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Despite efforts to use adeno-associated viral (AAV) vector-mediated gene therapy for treatment of pan-
creatic ductal adenocarcinoma (PDAC), transduction efficiency remains a limiting factor and thus im-
provement of AAV delivery would significantly facilitate the treatment of this malignancy. Site-directed
mutagenesis of specific tyrosine (Y) residues to phenylalanine (F) on the surface of various AAV serotype
capsids has been reported as a method for enhancing gene transfer efficiencies. In the present studies, we
determine whether Y-to-F mutations could also enhance AAVS8 gene transfer in the pancreas to facilitate
gene therapy for PDAC. Three different Y-to-F mutant vectors (a single-mutant, Y733F; a double-mutant,
Y447F+Y733F; and a triple-mutant, Y275F+Y447F+Y733F) and wild-type AAV8 (WT-AAV8) were ad-
ministered by intraperitoneal or tail-vein routes to Kras®?P*'~, KrasG12P+/~ Pten*’~, and wild-type mice.
The transduction efficiency of these vectors expressing the mCherry reporter gene was evaluated 2 weeks
post administration in pancreas or PDAC and correlated with viral genome copy numbers. Our compar-
ative and quantitative analyses of the transduction profiles demonstrated that the Y-to-F double-mutant
exhibited the highest mCherry expression in pancreatic tissues (range 45-70%) compared with WT-AAVS8
(7%; p<0.01). We also detected a 7-fold higher level of vector genome copy numbers in normal pancreas
following transduction with the double-mutant AAV8 compared with WT-AAVS8 (10,285 vs. 1,500 vector
copies/ug DNA respectively, p <0.05). In addition, we observed that intraperitoneal injection of the double-
mutant AAVS8 led to a 15-fold enhanced transduction efficiency as compared to WT-AAVS8 in mouse PDAC,
with a corresponding ~ 14-fold increase in vector genome copy numbers (26,575 vs. 2,165 copies/ug DNA
respectively, p <0.05). These findings indicate that the Y447+Y733F-AAV8 leads to a significant en-
hancement of transduction efficiency in both normal and malignant pancreatic tissues, suggesting the
potential use of this vector in targeting pancreatic diseases in general, and PDAC in particular.
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INTRODUCTION

PANCREATIC DUCTAL ADENOCARCINOMA (PDAC) shows
a rapid clinical course with a median survival of 6
months and a 5-year survival rate of only 3%.%2
PDAC responds poorly to conventional therapies,
including chemotherapy and irradiation. Surgery
is possible only in 10-20% of the patients due to
extensive invasion of surrounding structures at the
time of diagnosis.®>* The incidence of pancreatic
cancer has increased over the last four decades,®

indicating a pressing need for effective strategies
against pancreatic cancer.®” Several studies re-
ported the development of recombinant adeno-
associated virus (AAV)-mediated gene therapy for
PDAC.?® For example, AAV2-mediated expression
of endostatin-inhibited tumor growth and metas-
tasis in an orthotopic pancreatic cancer model® and
AAV2-mediated snail siRNA inhibited the
growth of pancreatic tumor xenograft.® From
these studies, systemic gene therapy appears to be
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effective for both inhibiting tumor growth and pre-
venting metastases in PDAC models.®>® Moreover,
these reports have opened new avenues for the effi-
cient management of pancreatic malignancy using
AAV-integrated gene therapy technology.®?

AAV vectors are recognized as a safe and effective
delivery system for gene therapy due to a number of
favorable features including lack of pathogenicity,
low immunogenicity, lack of viral coding sequences,
broad tropism, and the ability to support strong and
persistent transgene expression.'®'! Thus far, 12
serotypes of AAV (AAV1 to AAV12) have been stud-
ied extensively as gene therapy vectors.'? Various
AAV serotype vectors have been successfully applied
in over 100 clinical trials with an excellent safety
profile.’®1* Among the various serotypes, AAVS is
particularly attractive as a gene therapy vector due
to its higher transduction efficiency than other sero-
type (10- to 100-fold) and lower level of preexisting
neutralizing antibodies.’®*” Furthermore, AAVS
crosses vascular endothelial barriers more effi-
ciently than other serotypes, resulting in efficient
gene delivery to hepatic, cardiac, and skeletal mus-
cle cells.’®' The first successful AAV8-mediated
gene transfer has been achieved in patients with
hemophilia B.2° AAVS also shows modest transduc-
tion of normal exocrine and endocrine pancreas
when delivered systemically,?"?? intrapancreati-
cally,?®?* intraductally,?*?® or through the in-
trapancreatic vessels in animal models.?® The
remaining obstacles for pancreatic tropism includes,
irrespective of the serotype employed, the persis-
tence of vector dose-dependent immune response
and the modest level of transduction efficacy.2"?®

