REVIEW

Delivery of Adeno-Associated Virus Gene Therapy
by Intravascular Limb Infusion Methods
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Recombinant adeno-associated virus (rAAV) can be delivered to the skeletal muscle of the limb (pelvic or
thoracic) by means of regional intravascular delivery. This review summarizes the evolution of this
technique to deliver rAAYV either via the arterial blood supply or via the peripheral venous circulation. The
focus of this review is on applications in large animal models, including preclinical studies. Based on this
overview of past research, we aim to inform the design of preclinical and clinical studies.

INTRODUCTION

RECOMBINANT ADENO-ASSOCIATED VIRUS (rAAV)
targets skeletal muscle readily, and because myo-
cytes are a nondividing cell type, therapeutic pro-
teins can be expressed long-term, despite low levels
of chromosomal vector integration.!™ This makes
muscle a good gene therapy target for both muscle-
specific disease and as a sight for production of
secreted proteins.?%* While direct intramuscular
(IM) vector injections are effective in targeting
muscle cells, the area of spread from the injection
site is limited,'™'® meaning that only a relatively
small area of myocytes can be targeted in this
manner without having to administer multiple IM
injections per large muscle group and the need to
dose each muscle group separately. Systemic in-
travascular delivery can target skeletal muscle ef-
fectively, but requires large amounts of vector and
may increase exposure of nontarget organs. This
has led investigators to explore other means of de-
livering vector more widely to the muscle, while still
limiting the amount of vector in the systemic cir-
culation. This can be achieved through several dif-
ferent methods of infusing the limb vasculature
with vector while it is isolated from systemic circu-
lation, often through the use of a tourniquet or
vessel clamps, allowing vector to access the muscle
groups distal to the vessel occlusion. This technique
has been adapted from procedures used to deliver
regional chemotherapy, anesthesia, and antibiotics

to the limb.1%2° The goal is to either circulate the
agent through the limb vasculature to allow ex-
travasation or to increase the intravascular pres-
sure/volume to create increased hydrodynamic
pressure to expand vascular beds and perhaps in-
crease the size and number of endothelial pores
(either intracellular or intercellular).2*23

Regional limb delivery was initially described in
the context of gene therapy as a method for deliv-
ering plasmid DNA (pDNA) constructs, rAAV, or
adenovirus to myofibers via the arterial circulation
using moderate to high volumes of fluid (with or
without histamine and papaverine).!®?324 Initial
work was done using high volumes of fluid to de-
liver luciferase expressing pDNA into the femoral
artery of rats with occlusion (10 min) of both the
femoral artery and vein via vascular clamps.?*
Leaving the femoral vein unclamped or delivering
the pDNA over a longer time decreased luciferase
expression.?* They later demonstrated that they
could express full-length dystrophin in a Duchenne
muscular dystrophy mouse model using a similar
procedure.?® This method was also shown to be
translatable into larger animal models, including
rhesus macaques and pigs.?®?” Interestingly the
work in pigs demonstrated a decreased transgene
expression in muscles with higher IM pressure
during the pDNA delivery. The authors hypothe-
sized that the increased IM pressure, due to muscle
edema, may have led to the collapse of small caliber
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vessels within the muscle, decreasing extravasa-
tion of the pDNA.?? They noted that the best pPDNA
expression was in muscle groups where the muscle
compartment pressure did not exceed the diastolic
blood pressure.

Initial work with rAAV (expressing sarcoglycan)
in a hamster model of limb-girdle muscular dys-
trophy used a femoral artery infusion with tour-
niqueting of the limb and clamping of both the
femoral artery and vein.'” The rAAV dose was
7x10™ vector particles (VP)/animal (in 500yl of
phosphate buffered saline [PBS]) delivered after
perfusion with papaverine and histamine (500 ul
volume). The vector was followed by a chase of 1 ml/
100 g of PBS and the limb was flushed with 3 ml of
PBS to remove residual papaverine, histamine,
and vector via the venous catheter.'® This infusion
procedure led to widespread sarcoglycan expres-
sion throughout the hind limb of the hamster.

Subsequent to these early studies several groups
have worked to optimize muscle rAAV delivery
using differing methods of regional limb infusion.
In this review we will summarize many of these
studies, particularly those that utilized large ani-
mal models, and detail the methods that were used
(see Table 1).

