triton X-100 for 1 h at 37�C,
then clarified by centrifugation and passed through a 0.45 mm fil-
ter. Vectors were captured by AAV-specific affinity resin POROS
AAV9 or POROS AAVX (for all other serotypes) in prepacked
GoPure columns (Thermo Scientific). Vectors were concentrated
in PBS using centrifugal filters with 100 kDa cutoff (Millipore
Sigma).
In vivo i.m. transduction

Female BALB/c mice, aged 12 weeks ± 1 week at the time of transduc-
tion, were sourced from The Jackson Laboratory. Mice were anesthe-
tized with isoflurane and injected in the medial aspect of the right
gastrocnemius muscle with 109 vector genomes. Because insulin con-
centration exhibits diurnal variation,48,64 mice were injected with vec-
tors in the early afternoon, which is the midpoint of their daily photo-
cycle. Transduction efficiency was assessed at the indicated days post
transduction by measuring luciferase activity with RediJect D-Lucif-
erin Bioluminescent Substrate (PerkinElmer) in a Lago X instrument
(Spectral Instruments Imaging). To eliminate erroneous measure-
ments from mice that were mishandled by, e.g., suboptimal luciferase
substrate injection, mice with luminescence values differing by more
than 3-fold from one time point to the next were excluded from
analyses.

Detailed descriptions of materials and methods are available in the
Supplemental information.
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