A major barrier for AAV gene therapy is the deg-
radation of viral particles during their intracellular
trafficking via the ubiquitination-proteasomal deg-
radation machinery.?® To evade phosphorylation
and subsequent ubiquitination leading to vector loss,
capsid-optimized AAV vectors were developed using
site-directed tyrosine to phenylalanine (Y-F) muta-
genesis of one or more of the seven surface-exposed
tyrosine residues in the viral protein 3 common re-
gion of the capsid.?’ These Y-F mutant vectors have
been reported to protect vector particles from pro-
teasome degradation and yield significant increases
in the transduction efficiency of mutant vectors
relative to their wild-type (WT) counterparts.?’ For
example, AAV1, AAV2, AAV3, AAV6, AAV8 or AAV9
containing single or multi-Y-F point mutation sites of
the surface-exposed tyrosine residues are signifi-
cantly more efficient in transducing cells and tissues
such as human hematopoietic stem cells, retina,
muscle, lung, and liver.?*3* Following these discov-
eries, capsid mutant AAV vectors have been investi-

gated in proof-of-concept studies for gene therapy in
animal models and have been shown to provide long-
term retinal preservation,®® correction of murine he-
mophilia B,® and restoration of pyruvate dehydro-
genase complex activity.>” More recently, the safety
and efficacy of capsid-optimized AAV serotype vectors
have also been documented in non-human primates®®
and human phase 1 clinical trial.'*2%3°

In the current study, we used capsid-optimized
AAVS8 Y-F mutant vectors to promote high trans-
duction efficiency of gene delivery in normal pan-
creatic tissue and PDAC. We report that a single
intraperitoneal administration of a double tyrosine
mutant AAV8 (Y447F+Y733F) at a relatively low
dose [1-3x 10! viral genomes per animal (vg/ani-
mal)] exhibits robust transgene expression in nor-
mal and malignant mouse pancreas.

MATERIALS AND METHODS
Site-directed mutagenesis of AAV8
mutant capsids

Tyrosine (Y) to phenylalanine (F) mutant AAVS
capsid were generated by site-directed mutagenesis,*’
in a manner similar to previously described genera-
tion of AAV2 tyrosine mutants.?’ Briefly, Y275F,
Y447F, and Y733F mutations were introduced in
the pAAVS capsid plasmid*® using a Multi Site-
Directed Mutagenesis Kit (Stratagene, Agilent
Technologies, La Jolla, CA) according to the manu-
facturer’s protocol. Selected tyrosine residues were
mutated to phenylalanine to generate the following
vectors: a single mutant, Y733F; a double mutant,
Y447F+Y733F; and a triple mutant, Y275F+Y447-
F+Y733F. Phenylalanine was chosen due to simi-
larity in size, opposite charge, and lack of recognition
by cellular kinases.?® The presence of the desired
point mutation was verified by restriction enzyme
analysis and DNA sequencing (Applied Biosystems
3130 Genetic Analyzer; Life Technologies, Warring-
ton, United Kingdom). The amino acids on AAV8
capsid are numbered according to the National Cen-
ter for Biotechnology Information database (acces-
sion ID: NC_006261.1).