ARTERIAL DELIVERY OF rAAV TO LARGE
ANIMAL MODELS

The first large animal study to look at local ar-
terial delivery of an rAAV vector involved delivery
of an rAAV2 encoding the lacZ reporter gene or the
canine factor IX (cFIX) gene delivered to a hemo-
philia B dog model.'* This study involved the
placement of an arterial catheter and simultaneous
proximal thigh tourniquets with femoral artery
and vein clamps. A dose of the vasodilator papav-
erine along with histamine, to promote vascular
leakage (diluted in 2.5 ml/kg of PBS), was delivered
before vector administration. The vector was di-
luted in 2.5 ml/kg of PBS (with histamine) followed
by a 10 ml/kg bolus of PBS with a 15-20 min dwell
time. Before tourniquet release, an addition flush
of 15 ml/kg was administered. Following lacZ de-
livery, no transgene expression was obtained and
the authors suspected an immune response to the
transgene and subsequently delivered vector ex-
pressing the canine FIX gene, which according to
their experience was fully tolerated in dogs. Fol-
lowing IM injection the cFIX expression was con-
fined to the injection site; however, after limb
infusion they detected widespread cFIX expression
throughout the musculature of the limb supplied
by the infused vessel.'! This study demonstrated

not only widespread muscle expression of cFIX in
normal dogs but also clinical, long-term expression
of therapeutic cFIX levels in hemophiliac dogs
along with a dramatic reduction in episodes of
bleeding (2 episodes in 74 total months versus an
expected 34 episodes over the same time period in
untreated dogs).

A second study to employ a similar methodology
involved delivery of a microdystrophin gene to a
muscular dystrophy mouse model using either
rAAV1,rAAV6, or rAAVS8into the femoral 2;11“1:ery.28
Interestingly, rAAV6 and rAAVS8 had good levels of
transduction, but the rAAV1 transduction effi-
ciency was very low comparatively, a sharp con-
trast to the transduction with rAAV1 following IM
delivery. Based on the mouse results, a large ani-
mal model study was carried out using rAAVS-
eGFP (enhanced green florescent protein) delivery
to cynomolgus macaques via the femoral artery
(catheter to the level of the knee) to the calf mus-
cles.?® Widespread eGFP expression was seen
throughout the lower limb with up to 86.4% of the
muscle expressing eGFP in the soleus muscle.
Subsequent work by this group has shown persis-
tent rAAV8 microdystrophin expression in the
gastrocnemius of rhesus macaques following fem-
oral artery catheterization and passage of the
catheter to the level of the sural artery (tourniquets
were placed proximal and distal to the gastrocne-
mius muscle) without the use of papaverine or
histamine.?® A detailed procedural methods chap-
ter for this technique was published in 2011.%° The
same method was also used to deliver rAAVrh74
encoding either MCK.GALGT2 (stimulates dys-
trophin and lamimin alpha2 surrogate expression)
or microdystrophin to the gastrocnemius muscle of
rhesus macaques.?!32

A study looking at rAAV6 encoding a human al-
kaline phosphatase (hPLAP) gene delivered to the
canine pelvic limb via the femoral artery, com-
paring transgene expression with or without limb
exsanguination (using a limb compression wrap-
ping technique) before vector delivery found that
expression levels were highest with prior limb ex-
sanguination.®® Expression levels were lower if the
compression wrap was left in place for the duration
of the vector dwell time versus removal before vec-
tor infusion. This study did not report the use of
papaverine or histamine in association with the
vector delivery.

Together, these studies indicate that femoral ar-
tery vector delivery with rAAV6, rAAVS, or
rAAVrh74 with or without prior limb exaguination
can result in widespread transduction of the lower
limb musculature even without the use of papaverine
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or histamine. The safety and efficacy of this method
has yet to be published in human subjects, but with
its similarity to widely used limb infusion techniques
applied in humans, it is likely that it will prove gen-
erally safe.

PERIPHERAL INTRAVASCULAR
HYDRODYNAMIC DELIVERY OF rRAAV
TO LARGE ANIMAL MODELS

A method to deliver rAAV diluted in a mod-
erate volume of fluid retrograde from a periph-
eral limb vein without the use of histamine or
papaverine was published in rats and dogs and
simplified the arterial and venous delivery
methods described in the introduction for pDNA
administration.?! The group termed this method
“afferent transvenular retrograde extravasation
(ATVRX).” For this method in the dog, a cathe-
ter was placed in the greater saphenous vein; a
tourniquet was placed at groin level and tight-
ened until the femoral pulse was no longer pal-
pable. The vector was then delivered in 500 ml of
PBS with standard intravenous tubing and a
pressure bag at a pressure of 300 mmHg.?! The
ATVRX method has the advantage of being
simple to execute, which decreases anesthesia
time, and does not pose the same potential risks
as arterial delivery (thrombosis, emboli, etc.)
and vascular modifying agents such as hista-
mine, heparin, and papaverine. Using ATVRX,
the authors were able to obtain high levels of
reporter gene expression throughout the dosed
limbs in both rats and dogs.?' The level of ex-
pression was dependent on delivery pressure
(<60mmHg had lower transduction; 100 and
400 mmHg resulted in uniform transduction) but
was not dependent on dwell time before tour-
niquet release. The authors reported no ad-
verse clinical or histological side effects of the
procedure.