Generation of recombinant AAV

In this study, we used AAV2 genomes pseudotype
only in AAVS capsids, and not in AAV2 capsids;
thus the same AAV2 genomes were encapsidated in
WT as well as in the mutant AAVS capsids. A self-
complementary (sc) AAV8 vector encoding a red
fluorescent protein mCherry (sc-smCBA-mCherry)
that is driven by the small chicken f-actin (CBA)
promoter has been previously described.*! The AAVS
mutant capsids were packaged, purified, and titered
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according to previously described methods.*? Briefly,
recombinant AAV (rAAV) vectors were generated
by transient transfection of HEK293T cells using
three AAV plasmids (pAAVS8-rep/cap-wild type or
pAAVS8-rep/cap-Y-F mutant, sc-smCBA-mCherry
and pHelper).*%%% HEK293T cells were transiently
transfected at 80% confluency in forty 150-mm?
dishes using 20 mL of polyethylenimine (linear,
MW 25,000, Polysciences, Inc.). Cells were collected
72 hours post-transfection, lysed, and treated with
25 units/mL of benzonase nuclease (Sigma Aldrich,
Louis, MO). Subsequently, the recombinant AAV
were purified by iodixanol step-gradient ultracen-
trifugation (Optiprep, Sigma Aldrich), followed
by column chromatography (HiTrap Q column, GE
Healthcare, Pittsburgh, PA). Recombinant AAV
vectors were then concentrated to a final volume of
0.5ml in phosphate buffered saline using Amicon
Ultra 10K centrifugal filters (Millipore, Bedford,
MA). The viral DNA-containing AAV vector titers
were quantified by real-time PCR analysis and ex-
pressed as viral genomes per milliliter (vg/mL). PCR
primer sets specific for CBA promoter have been
previously described.*?*3 A 10-fold dilution series of
the control plasmid DNA (sc-smCBA-mCherry) was
used to generate standard curve, and AAV signal
was compared with the standard curve to determine
the AAV vector genome titer. After viral titration,
AAV were aliquoted and stored at —80°C until used.

Animals

To generate Pdx1-Cre*, Kras®?P’*, and Pten'*’*
mice, we backcrossed the Kras®?P’* line (on a
B6.129 background, NCI Mouse Repository No.
01XJ6) to the Pten’™’* mice (on a 129/BALB/c
background, Jackson lab No. 004597). We then
crossed Kras®?P’*:Pten'*’* mice to Pdx1-Cre*
mice (on a B6/FVB background, NCI Mouse Re-
pository No. 01XL5).** All experimental mice
(FVB/C129; Pdx1-Cre*, Kras®?P’* and Pten'*’")
were housed and handled at the University of
Florida Animal Facility. All experiments were ap-
proved by the Institutional Animal Care and Use
Committee at the University of Florida.

Recombinant AAVS8 transduction studies
in vivo

WT and Y-F mutant AAV8 (WT-AAVS8 and
Y447F+Y733F-AAV8) were administered via the
tail vein or intraperitoneal (i.p.) injection into
2-month-old FVB/C129 mice at a dose of 1x 10! vg/
animal. Mice were euthanized 2 weeks after AAV
administration. Mouse tissues were assessed for
mCherry expression either by ex vivo imaging or by
fluorescence microscopy as described in sections

below. Additionally, WT and Y447F+Y733F-AAVS8
were intraperitoneally administered at a dose of
3x10 vg/animal into 2-month-old Kras®2P"*/
Pten™" or 5-month-old Kras®'?* mice. Two weeks
after AAV injection, examination of mCherry ex-
pression and viral genome copy number on normal
or tumor tissues was performed following eutha-
nasia (see below).

Examination of mCherry expression

Ex vivo visualization of mCherry was performed
in different organs as follows. Internal organs were
collected, placed on black paper (Artagain black
paper, Strathmore cat No. 445-109), and the fluo-
rescence intensity was measured using IVIS Ima-
ging System (Caliper Life Sciences, Hopkinton,
MA). In vivo imaging system (IVIS) data are pre-
sented as radiant efficiency [(p/s/cm®/sr)/(uW/cm?)].
Radiant efficiency is the number of photons (p) per
second (s) that leave a square centimeter (cm?) of
tissue and radiate into a solid angle of one steradian
(sr) normalized to the incident excitation inten-
sity (uW) per square centimeter. Quantification of
fluorescent signals from organs was analyzed by
Living-Image 4 software (Caliper Life Sciences).

Cross-sections from liver and pancreas were
used to assess mCherry expression by a fluores-
cence microscope (Leica CTR6000; Leica Micro-
systems GmbH, Stuttgart, Germany). Briefly,
individual organs were collected, fixed in 4%
paraformaldehyde for 24 hours, immersed in 30%
sucrose for 24 hours, mounted in optimal cutting
temperature (OCT) medium (Tissue-Tek, Tor-
rance, CA), and snap frozen. Cryosections were
cut (Leica, Cryostat CM30505) and mounted in
DAPI-containing fluorescence mounting media
(Invitrogen Molecular Probes, Eugene OR). Fluor-
escent images of cryosection were recorded using an
Olympus DP70 digital camera coupled to an Olympus
IX71 inverted microscope (Olympus Corp, Japan).
Fluorescence expression efficiency was measured us-
ing Image J software.