The ATVRX technique was then applied in
nonhuman primates (cynomolgus macaques) to
compare rAAV1 versus rAAVS transduction, bio-
distribution, and transgene expression.®* There
were increased numbers of vector genomes, and
subsequently increased transgene expression, in
the muscle following rAAV1 regional limb infusion
versus rAAVS; however, the pattern of distribution
was similar. Further work by the same group, also
in cynomolgus macaques, demonstrated that they
could get long-term muscle expression, without im-
munosuppression, of cynomolgus macaque eryth-
ropoietin following regional limb infusion, in
cont§5ast to IM dosing, where expression was quickly
lost.

This same hydrodynamic delivery method was
used in dogs with hemophilia B to deliver rAAV2
expressing cFIX without the use of papaverine or
histamine.®® With the use of transient immune
suppression (to prevent antibody formation against
cFIX), they were able to demonstrate long-term
cFIX expression that translated to improved clot-
ting time and markedly fewer bleeding episodes in
the treated dogs. A concurrent safety study in he-
mophilia B dogs further demonstrated increased
expression of cFIX following limb infusion when
compared to IM administration.?” They also dem-
onstrated immune responses to the cFIX transgene
(IgG2 antibodies) and the presence of a CD4'Il-
10"FoxP3" T-cell population (regulatory T-cells)
that likely contributed to the sustained cFIX trans-
gene expression. They postulated that the transient
immunosuppression used may have played a role
in the expansion of the regulatory T-cells that was
observed.

In order to asses venous local regional delivery
in a model of muscle disease as a therapeutic proof
of concept, the ATVRX method was applied to the
forelimb of a canine Duchenne muscular dystrophy
model.?® This study supported safety of the deliv-
ery method and a high level of muscle expression at
a dose of 5x10' vg/kg delivered in either 20% or
40% of the limb volume. With this dose and volume
they were able to detect positive muscle fibers
ranging from a mean per group of 58-76%, with a
therapeutic threshold of >40%. The higher the
vector dose delivered, the higher the expression
they were able to detect at sights other than the
injected limb (uninjected limb and diaphragm).

Two studies have looked at high-pressure
transvenous limb perfusion delivery of 0.9% saline
to both the pelvic and thoracic limbs of human
muscular dystrophy patients.??*° The pelvic limb
study infused saline volumes up to 20% of limb
volume without adverse events beyond transient
increases in muscle compartment pressures and
short-term depression of limb tissue oximetry.*
For the thoracic limb study they evaluated saline
volumes up to 43% of limb volume with no adverse
events up to 35% of limb volume, other than tran-
sient decreases in tissue oxygenation (returned
to baseline within 5min) and increased muscle
compartment pressure (returned to baseline with-
in 15min) and a short-term decrease in compound
muscle action potentials in a patient receiving 40%
of limb volume.?® No clinical adverse events were
reported. These studies, along with the pilot data in
muscular dystrophy dogs, indicate that this is a
clinically feasible route and method for gene ther-
apy in muscular dystrophy patients.
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SUMMARY

Over the past decade, methods for regional limb
infusion to deliver gene therapy to the skeletal
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pression over IM delivery. The technical aspects of

delivery have also improved as investigators have
attempted to simplify both the arterial and venous
delivery methodologies in order to move them to-
ward clinical applicability. The true test of the
usefulness of these techniques will come as they

are employed in human clinical trials.

We would like to acknowledge the NHLBI of the
NIH for funding (R01-HL69877) to T.R. Flotte.

AUTHOR DISCLOSURE

T.R.F. is a paid consultant for Dimension Ther-
apeutics and for Editas Medicine, and he was also
the founder of AGTC but subsequently donated all
stock to the Alpha-1 Foundation. A.M.G. has no

competing financial interests.

REFERENCES

1.

N

w

~

ol

[=2]

~

oo

w

Murphy JE, Zhou S, Giese K, et al. Long-term
correction of obesity and diabetes in genetically
obese mice by a single intramuscular injection of
recombinant adeno-associated virus encoding
mouse leptin. Proc Natl Acad Sci USA
1997;94:13921-13926.