Real-time PCR for AAV genome copy number
determination

Atnecropsy, the pancreas and liver were frozen in
OCT medium and stored at —80°C until genomic
DNA was extracted. Total DNA was extracted with a
DNAeasy Blood and Tissue kit (Qiagen, Valencia,
CA). Vector genome copy number was determined
with a 7900 HT real-time PCR system (Applied
Biosystems, Foster City, CA). TagMan assays for
viral vector genome copy number were developed
using primers and probe for the CBA promoter re-
gion. Forward primer is TCTGCTTCACTCTCCC
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CATCTC. Reverse primer is CCATCGCTGCACA
AAATAATTAAA. Fluorescent probe is 6FAM (6-
carboxyfluorescein)-CCCCCTCCCCACCCCCAATT.
sc-smCBA-mCherry plasmid***? was used to produce
a standard curve. PCR reactions contained a total
volume of 100 uL. and were run under the following
conditions: 50°C for 2 minutes, 95°C for 10 minutes,
45 cycles of 95°C for 15 seconds, and 60°C for one
minute. DNA samples were assayed in triplicate. In
order to rule out false negatives due to PCR inhibition
by viral DNA, the third replicate was “spiked” with
positive control plasmid DNA (sc-smCBA-mCherry)
at a concentration of 100 copies/g of total genomic
DNA. The AAV vector genome copy number is nor-
malized as viral genomes copy number per ug of total
genomic DNA. AAV vector genome copy number de-
termination procedures were performed at the Powell
Gene Therapy Center Vector Core facility at Uni-
versity of Florida.

Statistical analysis

A two-tailed Student’s ¢-test determined proba-
bility of difference. A p value <0.05 was considered
significant. Statistical analyses were performed
using Prism 6.0 (GraphPad Software).

RESULTS
Y-F mutants of AAV8 transduce the mouse
pancreas more efficiently than WT AAVS8

Studies demonstrated that Y-F mutation in AAV2
and AAV3 capsids facilitate viral nuclear transport
by limiting proteasome-mediated degradation, lead-
ing to high-efficiency transduction.3%314546 In addi-
tion, capsid-optimized AAVS8 vectors recently showed
great improvement in transduction efficiency in
mouse retina and brain.*”*® Because AAVS has pre-
viously been shown to target pancreatic tissues,?**°
we tested three next-generation AAV8 Y-F mutant
(M) vectors (1M, Y733F; 2M, Y447F+Y733F; or 3M,
Y275F+Y447F+Y733F) to determine whether these
three AAVS8 capsid mutants increase transduction
efficiency in the pancreas (Table 1). Wild-type and
three capsid Y-F mutant AAV8 were administered
i.p. to FVB/C129 mice at a dose of 1x 10! vg/animal.
Tissues were collected 2 weeks after injection to allow
enough time for sufficient AAV mediated gene ex-
pression,”®*! and mCherry fluorescent intensity was
measured to compare the in vivo tropism profile of
AAVS8 Y-F capsid mutants to WT-AAVS8. Ex vivo tis-
sue fluorescence imaging of the mCherry signal re-
vealed the WT-AAVS vector efficiently transduced
predominantly in the liver (average 2.46 x 10'° radi-
ant efficiency) with 10-fold less signal in the pan-
creas (average 2.32 x 10° radiant efficiency) (Fig. 1A).

Table 1. Nomenclature of capsid-optimized tyrosine
to phenylalanine mutant adeno-associated virus vectors

AAV8
Serotype Mutations Expressed gene
AAV8 WT (none) mcherry
AAV8 1M Y733F mcherry
AAV8 2M YA447F+Y733F mcherry
AAV8 3M Y275F+Y447F+Y733F mcherry

AAV, adeno-associated virus; F, phenylalanine; Y, tyrosine.

Injection with double-mutant (2M) and triple-mutant
(3M) resulted in 4- and 3.3-fold enhanced mCherry
expression in the pancreas as compared to WT-AAVS8
(average radiant efficiency 9.48x10° and 7.66x 10°
respectively, n=3 per group, p<0.05) (Fig. 1A). In
addition, we observed a wide variation of mCherry
expression in the liver; however, the difference in
the levels of mCherry expression did not statisti-
cally differ between AAV8 1M, 2M, and 3M. We
also analyzed lung, heart, spleen, and kidney us-
ing Xenogen IVIS imaging (Fig. 1A) and only de-
tected alow (<3 %) mCherry transduction efficiency
in the kidney (and no signal in lung, heart, and
spleen), confirming that AAVS8 vectors did not
transduce other tissues at high frequency.

To further analyze mCherry fluorescent signal at
the cellular level, pancreas and liver tissues were
frozen in OCT medium and sectioned using cryostat
for fluorescent microscope analysis. Fluorescent
images were analyzed by Image J software to de-
termine the percent mCherry expression. Measure-
ment of fluorescence signal from frozen pancreas
sections confirmed that 45—70% and 25—-60% mCherry
expression was achieved in the pancreas following
1.p. administration of Y447F+Y733F-AAV8 and
Y275F+Y447F+Y733F-AAVS, respectively, whereas
only ~7% mCherry expression was obtained in the
pancreas with the WT-AAV8 administration (Fig. 1B
and Supplementary Fig. S1; Supplementary Data
are available online at www liebertpub.com/hgtb).
Importantly, treatment of mice (n =3 per group) with
double mutant Y447F+Y733F-AAV8 showed 8-fold
increased mCherry expression when two indepen-
dent sections from each animals were analyzed,
p<0.01 (Fig. 1B) as compared with WT-AAVS, in-
dicating significantly enhanced transduction effi-
ciency in the pancreas. We also observed that i.p.
injection of WT-AAVS8 and Y447F+Y733F-AAVS8
into 2-month-old FVB/C129 mice predominantly
transduce exocrine pancreatic tissues; however,
Image J analysis performed on the same samples
showed 1-5% transduction efficiency of WT-AAVS8
and Y447F+Y733F-AAV8in the endocrine pancreas
as previously reported.?® We observed furthermore
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Figure 1. Y447F+Y733F-AAV8 double mutant improves transduction efficiency in mice pancreas. (A) Ex vivo tissue fluorescence imaging and quantitative
analysis of mCherry expression following i.p. injection of AAV8 WT, 1M, 2M, and 3M. Representative image is shown (left panel). Scale bars presented as
Radiant Efficiency [(p/s/cmZ/sr)/(yW/cmz)]. Results are shown as the mean+ SE (right panel) (*p<0.1, n=3 per group). (B) Fluorescence image and quanti-
fication of percent mCherry expression efficiency in pancreas and liver tissue. Representative images are shown. Blue: DAPI staining for nuclei; red: mCherry
expression. Scale bar: 65 um. Results in the lower panel are shown as the mean+ SE (*p<0.1***, p<0.001, n=3 per group, two sections from each animal
were analyzed). (C) Quantitative real-time PCR analysis of AAV genomes. Results are shown as the average AAV genome copy number per microgram of total
DNA+SE (*p<0.1, n=3 per group). AAV, adeno-associated virus; F, phenylalanine; i.p., intraperitoneal, M, mutant, SE, standard error; WT, wild type;

Y, tyrosine.

that the enhanced transduction efficiency of the
double mutant AAVS8 correlated well with the in-
creased vector genome copy numbers in the pan-
creas (Fig. 1B, C). Y447F+Y733F-AAVS8 showed a
6.87-fold higher genome copy number as compared
with the WT-AAVS (10,285 vs. 1,500 vector copies/
ug DNA respectively, n=3 per group, p<0.05)
(Fig. 1C). Mice treated with M3 AAV8 vector showed

lower vg copy number and a significant variation of
mCherry expression. Therefore, Y447F+Y733F-
AAV8 M2 AAV8 was selected for future studies. The
AAYV vector genome copy number in the liver, how-
ever, did not correlate with the mCherry expression
for both 2M and 3M AAVS. The AAV vector genome
copy number increased 2.5- ~3.5-fold after capsid-
optimized mutant AAV8injection as compared with
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WT-AAVS vector (Fig. 1C), but the mCherry ex-
pression in the liver was not enhanced by these two
mutant AAV8 vectors (Fig. 1B; Supplementary
Fig. S2). A discrepancy between copy number and
expression in the liver has been shown previously in
whole-body distribution studies,>®**25% and we also
observed variation in our analysis of liver tissues. In
addition, the ubiquitination/proteasome machinery
involved in processing the Y-F mutant AAVS8 vectors
might be different between pancreas and liver, which
is consistent with our previously publish results.?**°
Another possibility is that after i.p. injection of AAV, a
substantial amount of mutant AAV vector is se-
questered in pancreas; therefore, a relatively lower
amount of AAV vector is delivered to liver.