. Kessler PD, Podsakoff GM, Chen X, et al. Gene

delivery to skeletal muscle results in sustained
expression and systemic delivery of a therapeutic
protein. Proc Natl Acad Sci USA 1996;93:14082—
14087.

. Gregorevic P, Blankinship MJ, Allen JM, et al.

Systemic delivery of genes to striated muscles
using adeno-associated viral vectors. Nat Med
2004;10:828-834.

. Penaud-Budloo M, Le Guiner C, Nowrouzi A, et al.

Adeno-associated virus vector genomes persist as
episomal chromatin in primate muscle. J Virol
2008;82:7875-7885.

. Gruntman AM, Bish LT, Mueller C, et al. Gene

transfer in skeletal and cardiac muscle using re-
combinant adeno-associated virus. Curr Protoc
Microbiol 2013;Chapter 14:Unit 14D.3.

. Song S, Morgan M, Ellis T, et al. Sustained se-

cretion of human alpha-1-antitrypsin from murine
muscle transduced with adeno-associated virus
vectors. Proc Natl Acad Sci USA 1998;95:14384—
14388.

. Song S, Scott-Jorgensen M, Wang J, et al. In-

tramuscular administration of recombinant adeno-
associated virus 2 alpha-1 antitrypsin (rAAV-
SERPINAT1) vectors in a nonhuman primate model:
Safety and immunologic aspects. Mol Ther
2002;6:329-335.

. Brantly ML, Spencer LT, Humphries M, et al.

Phase | trial of intramuscular injection of a re-
combinant adeno-associated virus serotype 2
alphal-antitrypsin (AAT) vector in AAT-deficient
adults. Hum Gene Ther 2006;17:177-186.

. Flotte TR, Conlon TJ, Poirier A, et al. Preclinical

characterization of a recombinant adeno-
associated virus type 1-pseudotyped vector dem-
onstrates dose-dependent injection site inflam-

mation and dissemination of vector genomes to
distant sites. Hum Gene Ther 2007;18:245-256.

. Brantly ML, Chulay JD, Wang L, et al. Sustained

transgene expression despite T lymphocyte re-
sponses in a clinical trial of rAAV1-AAT gene
therapy. Proc Natl Acad Sci USA 2009;106:16363—
16368.

. Arruda VR, Stedman HH, Nichols TC, et al. Re-

gional intravascular delivery of AAV-2-FIX to
skeletal muscle achieves long-term correction of
hemophilia B in a large animal model. Blood
2005;105:3458-3464.

. Herzog RW, Mount JD, Arruda VR, et al. Muscle-

directed gene transfer and transient immune
suppression result in sustained partial correction
of canine hemophilia B caused by a null mutation.
Mol Ther 2001;4:192-200.

. Ross CJ, Twisk J, Bakker AC, et al. Correction of

feline lipoprotein lipase deficiency with adeno-
associated virus serotype 1-mediated gene
transfer of the lipoprotein lipase S447X beneficial
mutation. Hum Gene Ther 2006;17:487-499.

. Rivera VM, Gao GP, Grant RL, et al. Long-term

pharmacologically regulated expression of eryth-
ropoietin in primates following AAV-mediated
gene transfer. Blood 2005;105:1424-1430.

. Greelish JP, Su LT, Lankford EB, et al. Stable

restoration of the sarcoglycan complex in dystro-
phic muscle perfused with histamine and a re-
combinant adeno-associated viral vector. Nat
Med 1999;5:439-443.

. Finsterbusch A, Argaman M, Sacks T. Bone and

joint perfusion with antibiotics in the treatment
of experimental staphylococcal infection in
rabbits. J Bone Joint Surg Am 1970;52:1424—
1432.

. Finsterbush A, Weinberg H. Venous perfusion of

the limb with antibiotics for osteomyelitis and
other chronic infections. J Bone Joint Surg Am
1972;54:1227-1234.

. Holmes CM, Intraveneus regional analgesia. A

useful method of producing analgesia of the limbs.
Lancet 1963;1:245-247.

20.

21.

22.

23.

24.

25.

26.

21.

28.

. Kroon HM, Thompson JF. Isolated limb infusion: A

review. J Surg Oncol 2009;100:169-177.

McDermott P, Lawson DS, Walczak R Jr., et al. An
isolated limb infusion technique: A guide for the
perfusionist. J Extra Corpor Technol 2005;37:396—
399.

Su LT, Gopal K, Wang Z, et al. Uniform scale-
independent gene transfer to striated muscle af-
ter transvenular extravasation of vector. Circula-
tion 2005;112:1780-1788.

Lee J, Schmid-Schonbein GW. Biomechanics of
skeletal muscle capillaries: Hemodynamic re-
sistance, endothelial distensibility, and pseu-
dopod formation. Ann Biomed Eng 1995;23:
226-246.