Our results demonstrate thati.p. administration
of Y447F+Y733F-AAVS8 into mice can significantly
enhance mCherry gene expression in the pancreas
suggesting that i.p. delivery of AAVS capsid double
mutant is a promising method for gene delivery to
the pancreas.

Intraperitoneal delivery of Y447F+Y733F-AAV8
results in higher transduction efficiency
in the pancreas compared with tail vein
administration

To evaluate the effect of different routes of deliv-
ery and AAV-mediated pancreatic transduction, we
compared two systemic delivery methods (intraperi-
toneal [i.p.] and tail vein intravenous [i.v.]) in adult
mice. The double-mutant AAV8 was selected for ad-
ministration because of its high transduction effi-
ciency in the pancreas. Briefly, 1x 10" vg/animal of
the WT-AAVS or the Y447F+Y733F-AAVS8 were ad-
ministered to 8-week-old WT mice, either by i.v. or
1.p. injection. Two weeks post injection, pancreas and
liver tissues were collected to analyze mCherry ex-
pression and AAV genome copy number. We found
that i.p. delivery of AAV8-WT and Y447F+Y733F-
AAVS increased transduction efficiency in the pan-
creas as compared with i.v. injection. While i.v. in-
jection of both AAV8-WT and Y447F+Y733F-AAVS8
showed relatively low percent mCherry expression
in the pancreas (5.25% and 6.25% mCherry effi-
ciency respectively), i.p. injection of AAV8-WT and
Y447F+Y733F-AAVS increased percent mCherry
expression efficiency 4.28- to 9.6-fold respectively
(Fig. 2A, 22.5% mCherry expression efficiency for
AAVS8-WT, 60% mCherry expression efficiency for
Y447F+Y733F-AAVS8, n=3 per group, p <0.05). In
addition, we found that AAV8 vector genome copy
number in the pancreas correlated with mCherry
expression levels. Intraperitoneal injection of WT-
AAVS8 and Y447F+Y733F-AAV8 showed a 32.18-
fold to 103.45-fold increase respectively compared

with i.v administration (WT-AAVS8 i.p. 5,793 vs.
1.v.180 copies/ug, n=3 per group, p<0.05 and
Y447F+Y733F-AAVS8 i.p. injection 15,311 vs. i.v.
148 copies/ug DNA, n=3 per group, p<0.05)
(Fig. 2B). No significant differences were observed in
the mCherry gene expression or AAV8 vector ge-
nome copy number in the liver between i.v. versus
i.p. injected mice (Fig. 2A, B). WT-AAV8 genome
copy number detected in the liver was similar or
slightly higher in our experiment as compared to
previously published reports.’>*®*” Thus, we ob-
served enhanced efficiency in the pancreas, but not
in the liver, when comparing the i.p. versus i.v.
routes of injection (Fig. 2A, B). Taken together, these
data demonstrate that systemic i.p. administration
of the AAVS results in significant enhancement of
transduction efficiency in the pancreas as compared
with the i.v. injection. These data also demonstrate
that higher efficiency transduction of the pancreas
can be achieved by i.p. injection of Y447F+Y733F-
AAVS vectors at a 3-fold lower dose (1x 10*! vg/ani-
mal) as compared with the previously published
dosages (3-5x 10! vg/animal of AAVS vectors).??

Y447F+Y733F-AAVS efficiently transduce
mouse pancreatic ductal adenocarcinomas
in Kras€'??*/~ and Kras®"?°*/PTEN"/~ mice

Since we observed increased transduction effi-
ciency of Y447F+Y733F-AAVS in the pancreas by
1.p. injections in the WT mice, we next examined
whether Y447F+Y733F-AAV8 could also trans-
duce mouse pancreatic ductal adenocarcino-
mas (PDAC) in genetically engineered Kras®2P’*/
Pten*’~ and Kras®?P’/*mice.** These Kras®12P"*/
Pten*” and Kras®?P’* mice models develop spon-
taneous PDAC closely recapitulating human pan-
creatic carcinoma with a median survival of ~3.5
and ~6.8 months respectively.** We injected the
WT-AAV8 (n=2) or Y447F+Y733F-AAV8 (n=2)
into 2.3- and 2.8-month-old Kras®"?P’*/ Pten™'~ or 5-
month-old Kras®*?P’* mice. Each mouse was i.p. in-
jected with 3x10'' vg/animal using the WT- or
Y447F+Y733F-AAV8. Two weeks after injection,
mouse pancreatic tumors were excised and tumor
histology, percent of mCherry expression, and viral
genome copy numbers were analyzed. At this time
point, all genetically engineered mice exhibited high-
grade pancreatic cancer (PDAC grade 2-3) as deter-
mined by veterinary pathologist (Fig. 3A). We ex-
amined six independent tissue sections for each of the
individual mice and found that i.p. administration of
Y447F+Y733F-AAV8 enhanced mCherry expres-
sion in mouse PDAC as compared with the WT-AAV8
injection (21.6% vs. 6.75 % respectively; Fig. 3B, C).
In addition, AAV8 vector genome copy numbers
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Figure 2. Intraperitoneal administration of Y447F+Y733F-AAV8 allows for a greater transduction efficiency and gene expression in the pancreas than tail vein
(i.v.) injection. (A) Fluorescence imaging and quantification of percent mCherry expression efficiency in pancreas and liver tissues. Two-month-old mice were
injected either i.v. or i.p. with 1x10'" vg/animal of WT-AAVS or Y447F+Y733F-AAVS, both encoding mCherry gene. Blue: DAPI staining for nuclei; red: mCherry
expression. Scale bar: 65 um. Quantative mCherry expression are shown as the mean+ SE (*p<0.1, **p<0.01, n=3 per group) (B) Quantitative real-time PCR
analysis for AAV genome. Results are shown as the average AAV genome copy number per ug of total DNA+ SE (*p<0.1, n=3 per group). i.v., intravenous (tail

vein); vg, viral genomes.

following Y447F+Y733F-AAVS8 injection was 12.3-
folds higher than with WT-AAV8 administration into
PDAC mice (26,575 vs. 2,165 vector copies/ug gDNA,
n =2 per group) (Fig. 3D). Thus, the studies described
here suggest that is now feasible to achieve high-
efficiency transduction of both normal and malignant
pancreatic tissues following i.p. administration of
capsid-optimized AAVS8, which has implications in
the use of these vectors in the potential gene ther-
apy of pancreatic diseases in general, and PDAC in
particular.

DISCUSSION

Recombinant AAV (rAAV) vectors have gained
significant attention due to their low-immunogenicity
and their ability to mediate high-efficiency trans-

duction and sustained transgene expression with
non-pathogenic effects after decades of work with
small and large animal models.'®?* The safety and
efficacy of rAAV in a number of phase 1-3 clinical
trials in humans has also been firmly established.3%58
More specifically, the use of AAVS8 has led to long-
term expression and phenotypic correction of Factor
IX in patients with hemophilia B.%® Although AAVS
have been used in preclinical animal models for the
potential treatment of PDAC, only a modest level of
transduction efficiency in the pancreas has been
achieved.?’~25 We reasoned that this drawback could
potentially be overcome by the use of a new capsid-
optimized AAVS8 vector. In our efforts to identify the
most efficient Y-F mutant AAV8 vector to target
normal pancreas or PDAC, we investigated three
AAVS capsid mutants (Y733F, Y447F+Y733F, and
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Figure 3. Y447F+Y733F-AAVS efficiently transduces mouse pancreatic ductal adenocarcinomas in Kras®'?**~ and Kras®'?°*/PTEN*/~ genetically engineered
mice. (A) Haemotoxylin and eosin staining of mouse PDAC. (B) Expression of mCherry in PDAC under fluorescence microscopy. Blue: DAPI staining for
nucleus; red: mCherry expression. Scale bar: 65 um. (C) Quantification of percent mCherry expression efficiency in PDAC. Results are shown as the mean+ SE
(**p<0.01, n=2 per group, three sections from each animal were analyzed). (D) Quantitative analysis of viral genome copy number by real-time PCR. Results
are shown as the mean+ SE (n=2 per group). PDAC, pancreatic ductal adenocarcinoma.

Y275F+Y447F+Y733F) and compared their effi-
ciency with the WT-AAVS8. We observed that the
Y447F+Y733F double-mutant AAVS8 is capable
of efficient delivery with transgene expression
in mouse pancreatic tissues in vivo following i.p.
administration.