Cho WK, Ebihara S, Nalbantoglu J, et al. Mod-
ulation of Starling forces and muscle fiber matu-
rity permits adenovirus-mediated gene transfer to
adult dystrophic (mdx) mice by the intravascular
route. Hum Gene Ther 2000;11:701-714.

Budker V, Zhang G, Danko |, et al. The efficient
expression of intravascularly delivered DNA in rat
muscle. Gene Ther 1998;5:272-276.

Zhang G, Ludtke JJ, Thioudellet C, et al. In-
traarterial delivery of naked plasmid DNA ex-
pressing full-length mouse dystrophin in the mdx
mouse model of duchenne muscular dystrophy.
Hum Gene Ther 2004;15:770-782.

Zhang G, Budker V, Williams P, et al. Efficient
expression of naked DNA delivered intraarterially
to limb muscles of nonhuman primates. Hum Gene
Ther 2001;12:427-438.

Danialou G, Comtois AS, Matecki S, et al. Opti-
mization of regional intraarterial naked DNA-
mediated transgene delivery to skeletal muscles
in a large animal model. Mol Ther 2005;11:257—
266.

Rodino-Klapac LR, Janssen PM, Montgomery CL,
et al. A translational approach for limb vascular
delivery of the micro-dystrophin gene without high
volume or high pressure for treatment of Du-
chenne muscular dystrophy. J Transl Med 2007,
5:45.



164

GRUNTMAN AND FLOTTE

29.

30.

3

32.

Rodino-Klapac LR, Montgomery CL, Bremer WG,
et al. Persistent expression of FLAG-tagged micro
dystrophin in nonhuman primates following in-
tramuscular and vascular delivery. Mol Ther
2010;18:109-117.

Rodino-Klapac LR, Montgomery CL, Mendell JR,
et al. AAV-mediated gene therapy to the isolated
limb in rhesus macaques. Methods Mol Biol
2011;709:287-298.

. Chicoine LG, Rodino-Klapac LR, Shao G, et al.

Vascular delivery of rAAVrh74MCK.GALGT2 to
the gastrocnemius muscle of the rhesus macaque
stimulates the expression of dystrophin and la-
minin alpha2 surrogates. Mol Ther 2014;22:713—
724.

Chicoine LG, Montgomery CL, Bremer WG, et al.
Plasmapheresis eliminates the negative impact of
AAV antibodies on microdystrophin gene expres-
sion following vascular delivery. Mol Ther
2014;22:338-347.

33.

34.

35.

36.

37.

Gregorevic P, Schultz BR, Allen JM, et al. Eva-
luation of vascular delivery methodologies to en-
hance rAAV6-mediated gene transfer to canine
striated musculature. Mol Ther 2009;17:1427—
1433.

Toromanoff A, Cherel Y, Guilbaud M, et al. Safety
and efficacy of regional intravenous (r.i.) versus
intramuscular (i.m.) delivery of rAAV1 and rAAV8
to nonhuman primate skeletal muscle. Mol Ther
2008;16:1291-1299.

Toromanoff A, Adjali O, Larcher T, et al. Lack of
immunotoxicity after regional intravenous (Rl)
delivery of rAAV to nonhuman primate skeletal
muscle. Mol Ther 2010;18:151-160.

Arruda VR, Stedman HH, Haurigot V, et al. Per-
ipheral transvenular delivery of adeno-associated
viral vectors to skeletal muscle as a novel therapy
for hemophilia B. Blood 2010;115:4678-4688.

Haurigot V, Mingozzi F, Buchlis G, et al. Safety of
AAV factor IX peripheral transvenular gene de-

38.

39.

40.

livery to muscle in hemophilia B dogs. Mol Ther
2010;18:1318-1329.

Le Guiner C, Montus M, Servais L, et al. Forelimb
treatment in a large cohort of dystrophic dogs
supports delivery of a recombinant AAV for exon
skipping in  Duchenne patients. Mol Ther
2014;22:1923-1935.

Fan Z, Kocis K, Valley R, et al. High-pressure trans-
venous perfusion of the upper extremity in human
muscular dystrophy: A safety study with 0.9% saline.
Hum Gene Ther 2015. [Epub ahead of print]

Fan Z, Kocis K, Valley R, et al. Safety and feasi-
bility of high-pressure transvenous limb perfusion
with 0.9% saline in human muscular dystrophy.
Mol Ther 2012;20:456-461.

Received for publication August 11, 2015;
accepted after revision August 24, 2015.

Published online: August 25, 2015.