In addition, we observed that the route of AAV
administration substantially influences pancreas
transduction efficiency in vivo. For example, local
delivery methods such as intrapancreatically,?2*
intraductally,?>?® or through the intrapancreatic
vessels?® are more efficient than systemic adminis-
tration.?"?? Interestingly, i.p. injection of AAVS has
previously been shown to transduce pancreatic
cells more efficiently than tail-vein injection,? and
i.p. delivery of an AAV8 vector encoding interleukin-
2 has been proposed as an attractive gene thera-
peutic to prevent progress of diabetes in vivo.>
However, the efficiency of transgene expression
in the pancreas is still suboptimal. When we com-
pared two different systemic delivery routes (i.p. vs.
i.v.), we observed that i.p. administrations of the

Y447F+Y733F double-mutant AAVS efficiently en-
hanced mCherry expression and viral gene transfer
(as demonstrated by viral genome copy number) in
the pancreas as compared toi.v. administration. Our
data demonstrate that i.p. injection of capsid-
optimized AAV8 (Y447F+Y733F-AAV8) shows sig-
nificant increase of transduction efficiency in the
pancreas even at a ~10-fold lower dose than previ-
ously reported for intraductal or i.v. WT-AAVS8 ad-
ministration.” Thus, we have determined that
i.p. delivery of the Y447F+Y733F-AAV8 vector is the
best systemic strategy to deliver therapeutic genes
to the pancreas in vivo.

Although previous studies have documented
that AAVS8 serotype vectors possess a broad tissue
tropism, these vectors predominantly transduce
the mouse liver compared to other tissues following
i.v. delivery.6®1 In contrast, we have now observed
thati.p. delivery of the Y447F+Y733F-AAVS8 capsid
mutant resulted in a significant enhancement in
the transduction efficiency in the pancreas while
transduction efficiency in the liver was observed
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over a variable range following i.p. administration.
These data are consistent with our recently pub-
lished studies,®® suggesting that the ubiquitina-
tion/proteasome machinery involved in processing
the Y-F mutant AAV8 vectors might be different
between pancreas and liver, and that the use of
lower dose of Y447F+Y733F-AAV8 might also mini-
mize undesired host immune responses to the WT-
AAVS vectors, as has been occasionally observed in
human clinical trial.2%®® Prior whole body distribu-
tion studies have observed a discrepancy between
the AAV vg copy number and overall gene expres-
sion delivered by AAV vectors.>**%5% We also ob-
served a similar discrepancy between vg copy
number and mCherry expression levels which can-
not be solely explained by delivery efficiency since
AAV infection is a complex, multiple-step process
involving cell entry, intracellular trafficking, nu-
clear translocation, and uncoating.®® For example,
we previously showed that capsid-optimized AAV
vectors are more efficient in escaping protein deg-
radation than WT vectors resulting in more vg ac-
cumulating in the nucleus within several days after
infection.’*%® In addition, despite the selection of a
ubiquitous promoter, we still expect an impact of
mCherry expression depending on tissue types in-
cluding normal or malignant liver and pancreas.

Our previously published studies with the
capsid-optimized AAV2 showed that the trans-
duction efficiency of a Y-F triple-mutant was
significantly higher than that of the individual
single- or double-mutants.° In contrast, this study
shows that the transduction efficiency of the Y-F
triple-mutant AAV8 was not further enhanced
compared with the Y-F double-mutant AAVS vec-
tor. Although the molecular mechanism underly-
ing this observation remains unknown, varying
levels of enhanced transduction efficiencies by
single, double, triple, or quadruple Y-F mutants of
various AAV serotypes have previously been re-
ported using different cells and tissues.303%45:54
Therefore, the optimal viral capsid mutant can be
identified only following direct testing.

We have now studied a genetically engineered
mouse animal model of pancreatic ductal adenocar-
cinoma to evaluate and optimize gene transfer into

pancreatic exocrine cells. The high transduction ef-
ficiency of Y447F+Y733F-AAVS into pancreatic tu-
mors may allow future use of Y447F+Y733F-AAV8 as
a delivery tool to test the effect of modulating gene
expression on pancreatic microenvironment and
host immune response. It remains to be determined
whetherAAV transgene may integrate into host ge-
nome and persist in rapidly dividing tumor cells to
affect a higher percentage of these cells. This work
will also allow studies to further enhance specificity
and efficiency into pancreatic tumor cells.

In conclusion, we observed that the Y447F+Y733F
double-mutant AAVS serotype shows efficient deliv-
ery and transgene expression in normal pancreas
and pancreatic tumor tissues following i.p. adminis-
tration. Future studies will evaluate the safety and
efficacy of this capsid-optimized AAVS for therapeu-
tic gene delivery and shRNA delivery to target genes
that play a role in pancreatic diseases such as PDAC.
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